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/ * Abstract

A .
Duty Cycle and Luminance Considerations in Multi-flash Campimetry

)

. ' Mike J. Dixon

Multi-flash campimetry 1§ a clinical psychophysiaal technique

in which the duiy cycle of 5 Hz, constant pulse luminance (CPL)
flicker is systematically reduced until the flicker is detected.

CPL duty cycle reducticn, however, may allow observers to base

-

responses on the reduction in Talbot brightness of fused points
w

rather than on flicker. Furthermore, critical fusion frequency

(CFF)Tresegrch reveals that while CPL duty cycle reduction between

100 and 50% causes increases in temporal resolution, further
reductions cause decreased tempora}fresolving power."ﬁ??

f

investigations of time-average luminance (TAL) stimuli suggest these

/ .
confounds could be avoided, for TAL duty cycle reduction can elicit

monotonic increases in temporal resolution, without changing Talbot
brightness. To see if variable frequency CFP findings could be
extrapolated to 5 Hz multi-f1lash campimetry/ 32 healthy observers

were exposed to TAL, and CPL stimuli composed of different duty

3

cycles and presented at retinal ‘locations comparable to those in

¢

multi-flash campimetry. Temporal sensiti&ity was determined by

w

assessing the minimum luminance modulation above and below a mean
lumi nance level required to detect flicker. Within a given
eccentricity, sensitivity-was found to depend prim&rily on the

amplitude of the fundamental Fourier fregyuency component of the

stimulus. Subsequent experiments 1nd1céted that flicker detection



. o e . v

in multi-flash campimetry also depended on 'tlhis amplitude. Since
T:GAL duty cycle reduction cau.se‘r'monotor.\ic increases in the

fundamental amplitude, it should also evoke monotonic increases in

temporal sensitivity. Thus using a TAL stimulus both circumvents

thé \brightness-flicker confound in multi-flash campimetry, and
4 -

causes sensitivity to the flickeriné ‘point to increase

* ’.

monotonical ly. . ) -

s
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DUTY CYCLE AND LUMINANCE CONSIDERATIONS IN MULTI-FLASH CAMPIMETRY

v

e

_ Introduction

°

In many ways the manner in which we perceive the vor}d.around

us is dependent on how our,K visual sysfem processes informatfion over |

I

time. Because our eyes are constantly moving, the visual inmput that P

is received coqsists of a large 'number of discrete\images, all .
acqni;ed fr&m slightly aifferent perspectives. What we actually see
however, when we focus on a given object, is a single, stable,

static image. 1In order to understand how temporal mechanisms within

v

the eye could contribute to such complex phenomena, researchers
first attempted to gain an understanding of how the visual system
processed shnpie stimulisthat varied over time. To this end,

researchers conducted thousands of investigations using simple

) .

t#me-varying stimuli, namely, flickering lights,

-

Early invéstigators generally used rotating”sector disks to
produce flickering pulse trains. Tﬁese disks were cirCulaeriecgg
of metal with pié sh;pedbsectioﬂs cut away at various locations of’
the disk, When these disks were'rotated in {;ont of an 111um12at£ng
source, the alternation of open and occxudiné sectors would produce
flicker. By 1nc}easiné the speed of rotation of the disk, the
perception of flicker would become more and more difficule,
evehtually giving rise to the pe;ception of a steady ligﬁf of

uniform brightness. The frequency at this transitional point, where

a flickering stimulus becomes fused, 1s called the critical fusion



.

~

v

frequency or CFF. If the visual system is especlally adept at

detectiné certain types of flicker, then very high frequencie; will”

I

be necessary to cause a flickering stimulus to be seen as steadily
-on. ‘Conversély, other types’ of scimuli could be dealt with by the
visual system in a less ;ffective manner, r@sultiag in relatively
low critical fusion freq;encies. In this manne; vislon researchers
could 1nvegiigate how speéific attributes such as luminance, size,

and level of Jight adaptation influenced "temporal resolution" or

-

the ability to detect flicker. —

»

Another related method of assessing the temporil resolving
. R ! .
power of the visual system is the two-flash or double-pulse

o

technique. , The influence of specific stimulus attributes such as

luminance, size, and level of light adaptation, on temporal

. i : -
resolution can be assessed by establishing the minimum separation

-

between two pulses of light necessary for each pulse to be seen as a

<

unique event. Thus, if the eye is particularly adept at proceséing

’

ertaln stimuli, for example two high luminance pulgﬁs, then

-
«

relatively short separation intervale will be required to discern

. both of these pulses. If the’temporal mgchanisms of the eye are 1l1l
suited to dealing with certain other types of stimuli, such as
s;;ll. eccentrically viewed low luminance pulses, longer intervals
will be fequirbd.

Up until the middle of this century the most prominent and

rarg;ably. the most etfective means of pay;hophysically assessing the
temporal resolving ppwef of the eye 1?V01V€d the assessment of the

o

critfcal fusion frequency. In 1952 H. De Lange proposed that the
” * )
sensitlvify of the visual system could be assessed by determining
g . . ‘

-

4
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tﬁe mi nimum extent that luminance had to be modulated above and
below a mean luminance level before flicker could.be detected. With )
the advent of De Lange”s depth of modulation technique, the
funcfional'capabtlity’éf the visual system could be asseaseé along
an entire ra?ﬁe of frequencies rather than only at CFF, the high;st
resolvable frequency. The seminal work of De Lange heralded the
modern era of research concerning the temp&ral‘capébllitles of the
healthy visual system. ‘

while temporal resolution techniques such as the CFF paradign,
lthe two -flash paradigm, and sensitivity paradigms such as‘De Lange”s
depth of modulation technique have been used to gain insight into
t he fungéZonal capabilities of the healthy v1§ual system, recently,
such chniques have also been successfully applied to
i nves ationg\of ‘the:diseased visual system. The applicption of
such Fechniques to the investigation of oculgr pathology desc{ibes
the ptimary‘considakations of a relatively new brancﬁ of psychology
called clinical psychophysics.

Researchers -such as/Hylkema (19A2), Titcombe and Willison
(1961), and Daley, Swank and Ellison (1979) used variations oggthe
critical fusion frequency technlquf to study the visual corisequences
of demyelination.in multiple sclerosis. Tyler (1982) investigated
glaucoma and ocular hypertensive patients using De Lange’s’dept% of

_mbdulation technique. G;lyin, Regan and Heron (1976) used a form of

the two-flash paradigw to gather visual field information in

patients with retrobulbar neuritis, while Regan, Milner and Heron

(1976) used a between.eye double-flash procedure which Regan callel -

t he perceptual delay technique to dbtain similar information. ', :
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While all of the techniﬁues mentionéd above have proven
effective in gathering information relative to ocular pathglogy,
each technique possesses certain inherent drawbacks that serve to
limit their cMmical efficacy, Multi-flash chmpimetry is a clinical
psychophysicai”technique that has attempted to cirdumvent these
shortcomings while retaining many of the advantageous
characteristics of its clinical psychophysical p(edecessors. This
tqéhnique has proven useful in the monitoring ;f residuai vision in
?atient; sfoering from degenerative diserders sugh as multiple
sclerosis (Brusséll, White, Bross;’Mustillo, éorenstein, 1981/1982;
Mustillo, Brussell, White, and Anderson, 1985; White, Brussell,
Overbury, Mustillo, 1983), amblyopia and macular degeneration

!

(Overbury, Brussell, White, 1984), as well as glaucoma (Brussell,

[y

White, Faubert, Dixon, Bélazsi, and Overbury, 1986). The’primary
experimental manipulation involves what can be thought of as a

.combinétion of the two-flash paradigm and the CFF paradigm. In the

, multi-flash technique a point is flickered at 5 Hz and the duration

.of the interval between each successive pulse is systematically

increased until flicker is detected. Stated in another manner, in
each successive flicker periéd the duty cycle of the flicker fs
reduced by decreasing the duration of the on-period and increasing
(.t he duration‘ofufﬁé of f-period until flicker in the pu¥ée train can
be resolved. In thib’technique,-tempofal resolution is assumed to
vary inversely with the duration of the off-period; that is, the
longer the off-period‘required to detect flickgr, the poorer

t emporal resolution is said to be:f o

In the current form of multi-flash campimetry the type of
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lumi nance employed is of the constaqi pulse variety in which a spot

Tl

of light 1§-turned on to a predetermined luminance level and then
turned completely off. As the duty cycle of the flicker is
systematically decreased, the total luminous energy (luminance X
duration) incident on the eye 1s also reduced. Rrovided that the
point is still seen as fused, reéucing the energy of the point by

‘decreasing the duty cycle will cause a reduction in the apparent |
- \ .

brightness of the point. Thus it could be argyed that observers

s

have the potential to basg their responses on this reduction in
r'd

apparent brightness rather than on the detection of flicker per se.

s

One way to circumvent this problem is to hold the amount of energy

1

" incident on the eye constant by 1ncrq@sing the intensity of the

v

on-period of the flicker by amounts proportional to the reduction of

]

its duration. Such a manipulation would effectively hold the

-

time-everage lumi nance of the point constant. By holding the
t ime—-average luminance of the entire pulse train constant,\&he
possibility of observers basing their responses on criteria other
than flicker would be eliminated. The primary quéstion of
theoretical and empirical interest that was addressed concerned .the
effects of itmplementing a timé-average luminance display in
multi-flash campimetry. |

The ensuing discussion will describe previous expesimental

investigations of temporal resolution that relate to the practical

and theoretical considerations in multi-flash campimetry. Following

Y ’
‘ f

the discussion of these experimental investigations, early clinical
psychophysical techniques that influenced the development of

multi~flash campimetry are reviewed. Finally, the ramifications of

f
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implementing a time-average luminance display in multi-flash
campime t.ry will be examined by first, reiiewing previous
investigations concerning temporal resolution and duty cycle
reduction, and then proposing an exﬁerimental stéategy that would
allow an empirical investigation of these two variables.

L]

Experimental Investigations of TempBral(ReSOIution

] \
A flickering light, if presented at a high enough, frequency

\ .
lights for example, actually alternate between periods of hi and

will appear to be a light of‘gi:form Brightness. Stundard tungsten
low intensity 120 times each second. The fact that we cannot detect
the periods of reducedaintensity inherent in such flicker when

looking at a light bulb indicates that the eye integrates luminance

over time.

In 1885, Bloch stated that for short pulses of light below a
certain length of time known as the criticaltdutation, the effect on
the visual system was dependent on the product of Ebe stimulus
iﬂtensity and duration. This postulate, kno&n as Bloch?s Law, has
been verified by a n;mber of researchers including Long (1951) who
found that ~below the critical duratign the total energy, and not the
waveform of the stimulus determined ;hreshoid. In this s;udy Long
found that for stimulf Whose duration was below a crit}cal duration
of 100 ms, changing the temporal characteristics of 'the stimulus

from a rectangular luminance distribution (abruptly turned on,

‘maintained, and abrupfly turned off) to a triangular distribution

(gradual increases up to a peak, followed by gradual decreases to

e



7
zero) HWad no effect on threshold whatsoever. ' Davy (1952) found that
equal‘amodnts of energy were required to detect a stimulus

regardless of whether the energy was delivered by presenting one,

two, three, four or five pulses. ////

If the eye is vieWed as an mechénism capable of integrating
» s - k<3
luminous energy over time, a question of theoretical interest

concerns the exact maghitude of the critical duration or, in other
words, the duration of a siaglé integrating period. Stated in
another manner, how close must flgghes be temporallz, in order for
them to be perceived as a single event. Rather than using long

flicker trains comprised of Gmny flicker cycles to address this

”

question, some researchers gliopted the strategy of using the

in comprised of only‘

s implest possfble type of flicker, a flicker

b

two cycles. This limiting case of flicker where only two pulses of

light are presented is known as the two-flash or double-pulse

paradigm. .

Two-flash experiments.
e

Lewis, 1967). Thus 1f two pulses are presentgd in two separate

y, /



.

entity., If these pulses are presented within this critical <;>
&qfation, however, their energy will agpmate, and a single pulse

e

“having twice the brightness of the two '{ndividual pulses will be

’

seen. 4
Although the value of the criFical duration ;s often stated as

beinchOO msec (Kaufman, 1967; éornsweet, 1963), according to many

two-flgsh experim;nts; this value depends on the luminance of‘the
Yflashes, the spatial extent of the flashes and the temporal duration
of each flash. Mahneke (1957) investigated the latter effect of
flash duration on the two-flash threéhold (;hg minimum temporal
separation necessary to detﬁgt each pulse of light). 1In téis . \,
experiment he found that prolonging the duration of each flash by
equal amounts, served to decrease the two-fhash threshoid. In
addition, ﬁe also found similar decFeases in the two-flash threshold -
ﬁhen the duration of either the first or second pulse was 1ncreased‘

" and the duration of the other corresponding pulse was held constant.
These findings led Mahneke to conclude that the visual system’s
ability to discern the dark 1nterv31&b;t§eeh iwo pulses of light
could be enhanced by increasing the total quantity of light within
the stimulus package.' Mahneke concluded that such an increase in
t emporal resolution-could be evoked by elevating the luminance of
the pulses or by increasing thelir durgtion.

Such a "quantity of light“‘or energy hypothesis was challeﬁged
by Kietzman (1967) who replicated Mahneke s findings concerning
pulse duration, but failed to find any systematic chanée in

)

two—-flash threshold when the luminanee of the pulées were increased.

One possible explanation for Kietzman®s failure to find an inverse

S
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relationship between the lumihanée of each pulse and the two-flgsh
threshold is postulated by Lewis (1967). Unlike Kietzman, Lewis
found that increa;ing the luminances of the pulses did serve to
significantly lower the cwo-klash Ehreshold, but only foF lumi nances
below those tested by Kietzman. In addition to studying the effects
of luminance on the two flash tgreshold, Lewis Also investigated the
effect of .the spatial extent of the pulbe stimuli, or the effect of
area on the two-flash threshold. Lewis (1968) concluded that thgre
was an inverse relationship bétween stimulus area and two-flash

»

‘threshold, and that this relationship was most prevalent at low

kY

luminances. . .

w’ ]

Crit;cél fusion frequency experiments.

While the two-flash technique provided one method of measuriné
the temporal resolving power of the eye, a more coﬁmonly employed
means of assessing temporal resolution involved measuring the h
critical fusion frequency iCFF) of a flickering stimulus, Like the
two-flash technique, CFF paradigms are glso,concerned with the
minimum separation between light pulses necessary to see such pulses
as discrete eveﬁts. Unlike the double flash_gechnique, gpF
paradigms present a sequential series of pulses to the observer,

such that, depending on the temporal characteristics of this pulse

train, the observer either sees flicker, or alternatively sees a

< &

light of uniform brightness. The minimum temporal seéparation
" between pulses is manipulated by increasing or decreasing the

frequency.(the number of pulses per second) of the pulse train

-
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presentation., At high frequencies, the kemﬁoral:separation between
- ﬂ [e]

pulses will be too short to distinguish these individual pulses, apd

-
[l

the display will appear to be one of unifcrm brightness. At lower
- . ‘\
frequencies, however, individual pulses can be distinguished, and

*r

the display will be seen as flickering. -

When comparing CFF to the two-flash paradigm, a tumber of

. inherent adavantéges of the former technique can be stated. One .

such advantage 18 that by displaying a long sgq%énce of flashes, the

-~ K ( il
eye can be adapted to the mean' luminance level of the pulse train,

. X ~ ¢ '
rather than undergoing rapid changes in adaptation upon being
presented two brief light pulses. Fugthermore; in the two-flash

technique, only a single chance for detection.is afforded, a chance

‘that.may be missed due to inherent noidf in the visual systenm. In

the CFF paradigm, the subject is providéﬁ a great number of

opportunities to detect non-uniformities within a given pulse train,
4 )

an éxperimental situation that would tend to partially overcome the
influence of noise within the system.
,As was previously mentioned a typical CFF paradigm involves

presenting a flickering test patch to an observer, and increasing

- the frequency (the number of flashes per séqond) until flicker can

just no longer be detected. If the visual system is especially
adept at detecting certain types of flicker, such as high luminance
flicker presented using a large test field, then very high
frequencies will be necessary to cause a flickering stimulus to be
seen as one of uniform brightness. Conversely, other type; of
stimuli, such as small points flickered at low luminance levels, are

dealt with by the visual system in a less effective manﬁer,

A

A
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resulting in relatively lo;v critical fusion frequencies. Thus the
! N

detel‘fxxina‘t;on of \t\}hriltical fusion frequency, lik‘e the
determination of the double flash thresholﬂd, provides a viable means
of assessing the temporal resoluton of the human visual system to
the wide possiblle range of stimulus attributes that comprise a given
time-varying stimulus.

Given the multitiude of possible variables that can 1nf1:ence
t he templora'l resolving power of the visual system, it is not
suprising that a vast number of CFF stud},s have been conducted
over the course of the last century. Outlined below are a select few
of theseﬂ studies, highlighting findings that will be of particular
importance to fhe\ theoretical considerations of the milti-flash
campimetry technique.

In many of the earldest CFF studies a disk, half white, and

half black was illuminated by an external source, and the CFF was

deterni ned by manipulating the .speed of rotation of this disk. One

- question of empirical interest concerned the effect on CFF of the

intensiiy of the {l1lumination source. r‘.The relationship between CFF
and the luminance of the flfckering stimulus was first establi;hed
by Ferry 1.n 1892, and this relationship was re-addressed by Porter
in 1902. Porter used standard candles, incandescent lamps and an
arc light to assess the e;ffects of low medium and high levels of
luminance:. Porter found that except for the very loweést lgminance
levels tested, CFF varied directly with the logarithm of the

luminance of the disk. In fact, even at the lowest luminance levels

’
- tested, a logarithmic relationship between CFF and luminance was

maintained, although the rate of variation in the CFF-luminance

2
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function was more rapid at these levels. This relationship between

~

CFF and luminance has come to be known as the Ferry-Porter law.

Other a;laessments of the effect of luminance of the flickering test

« field on CFF indicate that this relationship between CFF and '

luminance applies only to a limited radge of conditions (Kelly,
1961b) and, as such, should be considereq a general formulation
ra'ther than a law (Brown, 1965) . For the majority of flicker
parédigm however, the Ferry—Porter law describes data quite
accurately, and stated in very general terms, one can conclude that

L}

increasing the luminance of a test stimulus affords consequent

-
;

increases in CFF:

Another question of empirical interest addressed by early CFF
investigators concerned the}effect of the stimulus area on the
critical fusion frequency. While'previous reports concerning
stcimulus area and CFF were provided by Charpentier (1890) and lves

(1912), 1t was not until 1930 that a systepatic study of the effect

of area on CFF was conducted. This seminal work was conducted by

¢ £

dranit and Harper (1930), and the é/omulations arrived at through
this research provided the fo;ndat'ions for the Granit-Harper law
which bears their names. | .

Unlike Porter”s (19Q2) research which made use of black and
white rot’ating disks, Granit and Harper”s study made uaé of the
previousl; described rotating ;ector disks. As_ with tl}e disks used
by Porter, the critical fusion frequency, was assessed bby

.

manipulating the speed of rotation of the sector disk. In order-to

assess the effect of stimulus area, an adjustable diaphragm was

interposed between the rotating sector disk and the obeervexg.: Uéing

%
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such an experimental wsetup, Granit and Harper determined the

Ly (
critical fusion frequency for a number of stimulu's areas flickered

.at a total of eight diﬁerent intensities. These authors concluded

e
that there was a linedrskelation betweeh CFF and the logarithm of

the stimulus area. This relationship was maintained across a

2

variety of stimulus aread ranging from .35 deg® to 6(..0 degz. Beyond

six deg2

» lncreasing the stimulus area of a flickering test patch
had no effect on the critical fusion frequency. Other findings
included the facg that‘ the slopes of thez;e l‘ine‘s increased with the
intensity of the stimulus, and that this 1nf1u:'ence of intensity was
more pg‘omineht in the periphery than in the fovea. Unlike the
Ferry-Porter law, the G;anit—Hbt:per law has proven to be a robust
and often replicated formulation that has been used to descrilbe the
effect of area on CFF in a number of different paradigms.

The findings of Granit and Harper indicated that stimulus area
and 1ntens:lt’y differentially affect foveal and peripheral areas of
the .retina. Such findings indicated the ne;d for an fn-deptl{
assessment of how CFF is influenced by the r;tinai location qf_‘the
stimulus presentation. A systematic study addressing these issues
was conducted by Hyli(ema in 1942, Hylkema essentially replicated

!
and extended the findings of Granit and H;rper (l9f30)’ namely ,- that
CFF‘was hi:ghest in the ﬁetiphefy when large stimulus areas were
used, and highest-in the fovea when small test stimuli werf®
employed. 1In addition, Hylkema found that the ngsal area of the
visual field d?splayedkthe greatest temporal reéolving power, 'andc !

that the inferior portion of the visual field afforded higher CFF

values than the superior vijual field. l-fylkema postulates that the

/
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reason near peripheral areas in ;he nasal field are maximally
efficient, i8 to compensate for .the innefficiency of the blind spot
located in the corresponding area of the othe} eye. In the far
periphery beyond 30 deg. however, the temporal field shows greater
resolving power as indicated by higher CFF values;

Thus {ar, all ;he CFF éxperiments that have been discusa;d have
used what can be referred to as 100% modulation flicker. That is,
luminance presentations consisted of on-periods where a beam df

.

light was presented to the eye at a predetermi ned luminance level,

‘ ¢
.and, an of f~period where this luminance level was reduced to the

-~

background luminance level. A study' by De Lange (1952), however,

involved assessing CFF to sine wave stimuli flickered at depths of

modulations that were less than 100%. »

De Lange”s temporal sensitivity expériments.

The problem De Lange investigated concerned how theé visual
system responded to different temporal waveforms. In order to
address this question De Lange initially assessed the critical

fusion frequency to a number of these temporal waveforms flickefed

at close to a 100X depth of modulation. By Qarying attributes of

the stimulus such as duty cycle (the ratio of white to dark sections
\ o
of the disk), De Lange was able to obtain critical fusion )

f requencies ranging between 50 and 9 Hz. Because De Lange was \

K
-

interested in the relationship between critical fusion frequency and ;

what he called the "lab—ﬁgequency characteristics of the eye" De

»

Lange required stimuli that would yield CFF values lower than this 9 s .

’ N
~ . U e g




15

Hz limit. To this end, De Lange presented sih%)uaves at various -

contrast lgvels(br depths'of modulation. For example, a sine wave
whose maximum lumi nance was only slightly above the average
luminance, and whose minimum luminance was only slightly below the
average lumiqa?ce would be dssociated with lower CFF vglues than a
sine wave whose amplitude was considerably larger. Thus by using '
sine waves of varying“amplitudes De Lange'obtained CFF values that ' -
ranged between 1 and 50 Hz.

The manner in which De Lange analysed the CFF data from'both
sinusoidal and more complex rectangular wave stimuli, 1pvolved ‘
Fourier analysis. Fourier analysis is a mathematical theorem that
involves breaking a tempéral waveform into an infinite number of
component sine.waves of different frequencies, amplitudes and phase
relationships. A schematic representation of how component sine

E ¢ .

waves can be synthesized to produce an approximation of a square

7

wave is 1llus rated'in Figure 1. .

As can ﬁ 3surmised f;om Figur; l. a square wave can-be
decomposed 1n&o: a s}ne wave that has the same frequency of the ‘ )
stimulus but‘a larger amplitudé, a sine‘wave that is three times the
fr%&dency oflthe stimulus and 1/3 the amplitude of the first sine
wave, a sine wave that is 5 times the frequency of the square wave

and 1/5 the amplitude of the first sine wave etc. etc. Such a

decomposition of a complex waveform into component sine waves is -
L4 .

called Fouriler amalysis. The results of such an analysis will )

always reveal one sine wave having the same frequency as the complex '

stimulus. This sine wave is called. the fundamental frequency. The

1

sine waves of higher frequené{ggﬂgrgﬁgaljed_harnonles% —In-the

- ¢ —— ——
e — —

s- - € - - 4
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Figure 1. ' Approximating a square wave

usifig the  Fourfer frequency components.
(Taken from Kaufman, 1974, pps 105).
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language of Fourjer analysis therefore, a square wave is comprised
' ’

of a fundamental frequency (1F in Figure 1.) whose amplitude is 4/3

—

that of the square wave), and an infinite number of odd harmonics

~

(3F, S5F, 7F etc. in Figure 1).
Although a.stimulus can.be analyzed into an infinite number of

frequency components, De Lange assumed that at threshold, “under most
. .

v

conditions, the visual“Eystem was primarily respongive to only one
of these frequencies; the fundamental frequency. The imporiance of
th&s fundamental frequency in flicker detgciion is fllustrated by
the fac; that De lange spec?fied his data in terms of what he called
the "ripple ratio". This ratio consisted of the amplitude of the .
f undamental frequ;ney divideé by thh\everage lumi nance of the
stimulus. Essentially De Lange found thag regardless of the/;ctual
c%%ysical characteristics of the stimulus waveform, (maximum and
minimum luminances and their durations reiative to each other), as
long as the ripple ratio was above 2X, CFF depended only on this
ripple ratio.

De Lange viewed the visual system Qs being essentially , !
analogous to a linear network of électrical circu{try that served to )
act as a low pass filter. « The r?sulcs of his CFF experiéents,
therefore, can be explained in teré& of such a filter model by
considering the frequency relationships among the various Fourier
’;omponents that make up a 100X modulated square wave stimulus. If
the visual system i8 viewed as a low pass filter, then oscillations

Cr
in low frequency Fourier components would remain unchanged; but

.

these oscillations in high frequency compouents would be attentuated

by the -filtering action of the visual system. Since the square wave

1 v

\,‘

q -
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in Figure®l is comprised of a fundamental frequency (equal to the
P d

f requency of the presented stimuli), aqd an infinite number of

+

higher frequency components, as the frequency of the presented

stimulus 18 increased, more and more of the high frequency-

o

* components would effectively be filvered out. As such there should °

A -~ .
“be a certain frequency at which only the fundamental frequency would

-

bg below this attenuation threshold. A further increase 1n‘ .

o]

fr;quency would push the fundamental above the highest frequéﬁcy
that can be resolv;d, causing the presented waveforﬁ to be percieved
as a light of uniform luminance. This frequency, according to’De
Lange represents the CFF 'value. ‘ .

Both the methodology of De Lange’s gpudy, and his electric;l
analogue approach to viewing the visual system, stimulated a new
direction in vision fe;earch. As an isolated example, Kelly (1961b)
found that £;;a§isua1 system was far less sensitive to low
frequencies when a test stimulus with ; blurred border was used

compared to low frequendy sensitivity for De Lange”s small test

.. fleld against a uniform background: The importance of De Lange”s
i

electrical analogy, however, is Attested to by the fact that Kelly

s

postulates that the visual system acts as a band pass, rather than a
low pa;s filcer. .
Experimentaf %nvestigation; of temporal resolution indicate
that 1{f short puises of light are presented within a critical
interval the.effect on the visual system will not depend‘op the
stimulus characteristics of the waveform, but rather on. the enetgy'
(intensity X duratlo;) of the stimulus (Long, 1951). One method of

»

estimating the duration of the critical duration is to establish the
~ Je “t '

. AN
Y
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mi nimum interval requireq to detect two distinct pulses of light, o
the two;flaéh‘tﬁ;eshold (Dévy. 1952; Lewis, 1967). Increases in
either the pufse duration (Mahneke, 1957), or the pulse luminance'
'(Lewis, 1967), serve to decrease this_two-flash threshold. A second
means of measur{ng temporal resolution~1nvolves determining the
critical fusion frequency of a flickering stimulus. Increases in
either the luminance of the test field (Porter, 1902), orithe

spatial extent of the test field (Granit and Harper, 1930) have been

shown to resulf in elevations of the critical fusion frequency. For

-

. R
fixed levels of stimulus area, and luminance, the critical fusion

f requency has been shown to depend on the amplitude of the
fundamental Fourier- frequency component of the presented stimulus
(De Lange, 1953).

-

De Lange recognized that his methodology and resultant
sensitivity curves were important not only for ifnvestigations of the
hgalthy visual system, but also could provide essential information
about jﬁe disegfed visual system (De yange 1957 as cited in Tyler,
1981). The use of psychophysical techniques to assess the
functional caprilities of the diseased visual system comprises ;
relatively ;ew area of psychology called clinical psycﬁophysics. In
order to fully understand the benefits of multi-flash campimetry gs
a clinical psychophysical technique it is necessary to see how

previbus psychophysical techniques have been applied to the

investigation of the diseased visual system.

+
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Clinical Investigations of Temporal Resolution

In the 194078 the methods that were contemporarily used by

oﬁhthalmologists to acquire visual field information typically

involved the ability to distinguish between different hues in the

peripheral visual field, or the minimum até; of a test spot required
for ch;t spot to be detected using peripheral vision (Hylkema, -
1942), When used as indicators of the global functional
capabilities of the visual field, each of these methods contained
certain inherent drawbacks. For example, the collection of visual
field information based on the patients ability to distinguish

differences in hue were often found to be unreliable (Hylkema,

1941). Furthermore visual field information-acquired in this manner -

e

can be confounded by disturbances in colour mechanisms causing
normal visual fields (in every respectlother than 5010ur
discrimination) to ap#ear to be functionally impaired. Other
methods suth as determining the minimum spatial extent of a spot of
light required forlvisual detettion, are problematic in that they
may be confounded by -factors such’ah differential acuity across the

visual field. In order to circumvent these problems Rylkema (1942)

suggested using a critical fusion frequency paradigm to obtain

information about visual fields. TheseZhethods, according to ’

.

Hylkema, would be effective for they are not 1nf1uenced_by optical.
blur,kand do not require the use of the colour mechénisms within the
visual‘system.

.Hhile use of CFF paradigﬁé may be part;cularly useful for -

practical reasons such as thoée outlined by Hylkema, the nature of

—
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the‘task 1§ of great medical int;rest as well. Demyelination has
been shown to either slow\or completely block conduction along
neuronal fibres (Halliday & McDonald 1977). Even prior to these
neqxophys}ologicél‘experiments, Titc;:be and Willison (1961)
postulatéd that in demyelinating diseases such as multiple sclerosla
(MS), reductions in the critical fusion frequency might be due to

lesions énywhere along the visual pathway. As such, they surmised

that this technique would be of great diagnostic value in evaluating

‘patients suspected of having.multiple sclerosis.

In order to assess the clinical efficacy of such a paradigm

-
-

Titcombe and Willison (1961) 'measured the critical fusion frequency

for 60 MS patients and 28 controls. The critical fusfon frequencies

required by controls was significantly higher than the CFF values

obtained by patients. Other analyses ‘indicated th CFF and visual

acuity tests were related, but there was not a strong-link between

‘these two measures ?f.visual fuﬁétioning. In agdition, a strong

A%

inverse relationship was obgaiﬁed betueén CFF and the degree of
- “

pallor associated with the optic disk. This finding suggested‘that
the depression in CFF may be iinked to the presence of retrobulbar
néuritis. In suppért of this postulate these authors cited cases in
which CFF was drahaticglly reduced during acute episodes of this
disorder, and restoreé in remissiop phases of the diseasse.

Ano;her study concerning CFF and multiple sclerosis was
conéucted by Daley, Swank, and Ellison (}979)} In this series of
experiments, CFF values were sﬁéwn to be abndrmal_in 48% of a sample

of 122 MS patients. When these same subjects were tested in a CFF

paradigm where the test patch was encircled by a flickering
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surround, 78% of tﬁe MS patients 111ustrateé impaitred CFF values.
The impetus for using the flickering surround.-was based on the
findiég that impaired but‘not destroyed demyelinated ‘fibres have
been show to fafzéue ERaminsky and Sears 1972, as cited in Daley et
al., 1979). Based on this assumption it was hypbthesized that the
ffickering surround served to fatigue damaged neurons t?r0ugh
repetitive activation, and in so doing evoked a reduction in CFF in
patiaqts with less severe demyelination. The fact that the c;ntrol
gtéup did not show significant changes in FFF when tested w%th the
flickering surround lends credence to the arguments of Daley et al.,
for only pathways with some degree of neuronal damage, would become
f atigued under these conditi;ns. -

While CFF research has proven to beleffective in distinguishing
;;tients from normals, it must be noted that such techniques measure
énly the upper limits of the visual s}skem‘s temporatl seﬁsitivity
functioh. Recognising this fact, Tyler (1981) used De Lange';-’
methodology to assess the temporal sensjitivity loss of glaucoma and
ocular hyﬁértensibn patients, across an entire range of frequencies.

Tyler used a 5 deg flickering test field to obtain sensitivity -

‘curves for both foveal and peripheral areas of the retina. The

-lowest frequency tested by Tyler was 5 Hz, while the uppef limit was

the highest resolvable frequency of the observer being tested.
Tyler found that this De Lange type paradigm illustrated

temporal sensitivity impairment in 100Z of the glaucoma patients

tested, and in 90X of the ocular hypertensive patients who were

administered this test. Of special importance was the finding that

the greatest sensitivity losses ogcured in middle frequencies,

F]

¥
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rather than at the highest resolveable frequency. The fact that
Tyler found nine cases in which pafients displayed normal CFF
values, at 100% modulation, but abnormal mid-frequency sensitivity

values indicates that the De Lange type paradigm is a more sensitive

]
o '

i;dicator of temporal impairment than traditional CFF tests.

Another ioteresting finding that emerged from Tyler”s study was
the detection of central visual field losses in 77% of the patients
tésted. Hhilekstandqrd perimetric’'assessment leads one.to expect
peripheral field losses in glaucoma, rarely do these assessments
reveal central field loss. Furthermore, Tyler”s use of the De Lange
type paradigm in the assessment of ophthalmalogical disorders 1is
especially effective for this technique reveals field loss even
prior to any losses in the overall light sensitivity used by
standard\perimetric techniques.

The clinical psychophysical techniques discussed so far have .
proven effective in distinguishing mem£ers of a patient population .
from normal healthy individuals. /Such tests, however,'cannot
identify specific areas of dysfunction withi; the visual field
because such techniques intentionally make use of large flickering
test fields. The rationale for using large fields such as the 5 qeg
field employed by Tyler, is specifigally to avoid.decreaaes in CFF
due to the inadvertent placemene of Fhé test patch over scotomas
within the visual fleld. Researchers adop;iné this strategy were
attempting to acquire a general‘measure of viéual functioning, and
therefore, hoped to avoid reductions in CFF due to localized

defects. Thus by using large test patches, it was thought that CFF

values would only be wffected by very large, sharp edged scotomas
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(Titcombe & Willison 1961).

—
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The pe;ceptual delay technique. 5

t

A different approach was adOpiéd'by R;éan and hgé co-workers in
their studie; of visual.fields in patients/with demyelinating
diseases (Regan, Milner, and Heron, 1976).° By using éﬁall test
stiﬁhli and presenting these stiruli at numeéous locations
throughout the visual field, fhese Eesearchers were able to detect
small areas of reduced temporgl resolution or, us;ng Regan’s -
terminology, "islands of dysfunction"”. In order to elicit this
information these researchers made use of«p}eviqusly mentioned fact
that condu;tion along demyelinated pathways is often slowed or
blocked altogether. 'Thus the detection of a single luminance pulse
will be relativsly.delayed when v;ewed with an eye suffering from
retrobulbar neuritis,lcompared to the detection of a similar bhlse
when viewed byha normal eye (Regan, Milner and Heron, 1976). The *
(Cbholute value of this perceptual delay Ean be estimated by
determi ning the minimum stimulus onset asynchrony (SOA) bktween each

pulse required for the observer to say that the two pulses were
‘ ’
presented simult aneously.
|

The reason for variations in the dependent variable of the
perceptual delay technique ‘can be illustrated by giving an example.

In a healthy observer, there is no delay in conduction'along the

/
optic nerve in either eye. Thus in order for two pulses of light to
«appear simultaneously, each pulse must actually be presented to eacﬁ
. eye at approximately the same time (zero SOA). If, however, two
\ »
) ®
¥A > .

kthiu Y e »
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simult aneous pulses were presented to a patient with unilateral
optic neuritis, the inordinate amount of processing time required by

the damaged eye will cause the two pulses to appear sequentially.

.Thus in order for the two pulses to appear to be presented

simult aneously, the onset of the‘pulse presented to the undamaged
eye must{follow the onset of the pulse presented to the damaéed eye

by some'sﬁecifiable amount. The magnitude of the stimulus onset

v

asynchrony between pulses will therefore be determihed by the amount .
- .
of "perceptual delay”" inherent in the damaged eye.

+Using this strategy these researchers were also able to assess

the perceptual delay to abrupt decreases in luminance, by

“

determining the ninimum SOA between two Anteruptions of a steady
luminance presentations, requiréd for the subject to indicate that

these interuptions occured at the game time (Regan, Milner, and

Heron 1976). Interestingly, the measurements of visual delay for

rapid increases, and rapiﬁ’decreases in luminance often yielded b

different perceptual delay valiues. According to Regan et al,, such

a finding indicated that there are two distinct channels for

detecting increasing and decreasing luminance steps, and that these
A

channels are differentially effected by demyelinating pathologie
such as retrobulbar neuritis.

In addition to providing general information cgncerning the -~ ,

functional capability of a given,g&g, the perceptual delay technique
' ¢
allows visual field information to be obtained. In order to test

%

various locations ch}oughout the visudal field the first pulse L

-

-

presentation was located in the fovea and provided a reference for

variable retinal locations of the second pulse. Visual field

&5 -
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information could, therefore, be obfained by looking at the
distribution of obtained perceptual delay valuves for various
,locations aeross the entire visual field. Such a procedure could be
implemented to test perceptual delay between eyes (Regan, Milner,
and Heron, 1976), or within the same eye (Galvin, Regan, and Heron,
‘1976).

By associating functional areas of the visual fleld with low

«

petéeptual delay values, and areas of dysfunction with high

}, perceptual deiay values, this technique enabled researchers to

I3

\

detect small "islands of dysfunction" within the visual field. It
h ]
myst bé noted however, that the perceptual,delay latencles for

different areas of the visual field are measurements that are
relative to the foveal reference point rather than absolute
quantifications of functioning. As such, the perceptual delay

strategy runs the risk of committing a type 11 statistical error.

»

If for instance the peskeptual déiay was measuréd for an impaired
location in the periphery using a foveal reference point that also
happenéd to, be impaired, the equal amount of delay encountered
.during the procesging of each point would cause simultaneous
%presentations to gctuélly appear at the same time, a}fording an SOA
value approximately equal to zero. Such a small perceptual delay.

value would not be distinguishable from the SOA value obtained from

o,
'

fully functional, undelayed test and reference locations.

~
-, .
Ve

.
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‘ Double flash campimetry.

] ) =

»

[y
-

A second strategy for acquiring visual field information that
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circumvents this problem of relative rather than absolute

s

specifications of visual field functioning involves using a
double-flash p;are;digm. "This technique was previously discl.ussed,in i
conneccion with the assessment of temporal resolution in the healthy
visual system (Mahneke, 1957; Lewis, 1967, Kietzman, 1967). The
first clinical application’of th: two flash technique was conducted
by Galvin et al. (1976) in an investigation concerning patients wi c‘h
retrobtclbar neuritis. Galvin“s version of the double-flash paradiéTn
made us/e of the method of ascending and descending limits to Assess
the minimum ISI required to see eachNof the two ‘pulses. The ISI1
betwe_en two identical pulses of light was systematically increased
from a very gmall duration in which these pulses were not
distinguishable, to a duration that allowed the two pulses to be
seen as discrete events. Next, the ISI was Asystemacically decreased
from a value in which the two pulses u'efr:e consistently seen as
separate events, until only a single pulse was detected. The I'SI‘s
corresponding to response reversals (single to double) for two
a'scending passes and two descending passes (double to single) were
averaged and. this value was taken to be the minimum flash separation
required to see the double pulse.

The principal difference between this double-flash technique
and the perceptual delay task is that in the former technique the
second pulse appears at the same retinal location as the _f_i\rst
pulse. Thus the obtained double-flash thres’holda dt;scribe temi:oral
resolving capability within distinct areas of the visual field

rather than referencing specific locations against temporal

-
resolving power- in another area of the visual field.: In ad.d}.td':m o
|
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providing visual field information that requires fewer assumptions
,
to be made, the double-flash technique was found to be more-

sensitive than th; perceptual delay paradigm for certain types of
aptIC'néuropachy (Regan 1979). Because the double-flash technique
can detect small "islands of demyelination" (Regan 1979), it was
deemed to be cdinically superior to the useﬁpf visual evoked
potentials (monitoring electroencephalographic responses to visually
p%esented stimuli), in acquiring visual field information. It waé
also found te be superior to the Pulfrich pendulum teét in which a
pendulum swinging bagk and forth én a fixed plane appears to be
moving in an elipse 1f-visuél delay is present (Rushton, 1975).
Another measure which was found to be inferior to the double-flash
technique was contrast sengitiviiy, where! the minimum amount of
contrast required to detect the presence of a sine wave grating is
determi ned to asses; the degree of 1mqufment within the visual
system. When compa;ing these tests, the overall efficiency,an{
relativé inexpensiveness of the double-flash technique led Ré;an
(1979) to conclude that if a single test was to be chosen from‘;

battery of tests including, double-flash, CFF, visual evoked

potentials, contrast sensitivity, and the Pulfrich pendulum test,

f 2

Fhe best choice would be the double~fiash technique.

When any psychophysical tést is being cons;deredafor use in a
clinica} setting, the duration of the test becomes of paramount
importance. Since many ophthalmalogical disorders such as macular
degeneration and glaucoma are most prevalent among the elderly,
psychophysical tests that are nduiy I;ng will be considered

i nnappropriate by the physician, irrespective of their experimental

. :
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test.
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validity and ability to provid; information about a given pathology. ,

Thus, despite the efficacy of the double-f1ash ,technique in

providing high quality visual field information, using che nethod of‘
ascending and descending limits in acquiring this information may.

render the t.echnique clinically inefficient.

-

In reviewing some of the clinical psychophysical techniqueq
that use tempbral,resolution‘to investigate ophthalmalogical

ﬁathologies it is clear that each individual technique has spec{fic

]

advantages over okher paradigms, as well as specific ahottcomdngs.

‘ 1]
While CFF, provides a relatively rapid means of assessiﬂg visual

field information, potentially 1nformat1ve mid- frequency losses uay

- go undetected because this range of frequencies are not sampled in

such paradigms. Tyler”s depth of modulation téchnique, may detect

these losses, but theé size of the test stimulus precludes the
i

acquisition of information concerning specific "islandg of

~a
demyelination". The perceptual delay paradigm allows these small’
\ - ' . .
areas of visual field dysfunction to be assessed, but affords

relative rather than absolute temporal resolution data. The

.
)

double-flash threshold allows 1slahd§ to be detected and quantifies

the visual field using a psychéphysically sophisticated measure, but ~

is probably“hot clinically effective due to,thé duration of the

o

Multi-flash campimetry.

3

Multi-flash campimetry is a clinical psychophysical technique

that attempts to incorporate the advantageous components of

¢
v

~
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" previously described techniques, whlle at the same tiK:;

circumventing any shortcomings inherent in these paradigms. 1In {its
present form a stimulus display comprised of 120 6 min Points is
presented :f the observer. A schematic representation of this
stimulv's display is given 1n.Figure 2 On any gzvgn trial, a
computer randomly selects one of these points and begins to flicker
it at 5 Hz. The duty cycle (the proportion of the flickér period
that 1s l1it) starts off at 1002 and is progressive}y reduced by
fncreasing the duration of the dark interVal and decreasing the

¢

length of the 11t interval by 2.8 ms each successive 200 ms cycle.

‘This reduction of duty cycle continues either until the obsenver

7
lndic’tes with a paddle]press that flicker has been detected, or the

dark 1~§erval reachea a value of 200 msec. In either case another
point Iin the visual field is rando;ly selected (without replacement)
and t;e procedure just\described is repeated. By determin}ng the
minimum duty cycle required to detect flicker the multi-flash
technique allows the temporal resolution of 120 points in each
visual field to be sampled in about a hak{ hour.

The multi-flash paradigm is similar ;é\ghe‘CFF assessment of,
visual fields in 1t”s rapidity of administration. Rather than using
iytl-c consumi ng psychophysical method, flicker starts at duty

cycles well above fusion and is systematically reduced until flicker”

~is detected. The quality of data collected in this potentially

noisy fashion is controlled by replicating any statistically
aberrant points, Unlike CFF measurements, a constant frequency is
maintained, and duty cycle is manipulated i a fashion that is

analogous to Regan”s double~-flash method. The multi-flash

g
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thresholds therefore, can be thought of as the minimum dark interval
berween ajseries of pulses required for the fubject to first detect
fuékfr. ‘ 7 K

The dectsién to use very small stimuli in multi-flash
campimetry was influenced by the‘doublé;pulse paradigm (Galvin et
al, 1976), which acﬁu;;;d double-pulse thresholds for a large number
of small points iocated throughout the visual field. Like Galvin’s Y
technique, the u%ilizatlon of six min points in gq}tl-flash
campimetry, ‘allows specific "islands Pf dysfunction" to be detected.
The presence of such "islands", as well as ;ny vigsual field defects
can be.illustrated by presenting the data fn terms of “#-d tmensional
visual field plots suph as those depig}ed in Figure 3.

Each numerical value ;resentéé in Figure 3. corresponds to the
off-period required for flicker to be détected at that corresponding
location in the'visual field. While the multi-flash paradigm is
siﬁllar to Galvin“s double flash tgchniﬁue in it“s ability to detect
"iglands of dysfunction" such as those portrayed in this mulfiple
scleréqu patient, unlike the2 double-flash techéique, thiszi
information can be obtained in a relatively short period of time.

While multi-flash campimetry circumvents many of the problems
inherent in other clinical psychophysical techniques, it is not
entirely free from potential criticism. The grounns for this
criticism involve the progressive qsduction of the duty cycle of a n\\\\\\\\
constant pulse luminance 5 Hz flicker train. Inherent i{in this N
procedure is the systematic rgduction of the Talbot brightness of
the flickering point as the duty cycle of the flicker {n this point

te

decreases. . .
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Because the eye integrates luminance over time, a flickering
point, i1f presented at a high enough frequency, will appear to be a

non-flickering point #f uniform brightness. The off:periods. or

L]

dark intervals of.such ; flicker train, although not detecﬁed, still
influence the visual system, houever, for such a point will appear
less bright than a point of the same luminance that is not
flickering. The degree of diiference in brightness between two such
presentations depends on the duty cycle of the flickering stimulus.
The manner in which the brightness of a fused stimulus can be
quantified 1; by stating the Talbot brightness of this stimulus,
This Talbot brightness takes into account the effect of duty cycle
on perceived brightness and is calculated by multiplying the
luminance of the poinf by the duty cycle of the flicker"when this
. duty cycle i8s expressed as a proportion. Thus decreasing the dut&&
cycle of a point affords decreases in the Talbot brightness, and
consequently the apparent brightness of this point. 1In the
., «multi-flash paradigm, therefore, as the duty cycle of the flicker is
v -
‘3f.systematically reduced, the Talbot brightness of the flickering
point will decrease. ) |
Because ofxthe systematic reduction of the apparent brightness
of one point in the multi-flash display compared :5 all the others,
observers could potentially base their responses upon this
.- brightness reduction cue rather than on the detection o; flicker. .
Such a situation would result in an underestimation of the degree of
temporal resolution impairment within an observer”s visual field.

The degré‘ of impairment would be underestimated because a

. '
brightness reduction can only be observed in a fused ggﬁnt;

» .
)

iy

)
\
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responses based on this brightnéés reduction would therefore, by

- +

definition ocecur prior to the detection of flicker. Alghoégh
experimentally undes;rable, the cqnfoundgng of duty cycle‘reductioa
and apparent brightness\is not a fatal flaw in the multi-flash
technique for its oﬁly pégsible ramification is the comﬁission of a
type 11 statistical error, potentially causing deficlent fields to
appear normal. Given the detrimental side effecgs ofr

pharmacologi cal treatments_ of ocular pathologies such as glaucoma,
1f errors are to be made, ‘it is preferable to make type Il errors
rather than erroneously conclude that healthy observers are in need
of such Creatﬁent. . ”~
Eg}tunately, this whole problem can be circuﬁvented by holging
the tihe-average 1u;inanbe ‘'of the flickering point constant. Since
the time—-average luminance of fl;cker can be considered a measure of
luminous energy, it is dependent on both the duration, and the
intensity of the on-periods witﬁ}n each cycle of a flickering
stimulus. As a simplified example, suppose one wanted to equate the
time-average luminance of 75% duty cycle flicker with 25% duty cycle
flicker. Since the duration of the on-periods in the 252 duty cycle
stimulus is 3 times less than that of the 75X duty cycle stimulus,
the intensity of the on-periods of the former would have to be
increased by a factor of 3. Thus, 75i duty cycle flicker having a
maximum luminahce of 4 cd/mz, has the same time-average lumi nance aa-—
25% duty cycle fliéker, with a pulse iuminance of 12 cd/mz. When
the total luminance of each presentation is averaged over time,

therefore, the'total "energy" value, or time-average luminance, will

be the same regardless of duty cycle. According to the
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Talbot-Plateau law, 1f each of these flicker trains were presented
Y

at frequencies high enough to obviate the perception of flicker,

36

-

t’eir appearance woulq'be identical. :

in ﬁulti-flash campimetry, the time-average luminance and -
copaequently the Talbot brightness of the‘entire.pulse train can be
maintained at a constant levél by increasing the intensity of the
on-periods within each flicker period by amounts proportional t; the
decrease in the duration of these on-perlods as the duty cycle is of
the flicker is reduced. The luminance characteristics of ”7V/
multi-flash pulse trains which‘maintain either a constant pulse
lumi nance, or a congtanc time~average luminance are presented in
Figure 4, Such a~man1pulation Qould sérve to equate the Talbot
brightness of the pulse trains used in multi-flash c&ﬁéimeiry, and
elimi nate the-possibility of obsérvers basing responses on changes
in the apparent brightpess of the poingj

While the implementation of a time-—average luminance display in

the multi-flash procedure seemed to be advantageous for the reasons

previously discussed, a question’that,remained to be addressed

concerned the effects that such a luminance presentation would have
on temporal resolution. In order to address this question, previous

studies concerning time—a@erage or constant pulse luminance and duty

cycle -reduction will be reviewed below.

CFF Investigations of Time-averége and éonstant Pulse Luminance

©

Classical studies concerning the effect of duty cycle reduction

A

-~

on CFF have yielded different results depending on whether they held (
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. [4
the time-average luminance or the pulse luminance of the flicker
constant, The ﬁ;jority of studies that utilized a cdnstant “

time—average luminance have found that as duty cycle decreéses CFF
- * . Y
increases. For example, by using rotating sector disks of various

of di\fferent duty cycles. As was previously mentioned, rotating
. b "

sector disks have pie shaped sections removed,in order to allow
* . . !

ligﬁt to pass tprough to the pbserver.’ When a 1ight source was
placed behind one side of these rotating disks, the alternation of
open and o;ciuding sections o!'che disk would cause fli?ker to be
prgdused. Duty cycle was manipylated by varying the proprortion of
the épen sectoF8°of the disk to total disk area. Using such a
procedure Ives f;undAthat CFF ;alues were highest for those diskd{(
that had the smallest total opeh area, or what he.called the
Smallest light to dark ratio.. In general, Ives found that
decreasing the light to dark ratio, or in modern t;rminology,
decreasing :ie duty cycle of the flicker, evoked increases in
critic;¥ fusion frequency. - ' \

Over a dec;de later P, W. Cobb (1934), readdressed the

.

reélationship between duty Eycle and CFF. Rather than using neutral

o

density filters to maintain a constant time-average luminance, Cobb’
equhted the Talbot brightness of_fiicker éomprised of differena EGEy

<§;leg by ingreasing the-actual intensity of the light source to

1

compensate for-decreases in the duration of the on-period due to the

4

reduction of duty cycle. By maintaining a constant time-average

luminance agross all duty cycles in this fashion, Cobb obtained

- \ Cy Voo
’ .

e —

q
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'

results that were consistent with the findings of Ives: a general
inverse relationship between duty cycle and CFF.

Ross (1938) illustrated that the findings of Ives and Cobb held
for different levels of illumigation, and that the relatiénship
between CFF and lég retinal i2llumination was independent of the
relationship beween CF§ and the duty cycle of ;he flicker.
Essentially, koss founa that f\ncreasing the illumination of a
flickering test patch served to elevate the CFF - duty cycle curve,
but the inverse relafionship between duty cycle and CFF was
maintained for all brightness levels tested.

Further support for~£3s‘aforementioned relationship between CFF
and duty cycle comes from Winchell and Simonson (1951), These *
authors noted that many of the studies cited above were'
charac;erized by data collected from a small number of subjects.
Using a larger sample of 23 subjects, however, only served to
confirm the general relationship previously established by the
earlier researchers. '

| Hhilq studies using a constant time—average luminance for
flicker comprised of different duty cycles indicate that as duEy
cycle decreasgs CFF 1néréases, 1nvestigat1;ns using a consta?ﬁ pulse
luminance have been somewhat less consistent in their findings.
Ives (1922b) found that CFF increases as duty cycle decreases
reaching a maximum at 50% duty cycle. Unlike time-average luminance _
curves, howe&er, further deéreases in duty cycle below 50X lead to
concommi ttent decreases in CFF. Thus Ives” CFF data can best be

described by.a roughly symmetrical inverted U with maximum CFF

values at a H0Z duty cycle, and_decreasiﬁgyvalues as one moves away -
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‘from this peak in either dﬁgﬁgtion. This finding replicated an
earlier finding of Porter (lQOi), also showing a maximum fusion
frequency at a 50% duty cycle, and curves that are symmetrical about
P .

this point.

Ross (1943), however, found results that were inconsistent.with

those of 2}#8 and Porter. Ross found that the shape of his obtained

_ functions\depended on two factors, the lumi nance of the tesgt flash

8

and the retinal location of the test patch presentation. For foveal
ptesé;tations at low luminance levelg he obtained curves that were
Babically in accordance with the results obtained by Ives (1922).
For these loulluminaﬁce foveal presentations hg found increases in
CFF as duty cycle was reduced from 90% to 50% and decreases in CFF
between 502 and 102 duty cyclegs, For higher 1lluminance
pre%entations, howe;er, the maximum fusion frequency was a function
of the flash brightness. As the flash brightness increased peak Fg;
moved away from 50% towards the lower duty cycles. When flash
presentations were-made to parafoveal areas, howeve;, Ross found

{ .
that increases in flash intensity caused the peak CFF to shift from

lower duty cycles towards a 50% duty cycle. Thus in general, over a

\

4

wide range of luminances, Ross found curves that differed from the
monotonically increasing time—average luminance curves, but unlike .
the findings of Ives, found these curves to be assymetrical about

50 with higherbduty cycles always affording lower CFF values, and

. peak CFF_ values dependent on pulse intensity and the location of the

- presentation.
N T

The effect' of constant pulge luminance presentations on
- ,

t emporal resolution;togglicker using various duty cycles is further
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complicated by factors such as th; area of the flickering test
patch. Landis (1954) found that using a 10.4 deg cest'patch
eflcited maximum fusion frequencies at duty cycles.betwegn 40% and
50% duty cycles, while a smaller 1.6 deg field evoked maximum CFF

values at a 25% duty cycle. As noted by Ross (1943), however, 1t {s

difficult to differentiate between the effects of stimulus area per

2

7

se and retinal location.
Summarizing the critical fusion frequencifliterature it seems

L

that maintaining a constant time-average luminance‘elicits a
consistent ﬁonotonic increase in CFF as the duty cycle of the
presented stimulus 15 decreased. The findingé from critical fusion
frequency investigations concerniﬁg the effect of maintaining a
constant pulse luminance are not as consissent, for they depend on
characteristics such as the area of the flickering test patch, the
retinal location of its presentdtion, and esbecially the luminance
of the pulses used. Based on studies that utilize lumi nande levels
<r//}2milar to thoge used in multi-flash howeveﬁ, certain general
ch;racteristic;)concernihg CFF and constant pulse luminance displays
can.be stated. Relevant findings within this luminance range
suggest that CFF curves for this type of luminance increase ftoﬁ
lOOi‘qf to a peak frequency between 50% and 30X duty cycle. Further
decreases in duty cycle below this peak invoke re?uctions'in the

'

critical fusion frequency.

»

Initially, it may seem somewhat spprising to find that temporal

—

ﬁz/ resolution 18 better for a 50% duty cycle pulse train than for a 20%
duty cycle pulse train, for the latter display contains longer

intervals between successive pulses. Such a finding is however,
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consigtent with the resultg obtained in two—flash experiments in
which pulse duration was manipulated. Pre iousl\ly mentioned scud;es
such as those by Manheke (1957), and Lewis (1967), indicated tha(tl as

/ the energy of the pulse was elevated by increasing the pulse
§ ’

duration, temporal resolution also increasled. Conversely, if the .

energy of the pulse was decreased by '_geducing the pulse duration,

temporal resolution decreased. Lowering t e duty cycle of constant’

s
. 1

pulse luminance flicker, should theoreticaily have an effect
analagous to decreasing the .pulse duration in a/two-flash

- experiment, thereby eliciting reduced, temporal resolving power for

v

1w duty cycle flicker. At higher duty cycles, the effect of

increasing the total energy of the pulse on temporal resolution is
. .
overshadowed by the small dark interval duration separating

4

successive pulses.
¢
In addition to adequately describing the temporal resolution of

constant pulse luminance\yfcker, this "energy hypothesis" 1is also

¢

1in accordance with the CFF experiments that maintained a constant

time~average luminance acress duty cycle, By maintaing a constant

amount of energy for all duty cycles, temporal Lesolution would be
dependent solely /c;n the duration of the of f~period or the dark
[

interval. Thus as duty cycle is reduced, this dark interval becomes

greater, resuleing in a higher probability of detecting flicker.

- J
- - Because the multi-flash technique represents an amalgamatjion of .

-

A

J .
. the CFF paradign, and the two-flash paradigm, it is both similar and

'j\he same time dissimilar to either ‘technique when considered in
isolation, The multi-flash campimetry technique, unlike CFF

paradigns, assesses ‘temporal resolution by determining the duty

[,
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cycle necessary to detect flicker in a point of light flickcring at
a constant frequency of 5 Hz. CFF paradigms, on the other hand,
assess temporal resolution by increasing the frequency of the

presented stimuli until flicker can just no longer be detected.

»

 While both the two-flash paradigm, and multi-flash campimetry assess

1

temporal resolution by establishing the Einimum separation required

for all pulses to be seen, the latter technigue presents a

+

sequential series-of pulses rather than just two. Thus, wpilé the
CFF and two-flash literature is 1nfofﬁative, because of the inherent
diffe{ences between‘huiti-flash campimetry and either of these
paradigmf, it remained to be seen whether one could predict how
subjects would perform in a _time-average luﬁfnance version of

-

. ~ ¢ ’
multi-flash campimetry, based on the"%esults of CFF and two-flash

¢

studies concerning time-average, and cpngfhnt pulse\lumingncg.
Initially it would seem that the most parsimonious method o;
d;tgrmining the effects of a time-average luminance display in
multi-flash campimeiry would involve comparing the performance of
subjects tested using a time-average luminance version of
multi-flash campimetry, to their performance on the exiating
constant pulse luminance version. The problem with suéh a stiategy
'is that healthy observers usually respond to the detection of
flicker at duty cycles between 80X and 70%. Such a situation would

préclude the exploration of the ent1{i¢range of duty cycles,
limiting the abil(ty to make generalizations. concerning how duty
cycle affects temporal resolution. In addition, it isiknoun from
the'CFF literature that the time-average luminance and constant
pulse luminance curves tenq to differ only at duty cycles below 50%.

e o
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Thus 1if one could extrapolate CFF findings to multi-flash
campimetry, comparing subject’s performance on a time-average
multi-flash display, to thetr performance_on a constant pulse
multi-flash display would be of little value. What is required?'
therefore, is a methodology which would enable the researcher to
nake a coaplcte‘investigaéigﬁ of the effects of time average and

constant pulse luminance on temporal resolytion across a broad range

v

of duty cyéles.

One method of escertaining whether the visual system {is

© ¢ .
differentially sensitive to constant time-average or constant pulse

lumi nances is to find the minimum depth of modulation required for
flicker to be detected for both types of luminance presentations.
This procedure entails nodﬁlating luminance values above and below a
fixed mean luminance value in order to determine the minimum depth

of .oaulation (the ratio of maximum to minimum luminances) required
’ }
to detect flicker. The smaller the ratio of maximum to wminimum

luminance, (the smaller the depth of modulation) required to detect"

flicker, the more sensitive the observer is said to be. Using this

method allows comparisons between tine-average.lum(;ance flicker and

g
constant pulse flicker to be made. Furthermore this method allows

v

flicker to be presented at a fixed frequency, using a variety of

different duty cycles. .
. o

>

Because the purpose of this depth of modulation experiment was
to see hov the implementation of a time-average lu;inance display—\

would affect the performance of observers in the -ulci—flésh‘
p A

proceduce, wherever it was possible atte-;ts were made to quate the

[

tvo paradigms in terms of both-procedure and stimulus attributes. A

-
0
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4
decision had to be made, therefore, concerning the choice of the

mean luminance around which maximum and minimum luminances were to

be modulated. Two considerations entered into this decision: the

steady state luminance of multi-flash points, and the average )

f

q

luminance of these points when they were flickering. 1In the
.multi-flash procedure, each of the displayed points has a steady
state luminance of 3 cd/mz. . Thus when these points dre flickering, .

thelr éverage Juminance value (on-period + of f-period/2) is 1.5

cd/mz. Initially therefore, it seemed that the modulation amplitude

27

“—

should have been assesséd using a méan luminance value of 1.5 cd
Thus when the modulat&gn amplitude was 100X in the sensitivity
experiment, the luminance would have been exactly equal to that used
in the multi-flash paradigm. Procedurally however, using 1.5 cd/m2
as a mean luminance level for thg.flickering pbint, would have made
the two techniques radically different. ‘

In the multi-flash paradigm 36‘points are Jisplayed on the
screen at any given time with each of these points having a steady
state luminance of 3 cd/mz. 1f instead of systematically decreasing
the duty cycle of a selected point, the depth of modulation required
to detect flicker in this point was assessed lusing a mean luminance
ot 1.5 cd/mz, the luminance of this point at a 0¥ modulation
amplitude wouid be half that of any of ;he other points within the
display. Such a ‘brightness cue woéld make the two techniques
radically different and most likely affect subjects performance>\by
causing discrepancies between the two parad?gms in terms of a
brightness artifact. In the multi-flash paradigm the stimulus

uncertainty was relatively high, for the subject was reguired to

-

™
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pick one flickeriqg poiat out of a 36 p@int display, while in the
sensitivity experiment the subject would soon realize thag tpe one
point that uas<d1uner than all the rest was the point that would
begin to flicker,

In order to circumvent this problem, maximum and minimum
Yumi nances were modulated around a8 mean luminance of 3 cd/mz. Thys
at a 0% deptﬁ of modulation, the luminance of the point which was-to
be flickered was equivalent to the steady state luminance of the
'p;ints in the multi-flash procedure. At 100X modulatiopy;, however,
the naximum luminance of a constant pulse luminance 9{ ckering point
in the sensitivity paradigm was 6 cd/mz, twice the luminance of the
on;period of flicker in the multi-flash procedure.

Because of this unavoidable luminance discrepancy between the
two techniques, in addit}on to asseﬁiing the sensitivity to constant
pulse.luninange stlmuli and time-average luminance stimuli,
sensitivity to a third type of waveform was proposed. Unlike
s tandard recr;nguiér waveforms in which maximum and minimum
lumi nances are modulated around a mean luminance level, this third
fype of waveférm involved maintaining a constant miximum lumi nance

S

of 3 cd/m2 and altering only the minimum luminance. Thus for this
third type of luminance display, assessing the depth of modulation
involved assessing the minimum difference between a-fixed maximum
luminance and a variable nininun'lu;inance. At 100X modulation this
third type of luminance would have the same stimulus attributes as a
fiickering point in the.-ult}-flakh technique. Infttially ft was
hopgd that this third type of luminance display would illustrate any

»

differences in subjects performance due to discrepancies in the

—

e

- - - I
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average luminances SetJeen the two different paradigms. In the
time-average luminance condition, and in the constant pulse
luminance condition the time-average luminance and the meag
luminance were ™3 cd/m2 respéctively. In the third condition, /
however, as the depth of modalation was increased, the average

lumi nance would de;rease proportionally. It was soon realized
however, that this third waveform uould,'thexeiore, be subject to
the‘problem of observers basing.their responses on the reduction of
apparent brightness, rather than on flicker detection per se. This
would render data collected from this condition uniqtetpretéble,
and, for these reasons, this condition will not be considered in thg
enguing.sections of this thesis.

“Based on the review of relevant CFF and two-flash research,
certaln predictions could be made concerning the time-averaée
luminance and the constant pulse luminance displays in the
sensitivity experiment. ‘If, as the CFF literature suggests, the
visual system is differentially sensitive to time-avérage'luminance
and constant pulse luminance stimuli, then one would expect similar
depth of modulation thresholds for duty cycles above 502 put at duty
c;cles below 50% one would expect that greaté;'depths of wodulation
would be required to detect constant pulse luminance flicker, .

e
compared to the thresholds required to detect time-average luminance
flicker. Thus &f sensitivity were plottea over duty cycle, a
monotonically decreasing function would be expected for a
- time-average luminance stimulus, uthe‘an 1nver;ed U-shaped function

would be expected for the constant pulse stimulfi’. b

o
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Sttmuli and Apparatus

»
1

;-

The stimulus display cénsisted of six 1it points and a fixation
cross presented hgainst a dark background. The six points were
presented ong one of the eight separaiely presented radii depicted

o .

in Figure 5. These radii consisted of the temporal and nasal

{
_horizontal radii, the superior and inferior vertical radii and the

Y, .
o

-~ four diagonal radii falling between these axes. For all radii the
points were spaced in octave steps such that the first point was
.625 deg of visual angie away from the fixation crbss and subs;queng
points were placed at 1.25, 2.5, 5, 10, and 20 degrees of visual
angle away from the fixation cr&ss when viewed fFom a distance of 57 .
cm. Each‘fndividual point subtended a visual angle of about 6
minutes of arc when viewed from this distance. In order to.
determi ne temporal sen;itivity‘to duty cycle, 7 representative 49ty
cycle values were tested. These values were 20, 30, 40, 50, 60, 70
' '.and 80Z. In addition, points were fliciencd using either a mean

constant pulse luminance, or alternatively, maintaining a constant

t ime-average luminance.

i

' The entire display was generated on a 19 in diagonal cathode

,
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St

Figure 5. Stimulus display used in depth of modulation study.
S5ix points are presented along one of eight
meridians. Individual points subtend six min of arc.

¥
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ray tube (model 1310a, Hewlett Packard Company, Palo Alto,

>
California) by a PDP 11/10 computer (Digital Equipment Corporation,
Marlboro, Masssachusetts). The CRT was interfaced with the computer

4

via digital to analog (D/A) convertergs. These b/A converters
controlle; the location of peings within the stimulus display by
specifying the X-Y coordinatek on the CRT, and values input to the Z
D/A specified the luminance of the points displayed on the monitor.

All luminance measurements were made with a Spectra Spot Meter

(Photo research Division, Kollmorgen Corporation, Burbank, Calif.)

Subjects

* /

Eleven male subjects and 21 female subjects participated in the
experiment. The ages of these su;jects qﬂﬁéed from 20 to 35 years
of age with a mean age of 24 years. Subjects” far point acuities
were assessed using the Key;tone Visual Skills Test. Based on this
evaluation the eye.with the best acuity was used throughout the
experimental procedures, and the other eye was occluded by an eye
patch. If the subject’s acuities were equal, the e;e that was
tested was chosen so that equal numbers of left and right eyes were
associated with each radius group. Corrected acuitieq for the
unoccluded eyes ranged from Snellen equivalentsTDE 20/15 to 20/25.

?

Calibration Procedures
{

i
The calibration procedures-used in this present research were

based in part on the procedures used in multi-flash campimetry. The
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spot photometer, such as the one used for both m;lti-flash
campimetrylahd the sensitivity technique, bases its measurements on
tﬁe amount of luminous energy incident upon a circular area which is
3 mm in diameter. This spot is analogou; to a visual spatial
8ummat1ng area, a;a as such will allow the,luﬁinance of individual

points to be specified, providing that these luminances are

estimated using a calibration display that is larger than this !

~
~

spatial summating area, and presented at the same refresh'rate as
the display in question. 1In fullfilment of the latter of these
requirements, the multi-flash campimetry technique uses a 9‘p1xe1 by
5 pixelJrecpangle to cover the spatial summating area used ;;.the
photometer. Th1%~rectangle ig displayed o; a ;he CRT and the
luminous intensity of this rectangle is measureq‘photometrically.‘
By adjusting the intensity dial on the 9§T, the luminance of the
rectangle can be set at the same mesopic level each day, ensuring
that each subject will be tested under the same luminance
conditions. .

In order to ensure that the present study was comparé@le to the
multi-flash procedure in terms of luminapce attribute§, the
multi-flash display was calibrated accordiﬁg to the procedu;e
described above, and the sensitivity display was psychophysically
brightness matched.with the multi-flash display. . This
psychophysical matching was infermally carried out}%y asking three
observers to equate‘any single point in the sensitivity experiment
with any sigqu pgint in the ;ulti-flash display. After the three

observers reached a general consensus concerning the lugpinance level

which best equated the points in each paradigm, a new calibration
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regtangle.aas disyﬁfyéd on the acfeen'ﬁt ;his agreed upon intensity,

s

N 0 ° . . .
and this rectangle was photometrically measured. -

This newlcakibrption rectangle differed from the rectangle used
for calibration in the multi flash technique in that it ussd the
exact refresh rate determined by the computer program that pronced
ghe Pensitivity display. -Thus the photometric reading of 3 cd]m2
obtained from the sensitivitx‘cglibraiion rectangle equals the
steady state luminance of each point in the sensitivity display.
Because thglbrighthess of this displa} was based on a ﬁbychophysical
brightness match between. the sensitivity experimen; points and
nulti-flash campimetry points, 3 cd/m2 also approximates the
luqinanéé value of any single point i;'the,multi—flaéh display.

. : N

Lumi nance presentatioﬁs ) %

]

-

Degermining,ékg maximum and minimum luminance values for' <
t ime-average luminance (TAL) and mean constant pulse lu&inancés
(MCPL) in the present research involved the use of the Michelson
contrast ratio to gsfimatelwhat these maximum and minimym luminances
would be for anytgiven depth of mod?lation. Th; mathematical
formulations imvolved in estimating these luminancé values are
presented in Appendix A. i

In the time-average luminance condition, the time-average
lumi nance bas always equal to 3 cd/mz, regardl;ssvof the depth of
modulation, ;hile in the MCPL condition the time—average luminance

varied according to the duty cycle, but the average luminance

(unweighted by time) was always equal to 3 cd/m2 regardless of the
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depth of modulation. '

a

Procedure
1 "
. . BN

Temporal resolving power to small 6°'min points was assessed for

4 ¢

32 healthy observers. These points were flicketed alorng one of the
eight radiisdepicted in Figure 2. Also depicted in Figure 5 are the
six retinal eccentricities at which /flicker could be %resented.
Temporal ;esolution was also assessed for the seven previously
mentioned duty cycles. In addition, flicker could be presented
maintaining either a constapt tﬂime-average luminance across dut;'
cycle (the TAL condition), or, alternatively, maintaining a mean
_ [Ea
onstant pulse luminance, for allduty cycles (the MCPL) condition.
A split-plot factorial design was employed in this sensitivity
study with radius being the between subjects factor and duty cycle,
-—1l1ight type, and eccentricity the within subject factors. Since
- .
t here were eight radii to be tested, subjects were pse?do-randomly
“assigned into eight groups such that two right eye subjects and two.

o

left eye subjects were in each group.

Becauge it was not possible to test all the possible

"combinations of the within subjects factors (light type, 3

.

eccentricity, and duty cycle) in a single testing session, only one

type of luminayce presentation was displayed on a given 'd?y’«y:
For a single test session the minimum depth of modulag.i,on

t hreshold was assessed for each diffe;ent within subject t‘t.'eatment

co::binations (6 eccentricities, and 7 duty cycles) using 42 separate

stairtases (Cornsweet, 1962). The staircase procedure entailed

4

I
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present'ing the flickering stimulus ata given depth of modulation
oo .- A

< . . .
and recording whether of not flicKer was detected. The subject s

task was to push a "flicker" paddle if flicker was detected, and a

"no flicker" paddle if no fluicfzker was percieved. An example of one

such stalircase 1is depictéd in Figure 6. In this staircase ,"the )
] k) ’ ' v

subjegt having failed to see flicker at 6, 7, 8, 9, 10 and 112,

e

finakly detects flicker at 12X causing the staircase to reverse
P - . N

7/

difg\ttion and the next presentat:ion of flicker to be presented at an

11% depth of modula_at;lon. Because the s'{xbject was again able to
detect flicker at a 11X depth of modulation, this depth of
médulation was decreased t'o a value of 102, A no flicker response y
at a 102 ;lepth of modulation represents the second reversal, causing
the depth of moduléti’on to increage to 11X. The staircase procedure
continued in this fashion until the staircase revers_ed di‘rection ’

a4
R [#
four times, yielding four estimates of éhe threshold depth of
modul ation required to detect flicker for this stimulus combination,
As can be seen in Figure 6. the 3rd and 4th reversals are recorded

at 12 and 11% respectively. As was previously mentioned a

complete testing session involved collecting data from 42 such ‘

,stairc'agfe_g, one for each of seven different. duty cycles, pfesented

at six different retinal eccentricities.

Prior to 'the actual testing session, the subject was
admi nistered a practice session. | The purpose of these practice:
sessions was to: a) fmiiiarige the.'subject with the proceduré, b)
adapt cthe subjec;t to Ehe mesopic' luminance level used in the actual
test eession.'and c) to reduce the duration of the test

S

admi n8tration by ee.;tinating'the threshold depths of modulation for
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each point. If the stafircases were initiated at depths of
nodulat.ions‘ near the threshold value testing time would be markedly
reduced, compared to a situation"which requires the subject to make
30 no flicker responses before achieving the first reversal. In °;
orde.r‘:o estimate the threshold values for each of the 42 stimu}us
combinations, a limited sul;sét of thesli combinations were presented
in the practice sessio{\. Nine sc;mulus con;binationﬁ were presented
to the\subject (eccentricities .625, 2.5, 20 deg, and duty cycles of

p s

20, 40 ar;d 502) and a stopping criterion of 2 reversals was employed

for each of the\nine practice staircases.
|

At the beginning of the practice session, the subject would
enter the testing room, put an eye patch over theif ‘best gye and
place their chin 1x£a chin rest. The testing room, in which all
experimentation took place was completely dark, except f?r the light

; emitting from th; display on the CRT. A'paddle press would prompt a
+display consisti:ng of 6 fest points oriented along.the radius for
which that particular subject had been previously assiéned. The
aubjec-t was instructed to focus on the central fixation cross during
each individual trial. The intitiation of each trial was cued by ;
nid-frequengy tone of sho::t duration. Fo{;}wing the pl;eeentatlon of
the tone, flicker was presented using one of the 9 stimulus
combinations. In order to maKe the task relatively easy to
unfieratand. subjects were initially présented with pulse trains
flickered using relatively high depths of modulation. Preaedting
the stimulus at initial depth of modulation values that were well
-above the flicker threéhold, and s.ystenaticallly decreasing these

depths of modulation using the previously described staircase
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procedure, enabled subjects to become fanil;af'with the appearance
of-various degrees of flicker in this display. Subjects were asked
to indicate whether or not they saw flicker by pressing either a ,

"flicker" or "no flicker" paddle. Pressing either paddle would
R .
cause another stimulus combination to be presented and the above

proé;dure to be repéafgd. 1f a subject failed to respond after 5

seconds, a kong tone would sound, flicker would cease, and the

A

computer would wait indefinitely for. a response to be made. Thus

Ll

- & N - -
subjects were able to take breaks at any time merely by remembergng,

but not making a.response until they felt ready to continue the '

task. In the practice session the depth of modulation é;aircuses
were incremented or decremented inBteps of 27 in order to obtain

- s .
initial reversals more quickly. Upon obtaining two reversals for

K

- each of the nine staircases the subject was required to repeat the S

practice session a second time in order to both ensure that the
‘ ' -
subject was familiar with the task, and to re-estimate threshold

values in the subject”s «increasingly dark adapted eye.

Aftér completing this sedond pracfice session, the computer

used the estimated depth of modulation thresholds to calculate the

starting staircase values for the actual experiment. Two percent

was subtracted from each of the estimated depth of modulation values

. >
in order to ensure that subjects started each staircase below
. . e
threshold. ‘These new values served as starting staircase values for

all stimulus combinations régardless of whether they wvere tested in

the practice procedure or not., For the unpracticed duty cycles,

A

30%, 70X, and 80X took on the same starting value as the practice

tested 20X duty cycle, and the untested 60X duty cycle had the same
9 % .

LY
’
¢ \

.
2 q =
.
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ltl}tlﬂg valuce as the practice tested 40X duty cycle., In terms of
reﬁl%Ji'eccentrlclties. the untested 1.25 deg starting value was
equa& to that determined for the practice tested .625 deg value, the
Uested 2.5 def value served for both the 5.0 and 10.0 deg value.
Unlike the practice session, the actual testing session employed a

©

stopping criteridn of & reversals rather than two, and incremented

or decresented the stiichi}s §y values of only 1Y in order to

obtain a more nccu:’te measure ;f threshold. ‘
Normally, staircase procedures such as the one outlined above

vould have half the staircanes began at high depths of modulation

' and the other half at subthreshold ;epths of modulation. This

prtocedure was devi ated from for two reasons. Firstly, it can be

' postulated that the visual system may adapt to flicker in much the

[t
same way as it does to other stimulus configuratiagns such as
gratings. Secondly, by'starting all the staircases at minimum \
contrast levels, the subject is afforded the opportunity to adapt to

the lumindnce level of a perceptually uniform display. For such
Teasons it was decided to inftiate all staircases at least 2X below |
their estimated thresholds.

After ﬁpnpleting the first test session, sudbjects were asked to,
teturn on subsequent days to complete each of the two remaining test
sessions. Afte:’ the completion of all three test sessions subjects

were debriefed as to the purposes of the experiment, and paid for

their participation.

o
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Regults

Data Analysis Procedures

In the experiment described above the primary queétion of
empirical interest concerned subjects” sensitivity to stimultl
comprised of various combinations of duty cycle, retinal
eccentricity, light type and radius. Sensitivity values are
equivalent to the reciprocal of the obtained Michelson Contrast
ratios required to detect flicker at each reversal. When using
sensitivity data, the conventional manner in which threshold
sensitivity 1s determined is by calculating the geopetric mean of -
the reversal sensitivity values. The reason geometric means rather

than arithmetic means were used for this purpose is because

conventiodnally sersitivity values are plotted on a logarithmic scale

" to ensure reasonably sized axes. In order to ensure that the

statistics used were consistent with the type of scale employed,

geometric means were adopted as the appropriate measure. For each

subject, therefore, B4 threshold sensitivity values were calculated
(the geometric mean of 5 replications for 6 eccentricities, 7 dﬁiy
cytles, and é ligﬂt types). The source table of an analysis of
variance using these thresﬁgld sensiti;ity values is presented in
Table 1.

Looking at Table 1 it is evident t;at the radius factor had
neither a main effect, .nor was 1nvolveqﬂ§n any lower order

interactions (highest F ratio = F(42,144) = 1.30, p > .05). This

i
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N{alysis of Variance for the Sensitivity scores

"Split Plot Factorial design SPF 8.267

7,

Source SS df MS F Onegaz
1. Between blocks 18.683 3l .603
2., Radit 3.315 7 74 734
3. Blocks w. radit 15.368 24 640
4, WVithin Blocks 79.125 2656 .029
5. Light 043 1 .043 .149
6., Light x radig T l.647 7 235 .815
7. Light x blocks
within radi{ 6.924 24 .289 .
8. Eccentricity 25.071 b) 014 76.320 e25
9 Radi{i x Eccen. 2.412 \ 35 069
10. Eccen x blocks
within radii 7.884 120 .066 .
11. Duty 15.048 6 .508 70.822 .15 :
12, Merid x duty 1115 42 .026 749 \
13. Duty x blocks ‘
within radit 5.099 144 .035
14, Light x eccen. 057 S 011 1.013
15. Merid x light :
eccen 408 35 011 1.042.
16, Light x eccen, g
x blocks within ,
radii 1.344 120 011 >
17.'Light x Duty 256 6 042 1.795
18 Merid x Light .
x Duty 1.301 42 .031 1.302‘
19. Light x duty x ‘
blocks w. radit 3.425 144 024 P
20, Eccen. x duty. 397 30 013 3.666 .003
21. Merid x eccen
g:ty 902 210 004 14190
22, Eccen x duty x
blo&‘ w. radii 2.598 720( 0003 .
23, Light x eccgn x . ’ ad
- duty ) .186 30 .006 1.9535 0009
24, Merid x light x °
Eccen x duty 711 210 .003 1.065
25. Light x eccen x
duty blocks )
within merid 2.289 720 .003
26. Total 97.807 2687
L < 405
#ap € 01 )'

r
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finding indicptes that subject’s sensitivities were not influenced

1

by’ the,orientation of the six point pgeaentatlon. "In_order to
visually display the effects pof duty cycle, eccentricity and llghs
type, the data acquired from each of these eight radil uﬁp pooled
and the resulting values were graphed in Figure 7.

Looking first at the highest order significant interaction, thg
analysis of variance reveals a significant thr;emahy interaction
(F(30,270) = 1.95, p < .01) for the light type, duty cycle and S
eccentricity variables. Such an interaction ina§cates that the
effect of light type was not uniform for each combination of duty
cycfe and eccentricity. The meaningfulness of this relationship
must be questioned however, given the minute omega'aquared value of
.0009 for gpishthree-uay interaction. The omega squared statiatig
expresses the proportion of the variance of the dependent variable
attributable to the effect ér intefactlon reported by the F ratio
(Kirk, 1982): This information beéomes especially 1npo;tant in
evaluating the rglevance/of significant F statistics in experiments
like the present study, for trivial associations between dependent
and 1n¢ependept variables may achieve statistical aignif?cance when
there 'are hany degrees of freedom associated with either of these
variables. Thus, the small omega squared value associated with the
light type by‘d;ty cycle by eccentricity interaction, this
interactton'cannot be viewed as meaningful. -

A similar interpretation must be made for the significant
interaction betwwen eccentricity and duty cycle (F(30,720) = 3.66,
g(.Ol); fér the proportion of variance accounted for by this:

interaction is .003.
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Unlike either of the significant higher Srder 16teractions, the .

°

two obtained significant main effects account for a relaEively large
amount of the variance inherent in the dependent variable.' The main
effeet of eccentricity 18 significant (F(5,120) = 76.32 p<.0l) and
accounts for the greatest proportion of dependent variable variance,
having an omega squared value of .25. This-eccentricity effect is

. graphically represented by the elevations apove the abscissa in each
panel of Figure 7. Sensitivity is relatively high for-the points
closest to the fovea, and tends to decrease w;th increages in
retinal eccentricity.

The duty cycle vat;able was assoclated with a'Elgnific;nt‘F
ratio (F(6,144) = 70.82, p<.0l1) and an omega squared value ;f
.1516. Graphically, this main effect of duty cycle, is attributable
to the invertgd U-shaped functions of both the tlme-averégg, and
mean constant pulse luminance functions in each of the six panels in
Figure 7. Thé lack of a significant mainjeffect of light t;pe, or
any meaningful interactions involving this variable (largest omega
squared = ,003) 1nd1éates that supjects are équﬂlly sensitive to
both the mean constant pulse luminance s;imuli, ang the time-average
lumi nance s!imuli. for both funétions can be aéequately éescribed by
these inverted U-shaped functions.

In accordance with the data\analyais procedures suggested'by De
Laﬁge (1952), the depth of modulation values obtained in this
sensitivity study were analysed in terms of the fundamental Fourier-
frequency component. Specifically, the anpii;u¢e of the fundamental
frequency component was calculated for'eaéh depth of modulation, o€

[

Michelson contrast value, at which a staircase reversal occured.

'
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The_neans of the four reversal amplitudes were then calculated for

\evety,JMty éycle, radius, light type and eccentricity combination.
The source table of an analysis of variance using these wean
amplitudes of the fundamental 18 presented in Table 2,

An inspection of this table reveals that the radius factor
failed to have any systematic relationship with the amplitude of
the,fuﬁdamental. Thus, a pooling procedure gimilar to(that used for
t he sénaitivity data was conducted, where the amplitude data for
each of these eight radii was combined to provide data for the graph
presented in Figure 8. .

The highest order interaction to achieve significance
(F(30,720) = 3.66, p<.0l) involved the light, eccentricity and duty
cycle variables. The omega squared value asgsociated with this
interaction was .003, thereby rendering this interaction
inconsequential. The same interpretation can be drawn for the other
two significant interactions f;r the eccentricity by duty cycle
interaction (F(30,720) = 5.83, p<.0l1), with an omega -squared value
of .007, while the omega squared value associated with the
significant light by duty cycle interaction (F(6,144) = 9.72 p<.01)
was .02, |

Of the two significant main effects, only eccentricity can be
said to be meaningful. The small omega squared value of .03 B
QE;ociated with the significant main effect of duty cycle (F(6,144)
- 12,13, p(JOlS‘indicates that the relationship between duty cycle
and the amplitude of the fundamental is trivial., The significant

main effect of iccentricity (F(5,120) = 58.075 6(.01, omega squared

of +23 however, accounts fo} 232 of the variance among the
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Analysis of Variance for the Amplitudes of the Fundamental

Table -2
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Split Plot Factorial design SPF B8.267

773

*

.278
844

* K
58,875 «23.

12.129" .03
1.008

.1‘06

1.191

9.7296" .02

1,242

5.840" .007

.983
3.669" .003

1.030

Source’ SS df MS
T

l. Between blocks 9,175 31 «296
2. Radit P 1.689 7 241
3, Blocks w. Radii 7.486 24 .312°
4, Within Blocks 35,422 2656 .013
5. Light 041 " 041
6. Light x radii «870 7 «124
7. Light x blocks

within radit 3,532 24 147
8. Eccentricity 10.226° 5 2,045

Merid. x Eccen. 1.373 35 .039
10. Eccen x blocks ’

within radii 4.225 120 . .035
11, Duty 1.606 6 . 267
12, Merid x duty .934 42 .022
13, Duty x blocks, ’

within radii 3.178 144 .022 .
14, Light x eccen. .013 5 .003
15. Merid x light .

eccen 272 35 .008
16, Light x eccen.

x blocks within,

radii .782 120 .007
17. Light x Duty 1.001 6 167
18 Merid x Light ’

x Duty .894 42 .021
19, Light x duty x ’

blocks w. radii 2.469 144 .017
20, Eccen. x duty. «353 30 012
21. Merid x eccen

duty 416 210 +002
22. Eccen x duty x

blocks w. radii 1.453 720 .002
23, Light x eccen x )

duty 1875 30 006
24, Merid x light x

+ Eccen x duty <3684 210 .002

25. Light x ecceh x

duty blocks o

within radii 1.227 720 .002
26. Total 44,597 2687
L] P < 005

a2 p < ,01

/]\
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Figure 8. Mean amplitudes of the

fundsmental required by 32 subjects to

detect flicker in time-aversge luminance .
*(TAL) and mean constant pulse luminance

(MCPL) stimuli composed of 7 duty cycles,

and presented at 6 eccentricities.
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, amplitudes of the fundamental. 9raph1cally, this main effect is
represented by the differing elevations above the abscissa in each
panelléf Figure 8. ,This figure indicates Rﬁat the two points
closest to the fovea (.625, and 1.25 deg.) are assoclated wiFh lower
amplitudes of the fundamentdl, while the remaining 4 eccentricities

show larger amplitudes of the fundamental.

Despigé the relative complekit} of the four fgctor split plét
factorial éesign used {n this study, the principle findings of this
experiment are relatively simple. When the depth of modulatio;.daca
is analysed in terms of sensitivity values, both duty cycle and
eccen@ricity have signifith;t non—-trivial ftnfluences on subjects
ability to detect 'flicker. Subjects are mostbsensitive to flicker
in points presented near the foveé, and in terms of duty cycle,

l subjects show inverted u-s haped sensigivity fﬁnctions, with peak
sensitivity neér a 502 duty cycle,‘and d;creasgs in sensitivity
\values with either higgét or lower duty cycle presentations. When
the data‘is analysed-in terms of the amplitudes of the fundamental
Fourier frequengy component, the r;sults indicate that lower
amplitydes are assdciated w{th polints flickered near the fovea, and
higher amplitudes are assoclated with more peripheral point
presentations. These ;onclusions are based on the .combination of
significant F ratigsl 1ﬁdicat1ng that the obtained effects were
probabalistically not merely due to chance,; and the omega squared
statistic, indicating that these effects were actountable fo; a

reasonably large proportiontof the variance within the dqpedhent

variable.

t ° -

L

\ -
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Discussion ) o
N

Most of the critical fusion fl"equency studies that were
reviewed indicated that the way in which temporal resolution varied
with duiy cycle depended on whether or not the time;average
lumi nance of th; stimulus was maintained. Temporal resolution
curves for CFF paradigms using constant pulael luminance* flicker
presented at lov luminance levelg were./character—ized by inverted

<

U-shaped functions, with peak temporal resolution around 2 50% duty
cycle, and pocz:"er temporal redolution for Loch’ lower and hﬂigher duty
cyclg values. CFF studies maintaining a constant time-average

lumi nance, however, showed monotonic increases 1n~temporal
resolution as t'he duty cycle of the stimulus was reduced.

Based on these findings certain predictions were made

concerning how subjects would perfbm in a temporal sensitivity trask

¥
k]

where, instead of quantifying temporal resolution using CFF
measurements, temporal sensitivity was assessed by determining the
mi nimum depth of modulation required to detect different types of ‘
flicker.‘ Sp;ecifically, it was pre.dicted that for constant pulée .
lumi nance stimuli, the required depths of modutation would be

smallest for duty cycles around 50X with greater modulation depths

required to detect flicker presented using either lower or higher

‘duty cycles, 1In terms of sensihvity values (the reciprocal of

t hese depths of modulation), an inverted U-shaped function was
predicted with the highest aensi{ivi ty values occuring at a 502 duty

cycle. For time-alerage lum:lnance\stinuli. it was predicte& that

the depth of modulation required to detect flicker would increase as

14
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the duty cycle o6f the flicker fncreased. In gsensitivity terms, {t
was predicted that aensitlivity values would 1ncrease nonotonical}y
as the duty cycle of the flicker presented was reduced from 80%,

with the highest sensitivity values occuring at 20X, che smallest

«

duty cycle tested. (

Contrary to these predictions, 1inverted U-shape\kfuncgions were
obtained fo:both'constant pulse g_rﬁ time-average luminance flicker.
One possible means of reconciling these apparently disparate . e
findings involves Zhe amplitude of the fundamental Fourier' frequency
component, and how this amplitude varies with duty cycle in both CFF
paradigms, and in a sensitivi ty paradigm such as the one used in the
present study.

éonsider first, hov this amplitude varies with duty cycle in
CFF paradigm where the depth of modulation remained 1n‘;ariate at
100%X. The lower left panel of Eiéure 9 presents the calculate;i
values of the amplitudes of the fundamental‘ for'7 di fferent, 1002 . o
modulated, time-average luminance stimuli, These values represent
stimuli in which the tim¢-average luminance remained constant, while

«

the duty cycle of thes¢ stimul{ ranged from 20X to 80XZ. This figure
illustrates an inverse relationship between duty cycle and the
amplitude of the fundamental; 4s the duty éycle of the stimull is
decreased, the amplitude of the fundament‘al frequency for that

s timulu s. increases. The Qhape of this amplitude of the fundamental
curve 18 markedly similar to the shape of the time-average luminance
temporal resolution curves found in a number of previously mentitmed

studies (Ives, 1922; Cobb, 1934; Bartley 1958). It can be

postulated that the similarity between CFF curves and amplitude of"
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t"he fundamental curve‘s,waa more than just coincidental. Ives (192'2)
in fact, copcluded that tenpox:al resofutlon for many different
wavef;)m (‘1nc1uding flicker comprised of various duty cycles) wvas

primarily dependent on this amplitude of the fundamental Fourtier

——

f requency component {(Ives, 1922). From this postulate, it ca;\ be
¥ 4 .
surmi sed that since the effeict of decreasing the duty cycle of a .

t ime-average lluuinanc.e st‘hm us iJ to increase the amplitude of tt;e
fu:'téament.al of that stimulus, this manipulation uﬁll s'erve to
elevate temporal resolutlion as measured by CFF.

Furthe‘; e\;idence which serves to tllustrate the reliance of
temporal resolution on the amplitude of the, fundamental can be
derived from CFF studies using constant pulse luminance stimuli,

The lower right panel of Figure 9 fllustrates the calculated -
amplitudes of the fundamen'tal for seven constant pulse luainance .
stimuli flickered using different duty cycles. ’This figure
i ndicates that tt;e amplitude of the fundanenéal increases as the
duty cycle of the flicl(e; 18 reduced down to a 502 duty cycle,
whereupon f\\xrther réduccions in duty cycle cause decreases in the
amplitude of the fundm‘nerntal. Once again the gshape of the amplitude
of the fundamental curve is similar to th'e shape of the temporal
resolution curves obtained wher CFF is used to assgss té-poul
"resol\lring power to stimuli comprised of different duty cycles
(Porter, 1902; lves, 1922b)

The ability of the fundasental amplitude to account for

subject’s temporal resolving power to both time-average and constart

pulse lumi nance flicker suggests that talpbral resolution is not

- uniquely dependent on stimulus attributes such as peak luminance and

~
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duty cycle, but rather on how #ach of these attributes 1nf1uenc;§
\

the smplitude of the fundamental of tiie prescrLted stimulus. Stated

as a general postulate, any manipulation which serves to increase
PR ' C
the'amplitude of the fundamental will increase temporsl resolution.

' ) »
In the CFF studies mentioned chué, tu/. frequency was the

~

. , /’ . . /
dependent variable. In CFF studies coLcerftqd with th7 investika\gl,cm’
, . / '
of duty cycle, test fields were flickered using a v/&ﬂety of.
' different duty cycles, and maintained either 7/constant pulse

luminance or 3 constant time-average luni»nln‘ce. Accordiag to _the-

postulaste stated above, manipul ating the duty cycle cnused( :
b . i

| alterations in the asplitude of the fundanenthl of the presfnted

AN
v

stimulus which {n turn were reflected in variations 1n the critical
. . ~ ’

S

fusion lreqqencly.ﬂ In such studies, wnly the duty cycle variable had
"l dt;'oct fnfluence on'the amplitude of the fundamental.

R In a sensitivicty paradigm such as that used ip the present
‘fcsclh'rch. rather than ,u‘lntunlnlg a constant depth of modulation,
t;atp depth of modulatign is used as ‘the ';dependent variable, and as

such, ix frec to aksune values between 0% snd 100X, The depth of

modulation of the sticuius has a direct relationship with the

-

ssplitude of the fundasental. Increasing the depth of modulation,

serves to increase the fundamental amplitude of the presented

. ., o .
stimulug, vhile decressing ilie modulation depth decreases this
! . ’
J
' swplitude.  Thus, while {n the CFF studies only duty cycle

. fnfluencéd the ctpllt'ude of the fundsmerital, in the present
) T
¥ sensitivity study both duty cycle, and the depth of modulation

influenced the smplitude of the fundemental. ~

R /
In the sensiti ity stidy, temporal resolving power to

) K .

r‘k .

'

e
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t}me-average and constant pulse stimuli comprised of different -duty
cycles was measured sing a staircase procedure to assess the

“smallest depth ofrmuhlation required to detect flicker in guch

s6timuli. In looking at the data ;k\%erms of the amplitude ot the '

fundamental, each stimulus, regardless of 1ts waveform (i.e. duty

cycle, and maximum and minimiuum lﬁminances) is broken down into a
number of discrete frequency components. According to authors such

as Kelly, and De Lange above ripple ratios of 2%, the visual system

attenuates all high frequency components and responds only to the

§

fundamental fyequedcy of the stimulus. Given this assumption, it is

reasonable to assume that this fundamental frequency must have a

'

certain threshold amplitude above which the visual system will bé

Qﬁable to detect flicker, aéd below which the stimulus will be seen as

uniform. Because the depth of modulation {8 known to be directly
' J
related to the.amplitude of the fundemental, the staircase data can

be viewed asydepiching the depth of modulation necessary for a given

stimulus to achieve) this thresnhold amplitude., Since stimuli
comprised of differen ty cycles are kriown to have different

amplictudes the fundamentcal (p

r to any manipulations {n the
depth of dulation), 1t is not suprisi\ng that certain stimuli
reqﬁire greater depths of nodul}tion creases 1n/order to push
ntal ‘applitudes above this threshold amplitude value.
These differences are graphically represented by the different

fweﬂch\ggiz’syéle in Figure 7. The high

sensitivity viylues associated with 50X duty cycle stimuli, tindicated

)sensitivity value

that smal) depths of modulation were necessary to elevate the
h g

. fundamental amplitudes for puch stimuli up to the threshold
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amplitude of the fundamental required to detect flicker. A 20X duty

cycle stimulus, on the other hand, havin ller amplity

of the fundamental than a 50Z duty -cycle stimulus, rpquires greater

1 ncreases in the depth of modulation (yielding lovey sensitivity

values) to push the fundamental amplitude up to this threshold

value. o
Thus, when the stairg’ié data 1s plotted in terms of
sensitivity, differences ;etween duty cycles can be accounted for by
the different increases in the modulation depth necessary to p?sh
aPplitudes beyond the threshold necessary to detect flicker. When
the data 15 plotted i{n terms of the actual amplitude of the
funduﬁég;al associated with each duty cycle after such a
manipulation, within any given retinal eccentricity these amplitudes
should be ghmilar to one another, reflecting the absolute value of
the threshold anpfltude of the fundamental required to detect
flicker at this eccentricity. 1Ideally, therefo}e, if one were to
graph the Amplitude of the fundamental over duty cycle, the
. resulting functions within any given eccentricity should have a
slope of zero and ; Y-intercept equal to this threshold amplitude.
Since the only meaningful finding to emerge from an analysis of
variance using these fundamental amplitudes was an effect of rezinal
eccentricity, it can be assumed that the functians in each panel of
Figure 8, are indeed flat, and that the Y-intercept values
corresponding to each panel represents the threshold ampliitude
required to detect flicker at this eccentricity. \

Having established that flicker detection ;k\eependent on the

amplitude cof the fundamental for both CFF and sensitivity studies,
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it can now be shown why the TAL and MCPL functions could both be
desctibed by inverted U*shaped functions. The lower panels of
Figure 9 1llustrates .fow the amplitude of the fundamental varles
with duty cycle when the depth of modulation remains fixed at 100X,
as in the CFF studies previously mentioned. The upper four panelg
depict the relationship between duty cyclé and the amplitude of the
fundamental at 1oue; contrasts., While the MCPL curve retains its
inverted U-shape frrespective of the depth of modulation, the shape
of the TAL curve {s directly dependent on the depth of modulat.-ion.'~
As the depth of modulation decreases, the duty cycle with the
hlgpest amplitude shifts from lower to higher duty cycles reaching a
50% contrast by about a 24X depth of modulation. Although different
depths of modulation o; contrast levels were requifed for each duty
cyc}e, lihht type, and eccentricity combination, the entire range of
modul ation depths required to see flicker in this experiment varleé
only between 18% and 44X. Within this range the peak modulation
amplitudes for the duty cycles tested were alwéys 40%Z for modulation
depéhs above 242 and 50% for modulation depths below this value.
Since the amplitudes correspondihg to 40X or 50% duLy cycles were
1§€§f1ably higher than those a;aociated with any other duty-cycles,
these mid-duty cycle stimuli would require the smallest depth of'
modulation increases in order to surpass the threshold amplitude
required to hete t flicker. Befause only small depths of modulation
vere required to detect flicker in such stimuli, these duty cycles

were always associated with the highest sensitivity values, thereby

explaining the unexpected inverted U-shaped sensitivity functions .
[

-

)
obtained for time-average luminance stimuli.



Experiment 2
! . ] ‘
B! assuming as lves, Kelly anq De Lange did, that the visual
iy;;e-ureapondu pref?rentia}ly to the amplitude of the £pndanenta1
.P;utier frequency'éo;ponent of a stimulus presented at thfeshold.
.both the obtained sensitivity funétions, ynd qbe obtained amplitude
. {unctions can be accounted for. In addition, the gnpl}tude‘of the
| fundamental n;y prévide the ‘conceptual_link between the 5ensitiv1ty'

. o
experiment and multi-flash campimetry neccessary to provide the

.empirical justification for iuplénentingva time-average lumi nance

display into this clinical psychophysical technique.

P~
~

The findings from the sensitivity experiment suggest that at

”

threshold, flicker detection 18 primarily determined by the .
anplttudé of the fundamental Fourier component of the flickering
stimulus. \It was dete;miped that for time—-average luminance

- : stinuli, at low contrast levels quch as those used in the
sensitivity experiment, tbat when the amplitudes of the fundamental

- are plotted over duty cycle an inverted U-shaped function is

;btained. if 100X modulation depths are used to present
t ime-average luminance stimuli, however, the amplitude of the

f%pdauental should increase monotonically with decreases in duty

cycle. Since multi-flash campimetry uses a 1002 depth of .

modu

tion, 1t is reasonable to assume that if the time average
lumi nan¢e of the aulti-flash bolnts was kept constant, as the duty
. cycle of the flicker 18 systematically reduced temporal resolution

to these points should increase due to the increasing fundamental
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amplitudes of the presented stimuli. If such is the case, then

fnplenenting a time-average luminance disﬁi:y in multi-flash

chpimetr§ willﬂcircumvent the proSIem ofxaubject's basing thelir
responses on the reduction of the apparent brightness of one poiﬁt

compared to all the rest, as well as‘provide an expér;nental

' situatiqn in which decreases in duty cycle will be associated with

monptonic increases {(n ;emporal resolution, .

The notion that the amplitude of the fundamental prcvides the
conceptual link between multi-flash campimetry and the sensitivity
experiment rests on the assumption that the amplit;de of the
fundamental is the principle determinang‘of flicker detection in

multi-flash campimetry. If this assumption is vélid'then ic is
reasonable to surmise that\there 16 a threshold amplitude of the
fundamental above which subjects in the multi-flash paradigm will
"detect flicker. Because the sensitivity experiment was conducted
using identical retinal eccentricities, and'approximately the same
lumi nance levels as:mﬁlti-flpsh campime;ry,éit s?ould be possible to
predict these threshold multi-flash amplitudes based on the

threshold amplitude values obtained in the sensitivity experiment.

In order to test this hypothesi§ a second series of experiments were

conducted.
‘ . -
/ h ‘ \
Method Co
Apparatus Y ’

N

The same P?P 11/10 computeé, and Hewlett Packard monitor that
. ~ .
+

. . .
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\ were used in the sensitivi ty experiment, were used for this second "

(3 .
~

experiment.
o~ '

Sub je cts ' ‘

" Eight subjects, four males and four females, each of whom had
participated in the previous experiment (:e,re‘,recalled for fur¥her
testing. Subjects ranged in age from 22 to 28, with a mean age of

24. All.subjects had 20/20 corrected or uncorrected acuity. - 3

b

Procedure . . .

Upon entering the testing room, subjects weré¢ asked to place an
eye patch"over one of their eyes. The eye that was patched was the
eye wib\ the best accuity as determined By the Keystone Visual

Skills Test. Subjects were then seated in front of the CRT and

Y

inforded that they would be administered a test which measures their

perilphe,ral vision.

In order ¢o familiarize the subjects with the multi-flash
procedure, and ensure that subjects were dark adapted, subjects were @
administered a practice test version of mlti-flash'campimetry.l In”
this practice test, 12 six min points were displayed along with a
n‘mll central fixation crc;as. These 12 points were arranged to form: ,
2 arcs, zach arc being comprised of 6 equfllly spaced points. These :\\
arcs were located 2.5 deg, and 14 dygg eccentrlic to the central -

fixation cross. The computer wpulj randomly select one of these

L] 4 V )
points and begin to flicker it at f}ve Hz . The duty cycle of this

»
-
. 4
/\ . . ,
'
. . N .

&
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flickering point wa; systematically reduced from an initial value of
1002 in steps of 1.4% every 200 ms. Subjects were instructed to
glance arogng (hé screen and indicate the detection of flicker by
making a manual paddle press response, Af ter beconming famiflar
with the appearance of tﬁe flicker in this informal manner,
subjects were then asked to place their chins in a chin rest located
57 cm away from the center of the éRT and fixate their gaze on the
small central fixation cross.’ .

In order to ensure that the subject was fixating properly, the
locations of the lé g8ix min points i; this practice display were
arranged such that one of the points was located in the subject’s
blind spot. Thus, the subject”s ability ES fixate properly coul
be determi ned by ensuring that flick;r in this point remained
u;detected. . -

Upon completing the practice procedure, the eye patch was
switched over to the other eye, and the administration of a
iime-average lémin;nce version of the multi:flaah campimetry
technique was initiated. This procedure began with the appearence
of a square stimulus display comprised of six min po%nts arranged so
that each retinal location which was to be stimulated by the
upcomi ng multi-flash presentation, was presented in this adaptation
square. The’purpose of this presentation'was tollight adgpt the
eye which was to be tested'to the mgsopic 1umiﬁ;kzzclevel used

throughout this procedure. |

Following the presentation of this adaptation display, the -

computer would randomly select one of the four quadrants in Figure

) \
2, present the fixation cross associated with this quadrant for 5
~

«
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seconds, and then display the selected quadtaﬁk. The computer then

randomly selected one of the points within this quadrant and

flickared 1t at 5 Hz. The duty cycle in this point would be

&

systematically decre;sed until the subject depressed the paddle
indicating that flicker had been Aeiected, or, until the duty cycle
reached a value of Oi. ln‘either case a new point was selected and
the procedure was repeated until all 80 points had been tested.
When all of the ?oints within a given quadrant had been sampled the
stlnulus'display dl%appea}ed, and the subject/ysg Plloued to take a
short rest. By pressing the paddle, the subject initiated the
appearence of the.aéuare adéptation dispiay, folloued by the
preééntation of the next quadrant,  This ﬁrocedure wasNrepe;ted’
until all four‘quadrhnts of each eye had been tested.

. After 120 points {n each eye had been tested, the compuger
printed out the dark interval durations associated with each of the

tested points. For each point the computer noted whether the .

of f~period was statistically deviant from either the mean of points

-~
’

flickered at thé same retinal eccentricity as the point in question;

N '

or the mean of all the points within that eye. The criterion for -

deviance was se’. at 7 standard errors above the eccentricity mean,

“and 21 standard ertors above the single eye mean, All such abberant

_

L}
»

points were replicated to ensure that differences in obtained
critical off-periods were due to actual discrepancies in temporal
resolving power, rather than artifacts such as fatigue or momentary

1

lapses fn.attention.

s

b i



Results and Discussion

_ Although data was collected f?r each of the subject’; eyes,
only the multi-flash data from the eye that was used in the
sensitivity paradigm was rgtained for analysis. * The first stage of
this analysis involved using the obtained critical of f-periods for
each of the 120 tested points to calculate 120 amprlitudes of the
fundamental associated with the detection of flicker in each of
these points. For the purposes of this stu&y. rather than
congsidering each of these 120 amplit‘hdes o1ndividuplly. the amplitude
of the fundamental required to detect flicker at each of the six
retinal eccentricities waslestimated by taking the ave rage of the Z.Q "
amplitudes associated with each 20 point circle in Figure 2. Thus
the multi-flash data for each individual subject was reduced to six
ainplitpdes per sut;ject, reprehsenting the amplitude of the =
fundamental neccessary to detect flicker at each of six
eccentricities.

The amplitudes of the fundamental r;:quired by these same
subjects in the sénsitivi ty study were calculated in the following
manner. The average of the four amplit'u&es coinciding with the four
staircase reversals was calculated for each subjeét, yielding a )
total of (6‘ eccentricities by 7 duty cycles) 42 mean amplitudes per
8gb‘3ect. ‘Axe threshold am;;litude of the fundamental required to
detect flicker at any given retinal eccentricit:y was calculated by‘ -
t aking the mean of the seven duty cycle amplitudes associated with

that eccentricity. Thus, like the multi-flash datajanalysis, the

data from each of the eight subjects wgé reduced to six amplitudes

~

antly
’ . &

) . s
. ) ) %ﬁﬁtA
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reflecting the threshold amplitude of the fundamental required to
detect flicker at each of six retinal eccentricitties,

Y
In order to see {f the amplitudes of the £undamentah/obtaine?/

i
in the sensfitivity study could predict the amplitudes of the ?j'l’: o
fundame ntal at which flicker would be detected in the multi-flash
paradigm,wthese threshold ampl!tudes ;ere compared using an analysis
of variance. The raw data used in-this analysis consisted of the
fundame niLal amplitudes necessary for each of eigh.t subjects to
detéct flicker at the six eccentricities used in :he multi-flash’
paradigm, and the six fundamental amplitudes necessary to detect
flicker at the same eccentricities in the sensitivity paradign.
Figure 10 graphically 1llustrates the resultg of this analysis, -
while the source table for this analysis appears in Table 3.

The matn effect of eccentricity (F(5,35) = 23.451, p<.001),"
indicates that different amplitudes of the fundamental were required
to detect flicker at eaéh eccentricity. An inspecti.on of Figure 10
veveals that for either test, relatively low amplitudes are required
to detect flicker at the first two retinal eccentricities, while />
higher_amplitudes of the fundamenta; are required for flicker
detection in peripheral points. ' The significant main effect of type
of test (F(1,7)= 16.78, p<.01), indicates that the amplitudes of the
f undamental required to detect flicker depended on whigh test wvas
adudnisterp‘d. Figure 10 indicates that higher amplitudes of the
f undame ntal were required to detect flicker i the multi-f1ash
procedure for all eccentricities.

The significant differences between the amplitudes of the

f undane ntal required by subjects in the sensitivity study ard in the
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" Analysis of Variance for. Sen&hivity Thréshol& Amplitudes

Compared ‘to Multi-flash Asplitudes.

. 2 Factor Repeated Meastires Design

Omega Squared

Source SS df MS F
1. SN jects .088 " 7 ah
2. Tes «206 1 .206 16,798 .19
3, Erro 086 7 012
4. Eccentricity 442 5 084 23,451 43
5. Error . 126 35 .003
6. Test x eccentricity 013 5 .002 1.630
7. Error 055 35 .001
Total . 999 95, ‘
%% p <01 )
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multi-flash procedure," q'an be finterpreted {n a number of different ‘

i

ways. One interpretation is that the amplitude of the fundamental -

3

does not underly flicker detection in both paradigms, and that

subjects are basing tt;elr responses on s’pecific' attributes of the %

'

stimulus such as duty cycle and maximum luminance values, An

v
/ i

alternative, and perhaps more viable interpretation is that .flicker
detection~is determined by the amplitude of the fundamental, and ) v

that the discrepancies betwean the threshold anplitudes in the two - .
paradigms can be éxplained by an important procedural difference

between the two techniques; the reaction time component tnherent {n

the multi~flash procedure. v, ‘ -

In the multi-flash procedure, since tohe duty cycle of the

flickering ;;thuulus is decreased every 200 ms, the ob;lined »
aupiitudcs that occured at the time of a manual ’resﬁo‘sc were )
coaprised ‘of" two components, the amplitude at threshold, and

i ncreases 1r’\ this amplitude due to, the re;ct fon time. \For example, -
a ssume that‘ the duty cycle threshold of a p\ubjccﬂt was 90X, It thc
subject has an 800 ms reaction time, the act\ual recorded duty cycle

0
threshold would be 85X because of the systematic decrease in duty

cycle inherent in the multi-flash procedure. Such a seall - N

discrepancy in duty cycle can have & substantial effegs in terws of D ‘ \

/

1 /

the anplitude of the fuﬁdqegul. In the present exasple, the ' “

amplitude of the (undngntal associated vith a 90X duty cycle is

«54, while the fundamertal amplitude correspondinig to an 85X duty

' cycle {8 .65. Thus because of the systematic reduction in duty

cycle every 200 ms, the multi-flash proceéure would consiscently SR

overestimate the "“threshold” amplitudes of the fundamental at which

’

c 1.

!
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flickeg can be detected. Such a bias is not-present in the p- .
, . .~ o
sensitivity experiment, for on any given:trial subjects were C

-

préhggted a flickering stimuli made up of unchanging stimulus
. : ) - T

attributeéf and allowed as much time as necessary to decide whether , /

or not flicker was detected. In order to equate the sensitivity and

\,

multi-flash procedures therefore, it’was necessary to evaluate and .

subtract out increases in the amplitude of the fundamental due to
reaction time. A third experiment was therefore conducted to.

EN

quantify the magnitude of thé reaction times in the multi-flash

t echnique.

A

'és}. ) ‘
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Experiment 3 2 : J
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' TP . \ ——
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In designing an experiment to assess the reaction time of L

subject§ to flickering points i{n the multi-flash display, a number
of factors were considered. One such factor concerns the direct

relationship between reaction time and retinal eccentricity. As

v
-

——c;-—»pOQnts are flickered further out in the periphery, reaction times to

t hese po}ﬁta are known to ipcréase (foffenbergér, 1912). In

14 . -

addition, reaction times are known to increase as’the numbéf’of

£
-

non-target stimuli, are presented along with the target (Brussgll &

Dixon, 1986). Finally, the reaction times fo; threshold stimuli are-

N
/ n

longer than for stimuli‘presentgd well above threshold (Chocholle,
1945). In order to getdvalid estimates of reaction time in the
multi-flash procedure, subjects were presented wf%h\a single
quadrant of the multi-flash display, and the reactioﬁ times to each

point, flickered using a duty cycle value which was just above

t hreshold, were assessed.

L3 . . N

Sub jects. Tl e

®e

~

- The four male and four female subjec:s who participated in the

~ \

multi-flash campimetry experiment ﬁere'récélled one week ‘after the

completion of the mlti~flash test. # ) ‘

v I
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Lumi nance Presentations/ : T

. . 7:

While the acth point display in this experiment was identical

»

-~ -

to a single quadrant\in the multi-flash display, the manipulation of

A d

. ~ ~
duty cycle in this rdaction time study differed from duty cycle

manipulation in multdi-flash campipetry. Rather than systematically

decreasing'the.duCQ cycle of the presénted point until flicker was
deteéted, within a single trial a ;oint was repetitively fl{ickered:
using a constadl»duty cycle, and the.{eaction time to this point was
measured by‘the computer. For all flicker Lresentatiod&% the time

average luminance of.,the point was maintained at 3 cd/mz.

¢ ? !
- Procedure
N .
4 / 0 »
Subjects were geated in front of the monitor, and instructed to

place a patch over one eye. Subjects were then given the same set
, -

3

of instructions that were admnistered in the multi-flash procedur&f

e

namely, to make sure that they weré always fixaiing on the small
cross, and to press the paddle in front of them as soon as they
'detected flicker. After dark adapting for 10 minutes, each of these
subjects were then presented with a single quadrant of the
multi-flash displgy. The quadrant which was presented was

preselected to include the radius of points that the subject waor

~
¢

presented in the sensitivity study.

———

-
-~

Within a single quadrant preseﬁtation, the ecomputer would

randomly select one of 30 points and flicker {t at § Hz for a total

4 .
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of 3 de;;nds. The ;eaction time to this flicker was cémputed by
subtracting the time at which flicker was first initiated, from the
time at which a mapual résponse was recorded. Criterion valuef of
valid reaction tiﬁes were estgblished as being above 150 ms, and
below 1500 ms. Once a manual re;pon;; was made, or alternatively,
after the 3 second limit was exceeded, a new point was randomly
selected, and the procedure described above was repeated. A single
session lasted until all 30 points had been tésted,‘whereup0nhthe
display would disapbear, and the subject was allowed to rest before
the beginning of fhe next sfssion. : .

Prior to the actual poiﬁ% display presentation, initial duty
cycle values were ente;;h for each point location. These values
were purposely chosen so that the‘points would appear to be steadily
on; no flicker was detectéble. For any given point, 1f a valid
reaction time wak not obtained within that session, in the following
session thg)dugy cycle of this point would be decreased by 2.5%.
.

I1f, however, a valid reaction time was obtalned, the same duty cycle
would be used to flicker this point in all subsequent sessions.
Thus by staéfing at duty cycles well above the fusion point,
adequate mesodic light adaptation was ensured, and by decreasing the
duty cycle by small amounts (2.5%) when stimuli were not responded

to, reaction times were obtained to stimuli that were only slightly

1

above threshold.
In order to complete the reaction time experihent, a total of 5
reaction times were assessed for each of the 30 points tested. The

duration of the entire experiment was approximately 45 minutes.

o~

i
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Results . -

\ S
3

The results for each of the eight subjects’were‘analysed in the
following manner. %irst, the mean of the 5 reaction times.was
calculated for each of the 30 tested points. These 30 means were
then used to calculate the subject”s mean reaction time for each of
~the 6 retinal’eccentricities. These values were galculated by
taking the average of the 6 means agsociateé with each eccentricity.
°Thus the data for each subject consisted of six values répresenting

the mean reaction time for points flickering at each of the six

retinal eccentricities tested in this‘@i&eriment. The averages of’

these means were then calculated for all six retinal eccentricities,

in order to estimate the average reaction time required by these

eight subjects at each retinal eccentricity. These valueﬁ’as well
' }

as individual subject means are presented in Table 4. r

For each subject, the six group mean reaction tiées for each
retinal eccentricity were transformed into off—ﬁeriod values
representing the magnftude of the decrease in the off-peFiod& of\the
muTt i-flash stimuli, d;e to these reactio; times. For example,
since the of f-periods of the mult i~flash scim{ii_are reduced by, 2.8
ms every cycle, a reaction time of 1000 ms, would account for a 14
ms increase in the offiperiod of the multi~-flash stimulus,

These reaction time of f-periods were then subtracted from the
critical of f-periods obtained for each point in the multi-flash
proce@ure.' For example, the mean reaction time of the éight

subjects for points located at the first retinal eccentricity was,

1026 ms, which translates to an of f-period increase of l4 ﬁﬁ due to



A © " Table 4 S

§

Regction Time Data for Six Retinal Eccentricities , o

“ )

i , ‘ ‘ ' ) #

Individual and Group Means

N\
'\-
‘ y '
. Eccen 1 _Eccen 2 Eccen 3 Eccen & gccen 5 Eccen 6 )
- ﬂ,., ) ’
Sl 889.2- 905.4 967.0-  1062.8 943.2  998.0
| 's2 903,2 962.4 Y0728  1119.2 1163.6 1123.0
¢ §3 9421 1013.5 ' 1123.6  1198.8 1118.1 1122.8 A -
- sh 967.4 11359  1163.6  1239.5 1263.7 1215.1 "
S5 1081.6° 1167.4  1272.7  1243.7 1206.7 1160.6  °. "1
Jc 0 s6 1074.3 1145.3  1219.8  ‘1216.7 1209.7 1139.9
L ST 1218.3 1236.7 12897 1236.6  1245.5  1254.4 -
58 1136.8 1208.1 11313 1197.3 1200.3  1235.3
X ‘10.26.4‘ 1096.9  1155.1 0.3 1168.9 11563
‘ .
) - ’ ? AP .
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’ ’ ~ ) of
) réaction\time. For each individual subject, this 14 ms increaqé in ‘

of f-period was subtracted from each of that particular subject”s
multi-flash critical off-periods associated with this first
eccentricity. The mean increase in the off-period due to péaction

time for points located at the second retinal eccentricity for these
i :

eight subjects was 15 ms. Thus 15 ms.was ;ubtracted from that

_subjects critical of f~periods assoclated with each point located at

’

this second retinal eccentricity. /

Af terr subtracting reaction time increases in tﬁé of f-periods
* ‘ s

for all six eccentricities, the resulting reaction time corrected,

/ <
critical off-periods were then converted to amﬂlitudes of the

fundamental for comparisbn with the fundamental amplitudes obtained
. - /

in-the sensiti%i%&xoxreTfmefw7~—#s—in—the‘preyious analysis
comparing the uﬁcorrectéd multi~flash amplffudes, rather than

conéidering each of the 120 amplitudes 1ndividdally; the amplitude
+ N N - =
of the fundamental required to detect flicker at each retinal

eccentricity was calculated by taking the average ?j the 20
. | ) \ «
amplitudes assoclated w%}h each of eccentricity (thg mean of points
~ ‘ .
Sdhprising the circles in Figure 2)¢ Thus the corrected multi-flash

dafa for each subject consisted of the s%x amplitudes of the T
8

fundame ntal necessary to detect/@licker 4t each eccentricity.

THe§e reaction time corrected amplitudes of the fundémental
/

were compared to the threshold sensitivity amplitudes of the
fundamental using an analysis of variance. The source table for this
analysis appears in Tab;é 5. Unlike the similar analysis conducted

on the uncorrected amplitudes of the fundamental, the corrected

amplitudes of the fqﬁdameWFal are not significantly diﬁferent_from

* /
/
’
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' Compared ‘to Corrected Multi-flash Amplitudes

-

< Table 5

4

F ,Omeéa Squared .

]

Analysis of Variance for Sensitivity Threshold Agnpli,t_q&es ,

" Source ‘MS
1. Subjects
2. Test Q21 1.717
3. Error 5012
' *k e
4, Eccentricity 4088 21.099 497
50 Erro' . w .OO‘. = ™
6., Test x eccentricity: .002 - 2,173
7. Error ! .001 ,
8. Total .
**p (01 . . o
G - -~ - \ 1]
I . .
3 \ -
AN ’ .
‘ . [ ce T
. s - : ! “ ) - Ad n- \8
L % ‘ . v
I ' . - .o - ~
g : .
. -' '
:’ "~ R ". . ' 5 { ' '_
- ) , . .
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the amplitudes obtained in the sensitivity study *(F(1,7)=1.717,

p>.05). The latter analysis tevealed only a 'significén‘t main effect

.

| of eccentricity (F(S 35)-21 09, p(.OOl). This main effect ipdicated.

that different ampIitudes of the fundamental were required to detet::t
.flicker;at each of the six different retir;al eccentricitiés. An
ine\yection;of ‘Figure 111 indicetes rﬁat for both’ cechniques, Tower

. am'p.l\itudes \;ere req'u'ir‘ed to decect flicker in points near'the fovea, '

whilF relatively higher amplitudes-of the fundamental were required

to detect flicker in peripheral points.

N “
- - [

[y

Digcussion
{ . e 2

*

/ . ]As was p‘rev;lod»sly stateci, the amplitudes of the fundamentei .

that were obtained in the 'multi-flash precedure were ccniprised of .
. two componente; One component consisted of the ectuai amplitude of

the fundamental' required by 'the subject to detect flicker, while the -

ki

-second component consisted of increases in this amplitude due to

reaction time. Thus, it was assemed t hat ig the magnitude of tl}e
reaction time component could be eetimated and s\ubtrlﬂcted from the *

) pbtained‘multi-flaah amplitudes, ‘then the resultir:g amplituaes
should represent the actual 'tbresholdﬂ at;zplitudes of the fundaxqentel
required to cietect flicker' in the multi-flash procedure. In order
to estimate tHe influence of reaction time on the obtained
emplitudes of theﬂxfepdamental in the multi-flash procedure,

assesspents of the reaction time to multi-flash stimuli were

required. In .making such reaction time assessments as accurate as ~
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possible a number of factors which were known to influence reaction

‘ time ‘had to considered. These factors include, the Pow luminance

<

level of the mlti-flash stimuli, the number of such stimuli, the’
'ecce‘ntricitiee.at: which these stimull were preaer;ted, and finally,

the fact that subjec'ts were required to respond to, stimuli that were

-

flickering only slightly above threshold.

It has often been observed that reaction time varies inversely
with the screngfh of the presented stimulus (Woodworth and
Schlosberg, 1938, p. 19). As the physical intehsity of the astimulus

presented increases, the reaction times to such stimuli decrease,

In addition to the low luminance of the points presented in the

°

. multi-flash display (3 cd/mz), the presented points were also quite

small, subter;ci’ing only 6 min. of visgual anéle. Furthermore all of
these points were presented eccentric to the fovea, a situation

which 1is a‘lso known to increase reaction time~ (Poffenberger, 1912),
Thus by using a singlg multi-flash quadrant as the stimulus display

for the reaction time study, the combined influence of factors such

as stimulus size, intensity and retinal location, would be reflected

’

in the reaction times acquired for such points in the reaction time

'

display.

An additional reason for dsir;g'a single multi-flash quadrant as

. . -

-

the display for the reaction time study concerned the influence of
the the number of stimull, on reaction time. Eriksen and Hoffman

(.1,972)' for example, have found t:ha't reaction time varled directly

-with the number of competing stimuli displayed along with the target

stimuli, “Another study il lustrating the influence of the number of

-~

displayed stimuli and reaction time was conducted by Brussell and
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Dixon (1986), In this shcudy the multi—flash thresholds (the
duration of the of f-periods required to detect flicker) were
assessed 'for displays containing different numbers of stimuli.
These multi~flashr—thresholds were found to increase from an average
©f 71 ms when 6'p01nCs vere tested, to a maximum of f-period duration
of 82 ms when 30 points were testeds An 1l ms increase in
multi-flash threshold, translates to a diffence of over 500 ms in
terms of ché'average reaction time associated with the points -1n %

each of the respective displays. Thus by using a single multi-flash

qua’dranc as the reaction time display, the influence of the 35

A\l

competing stinmulf on reaction time in multi-flash campimetry, was
reflected 1'n the reaction times obtained for each of the points in
the reaction time study.

Another factor which is known to influence reactiod time,

" involves the proximity of &timuli to their detection threshold.

Previous research in the auditory domain, reveals that reac't.ion
_times to threshold stimuli are almost three times as large as those
obtained for sounds of greater intensity (Chocholle, 1945‘).
Although these pesults were based on auditory stimuli similar
findings would be expected in the visual modalit).r. Thus, because _
the gompafison between mulr.i-f}ash campimetry and the sensitivity
procedure 1involved comparing the threshold amplitudes of the
fundamental obtained in each procedure, in the reaction time study,
an attempt was made to measure the reaction t)i:mes to stimuli th'at ’
were as close to the rfmlti—flaah thresholds as possible,
While 1t was extremely important to consli/.der.how such stimulus

attributes may have contributed to the reac’ti_or; times in the




* Thus in the reaction time study, care was taken to ensure that »

»
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-

- multi~flash experiment, reaction time also 1s known- to depend on the

preparatory set of the o'beetver (WOodworch' and Schlosberg, 1965, p.
27). The‘p.réparatox:y gset 18 in part con‘tn;lled by the experimen'ters
instructions, ‘but also 'by the way in which the e.XPerimen.t.al ’
sit\;ation ig 1nterpréted by the’subjetts. In a t-ypical rea;:cion'

time study, subjects are told that the purpose of the study is

Al #

lspeci’f‘ically to measure reaction time. In the multi-flash paradigm
@

i
i

subjects are 1nf_ome'djr.hat the test they are about to be
adminiateréa'wili assess the functiondl capabilities of their N
peripheral 'visior;. Thus whilel subjects are asked to make a paddle.
press as soon as flicker is detected, the reaction time cou,:ponent’of
the'experiment may be intq{p;‘e“ted.by the subject as being of
secondary importance. Such differences in the prepareitory set of

the subjects in the n%.lltf-flash procedure may serve to iacrease

reaction times above those noted in formal reaction time s'tudies.

/
subjects received the game instruction set for both the mulr.i-fiash
campimetry procedure, and for the reaction time study.

In summry, using a single multi-flash quadrant as the stimulus
display in the reaction time study, ensured that accurate estimates
of reaction time in the multi~flash procedure would be obtained.
That is, factors such as polnt size, intensity, number, and kocation
which would serve to influence ‘the reaction times in multi-flash
campimetry, would also influence the data obtainegl in the react‘iop

t ime study.

The purpose of determining the reaction times in the

-multi-flash study was to see 1f such a factor could account for the

-
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discrepancy between the amplitudes of the fundamental in the

sensitivity study, and the amplitudes of the fundamental required to

‘detect flicker in the multi~flash procedure. o

o

When the increases in the amplitudes of the fundamental due to

reaction time are subtracted from the obtained fugdamen:al *

amplitudes, the remaining values reflect t.h'e threshold amplitudes of

the fundamental necessary to detect fiicker in the multi-flash _

procedure. Differences bétween these values and the amplitudes of

the fundamental obtained in the sensitivity study were small and can
‘ AN

be attributable to chance. Given the fact that the amplitude of the |

b . \ °

fundamentnl underlies the detection of flicker 1n-both CFF paradigms
and in the sensitivity par;digm, it-is not suprisihg thaththey also
underly fligker detection in the multi-flash paradigu;. Furthemo'?e,
because the sensitivity and mlti-fiash par;digm used the same low

lumi nance level, and presented flicker at the same retinal

locations, 1t 18 not suprising to find that within a given retinal

eccentricity, the same amplitudes of the fundamentdl underly flicker

(X1

detection in both paradigms.

3 *
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s

o ‘General Discussion

k)

When the results of the depth of modulation éxperiment were
. . ” N
analysed in terms of the Fodrler components of the presented

e

stimuldi, flicker detection was found to depend on the amplitude of
the fundamental frequency component. Within a given retinal

eccentricity, the éepth of modulation required by subjects to detect

>

flicker did- not depend,bn the specific stimulus attributes of the

hY v
a -

stimulus such as duty cycle and maximum and mi nimum lumi nanice per

»

se, rather, subjects were pble to detect flicker when manipuiations

: ) - oo
in these stimulus attributi§¢caused the amﬂi&tude of the fundamental

constant pufsQ lumi nance stimulli,
. \
The reliance of flicker detection on the amplitude of the

fundamental has rami fications for -research 1nvolving‘b?th clinical
psychqphysical techn%qdés such as multi-flash campi&etry, as well as
for experkmencall1nvest1gations of how tgmpgral stimuli are
processed by the healthy vigual system. In terﬁs of multi-flash
campimetry, this finding proviaes the necessary empirical
justification for 1mp1;ment1ng a time-average, luminance display into

this technique, while from a purely experimental vid&point, the
Y

sensitivity experimenﬁ represents the first time the amplitude of

v
¢
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the fundamental has been shown to underly flicker detection for‘
\ various duty cycles using a depth of modulation technique. \
If, as the present research suggests, the ability to detect
flicker depends on the amplitude of‘the fundamental Fourier
f requency component of the'presented stiqu%us. then manipulgtions of
the_stimulus attributes which,aérve to ingrease this amplitude will
¢ result in consequent increases in flicker detection cagability!
while manipulatio;s which serve to decrease this amp%itude will
_evoke reductions in the ability to detect flicker. Ig a 1002
modulatgd time;average luminance stimulus such as those usually
= eméloyed in critical fusion frequency\b;radigma, deEESgges in duty )
cycle should cause increases‘in thg amplitude of the fundamental,
resulting in increases in te?poral resolution. In a const;nt pulse
luminance stimulus, however, the amplitude of the'fundamental, and”
consequenily temporal resolption, should increase with duty cycle
reduction 1; duty cyéle betwpen'looz and 50%, Sht further reductions
in duty cycle below th;s duty"cycle should affoxrd decreases in the
‘amplitu4e of the fundamental,~the;eby eliciting reductions {n
t emporal resolving power.'
The results of a constant pulse luminance study conducted by
Porter (1902), reévealed results were consistent with the-amplitude
of the fundamenta% hypotheaié. In this study five different levels
of disc 111umination wvere uﬁed, and CFF was measured for a n;mber of
different duty cycles. Porter found that while CFF incréased with
R disc illumination (th; Fe£ry-Porfer Law),'the relationship between

CPF and duty cycle remained constant for all luminance levels,

yielding a émnmetrical inverted U-shaped function where the htﬁheat
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CFF values were asgsociated with a 50% duty cyc{gj/ihd reductions 1in
1 . : ‘
CFF occured a8 duty cycle was either irfcreased or decreased.

Although Porter explained his CFF dqta in terms of the duration of
the on-period inherent in a given stimulus presentation, the shape
of the obtained CFF~duty cycle function is consistent with the
amplitude of the fundamental hypotheésis.
Another study which supports the ,hypothesis that the amplitude
of the fundaméntal is the principal determinant of CFF, is a -
t ime-average luminance stu&y conducted by Winchell and Simonson )
(1851). Because CFF was found to vary inversely %3th duty cycle,
ic'can be conclu&ed\that CFF also varied directly with the amplitude

v

of the fundamental. Unlike Porter, these authors surmised that CFF w“

A

. . \
was dependent on the duration of the off-period~ﬁ?\bpe presented

stimulus. -Once again, however, the shape of the obtained CFF-duty

/

cycle function for this tiae average }uminance stimuli, 1§ g ' -
consistent with the amplitude o{ the fundamental hypothesis,-
A third study which supports the notion that the critical
fusion frequenEy varies directly with the amplitude of the o »f o
‘fundamental was conducted by Cobb (1934). 1In this study CFF was

B
o \

assessed for duty cycles between 6.7X and 98%. The time-average
lumi nance of these stimull was maintained at a coﬁstant ievgl.' " )
Although Cobb found that the critical frequency deviated from‘q
linear relation to the logarithm of the fundamental amplitude, in
‘general decreases in the amplitude of the fundamental were

3

associated with decreases in the critical fusion frequency of the-

o _ s

presented stimulus.

While the data from thé present gtudy, as well as.étudies by .. |

‘

Eas
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Porter (1902), Qobb.(l93&) an‘d Winchell and Simonson (1951), all
support the hyp;theeis that the amplitude of the fundamental is the
pricipal dete;minant of flicker detection, results from a number of
studies cannot be eccounted for in this fashion. ' .

A series of investigations concerning temporal resolution to
duey cycle were conducted by Bartley and Nelson (1961). In these
studies consgar;tt pulse luminence gtimuli we\te employed. Accordingn
to the Fourier analysis of such stimuli, the highest _aﬁpi.itude of
the fundamental s‘hould invariably be associated :rith stimuli
flickered using a 50% duty cycle—: Contrary to the hy'pot:hesis that
t?}e'l:e'is a direct relatienship between temporal resolution and the
amplitude of the fundamental, in,many of the subjects tested, the

. . 1
C highest CFF values were obtained for stimuli flickered using much

L

lcwetidu\ty cycles, While inverted U—shapes'were obtained when low

lumi nance levels were employed, when higher luminance leyels were

employed, the ebtained funftions resembled those usually associated

@

with time-average lumi'nance stimhli; that is, CFFMwas found to’

!

increase monotonicdlly with the reducr.%:f duty cycle (Bartley.and {

' Nelson, 1961). S . 0

A possible explanation for the results of Bartley and Nelson

-

was postulated by Kelaly (1961). Kelly noted that these authors /pf,

failed to em{)lo‘y an artificial pupil in their study., Thus it is

poseﬂ:le ;hai the natural pupil coﬁpensate(} for changes in the total
energy of the stimulus due to duty cycle mnipulatibrg, causing the

a
8

' retinal 111umigance to be maintained at a constdnt. level. For“

- example, at very low duty’ cycles, the pupil viould dilate allouing

more light to become incident on the retina,' while at highet duty

—_— v . !

o
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cyeles the pupiil would contract allowing less light to pass through‘

N ¢

to the retina. Such a situation would effectively hold the retinal
illuminance at a constant time-average level. Since variations iop.

‘pupil size would be expected at high 1uminance levels, such a . ////

N

situation could explain why at high luminances the data obtained by

Bartley and Nelson was similar to functions obtained when CFF 1is
- . ~
measured for time-average luminance stimuli. '

A
¢ -

Such a postulate cannot however, account for the constant pulse
lumi nance data of Ross (1942), for in this study subjects viewed the
stimuli through a 3 mm artificial pupil. When subjecta were

presented stimuli in the fovea, 1nverted U-shaped functions were

i

"found for low luminance stimuli, but for high luminangﬂ stimuli CFF

\

increased monotonically with the reductlon of duty cycle. For

peripherally presented stimuli, the opposite relationship was found.

Low lumi nance stimuli caused CFF to vary inversely with the duty
cycle of the stimulus, while higher luminances were assoclated with-

inverted U~shaped functions. -Such findings are di?licult to
_reconcile wlth the postulate that CFF‘varies with the amplitude'of

\ : : e »
t he fundamental. It 1s not clear; however, why these data differ so

\

radically from the constant pulse 1um1nance measuvements of Portef
(1902) which can be accurately accounted for 1in terms of'the
amplitude o( the fundamental of the presented etlmuli.

With the exception -of éobb’s 1934 gtudy in which the'effect of

duty cycle was lnvestlgated with respect to the amplitude of the ,

1

fundamental, the authors of each of the previously mentioned CFF

i~ . 7

studies chose to interpret their CFF data in terms of the stimulus

v f «

attributes rather than in terms ofitne'pmplitude of the fdndamental

1]
P
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Fourier frequency cozponent. A number of investigators using CFF

- paradigms, however, have recognized the 1mportanée of this

. fundamental amplitude (Ives, 1922a; De Lange, 1952; Kelly,-1965).
Ives, for example indicates that the fusion frequency for aidhmber,
of different waveforms including stimuli comprised of differént duty

cycles, was solely depéndent on the amplitude of the fundamental.

Using low luminance flicker, and neutral density filters to maintain

< . ia

a constant time average luminance, Ives found that CFF Qaried
directly with increases in this fundamental amplitudé. due tofthe
decreases in the duty cycle of the presepted stimulus. This ‘
relationship was maintained for all stimuli tested ip this studQ,
with the duty cycles of presé;ted stimuli ranginé ﬁrom:912'down to a
12% duty cycle. ’ 2
| gy‘ In addition to this time-average luminance study, lves also
cénducted an experiment in which constant hulae lumi nance stimuli
were flickered using different duty cycles. Once again lves found
that variations in the amplitude of the fundamental cpused
variations in CFF. When the amplicudég of'thé fundamental are
calculated for various duty cycles‘fliékered using a 100% modulated,
constant pulse luminance stimuli.‘the highest amplitude of the
fundamental is associated with a SOi,duty cycle{_whiie lower
amplitudes are associated with both higher and lower duty cycle
values. The results of Ives” constant pulse luminan;e‘studyﬁwere

_consistent with the idea that the amplitude of the fundamental is

the principal determinant of CFF. Unlike the monotonically

decreasing function obtained when CFF was plotted over duty cycle in

. Ives” time-average luminance experiment, the CFF-duty cycle curve

, .
‘ A
s \
. s
' ‘
' ‘v

N

\

e .
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/amplitude of the fundamental determines the ability to detect
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took 7:"1 -an}inverted VU-shape dhen stimuli were fl'ickered at a
cons/tant pulse luminance level.

, Perhaps ‘the greatest propohent of the postulate that the

/

flicker is H., De Lange. De Lan&e used constant pulse luminance
flicker to asaess the temporal resolution éo stimuli- whose duty 4
cycles ranged from 3% to 98%Z. 1In this study, the contrast between
~the 1it part of a rotating sector disk and the dark portions of this
disk was calculated to be 982. For this contrast level, the duty
cycle associated with the highest ripple ratio (amplitude of the
fundamental divided by the average 1uminance) was a 20% duty .cycle.
The ripple ratito\of this stimulus was 1712.“ Stimuli flickered using
a. 50% d:uty cycle, and a 3% duty 'cycle were caleubated to have
smaller i‘ipple ratios equal to 12.22. The key findings relating

.t emporal resolution to the amplitude of the ’fundamen'tal i'nvolve ‘the
fact that the 20% duty cycle was found to have the highest critit-al
fusion frequency (30 Hz), while the 50% and 3% duty cycle stimuli
were associated with an equal, but lower CFF value of 27 Hz. While
the finding that the stimulus withrthe highesc am;;IiLMe of the
fundamental was associated with the highest critical fusion:.

, ke . . . B :
frequency, indicates the existence of a direct relationship between

" temporal resolution and the fundamental amplitude, r.he strength of

this relationship is attested to by the fact that stimull comprised

of different duty, cyc,les, but having similar fundamental amplitudes,

were found to have‘t[h'é‘ 8 ame cri;’,cal fusion ffequency.

In De Lange”s, original study, he wished to investigate the low »

Ao

o . - .

;equenby_chafacterisqics of the visual gystem. In order to prod-‘ce q

LS
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flicker he used a series of rotating disks which differed along a

'

. number of dimensions including dutyléyclel Usihg these disks, he
"found that.the lowest ﬁipple ratio he éould groduce was~22, and thpt
‘ thé.critlcal fusion frequency for this disk was 9 Hz. Invorﬁer to
:;Ebéé the‘amplitudé of thé‘fundamental to values lower than that.
associated with a 2% ribple';agio, De ﬁange was forced to reduce the
* contrast, or dépth of'modulaéyon ;f thé stimulus. Because black
and white rotating disks were inappfo;;iate fog guch pur;;ses;bDe
Lang; deviaed'an optical sttag in which an appr;ximalely sinusoidai
s timulus couI@ be varied along two dimensions, frequency and h
/

amplitude, Using these sinusoidal stimuli, De Lange wanéble to

assess visual sensitivity to a %ide range of frequencies, 1néludiﬂf

L3

‘-- - ~those below 9 Hz.

In Fourier terms, a sinusoidal stimulusfis the simplest of all

stimuli, for it is comprised of a single sine wave of gfiven

frequency, with no additional higher frequency components. Because

De Lange tested poth complex stimuli (rectangular wave flicker) and
siné.wave stimuli,lhe was able to test the hypothesis that the
ﬁmplitude of the fundamental was the principie,determinant of CFF,
by‘comparing the CFF values for complex stimulil of a éiven amplitude
of the ‘fundamental, to the CFF values obtained for sine waves with .
similar amplitudes. The results of such & comparison supportea the
hypothesis that‘the amplitude of the fudamental determined CFF for
‘the QP? values obtained for pure sine waves were found to be equal
to.}he CFF values obtained for reccandﬁlar waveforms whose

amplitudes of t?p fundamental matched tﬁeéﬁ sine waves,

The present series of experiments also supports the hypothesis
. 2 A

. / v
12
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that the amplitude of the fundamental underlies flicker detection.
Unlike De Lange;s paradigh which assessed the critical fusion *

frequency for sine wave stimull at a number of different depths of

. L]

modulation, in Experiment 1 the the minimum depth of modulation

v

required to detect 5 Hz flicker in a number of rectangular waveforms

. [ .
was determined. The resultg of this study indicate that within a
: . . \
given retinal eccentricity, there existed a threshold amplitude of

the fundamental above which flicker was detected and below which
sdbjepts were unable to detect flicker (within the constraints of

signal detection theory). In De Lange”s study CFF depended, not on

the duty cycle but rather on the amplitude of the fundamental of the
e

.
presented stimulus. Similarily, in the present study, for each duty

A

cycle ?%e debth of modulation required to detect flicker, was the

depth bf modulation required to elevate the amplitude of the

- » !
fundamental above a threshold value.

&

Thus the results of the present experiment illustrate that the
amplitude of the fundamental not only underlies flicker detection

o

experiments in which CFF 1s‘used to determine temporal resolution to

duty cycle (De Lange 1952; De Lange, 1954; Ives, 1922a; Ives, 1922b; -

Cobb, 1934) but also in an experiment where temporal sensitivity to
such stimuli was assessed by determining the minimum depth of
modulation required to detect flicker. As such, in attempting to
gain insight i»nto the temg9ral mechanisms of the eye, 1t qould_seem
that breaking down complex stimuli into their s;ecific Fourier
comﬁonents will continue éo be a profitable research strategy.

In addition to providing support for the postulates of Ives, De

Lange and Kelly, concerning the processing of temporal stimuli, the

JJ

@
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present studies finding that flicker detection depended on the
amplitude Sf the fundamental has specific rami fications for the

multi-flash campimetry technique.

i Bécause the amplitude of ;ﬁé fundamental was able to account for

flicker detection in CFF exp'eripents, and in the present sensitivity
study, it seemed reasonable fo assume that the amplitude of the
fundamental would be able to acéqunt for flicker detection in the

multi-flash campimetry-pro;:edure. In order to test this hypothesis
' \

(8] ~

a second experiment was conducted in which observers we'r'e .
. administered a time-average luminance version of multi-flash

campimetry. The amplitudes of the fundamental required to detect
- / i . .
flicker 1in the depth of modulation experiment were then compared to

-

th;a-calculated amplitudes of =the fundamental required to detect

flicker in the multi-ffash procedure. An initial comparison of

these amplitudes revealed that the multi-~flasl amplitudes were
consistently higher thaﬁ those r;quired to detect[flicker in I':he
sensitivity task. It was soon realized however, that the amp’litudes
ofu the fundamental assoclated with flicker detection in the
multi-flash task were comprised of two .components: one component

consisting of the actual amplitude of the fundamental required to,
o x N
detect flicker, and a second component consisting of increases in

8

this amplitude due to the influence of reaction time inherent in the
\

multi-flash procedure. Experiment 3 allowed an empirical assessment

¢

of the influence of reaction time on the amplitudes of the

fundamental in multi-flash campimetry, and when these increases were

subtracted from the amplitudes of the fundamental required to detect

flicker in the multi-flash procedure, the resuliing amplitudes were

“al
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comparable to the fundamental ampIi—&gdes required to detect flicker.
: ~ oy
R U ’

in the sensitivity experiment. PSS )
4,'_// \

™ N

ﬁ; Thus the combined results of experiments 1, 2 and 3 provided

vempirical evidence that the amplitudg of the fundamental was the

,principle determinant of flicker detection in multi~f} ash

campimetry. The common dependence of flicker detection on the

am;alitude of the fundamental in both CFF paradi.gn‘s and mlti—flash
-c'ampimetry p’rovidels a conceptual link between these two tec;hniques

;and as such, allows a number statqmem:snto be made ;oncernir;g the

effects of 1mp1emenging a time—average luminance display _inr.o the R
multi-flash technique. It is known from CFF studies that temporal

resoluti'or) improves as; the duty cycle of a time-average lumi nance

stimulus {is reduced. Suc imparovements in temporal resolution are’

attributable to increages in the amplitude of the fundamental of the

presented stimulus. Sifge the amplitude of the fundamental has been -

4

shown to underly flicker detection in multi-flash campimetry, the. -

Y

-

systematic reduction of duty c.ycle in the multi-flash technique will
therefore afford a situation in which the subjects sensitivity to
. ‘ . : ;

the flicker will increase monotonically with the reduction of duty

cycle,

hid .

It will‘be recalled that when constant pulse luminance flicker T
is used 1in the muléi-flash campimetry technique the Talbot

brightness of the point is reduced with the reduction of duty cycle. ‘

.

In such a situation, observers have the“p\o’tfential to base their ’ /

responses on the reduction of the apparent brightness of one point

’

in the multi-flash display comparéd to all the rest of the presented

points. Such a situation would result in the underestimation of "y

4

°
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deficiencies in flicker detection capability, for in order to detect
change»s in apparént btig‘htness the point must still be seen as
f used.

The implementation of‘a t:ime-av‘eragc_a'.lumiance display into the
multi:flash technique would therefore, have two mgjo.r advantages.
In such a display, the Talbot b.rightnesa of the flickering point
would remain constant, thereby eliminating the potentia} of éubjects
basing their responses on criterion other than flicl_cer. In

addition, the results of the series of experiments described above

i mdicate that implementing a time average luminance display into the

multi-flash procédure would provide a gituation in which temporal

resolution to flicker systematically improvesvi‘iix the systematic
reduction of the duty cycle of the presented stimulus.

While the ?elationship between ten;poral resolution and the
amplitude of the fudamental frequency .of the presented stimulus 1is
iﬁnpottant for multi-flash campimetry in particular, it may also have
apPlica\tions for ¢clinical pgychophysica in general. Because'the
ability to detect flicker has been shown to be dependent on the
amplitude of the fundamental in CFF studies, in depth of modulation
studies, and 1nimu1t1-flash camp imetry, this single measu:ury
provides an ideal metric for quantifying the functional capabilities

of the temporal aspects of the visual syatem. Thus using the’

amplitude of the fun'damental as a“general measure of the ability to

' detect flicker, allows the performance of patients or healthy

observers on different t emporal tasks to be evaluated, or
. t 3

alternatfvely, by comparing 'the amplitude of the fundamental

o

'g‘equired by patients to detect flicker, to the amplitudes required

'
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by normals, allows specific techniques to be evaluated in terms of
their ability to differentiate between patient perfo;mnce and
norma\l perfot'm.ance. Q

i“urthemore since both the muiti-flash campimetry experiment
and the depth of modulation study, indicate that the amplitudes of
the fundamental that are reqdireci to detect flicker depend on the
retinal location of the stimulus presentation, this measure would be
suitable‘for quq_ntifying the functional integrity of the visual ’
field.ﬁ For example the seve;ity of visual deficts can be quantified
by comi:aring the amplitude of the furnidamental required by a patient
in multi-flash campimetry, to the amplitudes required by a healthy (
observer in this same temporal reeolut.ion teghnnique. Figure 12
depi;:ts the visual field niap}s of a healthy ops"erver, a patient with
anisometropic amblyopia ?d a patient ,w;th strabismic amblyopia. '
Presented along with thege two and three dimensional representations \ ’

. . -

are five statistics which use the amplitude of the fundamental to
numerically summariz; these multi-flash camﬁimetry map data.

The Average Deficit (A.D.) statistic, and the Local Deficit
(L.D.) statistic are modifications of st&tistics used by Flammer,
Drance, Augustiny and Funkhouser (1984) to quantify glaucomatous
visual fields. The Avérage Def%cit,statietic numerically describes ~
the presence or absence of any v‘isual'defiqit within a given
patient”s visual field by comparing the amplitudes of the
{undamen:al required by patients to the amplitudes of qth_e
fundamental required by control observers. In order to best

estimate the amplitudes of the fundamental required by normal

observers, the amplit\ndés required by the eight subjects in-

I3
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experiment 2,°were averaged to form a "control/map". The
calculation of fhe Average Deficit involveg'taking the amplitude

required for each point on the p&iient'a map, and subtracting the

corresponding amplitude from the control map. These dffferences are

> summed.and divided-by the number of points (120) tested.. As can be

Reen in Figure 12 the value bf the average deficit for the hgalghy
observer is near zero, but for the two patients is elevated by
a;ouﬁts corresponding to the yvisual c;ﬁsequences of t%eir respective
disorders. . R

The second s;atistic. the Local Deficit (L.D.), 1s a wmeasure o}
dispersion around this Average Deficit value. - Patients with highly
localized areas of dyaguncfion in an ofh:}wise normal field would
show high variability around the Averagengficig. and therefore
displéy high Local Deficit valJes. Alternativelfﬁ\paéignts with a
uniéom elevation in required amplitu@es throughout the visﬁaffgield,
would {llustrate(§28ve normal Average Deficit values, but small
Local Deficit values. The highly localized deficit patterns
exhibited by the two amblyopes is characterized both by the
localized areas of djsfunctlon evident in ;he two and\three
dimensional visual field maps, as well as by the high Loca{ quicit
statistic values.

The presence or absence of these local areas of dfsfunction are
also reﬁlectea by' the second category of statistics used t; quantify
the magnitude of visual impairment in multi-flash campimetry. This
second strategy for quantifying visual impairment makes use of
statistics that can be‘said to accu;itely reflect what is visually

u

dé;iéted by the two-dimensional visual field maps. Unlike the

.

- A}

~t
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Average and Locar.deficit statistics, thig latter category of

me asures nakés use of valueq;arrived af througH an interpolation

/7> algorithm which uses an inverse weighting by distance strategy.

'ﬁThe first of such measures is the "Islands" (1817) statistic.

. This statistic quantifies the number of'g}eas within the visual
field which are associated with higher than normal amplitudes of the
fundameﬁkal. The.criterion used to determine whether an amplitude
18 to be considered abnormal involves the grey scale categories used ) .
16 the two dimensional maps. éueh grey scales are compoged of
ranges of amplitudés. Looking at the healthy observer in Panel A of
Figure [2, patches of reduced temporal resolving power are noted

4

throughout areas of the vigual field beyond 1.25 deg. Because all B
eight of the healthy observers tested using multi-flash campimetry
displayed such patches, they are conaidéred to be part of a normal
visual field. Thus, in order to qualify as analslahd,‘areas

associated with this shade of grey must occur within 1.25 deg. of

U Y -

i the fovga. Beyond this 1.25 deg., radius, only areas reflecting
amplitudes of the fundamental that are more severe than those
associated with this shade of grey qualify as an Island. An e;amble
of a foveal Island canﬂbe found in the left eye of the strabismic
amblyope, while parafoveal Islands are dispersed throughout the four
fields ‘of both patients. ‘

~ The Average Severity (Sev.) statistic indicates how severe the
deficiency is within a typical Island for a givén map. Since the
different shades of grey represent seven different ranges of

-

amplitudes, an Average Severity measure can be obtained by taking

all the points that are above normal amplitude values, assigning

A
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these points values equal to the midpoint of their respective range,
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éumming these midpoint values and dividing by the total number of
, ' [}
points. For ease of interpretation, the resulting value {8 then
expressed as a percentage of ‘the saximum possible severity. As can
be seen in Figure 12, the Average Severity values in the strabismic
amblyope are 67% OD, and 692 0S while the gpisometr;pic amblyope
displays severity values of 49% OD, and 55% OD. The 'corresponden :
befween what is visually depicted by the maps an{ this average
severity statistic i{s attested to by the fact a typical Is}land
within the maps of the strabismic patiefit are more severe than the
typical Island in tbe maps of the anisometropic amblyope.
” Finally the Average Area (Ar,) statistic reflects the average
s ize of these Islands of deficit. This statistic is calculated by
sunmding the number of sampled and {nterpolated points that have B
abnormal amplituﬁes, and dividing by the number of Islands. Once
# again for‘clarity of interpretation this:gtatistic is expressed as a
percentage of total map area }n order to provide an upper limit as a
point of refeéehce. Panels B and 9’of Figure 12 ipdicate that the

Islands of Hysfunction in the strabismic map are larger th;n those

found on the anisometropic amblyope. ) v

-

B To summarize, the Average Deficit ahd Local D;ficit can be used
to determine whether a patient has visual field deficiencies and
whether such deficits involve local areas of reduced temporal

resolving power, or are uniformly spread across the visual field.

The Island, Average Severity and Average Area statistics serve to

both corroborate
»

ese statistics and in so doing, numerically

. hY

ct what is portrayed visually by the two'and three dimensional
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maps, ,

Previous researchers have postulated that the amplitude of -the

fundamental underlies flicker detection in many CFF gtu@ies (1ves,
r 7 .

-

1922a, 1922b; Cobb, 1934; De Lange, 1952; De Lange, 1954; Kelly,

+
1961). The present study revealed that the amplitude of the

v’ .

fundamental also underlies flicker detection for rectangular wave _

-\

flicker in a debth of mpdulation study. Finafly, the amplitude of

t e fundamental was shown to also‘undetly temporal resolutidn in

multi-flash campimetry. Thus regardless of how temporal processing

+ 18 assessed, this single measure is able to account-for a broad

range of findings. Such a conclusion suggests that in future

investigations concerning temporal information processing in the

" healthy visual system, the specification of collected data in'terms -

¥ [y

of the amplitude of the fundamental will prove to be a prbfitgble

research strategy. ; ' ' . .
In ;ddition to its pure research implications, the reliance of

flicker detection on tﬁe amplitude of the fundamental ffequeﬁcy of

the presented stimulus, has ramifications for clinical

psychophysics., Specifically, the direct relationship between the

amplitude of the fundamental and temporal resolution indicates that

"{f a time-average luminance stimulus was implemented into the

multi-flash campimetry display, not only would the problem of
subjects basing théir responses on apparent brightness cués be
cir;umvented, Put also, the systematic reduction of duty cycle would
cause the observers ;eqsitivity to Fhe flickering point to

ionotonically increase. fg;thermore, the use of the amplitude of ~

t he fggdanental as a measurement of visual deficit, will reflect the

i
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functional capa'bility of an integral part of the visual sys

.will therefore enable the cliniégan'to accurately distinguish .
- - . Y s . .

“ between a hgalthy 1ndividﬁal ad& a patient afflicted with dhe.of‘sh
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APPENDIX A
. \ ’
. \\ hd a
)( "‘{'}1"{9“ and Minimum Luminances
’ o ‘
\ ‘ % , )
\ L For Time-avergge and Constant Pulse Luminance Stimuli

\
\ -

L

Thé maximum and oinimum luminances for both time—-average and
constant p‘uise luminénces depend on the contrast at whic;\ these iti-uli
- are to be presented. Recall that Michelson’s formula is defined as
C = (Ml - M2)/(M1 +M2)

wﬁere C is the Michelson contrast (the depth of modulation), Ml i'sfthef '

o

maximum Juminance and M2 is the miﬁiqmm luninance. If one assumes M2 to

be equal to unity then the following formula for the minimup luminance,

PEY

*  can be derived algebraically.

ML = (1 +C)/C1 - C)

’

By assuming for the moment that the aminimum luiainance is 1 then the

ratio ofl M2/M]l is merely 1/Ml. Calling this ratio K we have o
a/'\r * - q'
K = /Ml d

.Th(’e real minimum 1umina}lce and maximumy luminances for the prechosen‘un‘n ‘

“lumi nange of 3 cd/mz, therefore, can be defined by
Ml =3/ (K- (K*t)+t)and M2 = K X Ml

where t is the duty cycle expressed as a proportion, Since t is the

3
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variable that takes into abcémnt_the relative duration of ‘minimun aggl_

9

maximum luminantes, for the TAL conditition this value was always equal

to the duty cycle of the presented .stlhllua.

tr

doe; not take fnto account the duration of l:he_ufxinun and niniuune
lymi nances, when calculating these luminances, this vialue was made £oO
equal .5 rcgard‘less of 'the actual duty cycle of the presented stimulus.
Using these formilas the maximum and -;:hqn luminances 1f.c.'n: contrasts
ranginﬁ ftom .(31 to (.0 were calc:ula:ed for both the TAL condition, ana

«

the MCPL condition. . . .

Because the MCPL condigior\

b\.




