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Abstract

A study was conducted to.investigate the'sensitiﬁity and
spatigl summation properties of the normal retina under fuily—
photopic and fully-scotopic conditions, using photometrically-
equated chromatic stimuli of four sizes. Fully;phofopic
adéptation‘yielded equivalent sensitivity gradients extra-foveally
but different foveal thresholds for the red, green and blue
stimuli. The extra-foveal scotopic_sensitivity gradieﬁts were
similar in form but different in height for the cﬁromatic stimuli,
while all stimuli excepting the sméller red 6nes yiélded "relative
scotomata" at the fovea.‘ Spatial summafion was shown to iﬁcrease
wi;h eccentricity and decrease with increasing stimulus size under
fully-photopic but not ﬁnder fully—scotqpic conditions, but was

found in general to be greater under scotopic adaptationm.
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INTRODUGTION

Determination of Retinal Sensitivity Gradients by Perimetric Methods

Static Perimetry. Light-sense perimetry, the investigation of the
sensitivit? of thé visual‘system to'light‘in specific locations in the
visual field, canibe done using static or kimetic preéentation_of
stimuli. According ;o‘Traquair's (1927)’repreéentation of the viéual
field as a three-dimensional 'hill', kinetic perimetry (in which a
‘constant—lumiﬁance‘taréet is moved centrally until it is seen) repre-
sents the process of obtaining horizontal bearings (isopters), while
static perimetry (in‘which a stimulus is presented at one retinal
point and incfeaéed in luminance until it is seen) represents the pro-
cess of obfaining vertical soundings (profiles)_(Aulhofn & Harms,.1972).
Static perimetry yields more precise, definable information in a |
shorter period of‘time than does thé kinetic method. Fof én expérimental
'investigétion? it is important that factdrs which coﬁld influence the
outcome variable be dontrolled or at least precisely specified. In
kinetic perimetry, the moving stimulus complicates interprétation of
the data obtained as thresholdé, because teﬁporaltand spatial summation
are implicated in a compiex, interactive manner. In static perimetry,
invariant stimulus_duratibn cohtrols for tempéral summation effects
(Aulhorn & Harmé, 1972), so that spatial'summation can be studied
independently using a range of stiﬁulus sizes. AKinetic perimetry is
also limiﬁed in the kind of'information obtainable. For example, the
'depth' or relative loss of a scotoma could not be precisely specified

(Sloan, 1961) nor could the 'relative central scotoma' reported for



.short—wavelength stimuli (Vérriest & Israel, 1956a, i956b)‘be demon-
strated, with kinetic perimetry. Static perimetry is, by contrast, a
precise method yielding objectively-specified ﬁhreshold valueé for any
part -of the visual field. The.threshold values so obtained can be com~ ’

pared among stimuli of different chromaticities, sizes, and eccentricities.

" Chromatic Perimetry. Most perimetric research has been done with
achromatic stimuli, where objectivé‘specificatioﬁ of stimulus size,
duration, colour-temperature, and luminance are required. Chromatic
perimetry did receive some early reséarch attention (for example,
Ferree & Rand, 1919; Weﬁtworth, 1930). However, in much of the early
work objeétive specification of stimulus conditions was deficient, so
that the criticism was made that chromatic perimeﬁry did ﬁot.give
additional information to that already yielded by achromatic.perimetry
(Dubois—Poulsén, 1952). IWith ﬁhe advent of the Goldmann (Goldmann,
1945a, 1945b) and Tﬁbinger (Harms; 1960) hemispheric perimétéré, peri-
metry in general began to deyeiop as a precise method in which experi-.
mental conditions could be objectivéiy specified and thus meaningful
psychophysical data could Be‘obtained. As a result chromatic perimetry
>regained respectability as a useful, precise method, and has been
investigatea extedsively by Verriest and his associates (Vérriest &
Israel, 1965a, 1965b; Frangois,:Verriest, & Israel, 1966; Verriest &
Kandemir, 1974; Verriest & Uvijls, l977é,197ﬂﬂ as well as by others
(e.g., Nolte, 1962; Hansen, 1974; Carlow, Flynn, & Shipley, 1976).

Static perimetry with chromatic stimuli can yield two'types of
thresholds, the achromatic and the chromatic. The achromatic threshold

is defined by the AL required for the subject to detect the stimuius,



whether or not he perceives its coloer. The chromatic threshold, which
is generally higher than the_aehrematic at extra-foveal locations,.is
defined by the AL required for the subject.to perceive (and report)
the colour. of the stimulue. For a nUﬁber of reasons,_it was the
achromatic threshold which was of interest in the present investigation.
The cﬁfomatic threshold shows gfeater variability than does the achro-
matic (Aulhorn & Harms, 1972).- This is to. be expeeted, as it depends
on psychological variables, such as how long the subject waits to be
certain of the hue and how many choices he hae (i.e., how many pessible
colours). The complexiﬁy of the shbject's task in chromatic threshold
determination would thus necessitate an extended training period.
Also, beeause hue differences can be detected with no luminance dif;
ference, determining a chrematic threshold against a background of
different chromaticity may actually represent hue-difference threshold
deeermination (Aulhorn & Harms, 1972). Since thelaehrematic threshold
determinatien‘presents a simple task to the subject, and retinal
gfédients of aehrbmatic tHresholds indicate the‘relative light-sensi-
tivity across.fhe retina, aehromatic‘thresholds were determined. in the:
present investigation. |

Objective specification of stiﬁuli becomes a far mere coﬁplex
problem, both theoretically and practically, with the change from
“achromatic to chromatic perimetry. ‘The specifications necessary. for
achromatic stimuli--size, colpur%teﬁperature, and duration--must be
. standardized if increment thresholds obtained at different retinal
locations for achromatic stimuli are to Be directly compared. Such

precise specification is relatively easy to obtain, and much information



- has been gained concefning the sensitivity of the visual system to
"achromatic stimuli as a function of retinal ioéation; stimulus size{
background luminance, and subject age (e.g., Lakowski & Aspinall, 1969;.
Verriest & ﬁvijls, 1977a; Aulhorn & Héfms, 1972); quever,‘if stimuli
areito differ in thomaticity, a decision must be made on how such
stimuli aré_tovbe‘eduated. Tﬁo methods are possible, each implying:
different  assumptions about what the obtained thresholdsvreprésént.
Increment thfesholds to stimuli of varied chrométicity can be considered
equal in terms of radiant energy or of lﬁmihance. |

Radiometric equivalence'of chromatic-stimuli in perimetry has been
»advocated.as’the appfopriate.method<byvmany researchers (e.g., Ferree
& Rand, i9l9; Dubois-Poulsen, 1952;vAui£orn & Harms; 1972)., It is
" suggested that such physical energy specification of stimuli ié more
appropriate than photbmetric specification because the spectrai»sensi—
tivity of fhe foyea (i.e., Vx)-is not.represengative of thé spectral
sensitivity over~§he entife retina (Aulhorn & Harms, 1972). However,
with radiometric equalization, the one standard with which perimetric
data.can be comparedvié lost: the invariant foveal fhreshold. Radio-
metric equivalence of chromatic.stimuli.results in high foveal thresholds
vfor blue‘and red stiﬁuli relative to ‘that for green (and 'white'~=
achfomatic)‘stimuli; this merely‘reflects VK' 'Once éutside the fovea;'v
different thresholds for the chromatic stimuli then<reflect.not only
differences between foveal énd.éxtfa4foveal senéiti?ity, but also the
relative luminous effiCiency which is_knoﬁn to characterize the fovea.
This confounding influence can be.illuétrated by referring to Figdre 1,

which shows Nolte's results using monochromatic stimuli specified
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radiometrically. A curve coﬁld be drawn'through-the foveal threshold
pointS'for the seven selected Wavelengtﬁs; this curve in general form
'reflectS'Vk. vSince VA is well esfablished, if itslinflueﬁcé were
removed (by photometfically equating the stimuli), the foveal thresholds
would then éoincide, and perimetry would delineate the changes in sen-
sitivity as a function'of'reyinal position for stimuli of wvaried
.chroﬁaticity.

A numbér pf investigators have specified'their stimuli ahd nade
theirvmeasurements‘photometriCally (e.g., Verriest & Israel, 1965a,
1965b; Ronchi, 1972), Eut photometric eguiValence was noﬁ employed.
With the initial modifications of the Goldmann perimefer.ﬁsed'in the
present investigation, photometric-equivalence wés achieved and the
first chromatic perimetric results based on photometricallyFeéuated
stimuli were reported_(Lakonki, Wright, & Oliver, 1976,:1977). With
such equivalence, the stimuli are equated at the fovea, so.that a
sténdard is ‘established to which extra-foveal sensitivity can be com-
pared;

Once photometric specificétion'has been decided upon, it femains
~ to be decided how the stimuli to be presented under scotépic conditions
are to be equated: in terms of V>L or Vi (the sco;opic luminous effi-
ciency curve). The use of VX to equate all stiﬁuli at thé fovea has
the major advantage that phétopic and‘sqotopic adaptation results can
Bevmore directly compafed if both ére based on the same luminous
efficiency curve. The fact that all.eﬁuating has been done in terms of
beand therefore of the fovea must be considered when ipterpretipg

results obtained in this manner.



Adaptation. Increment thresholds are influenced by the ambient
luminance in a coﬁplex manner, presumably due to differential contri-
butions of the rod and cone systems at scotopic, mesopié, and photopic
levels. Photopic.vision has generally been considered to begin at
10 cd‘.m.n2 (LeGrand, 1957), although this value depends on the stimuius
size. Adaptation luminance of 10 cd.mfz has béen widely used in peri4
metric studies (e.g., Verriest & Israel, 1965a, 19655; Lakowski &
Aspinall, 1969; Carlow et.él., 1976). However, the original work of
Goldmann (1945c), on which ﬁhe specifications for the widely—use&
Goldmann perimeter are based,  proposed ﬁhe uée of 40;45 asb (12.7 -

: : . ) .
14.3 cd.m—z)-as the adaptatioﬁ luminance. This value was chosen to
fall in the middle of the rénge of luminances found in doctors'
examining rooms (Goldmann, %945c). At these adaptation luminapces
‘(10, 12.7; or 14.3vcd.m.—2), both rod and cone systems ;re active
(Aguilar & Stiles, 1954), so that it is difficult to dfaw conclusions
concerning the function of either.

If an attempt is made to study these two systgms separately, it
is necessary to éonsider whéther the two systéms are to be dealt witﬁ
as completely separate or as a continuum from scotopic to photopié;
There is no clear-cut solution to this problem. Sufficiently high
adaptation luminanée‘can achieve rod saturation (Aguilar &.Stiles,
1945)lso that fully photopic thresholds can be assumed to be rod-
free thresﬁélds. However, fully écotopic conditionsfdé not guarantee
that thresholds obtained uhder such éonditions are cone—f:ée»threéholds.

"Fully scotopic" refers to the condition wherein the threshold--that

is, the absolute threshold—-~changes minimally over time. This occurs



only when the retina is fully dérk—adapted. .Thresholds‘obtained under
“such conditions'would presumably be cone thresholds in any retinal
location which had no rbds——that is, in fhe foveola. One would'expect
then that beyoﬁd fhe 54-minute~offarc‘e#tent of the foveola (MoSés,
1975), any fully scotopic.thresholds would reflect rod sensitivity.
Data reporfed by Sloan (1950) sﬁpport this (see Figure 2). Using.
dark—adaptatioh methods, she found ‘that fﬁr an achroﬁatic (Illuminant
'C') stimulus subtending one degree of visual angle, rod thresholds
.were loWervthan conevthresholds at all poiﬁts tested except the fovea.
The eccentricities investigated rénged frbm 509 nasal and 90° femporal
to 3.5° from thé fovea, in the horizontal meridian. As was expected,
no rod compbnent was seen in the dark—adaptation cur&e oBtained'at the
fovea. These results would seem to indicate, .then, that for.an'
achromatic stimulus of lo.(or, presumably, smaller), thresholds obtaiﬁed
under fully-scotopic conditions may be assumed to be cone—free threéf
holds to at least within 3.5° and probably closer to the foveal centre;
Foveal thresholds obtained under these conditions would appear to be
cone thresholds. Whether theée results would be duplicated with
stimuli of selected chromatiéity is not known. vThis discussion will;
therefore, be restricted to references to fuily’phétopic apd fully
scofopic conditions; the‘forﬁer can be considered to refer speéifically
to rod-free functioﬁing, while the latter must be interpreted in a

more restricted sense.

(a) Specific review of relevant research. Fully-photopic
perimetry requires saturation of the rod mechanism, which occurs with

a retinal illumination of 2,000 to 5,000 scotopic trolands, corresponding
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to 120 to 300 ccvl.m._2 with a natural pupil (Aguilarv& Stiles-l954).l

1. Verriest and Kandemir

There has been nq data reported for sensifivity gradients estab-
lished under conditions of complete rod saturation. Verriest and
Kandemir (1974) did obtain foveal thresholds for monochromatic stimuli
against a background of 132 cd.m.“2 (I1luminant 'A'),'just.within the
lower limit of rod-saturation found by Aguilér and Stiles (1954).
‘They used five 116" stimuli ranging from 500 to 600 nm, and thus did
" not obtain any results with.a stimulué in the blue_portioﬁ of the spec-
"~ trum. Their resuits are shown in Figure 3. Théy found that the foveal
threshold:value, expreésed‘in radiometric units, was loweét for_green
stimuli (A = 528, 553 nm), higher for red (A = 600 nm), and still
higher for blue-green (} = 500 nm). The relative values of these
thresholds reflect fhe relative spectral luminous efficiency of thé
fovea. According to the CIE‘standard photopic rélati?e spéctral
luminous efficiency function (VA)’ the foveal sensitivity to these
wavelengths follows the same relative pattern: highest seﬁsitivity
to the‘green, lower to thé red, and still lower to blue-green. .This‘
'would‘seem to indicate that the relative spectral sensitivity of the
. fovea under fully-photopic conditions is similar iﬁ form to that
specified by the CIE VA function. This is interesting in view of the
fact that the VA curve was obtained under conditions in which thé
‘retinal illumination never reached-100 trolands (LeGrand,'l968), indi-
cating an adapﬁation luminance of about 10 cd.m.—z. The small size
of stimulﬁs used to determine VX (20; Wyzecki & Stiles, 1967) was

presumed to restrict the measurements to cones. This is supported by
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tﬁe similarity of the reiative values of Verriest and Kandemir's
thresholds obtained with sufficient luminance to approach rod satura-
tion. If the relative spectfal sensitivity of the fovea is truly
independent of,adéptation, one woﬁid expect ‘that  (provided all other
variables are held constant) foveal thresholds for a given waveleﬁgth
would ﬁot vary with adaptation luminance. Unfortunately; the above
proviso is seldom met, so that comparison, for example, Between‘
Verriest and Kandemir's data and the V., date can only be in relative,

A

‘descriptive terms. Nonetheless, if V, does hold under '‘fully' photopic

A
adaptation, it would be expected that photometric—equating of chromatic
stimuli in terms of VX Qould yield equivalent foveal thresholds at
fuliy photopic conditibns. |
| One further asﬁect of Verriest and Kandemir's investigation war-
rants mention: they used a light‘source with the spectral distribu-
tion of Illuminant 'A' to aéhieve the adaptation of 132 cd..rn.-.2
- The low enérgy of this source in the shorter wavelengths may have meant
that not all response systems of the eye were under fully-photopic
conditions. | |
2. Sloan

Sensitivity gradients for achromatic stimuli under fully scotopic
-conditions (dark -adaptation) have been reportéd by Sloan (1939, 1947,
1950). She used a 1° squaré, CIE Illuminant 'C' stimulus which was
presented'for one second. Her invéstigation took the. form of dark
adaptation.curve determinations, and thus involved ascending and des-
cending stimulus presentations. Figure 4 shdws the sénsitivity‘gradient

for a normal eye determined in this way; Figure 5 shows curves for the
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mean gradient (N = 101) plus or minus 2.sténdard deviations.

‘Severai points can be made about‘these results. First, it is
apparént that the_scqtopic sensitivity to this stimulus is highest in
the mid-periphery, falling off rapidly af the fovea aﬁd more slowly in
the periphery. This relative drop at the fovea has bégn referred to
as a relative central scotoma.. When using this term, it is important
- to‘keep in mind that is does not imply a loss.of éensitivity at the
fovea; the fovea‘simply does not show as large a gain in sensitivity
as other retinal locations under scotopic conditions.

Thevsecond notable aspect of Sloan's data is the wide variabiliﬁy
in sensitivipy indicated‘by Figure 57 The reasons qu this wide
variability are not easily identified. The fact that the data ié based
on subjeéts from 14 to 70 years of age is likely a contributing fagtor,
as age has been shown to influence'retinél sensitivity (Lakowski &
Aspinall, 1969; Verriest & Uvijls, 1977a). As weil as the»ége factor,
whetﬁer or ﬁot-the variability refleété actual variation in the normal
light sense is obscured by the lack of'precise:control of fixation uhdep
fully scotopié conditions. Provided there is some light illuminating
the subject's eye, the experimehter'canxmonitor fixation continuously
throughout the testing and disfegard responses made wheén fixation was
noﬁ maintained. If,‘however, conditioﬁs of complete dark—adaptation
prevail, unléss1an-iﬁfra—red ligh£~sensitive fixation monitor is used,
the experimenter must rely on the‘éubject's subjeétivéuiﬁptessidn that
" he is fixating precisely.

Sloan, as well as others who have reported scétopit sensitivit&

- gradients, did not monitor fixation, but relied on the subject's report
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that he was.fixéting. Thus; it is not possible.té téil whether the
variation she observed was due entirely to variance in the light-
‘sense or was'partially the result of lossesléf fixation;_ The large
foveal variation is particularly suspect in this regard. If,‘indeed,
'the‘fo§éal sensitivity is greatly and sharply'rgduced from thét of
adjacent'areas, any small.shift of fixaﬁion woﬁld yield a much higher "
senéitiVity, This may be seen in Figure 6. If ghe foveal threshold
is actually at the value a, a fixafion shift of 2° wouldbyield a
'foveal' threshold of b, which might be as much as 0.5 to 1.0 log unit.
lower (more sensitive) than a. As the litératpfe to date indicates
that such a foveal 'relative scotomah does exisﬁ (Sloan; 1939, 1947,
1950; Nolte, 1962; Wentworth, 1930), control of foveal fixation would
appear to be an exceedingly important aspect of scotopié threshold
determination.

Refurning to Sloan's work, it is impoftant to note that. for fdveal
fixétion, she used a 6° diameter pat£exn of four.radium—painted dots,
into the centfe of wﬁich the 1° square stimulﬁs was projected. The |
possibiliﬁy of fixation shifts cannot be ruled out as a factor in the
wide.variability in the}foveal thresholds determined. More importantly,
the actual value of the foveal threshold cannot be specified with any
certainty. There appears. to be a natural tendenéy under'scotopi?
conditions, Eo‘shift fixétion until the stimulus image falls on a more
sensitive paracéntral area of thevteﬁina. It isiqbvious that the only
solution to this problem woula be to directly monitpr.fixation through-
out scotopic threshold determination. .Unfortunately,.this presents

" .considerable methodological problems, and has not been done in ény of
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Figure 6 Hypothetical graph of retinal qensitlvity
vs. eccentr1c1ty under fully- SCOtOplC conditions.

Refer to text for explanation.
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the scotopic perimetric studiesvreported thus far.

Aéide from the highly variable foveal thresholds, Sloén's data
also indicate considerable variation in the threshold obtained right
across the 0°-180° meridién, this variability being greatest in the far
_'periphery, and decreasiné as eécéntricity decreases. Aulhorn‘and
Harms (1972) reﬁort similar results; éxgept that their minimum varia-
tion wasjfound at 0° as opposed to the large variation at 0° found
by Sloan. As was pointed out, the fovgal thresholds under scofopic
conditions are very unreliable, so that this difference between the
two studies is difficult to inﬁerpret. Aulhorn and Harms found this
same variébility pattern under othér adaptatibn conditions (wherein
fixation was presumably mohitored),:except that the.magnitude of the
variations tended to decrease as adaptation luminance was increased
from 0 to 100 apostilbs. Using dark adaptation methods, Lakowski;
Drancegb&fGoldthwaite,(l976) also found smaller &ariétiOnsvin foveal
as opposéd to periﬁheral thresholds.

3. Wentworfh

Wentworth (1930) 6btained scotopic sensitivity gradients oﬁ the
00—180o meridién for various 1°16' monochromatic stimuli (A = 672.5,
581.5, 522, and 468 nm). .Her data is all based on one sﬁbject;‘and
a foveal fi#ation device fitted'preciSEIy to this‘subject was ﬁsed.
This consisted of a pattern of four radiﬁm—painted dots so'positipned
as‘to fall within the subject's blind spot only.when she was fixating
correctly. Foveal threshold data was collec;ed only when these four
dots‘diSappeared from her viewf For other retinal points, a similar

pattern of four dots of radium-paint subtending 2° was used which
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| would diSappear (due to.the 'relative central scotoma') when fixation
was.correct;
| Wentworthisiresults are reported ‘in radiometric units. It would
be'expected,.then, that the foveal sensitivities would be in the order
of 581.5 (yellow) > 522 (green) > 468 (blue)‘> 672.5 (red), as this
is the ordet of spectral efficiehcies for these wavelengths as specified
by Vx-(Stiles & Wyszecki, 1967). This was not found; the foveal sensi-
tiQity otdet was green » blue > yellowi> red. This is rether sufprising,
particulerly as the blue and green foveal senSitivities-were almost |
identical, in séite of the fact that VA gives a ratio of 1:9 (468:522.'
nm) for the relative sbecttal efficiencies of these wavelengths. The
fact that the stimulus used subtended 1°16' of visuel‘angle implies
that the 'foveei' thteShold may not be strictly a rod—free threshold;
and the order of foveal specttal sensitivities obtained might reflect
Vi rather than VX' The results appear to support thisi_ tte relative.
spectral efficiencies of these wavelengths according to ermﬁ green >
blue > yellow > red; the saﬁe order as was obtained for sensitivities.
It would seem that Wentworth's foveal threshoids can beiinterpreted'
as tod threshplds, assuming the rods present withiﬁ 68' of the foveal
centre are more sensitive than the cones under fully_scetopie condi-
vtiens. It is also importsnt to note that the monochromatic stimuli
used were prodsced by a spectroscoﬁe with a constant slit width (i.OS
mm). This would result in different amounts of energy reaching the
eye for different Wavelengths, as more short—wavelength energy would
be sempled by a given slit-width than long—anelength energy. This

would then represent yet another variable influencing the thresholds
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obtaiﬁed for the different‘chromatic>stimuli;
_Considering now the entire éensitivity gradients obtained by
Wentﬁorth (see Figure 7) wherein sensitivity is plotted as a fuﬁction
of eccentricity, shows that at all fetinal_points tested; the highest
Sensitivity was to the green and the lowest was to the red stimulus.
The foveal relative sensitivity order (green > blue > yellow‘>.red)
is nofrprecisely reflected peripherally, where the order is green ;
yellow > blue > red. Tﬁe apparent reversal of the yellow and blue in
the order of sensitivities between the central and pefipheral field
maybnot bébsignificant, as the magnitude of the,difference at the
fovea is‘small.(.46.log units) as compared to thét invthe periphery
(Figure 7). For all stimuli, a similar trend to that found for an
achromatic stimﬁlus (Sloan, 1939) is seen: maximal sensitivity in the
.mid—periphery, falling off rapidly at the‘fovea, and moré siole in
the»far periphéry. The separation of the gradients for thé different
chromatic stimuli pfesumébly reflects differences in the dark-adapted .
‘retina's sensitivity to_stimuli of different spectral composition.
Whether these peripheral spectral sensitivity differences are the éame
>aS those of the févea is obscgred by the fact that the stimuli were
not photometrically equated.

As with Sloan's data, it must be kept in mind that the_validity
of Wentworth's results depends on whether fixation was cbrreétly
maintéined during all measurements; Although her techniques for
ensuring fixation %ould seém»morevaccurate than any others thus'fér
repofted, Wgntworth stiil relied on a subjective impressionlof stable

fixation rather than an objective measure.
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4. Nolte

in 1962 Nolfe used the Tubinger perimeter to obtain scotopic
“ sensitivity gradients on the 00—180o meridian to monochromatic
stimuli'sﬁbtendiﬁg 30" of Qisual angle. .His data are based'én three
spbjects, using stimuli of seven wavelengths}from 453 to 658 nm.
Figure 8 shows the 10°vnasa1—o°—10° temporal segments of the gradients
he obtained. Once again, radiometric specification of stimuli has been
used, and the relative values of the foveal thresholds reflect tﬁe
form of the VA curve, with the‘foveal sensitivity to A =,523.5 nm
being highest'and that to>k = 658 nm the lowest.

Nolte compared his results to Wentworth's (Figure 9). The major
discrepancies between the two sets éf data ére as follows. First,
Wentworth's sensitivity grédients aré all higher than Nolte's and this
‘_incréased sensitivity is not uniform across the retina, beihg greatest
‘in the periphery and smallest in the central»and paracentrél areas.
This presumably reflects the difference in size of stimuli used; |
Wenfworth's stimuli were approximgtely 2)5 (2.53) times as large as
Nblte's. The increased sensitivity to the larger stimuli reflgcts
tﬁe spatial summation capacity of the retina,‘and the greater increase
seen in the periphery indiéates a higher capacity for spatial summa-—
tion.there. The second major difference between Wentworth's and
Nolte's results is in the foveal seﬁsitivity to long wavelengths.
While Wentworth found a relatively lower sensitivity in the fovea to
all stimuli including the red ome (A = 672.5 um), Nolte did not find
this foveal 'dip' at the l6nge$t wavelengthﬂused (A = 658 nm), though

he did find one for A = 599 mm. It seems unlikely that the stimulus
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size wds an important factor here. Wentworth's stimulus (1016‘) most
iikely stimulated reds as well as cones, so that, if anything, one
would expect greater sensieivity than if cenes alone were stimulated.
However, the low scotopic spectral luminous efficiency of this Qave—-
length'(QOOOl) makes it unlikely that the rods would contribute much
in any case. It is quite possible that control of foveal fixation is
an important factor in this discrepancy. Nolte used an achromatic
pattern consiStiﬁg of a circle having four partial radii-pointing to
- tﬁe centre, whefein the sti@glus was presented. With such a fixation
devise, ehifts of fixation are quite possible and cannot Be monitored.
The possibility, therefore, exists that foveal sensitivity to this
stimuius was not assessed accurately.

Subject Variables. Luminance thresholds determined>by static

perimetry have been shown to Be influenced by a number of subjeet-
related variables. Refractioﬁ abnormalities are kno@n'to faise thres}
. holds within 25° of the fovea (Aulhorn & Harms, 1972). If is necessary,
then, that normal eensitivity gradients be obtained with emmetropes.
There is, of course, a practical limit to this criterion. An emme-
tfopic»eye is defined by Adler as "oﬁe in which the retina ceineides
with the éosterior prineipal focus of fhe optical system when the
muscular activity controlling focusing is at a physiologic minimum"

( Mose$,1975,‘p. 298).l The precisely emmetropic eye according to this
definition is a non-existant phenemenon clinically (Newell & Ernest,
1974); for practical purposes an eye may be considered emmeeropic if
it is assessed by objective refractive methods at'ZO/ZO Snellen

acuity with a correction of less than *.5 diopters (Drance, Note 1).
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~Colour vision deficiencies influence increment thresholds for
some chromatic stimuli. Verriest and Israel (1965b) and Verriest and
Uvijls (1977b) have shown that protan, deutan, and tritan defects are
associated with increment sensitivity losses fér the.long, middle
(arouhd 500 nm), and short waveleﬁgths, respectively; ‘In addition,
for all colour vision defects, it was found that.foﬁeal sensitiVity'
was feduced for all stimuli and the 'relative central scotoma' for
thé short wévelengthé was also reduced (Verriest & Israel, 19655;
Verriést & Uvijls, 1977p). Lakowski et al. (1977) presented contra-
dictory evidence: a protanope showed, in addition to ?educed sensi-
tivity to a red stimulus, inéreaséd.(relativé to the normal) sensi-
tivity tb a blue stimulus.

The effect of age on perimetric sensitivity gradients’has been
inﬁestigated.by Lakowski and Aspinall (1969) and By Verriest and
Uvijls (1977a). _While the lattér used monochromatic stimuli, Lakowski
aﬁd Aépinall used an achromatic targét. In both cases, age was shown
to iﬁfluenée sensitivity, But different age éategories were used in
each case.' Lakowksi and Aspinall's age groups of 13415 and 17-25
yéars of age showed the highest sensitivity both centrally and peri-
pherally,_sensitivity being lowér in both younger and older age groubs.
It is'impbrtant to note that these subjects were not claséified aS
emmétropic. Though the 13-15 and 17-25 year age groupsbhad a mean
visual acﬁity:of 20/20 Sneilen, thé older age groups had iower mean
acuities. However, when oniy subjects with acuity of 20/22 Snellen
or better were considered, the older age.gfoups (except perhaps thé

26-35 years group) still showed reduced foveal sensitivity. Verriest
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and Uvijls' results indicated that 'younger' subjects (10-15 years)
were iess sensitive in the fovea, but more sensitive-peripﬁerally
than a 'medium' group (16-41 years). This was a.genetalvfinding over
all wavelengths used exceptiﬁg 480 and 553 nm, for which the young
groeﬁ was more sensitive at'ailbﬁoints tested (180O meridian, 45°
nasal to 00). The wide‘range of their imedium' group makes it diffi-
cult to eompare this to Lakowski 'and Aspinali's results. In general,
both etudies indicate that fqr large age differences, age exerts a
significant effect on leﬁinance differeﬁce thresholds.

. Practice has been shown to infiuenceliﬁcremeht thresholds, but
the effect ie not the same for all subjects (Aulhorn & Harms, 1972).
Pre-selection of subjects showing cqnsietent reséonses to theAtask of
thresﬁold determination would be eXpeeEed to feduce ﬁhis'practice
effect.

There is some question concerning the impertance of pfior know—
ledge of stimulus locatioe. Grindly and Townsend (1968) aqd.Mertens
(1956) found ﬁhat foreknowledge of stimulus location did not signifi-
cantly affect the probabiliﬁy of detection. However, Engel (1971)

" found thet such foreknowledge did increase the 'eonspieuity area',

the retinal area within which a 75 millisecoﬁd peripherel stimulus is
detected. If, in fact, foreknowledge of the location influences
detection, it is impertant in perimetry that either.randem presenta-.
tion be used or that the subject kﬁow prior to tes;ing the sequence of
test. locations to be used.

Pupil size is a subject variable which.infieences increment

thresholdsbby limiting the amount of light reaching the retina (Sloan, .
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1940). Experiméntal-cohtrol of pupil size can be attainea through use
of an artificial pupil or drugs to fix pupil size. Neither éf'these
methods are appropriate for a perimetric examiﬁation-(Sloan3 1940).
Use of ahvartificial pﬁpil requires rigid stabilization of the subject -
using a full dental-bite apparatus, as any small mpvemeht of the eye
may change the relative_posiﬁions of ﬁhe artifical and natural pupils.
This would present practical difficulties not necessarily justified
by. the gain'in precision. The use of drugs to‘fix pupil size is ﬁof
advisable for‘practical and ﬁheoretical reaéons. Not only would it
necessitate the présencé of a medicai'assistant at all test sessions,
but the use of drugs is only.possiblé on the‘assumption that»they
affect only the autonomic and not’tﬁe éeﬁtrallnervohs system, an
assumption which seems unﬁarrénted considering the involvement of

parts of‘the’CNS in some autonomic reflexes (such as the acéommodation

reflex, Barr, 1974).

ASpatial Summation and Static Perimetry'

The effécts of stimulus area (A) and stimulus luminancg (L) on
absolute threshold are generally acéepted to be inversely related for
small targets, but thé exact relationship appears ‘to depend on many
facfors. Ricco's law of complete spatial summation (L H A = constant)
seems to hold in the fovea, but oniy fdr very small targets (less than
lO')}(Baumgafdt; 1972); Piper's law of éartiél summétion L - A%_=
constaﬁt) has been shown to hold in the periphery for stimuli up fo

1° (Baumgardt, 1972). However, factors such as stimulus duration and

chromaticity can influence the relationship between A and L at threshold.
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Assuming that no simpie law exists relating the two under all condie‘
tions, it would be ueeful to have some measure of this:relationship
which could be‘compared among conditions varying along one dimension
enly: for example, chromaticity.

Goldmann (1945a, 1945b) suggested 'k', the 'exponent of summation',
as a meaéure of the area-luminance relationship at thresholds obtained
via kinetic perimetry. K was defined by the following equation:

£\ ¢

P =\ — (1)

F '
where ® is the transmittance of the neutral—density fiiter required to
maintain the field size_obtained wieh a stimuius of size FO', using
a stimulus of size F. This formulavgiveé an objective measure of>thev
area—luminance relationship based on thresholds obtained yia kinetic
perimetry, wieh.k = 1 representing complete‘spatial summation and
k = 0 representing no summation. Goldmann found that k'=l0.84 fit his
data well.

Kinetic perimetry gives different data than does static perimetry,
andlby its nature, yields data in which spatial and temporal suﬁmation
interact. Even if onevadapted Goldmenn's formula'for use_with static
data, the resulting k ?alues could not be directly compared to those
obtained with kinetic methods;

From tﬁebproposed inverse relatiohship between A and L, spatial
summation can be define& by the formula L --Ak = constant, where k is
the exponent of summation which theoretically can vary from 1 (no

summation) to 1 (completé summation) (LeGrand, 1957). From this

formula, the value of k for a change in stimulus size from Al to A2
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may be defined by the following formula:

log L
- log A

+‘log L2
- log A

1
2

(Gougnard, 1961) . (2)
1 . '

whefe Ll énd L2 are the absoiute thresholds obtained‘with stimuli of
areas Al and AZ’ respectively.

This formula provides an objective measure 6f spatial summation
when aﬁsolute threshdlds afe.involvéd,,and can therefore byvjustifiably
used for perimetric data obtained undernfullyéscotopic conditions,
However; when perimetry involving ény édaptation luminance is doné, av‘
prdblem arises in how to define k. Spatial summation has been Studiéd
_and the laws thereof defined strictly in terms of absolute rather than
increment thresholds (Baumgardt; 1972); some measure of spatial .summa-
tion under photopic or mesopic conditions is fequired.'

What is in fact required is a.measﬁre of the difference between
the luminance increments necessary for detection for stimuli of different
areas. 1t would seen appropriate thep to use AL in place of L in the
expression L - Ak = constant, If comparison is required between data
obtained at different'éaapﬁatidn lumihances, é% could réplace L to
take into écc0unt the fact that AL is prébortional to édaptatibn
‘luminance. Calculation of k via formﬁlg (2) would tﬁus yield the
same k vélues using either AL or é%—vi’f L was conétant. Hence, formﬁla
(2) may be replaced by the following forumla for calcuiating k under

conditions of constant adaptation illumination:

log AL
N log A

1 log AL

2

2

~ log Al (3
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However, comparison between k values calculated for absolute thresholds
(formula 2) and increment thresholds (formula'B) must be done taking
inta account the faét they are distinct entities: éne reflects the
.spatial summation capacity of retina when absolute thresholds are
in?olved, while’the other reflects‘spéﬁiél summation with respect to
increment thresholds.

Specific Review of Relevant Research. In his original work,

"Grundlagen exakter Perimetrie'', Goldhann (1945a) studied.the‘summa—
tion capacities of the retina using kinetic perimetry. He defined the
summation exponent k by formula (l), and found that it had a value of
approximately 0.84 in the normal retina. This value has been widely
quoted in studies of summaﬁion involving static perimetric methods.
The fact :haﬁ this kvvalue wés derived using two moving targets, and
pertains to_é point in the periphery where equiValent isoptefs were
were obtained using different area-luminance stimuli;”makés it
questionable whether it can be compared to static data.

Fankhauser andsﬁmnidt (1958, 1960) compared. the spatial summation
seen in stétic andﬂkinetic.perimetry using‘tﬁe Goldmaﬁn perimeter. They
did not calculate values of k, but used the slope of and separétion
between SQnsitivity gradienté as a measure of summation. The summaQ
tion'factor determined qsing kinetic perimetry with different speeds
of movementf(SO/sec and lolsec) was not constant, Beiﬁg greaterAfor
'phe greater‘target speed. Scatter‘Was also increased for a higher
spéed éf movement . .However, both the static and the two kinetic
methods indicaﬁed that summation increased from the central to peri-

pheral fields (indicated by an increase in the_vertical separation
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between gradients obtaineq with‘different sizeé), and thaﬁ'summation
-decreased as stimulus sizé increased.v'It would seem then that static
and kinetic methods lead.tb similar general conclusions concerning
spatial.suﬁmatien, but that the static methéd is preferable as it
avoids complication by temporal variables.

Fankhauser ?nd Schmidt (1960) also studied summatioﬁ under.dif—
ferent,levels of adaptatidn, from 0.04 to 40 asb (0.013 - 12.7 cd.m._z).-
They found that summation increased as adaptafion decreased, the
magnitude of this effect being simi1af centrally and ﬁeripherally.

Fénkhauser and Schmidt also noted that there was considerable
' variabiliﬁy in all the results, and while no statistically significant
correlation between adaptation 1umi§ance and scatter was found, the
data did indicate an increase in scatter with-decfeaséd adéptation
luminance.

Sloanv(1961), using static perimetfy,'determined'Valués of k
under mesopic‘(L = 10 cd;m.—z, CIE Illuminant 'A') conditions in the
Goldmannbperimeter. She confirmed tﬁe results- of earlier reséarchersﬁ

.Spatial summation was shown to decrease with increasing siée and to
increase with eccentricity; In additiqn, she.was able to quantify
these results in tefms of the summation exponent k.. Rather than cal-
'culate k‘according to formula (3), éloén plotfed the inc;eﬁent,thres—
hold as a function of stimulus aréa,_and then took the slope of.thé
bést-fitting line as 4&according‘td the iine equationvlog‘AL =
-k log A + constant (Figure 10). - She found that a straight line could
be fit té the points corresponding to Goldmann sizes 0-3- (.0687 to

: ) . v
4.4 mm”), but not to those for the larger two sizes. Considering then
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only.sizés 0 to 3 , Sloan obtained values of kArahging ffom 0.90 (at
45° nasal) to 0.55'(at Oo) which decreased as eccgntricity deéreased.
From this data one would expect that values of k‘calculétedbvia formula
(3) would be very similar, at a given eccentricity and at an adapta-
tion of 10 cd.m._z, for‘sizes 0-3, 1-2, and 2-3. The largef sizes
would be expected to give.generally lower values, as the sléﬁes of -
lines drawn between sizes 3 and 4 or 4 and 5 in Figure 10 would be
léwer than the slopes determined for the smaller sizes.

Gougnard (1961), again using the Goldmann'périméter_with‘an
adaptation of 10 cd.m?z, CIE Illuminant 'A', obtained values of k
between sizes - 0 tol for thresholds obtained on the nasal meridian
for 20 normél subjects. He also determined k for sizes 1-2, 2-3, and 3-4
but only on the lower temporal meridién. He agéin,éonfirmed that the
value of k (feflecting summation capacity) increased with eccentricitf
and decreaéed with inéreasiﬁg stimulus size. -His k valuesrwere cal-’
culated fof each individual eccentricity measureé (using formula 3).

_For the fovea, he obtained k = 0.49 (sizes 0-1), Q.39 (sizes 1-2),
0.17 (sizes 2-3), and 0.18 (sizes 3-4). fhese are all lower than
Sloan's mean Qalue of k, for sizes 1 to 3, of 0.55. Conversely, at
30° nasal, Gougnard's k values of 0.99 (sizes 0-1) and 1.09 (sizes
1-2) are higher than Sloan‘s:(0.88). Both studies weré done using the
same instrument, Sloan having used an auxiliary £ixation,device'for
measuring foveal thfesholds, 5ut_it is possible that séme unspecified

" variables such as stimulus duration, age, or refractive error of sub-

jects (Gougnard specified his subjects as émmetropes aged 22-25 years;

Sloan specified her subjects as 'normal')'may have been partially
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responsible for the differences. However, the large standard devia-
tions found by Gougnard (Table 1) indicate that considerable individual
“variation exists in spatial summation as reflected by k.

The general cooclusions which cao be drcwn_from‘the foregoing
investigations may be summcrized as follows., First, spétial summation
iscinversely proportioﬁalbto stimulus size and adaptation luminance,
énd directly proportional to eccentricity. "Second, considerable
variation is éeen in'the normal retina's threshold responses upon
which measures of spatial summation arc’based, Becauce of the multi-
‘tude of factors which cén influence threshold measufement'(subjeCt age,
acuity, colour vision; stimulus spectral composition, duration, etc.),
it is difficult to determine how much variation is actually doe to
variability of the light-sense itself. 4Therefore; variability in
summation cépacity as measured by k (e.g., Cougnérd, 1961, see Table 1)
may, in fact, reflect variance in only thc iight secse rachervthan in
summation capacity; The exact nature‘of the proportionalities mentioned
in the first point héve not been defined, largely due to this wide.

variability.

'Proéosal.

It was apparent from the literature.that littie ioformatioh has-‘
been presented on recinal seositivity gradients'tofchromatic stimuli
uhdef adaptation‘conditions capéble of separating thc photopic and
scotopic response systems. Photometric—equivaience of chromatic scimUIi
had.rarely been used, and the'spatial summation-of chromatic stiﬁuli

had not been investigated. It was therefore proposed that normal
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Table 1
Means and Standard Deviations of Summation Coefficients (k)
Determined with Goldmann Targets 0 and 1 on the

Nasal Horizontal Meridian (Gougnard, 1961)

Eccentricity v X ) o
0° 0.49 0.20
5° 0.87 0.25
10° ~ 1.02  0.20
15° 0.98 0.22
20° 1.03 0.16
25° 1.00 0.13
o
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retinal sensitivity gradients be established for*photoﬁetrically—
equated chromatic stimuli of varying size under both fully-photopic
and fully-scotopic conditions. In‘addiﬁion; it was proposed that the
spatial summation capacities.of the normal retina be explored for

. such photometrically-equated stimuli using seeeral stimulus sizes
under fully-photopic and full&—scotopic conditions.

Hence, achromatic thresholds were to be determined at 13 points
on the 0—1809.meridian; from 40° nasal to 40° temporal. Stimuli sub-
tending,6.8, 13.6, 27.2, and 54.3 minutes at the'eye‘(at 30 centimeters)
were to be presented, gradients being obtained for_eaeh size with-an
acﬁromatie (Tc = 6000K)'and red (XD=V623 nm), greeﬁ (XD= 504.5 nm),

" and blue (X6=460 nm) chromatic’Stimeli."Such éradients were to be
ebtained.under conditiqns of fully-photopic (L = 250 cd.m._z) and

 fully-scotopic (L = 0, dark-adaptation) conditions.
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'METHOD

AEEaratus.

Perimeter. All data Qasvobtained using a modified Goldmann Pro-
"jection Perimeter (Lakowski ef al., 1977; Lakowski & Dunn, Note 2) (sée
Figure 11). It is a hemispheric perimeter allowing the determination
of luminance thresholds at épecific.points in the Visgal field. .The
- stimulus is prdjected on the inside of the hemisphere (the adaptation
bowl) élong a light path consisting of a series of front-surface
mirrors,. focusing lenses, and a prism. AA pantograph connecting the
stimulus projector arm and a‘marker on the data chart provides precise
specification of the posipion of the stimulus.

Both the adaptation field (for 'the photopic condition) aﬁd.the
stiﬁulus were provided by xenon-arc lamps,fof correlated colour tem-
perature TC = 6000K. The spectral distribution of the xenén—arc appro;
- ximates that of the CIE Illuminant 'C; (see Figure 12). Thus, the
photopic adaptation luminance was high quite consistantly-across‘the
visible spectrum, so that all response—systéms of the eye were under
fﬁlly4photopic‘conditions.’ The spectral distribution of the stimulus
xenon-arc sourée, together with its high luminous output (8000 cd.m.—z)
proQided the required high luminance at all visible wavelengths
including the short (blue) wavelengthé.. The stimulus_sburce was a
Leitz XE 75, a 75-watt xenon-arc lémp housed in a Leitz;Lamphouse 100,
mounted behind the hemisphere on the subjecﬁ;s left. The adaptétion—
field source was a Leitz XB0O-150, a 150-watt xenon-arc lamp, housed

in a Leitz Lamphouse 250 mounted on the upper edge of the adaptation
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» bowl on the subject's righﬁ. Both lamps were cooled By an éxtractibn
fan, which:directed some of the heat as‘well as the ozone produced
'vby the lamps into the building's exhaust duct. The output of the
adéptation source was dirécted up to the top of the adapﬁation bowl .
from which i£ was diffused throughout the bowl. A diffusion‘baffle.
mounted across thevupper edge of the bowl aided this diffusion and

. decreased loss of light out'of‘the’Bowl.. The high lﬁminance, I1llu-
minant 'C' character of the adapting field was further ensured by the
surface of the bowl, wﬁich was paintgd with Kodak Easfman White
4Reflec£ance Paint. This pro&ided a surface with 98% reflectance across
the visible spectrum. = In this way, an adapting field of 250 cd.m._z,
Tc = 6000K Qas achievgd.

The luminénée of fhe stimulus was varied by blacing'neutrél
density‘filters_in the light path. A series of such filters are.
mounted in the instrument, allowing reduction of‘stimulus iuminance by
tﬁo log units, in Q.l lbg unif steps. Tﬁo filter caps, éachAof\which
reduceS'the.stimulus lﬁminance by two log units, can be mounfed on the
pfojector arm. In addition, two‘setsvof neutral density filtersl; each
set reducing stimulus luminance by 2 log uniﬁs, could be inserted
.directly in-front of the stimulus source. As a result,-the.stiﬁulus
-luminance was variéble,,in 0.1 log unit steps, over a range of ten
log units. The stimulus size was varied by meané.of'a series of dia-
vbhragms built into the instrument. The stimulus sizes used were .275,

1.1, 4.4, and 17.6 mmz, WHich subtended visual angleé of 6.8, 13.6,

'Wild Leitz #126131 NG4, diameter = 32 mm.



27.2, and 54.3 minutes of aﬁgle at the subjeét's é&e (at a'disténce of
30 cm ).

Stimulus_presentation was controlled by an automatic shutter
mechaﬁism which presented the stimulus for 150 milliseconds, with an
interstimulus interval of one second. . During all tésting, an éuxiliary
mechani;m‘kept a steady 'clicking' sound going at one 'click' per
second. This served to mask the sound of the Shﬁtter opening, which :
'wduld repléce'the auxiliéry sound when the expefimenter activatea theb
shutter mechanismi In this way, ﬁhe squect could not‘use.the sound
of the shutter as a clue to determine when the stimulﬁs was presented.

| The eye to be tested was positioned by having the subject sit
with his chin in the chin-rest and his forehead against a restraining
band, the non-test eye being covered.by a white diffusing occiuder. |
The experimeﬁter positioned the eye by moving the chin-rest while the
subject fixated on the central black spot in the adéptationAbowl.' This
spot is the base of a telesgope thropgh_which the experimenter views
the eye and centres it using the crdss—wirés in the teléscppé. These
ctoss—wires'have millimgterbgradations for measurement of.pupil dia-
meter. When the eye was centered, the distance from the qorneal
surface to any point on the bowl  was 30 cm.

For scotopig»measurements, a red.pfobe light was used which was
inserted in the mountiﬁg cylinder for the‘perimeter'é telescope,-the
luminance being controlled by a vafiag. This red pfobe light was the
fixation-point for ali extra—fovealftesting under scofopic conditions.

Foveal threshold measurements.were made‘using a alightly differént

' proéedure for the photopic and scotopic conditions. For the latter,
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the auxiliary fixation device provided with the instrument was used.
This device projeCts a patternjof four lights in a diamoﬁd shape,

each light subtending approximately seven minutesAand the eﬁtire.pati
tern subtending two.degrees of‘visual-angle. This pattern is projected
at‘a point centered at five degrees to the subject's right of the
adéﬁtation bowl's‘centre. The subject was instruéted to fixate on the
centre of the pattern, and indicate when he saw a light. The projector
was'fittéd With a’red cinemoid filtérz, and its. luminance céntrolled
with a Variac. Two séoptopiq foveai thresholds were qbtained using
this device, one with the fixation paﬁtérn just Earely visibie to fhe
subject, and one with the pattgrn slightly higher in luminance.

Another similar fixation pattern which subtended 3.4 dégregs of visual
_angle was also ﬁéed to determine the scotopic foveal'thféshold, again
at two luminance levels. Thus, four determinations of the foveal
Athreshqld were made during each scotopic test.

The aﬁxiliary fixétion device describéd above could not be used

in the photopic conditioﬁ, as it waé not bright enough to be seen
against a background df 250 cd.m._z. Instead, a small.ﬁlate on which
' wére painted four_black dots was affixed to the edge of the adaptation
bowl on the.subjéct's right, the péttern béing centered At'64 degrees
in the 0;180O meridian from the centre of the Bowlf.vThis patterﬁ sub-
tended two degrees.of visual éngle. The subject was ihstructed to turn
his eye and fixate on the éentre Qf this pattern, and indicate when'i

he saw a light. This was found to yield'the same thréshold as the

*Primary Red #6, Spectacular Productions Ltd.
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four—light‘pattern method»wheh the two were compared at an adapfation
luminance of 10 cd. m.—z. |

The perimeter was‘surrounded by a framework of black cardboard
and cloth which prevented extraneous light from the xenon-arc lamp
or the data-chart illumination from reaching the adaptatién bowl during

" scotopic testing.;_

Photometer. The'Goldmann perimeter comes equipped wifh an A.G.
Metrawatt Luxmeter for measuring intensities. Measurements in the
Qisual laboratory indicated that this was an imprecise inétrument,'and
iﬁ any casé; it is not‘equippgd for precise measurement ovérlthe range
reduired for this inveétigation. Therefofe, aé ip the.egrlier work’
from this léboratory (Lakowski et al., 1976, 1977), é Speétra Pritchard
vPhqtometer (Modelll970~PR) for which COrrectién factors are available

to correct the spectral sensitivity to V was used for all luminance’

A

measurements of both targets and background..

Subjects‘

. Because this inVestigatiqn was intended to study normal photopic
-and scotopic sensitivity gradients to chromatic stimuli; subject vari-
ables thought to infiueﬁce the thresholds were controlled where pos-
sible. All subjects were emmetropes with normal colouf‘vision, ranging
from 16 to 29 years éf age (éée Table 2).

In preliminary investigations pupil size was fo@nd to be fairly
iconsistent for the subjects of intérest, but pupil dimater‘was, in any
" case, measured before and affer each photopié test éession, and moni-
tored during photopic testing. This was done using the telescope

.through which the experimenter observed the tes eye. The telescope has
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Table 2

Subject Data

Subjéct - Age Sex Dominant Colour - Refractionb
: Eye .~ Vision

LL - 17 F R normal +0.50 to 6/4.5

AM | .22 F ‘ L normal +0.75 to 6/4.5

JL 23 M - R normal +1.25-to 6/4.5

RM 29 M R : normal -0.50 to 6/4.5

KH - 29 M L . normal +0.25 to 6/6

a Colour vision assessed with Dvorine and Ishihara PIC plates, Farns— -
worth-Munsell 100-Hue test, and Pickford-Nicholson anomaloscope.

All subjects assessed as'émmetropicfat the Department of Ophthalmology,
University of British Columbia. 'Emmetropia’ is here defined as being
emmetropic within 0.99 diopters, spherical equivalent.
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cross;wires marked in millimeters for this ﬁufpose. In the scotopic
condition, pupil diameter was not measured as there Waé no light in the
‘bowl. |
| Tb minimize any practice effects, trial sequences were counter-
balanced among subjects. In addition, a standard learning trial
(achromatic spimulus-subtending,6.8' visual‘angle, backround lﬁminance ;
250 cd.m.—z),was given before the e#perimental frials began, and was
repeated after the last tgs;ing for an indication of the magnitude of
the practice effect. Subjects were higher selected, not only in terms
of‘acuity, agé, and colour vision, buﬁ also-fbr consistency of response
and stabiliﬁy éf fixation. - This-Was expected to minimize further
practice effects.
In this investigation, only one ‘eye of each subject wésvtested,
As it has been shown that most individuals have a dominant eye which
is superior to the non-dominant eye motorically and is favbured in
visual situatiéns requiring choice (Porac & Corén, 1976), only dominant
'eyes were tested. Thié was fhe fight eye in three cases and the left
in two cases. |
The possible influence ofvforeknowlédée‘of stimulus location on
threshold was controlled as follows.’ Becauée of instrumental limitations,
it is impractical to présent-the stimuli randomly using tﬂe Goldmann_
perimeter; a standard presentation order was necessary. With practice,
the subject learns‘ the.prder, so that foreknowlegde concerning stimulus
location would.qﬁerate as an uncontrolled variable if ﬁo‘infofmation on
testing seqﬁence was given initiglly. -Thus? sﬁbjects were informéd

before any testing of the stimulus presentation sequence to be followed
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on all trials. This was expected to decrease the practice effect.

Experimental Parameters

Adaptation Field. A full hemispheric field was provided by the

perimetgf adapting bowl so that field size, texture, and distance from:
the ‘corner (30 cm) were all held constant. For the_phofopic condition,
uniform field luminance and chromaticity of 250 cd.m;—z; 6000K were
provided by the 150-watt xenon—arcvlamp as previousiy described.
There was no adaptation field in the scotopic conditionfv Pre-adapta-
tion was.carried’dut for_fouf minqtes and twénty—five.minutes for
photopic and sCotopic»tésting, respecti?ely. These periods were found
to be adequate to give the same thresholds as longer pre-adaptation
périods; Because of the extensive'preadaptation'requiredzfor.SCOtopic
testing, once the squect was dark—adapted, a number of trials were
run, so that longer adaptation was given for the méjority of trials.
These trials, as well as the photopic ones, were counterﬁalanced
among and within subjects. |

| Stimuli. The stimulus characteristics manipulated wefe size,
retinal location, and chromatiéity} The téSt'luminance necessary for
detection was the dependent variable,.AL. Diffefentiéi effects of
other factogs oﬁﬂthe’indreﬁent thresholds obtained were eliminéfed when
possible. To this énd, stimulus,dﬁration was held constant at 150
‘milliseconds. This is in'accordance‘with Enoch (the 3), who states
that perimetrié stimulus durafion.should lie between 100 milliseconds
(beiow whigh AL x dﬁration.éf exposure = constant, and above which
AL = constant).and 250 milliseconds (abdve wﬁichvsaccadic eye move-
meqts mayboccur). Stimulus duration was, therefore, held at 150 milli-

seconds.
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(a) Retinal location. Due to .the time-consuming and fatiguing

nature of the experimental task, it was impractical to obtain thres-
holde along more than one retinal meridian. The horizonﬁal (0—1800)
meridian has beeneused almost exclusively in previous experimental
‘static perimetry, and seems the logical choice. Unfortunately, some
diseases characterized by Viseal field losses, notably‘glaucoﬁa, result‘
in losses to areas not on this meridian. Studies concerned with
such pathological field losges‘must involve the iqvestigation of
other retinal meridians inAnormal as well as clinicalbpopulations.
‘The majorvpurpdse of this work was to study normal threeholds in
chromatie perimetry, and thus‘the horiéohtal meridian was used.
Measurements were made at 13 poiﬁtsvalong this meridian, from 40° in
the.temporal to 40° in the nasal field. The luminous output.of the
stiﬁulus projection system}prevented the determination of thresholds
beyond 40° in the periphery in the photopic cehdition.

(b) Size. Stimulus size was set at 0.275, 1.1, 4.4, df 17.6 mm;
corresponding at ail reeinal locations to Qisual angles of 6.8, 13,6,
27,2;.and 54.2 miﬁutes at 30 mm.(the distance from the cornea to the
adaptation bowl surface). These are not the nominal values on the
Goldmann instrument, but are the actuai»values ae'specified by

:qudménn in his early work1(Goldmenn; 19453), (Verriest, 1965a).

(c)'Chromaticity. The Goldmann perimeter uses selective filters.

to attain chromatic stimuli. The original filters accompanying the
instrument are compared with a set of cinemoid filters in Figure 13 and
Table 3. When choosing chromatic filters, one wishes to obtain maximal

luminous. transmission, maximal excitation purity and thus minimal
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e eso Original Goldmann Filters

- Cinemoid Filters used in present .
study .
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Figure 13 Spectral transmission curves for chromatic filters
(from Lakowski et al., 1977)°
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Table 3

Comparison of Original with Cinemoid Filters

. Specifications under CIE .

v I1luminant 'C' Excitation
"Stimulus Filter X y Yz o -kD Purity
‘Goldmann blue 1562 .0233 . 1.635 460 mm
Goldmann green .2331  .6466  24.180  504.5mm
Goldmann red .729 L2704 0.913 623
*Cinemoid #32 | .

medium blue 1417 .1180 10.21 474 ' 0.86
*Cinemoid #39 . ‘ ‘
' primary green 2145 .6973 14.43 535 1 0.81
*Conemoid #6 , : _ .
primary red =~ .6738 . .3134  10.21 617  0.97
‘Unfiltered Stimulus
Source: xenon-arc , . _
TC = 6000°K .3220 . .3318

*
Filters used in the present investigation.

(Cinemoid filters from Spectacular Productions, Ltd.)
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overlap among tﬁe filters, and péék transmissions as close as-possible
to the péaks of the cone response systems. The first tﬁo reQuifements
are diamettically opposed, éo that‘a'compromise musf be ﬁade such that
sufficient luminance can be atﬁained at‘the expense of some overlap
‘among the three filtersf spectral trahémission’curves.

_ Taking into account these criteria, the cinemoid filters described
in Figuré 13 and Table 3 were substituted for the original Goldménn '
filters in the eariier modification of the Goldmann periméter (Lakowski
et al., 1976,,1977).V-These.cinemoid filters gave the higher luminance
necessary to explore the visual field with small stimuli. The reduced_
:1uminous ﬁransmiséion of the cinemoid compared to‘the Goldmann green
was not a problem, as sufficient»luminancé iﬁ the middle wavelengtﬁs
was easily obtained._ The advantages of the cinemoid greén are its
narrower transmission curve and its peak transmission wiﬁhin the 535-
555 nm. range found for the peak of the 'gfeen" or.middlé—wavelength
reéponse system (Stiles, 1959; Bfown & Wald, 1963; 1964; Rushton;
1963; Marks,.Dobelle, & MaéNicHol, 1964; Baker & Rushton, 1965). . The
Goldmann 'green' is actually a blue-green, with AD»; 504.5 nm.

While the cineﬁoid red was substituted for the Goldmann red
mainly to achieve higher luminance, neither of these filters peaks
anywhere near tﬁe peék of the longest Qavelength cone system, at
570 to 590 nm. It is not clear why there is no 'red' cone system,
though the trivariance of n&rmal vélour vision indicateé'thaf colour
matching requires a 1ong,.aé well as short andbmiddle, wayelength
stimulus., |

In comparing the Goldmann and the cinemoid blue filters, it is



52

clear that the cinemoid has far greater iuminoué transmission. than
does the.Goldﬁann filter. waever,.the gain in YZ is accoﬁpaniéd by

a shift in peak tranémission_away from the range found for the peak of
the 'blue' response system, ﬁrom 440 to 450 nm (Stileé;'l959;.Brown &
‘Wald, 1963, 1964; Rushton, 1963; Marks, Dobell, & MacNichol, 1964;
Bakef,& Rushton, 1965). This shift mayﬁbe very signifiéant, as "the
'relative central scétoma' to short—wavelength stimuli foupd using thé
Goldmann blue'(Verrieét & Israel, 1965a) has not been duplicated with
this cinemoid blue (Lakowski & Dunn, 1978 5. In this respect as well
the cinemoid is superior ﬁo the Goldmann blue filtér for the present
purposes."It is proposed here that normal éensitivity gradients be
géféblished; théselcan‘then be compéred with gradientsAobtained'in
pathological eyes., Hence, it‘wéuld not be-advantégéoﬁs to have normal
physiological scotomata which gould mask or be'confuéed with pathb—
 logica1 scotomata.. The éoldmann blue has the added disadvéntage fhat
it showé no discrete peak in the visiblevspectrum, but plateaus dbwﬁ
vinto'tﬁe ﬁntraviolet wavgléngths (Figure 13). By contrast, the cine-
moid blue shows a well-defined peak transmiséion.

In summary, it appearéd that the cingmoid'filtersvused by Lakowski
et al. (1976’,1977) were preferable to those accoﬁpanying the Goldmann
_ instrument for the presenf purpdées, pérticularly as very high luminance‘
levels weré fequired. For comparative purpéses, achromatic stimulus
thresholds were also:determined, uSiﬁg the #eono—arc'output withbut
éélective_filteriug. .These thresholds were determined against an
adgptation luminance of the same colour4temperéture (6000K) as the

target, as both were produced by xenon-arc.
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" I. Subjects: 5 emmetropic normal trichromats, 3 males and 2

II.

I1I.

females, aged from 16 to 29 years, were selected

for stability of fixation. Only the dominant eye

of each was tested; this resulted in data from

3 right and 2 left eyes (see Table 2).

Constant Condition: 'A. Stimulus duration: 150 milliseconds.

Independent Vafiables: .

B.

Interstimulus interval: 1 second.

A, AAdaptatibn Luminance: 1. zero cd.'m.f-2 (pfe—adaptation:

B. Stimulus Location:

C. Stimulus Size:

25 minutes)
2. 250 cd.m._z_(preadaptation:
. 4 minutes)

13 points on the horizontal (0—1800)

.meridian were tested in the following

order: 00, 50, 100, 15° nasal-field;-
5%, 10°, 20°, 25°, 30°
20°, 30

o
, 40" temporal;

O, 40° nasal field.

0.275 mmz; subtending a visual angle of

©6.8" at 300 mm

1.1 mmz, subtending a visual angle of
13.6' at 300 mm

4;4-mﬁ2, subtending a visual angle of
27.2'.at 300 mm

17.6 mm2, subtending a visual angle of

54.3f_at 300 mm.
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1

D. Stimulus-Chromaticity : 1. Achrématié (xenon-arc,
TC = GOOOK)'
2. Blue AD'= 474
3. Red A =535

4. Green AD = 617
IV. Dependent Variable: AL, the minimal stimulus luminancevre—
| quired to oBtain a threshold response.
This waé variable in 0.1 log unit steps.
Procedure
Each subject_was tested for acuity monocuiarly on the Bausch and
Lomb Orthoratef and the Snellen Chart. They were refracted at the
ﬁBC Department of'Ophthalmology to establish Subjectively.thatvthey
were emmetropic. Monocular colour-vision assessment was ddné using
the Dvorine and Ishihara PIC plates, the Farnsworth-Munsell 100-Hue
test, énd the'Pickfofd—Nicholson énomaloscope. Eye'dominaﬁCe was
tested'uSing the Asher test (Asher, 1961) gnd the Miles ABC Test
(Miles, 1929, 1930). A learning trial was given (aéhromatic stimulus
subtending 6.8' visual angle, background luminance = 250 cd.m._z).
1 On the basié of these tests the subjecté were selected. Before the
. learning tfial thevspbject was téld the order of rétinal locations to
bé tested on all trials.
Tﬁe order of test trials was counterbalanced among and within
subjects with respect té étimulus éize and chromaticity (see Appendix

1). All photopic tests were done first; the experimenter thus could

1- : ' L )
For further specification see Figure 13 and Table 3.



55

monitor fixation during the earlier triéls when thé subject was less
experienced. The lengthy pre-adaptation peribd necessary for scotopic
testing made it advantageoﬁs to run several trials once the subject
was adapted; this resulted in a different counterbaiancing order for
the scotopic as opposed to the photoﬁic tests; Teéting'was done for
periods of two to three hours; as it had been found in pfevidus in-
vestigations that after this time fatigde began fo influence thev
results. The subject fested_between tegfsi he left the test room
~between photopic tests, but femained at the instrument betWeen scotopic
tests.

After all 24 test‘trials had been completed, the initial learning
trial was repeated. |

Trial Procedure.

1. After setting up the test conditions, thét is, selecting the
apprbpria:e adaptation luminance and stimulﬁs éize and'chfomatiéity,
the experimenter measured and reéérded the luminances of:both the
stimulus to be presented and the background using the Pritchard
Photometer.

2. The subject was seated at thevperimetervand positioned as
comfortably as possible with the eye to be tésted>centered on the peri-
meter telescope, through which the experimenter'could see the'eye. An_
opaque‘ﬁhite occluder was_placed over. the 6thér'eye. The positioning
was done by means of the adjustaﬁie chair and the movable chin—rest,
-on which the subject was.positioned with his forehead against a
restraining band.. In this way, the distance erm'the cornea to the

stimulus was held constant at 30 cm.
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3. Room illumination was extinguished and the subject was pre-
adapted to the adaptation background for 25 miﬁuteé (scbtopic cohdi—
tion)'or_4'minutes (photopic éondition)., This waé timed with.a étqp—
watch. . In the phofopic condition, during this time the subject was
.instructed'to move his gaze_around the bowl, not fixating on‘the.dark
central fixatiqn»spot. After-images were ﬁhus avoided.

4. wﬁen the pré—adaptation’wés éver, in the photopic .condition,

" the pupil diameter was measufed with the subject fixatingbon tﬁe fixa—
tioh spot, which was the basé.of the telescope. Tﬁe stopWatch wasi
then reset to time the test session.

5. .Ail threshold ﬁeasureménts were obtained b§ the following
ascending method of limits. The subject was inétructed té tap on the
instrument table when he saw a iight flasH. The experimenter then
increased the stimulus luminance by 0.l log unit steps, allowing two
Vexposures:at each step, until the subject responded. Stimﬁlus luminénce
- was then decreased to a leyel varying from';S to .1 log.units below
the threshold.just obtained, and again increased until the subject res-
ponded. .This was repeated until the subject's response occurred con-.
sistently at the same luminance level twg or three tiﬁes;-tﬁis generally
took only three or four'ascending runs with most subjects uhder most
céndi;ions.

6. Using the ascending method of limits described above the
" foveal thfeshoid‘was determine& fifst, in both the photopic and the
scotopic conditions. -~ This ;hreshold was measured in Slightly dif-
ferent ways iﬁ thé two'adaptation conditions.

Under scotopic conditions, the original instrument's four-light
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fixation pattern (with a rea filter) was projected at SOvtobthe right
éf the Bowl's centre. The subject ﬁas instructed to fixaté oﬁ the
centre of the diamond-shape formed by-theifourvred lights,iand in-
dicate when he saw a light there. The.ﬁsual ascending runs were
then made and the threshold'determined. This was done with the
luminance of the four red fixation lights set at two ievels., This
procedure was repeaﬁed with another, similar four-light fixation pat-
tern which subtended 3.40 of‘visual angle (compared to the original‘
pattern, which subfendéd;Zo). Thus four separate foveal threshold
vdeterminations weré made for each scotopic trial. The small size

of theselfixation lights'(about 6' ofxvisual:angle) madé it impbssible
to precisely specify their luminanée; they were (at both settingé) not
over .15 cd.m._2

In the photopic condition, thé fouf—light fixation pattern was
not bright enough to be seen against the background of QSQ cd.m.—z.v
Theféfore, an alternate method was used to determine foveal thresholds.
The subject was told to direct his gaze away'ffom the fixation~spot
until anyvafter—imagé'had faded. - He was then told to look in the centre
of the four—dot pattefn affixed to the right side of the adaﬁtation
bowl, and tap on the instrument table when he saw é light. The same
ascénding method was then followed.

7. The subject ﬁas next inétructed to fixate on the fixation
point (central dark spot in the pﬁotopié and central red probe in the -
scotopic'condition). He was ﬁold to maintain fixati§n throughout the

reﬁainder of the testing.» fixation was monitored throughbut the

photopic test sessions by the experimentef via the telescope, but
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this was not possible in the scofopic condition. In the léttéf case,"
“fixation was indireétly monitored by questioning the‘subject occa-—:
sionally as to whether the fed fixation light seemed to be.moving.
Bécaﬁse of the reliance on éuch an indirect measure of.fixation in
the scotopic condition, only subjects showing stable fixation Qére
used.

8. The subject was told to indicate (by tapping on the instru-
ment table) each time he saw a light. At each retinal lqcation tested,
the same éscending method of limits was used as has been deséribed.

Thé subject was encouraged to blink his eyes whenever he liked; this
seemed to reduce fatigue. In photopic'trials, after all locations had
been tested, the pupil diameter was:again ﬁeasured and thé subject

left the testing room wﬁile the experimenter again measured and recorded
the luminances of the background and stimulﬁs. During scoﬁopic

testing, a‘number of trials wereée done dnce the’Subject had‘darkfadapted.
Thus, the subject rested a few minutes before the next trial began,

'

but stayed at the instrument,
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RESULTS -

Retinal Sensitivity Gradients

Sensitivity gredients were obtained under fullyéecotopic and
fully—phetopic adaptation conditions using exactly the same stimuli
and subjects. However, because the fully-photopic gradients represenf
increment,th?ésholds“while the fdllyeseotopic are absolute thneshoids,

- they will first be presented separately and then compéred.

 Fully-Photopic Adaptation. For'each,stimuius~sizevused, the three
 chromatic and the.achrematic stimuli yielded similar gradients (see
Figure‘14). The similarity among the gradients is greatest for the
smallest stimulus size (6.8'); As stimulus size increaSed, it ap-
peared that the aChrematic stimulusbdid not show as large an increase
in sensitivity as did the chromatic stimuli , resulting in a separa-
tion.of the gradient for this stiﬁulus from the others. This was

shown particulariy well for sizes 3 and 4 (27.2' and 54.3'"). Excluding‘
the fovea, tﬁe mean thresholds-obtained with the chromatic etimulus
never differed by more than 0.2 log unip, and generally differed by 5
0.1 log unit or less. The differences did not show any coﬁsistent
relationship.beeween the‘colours; that is, no one celour yielded
cOnsistently.higher'thresholde.

A 4—Qay analysis of variance'wae carried out on this data, the
summary table of which is.presented in Table 4. _Significance beyond
the .01 1evel.Was found for the main effects of.celoer, eize,'and
sebject. Newman-Keuls Multiple Renge‘Tests indicated that the effect

of colour was. contributed solely by the achromatic stimulus. This
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Table 4:

Analysis of Variance for Photopic Thresholds

Source at ss Mg F 3
Colour o 3 v2.6353 0.8784  20.2748 .0.0000
Size | 3 160.0284 53.3428  395.4917  0.0000
' Colour x Size 9 - 0.3747 0.0416 ~ 5.9225 0.0000
Subject 4 6.3019  1.5755  15.6055  0.0000
Colour x Subject 12 0.3614  0.3011 4.9284  0.0000
Size x Subject 12, 0.6759  0.0563 ~ 7.1377  0.0000

Colour x Size x Subject 36  0.54671 ~ 0.0152 2.5747 - 0.0000




confirms the-impression given by the gradients.in Figure 14. The main
~effect of size resulted from significant differences among all four
sizes. The subject variable also was significant, with subject LL
showing‘significantly higher sénsitivity than AM, iL, and RM, all of
‘whom shéwed significantly higher sensitivity than KH. . Thié is in-
teresting,in view of the fact’tﬁat subject LL was ;he youngest (17
years) and KH was one of the Qldest (29 years). The main effect of
subject may therefore reflect the age variablg.

From Table 4 it‘can be'éeen that there were many significant
‘interaction effects in the data. These were not only first order
but also second order significant interactioné. Because of the lack
of independence of the variables as reflected .in these intérac#ions,i
the tfue significance of the main effects indicated'by the analysis pf
variance becomes questionable. In parﬁicular,vthe,fact;that all
interactions between tﬁe subject variable and any others were signi—
ficént may indicate that this variable is accounting for a great deal
of the observed variance. Nonetheless, the analysis does confirm the
in;erpretation of the data made on the basis of Figure 14, in phat
both indicate that the achromatic stimulus yieldé a lower senéitivity,
gradient than do any of‘the chromatic stimuii..

The foveal threSholds_showed the widest variation among the
three chromatic-ahd the achromatic stimuli. lA 3-way analysis of
variance was performed on the foveal thrésholds (see Table 5)-and this
variation with stimulus colour was found to be statistically signifi-
cant (o < .dl), with the red stimulus yielding sighificahtly higher

sensitivity than the green, which showed higher sensitivity than the



Table 5

Anaiysié of Variance for Photopic Foveal Thresholds
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Source

E

df ss Ms P

Colour 3 1.4965  0.4988 68.6074  0.0000
Size 3. 3.6215  1.2072  141.6724  0.0000
Colour x Size 9 0.0975 - 0.0108 0.2571

1.3277
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blﬁe and achromatic stimuli (Newman—Keﬁis Range Iest, a = .05). Again,
the statistical differenégs must be interpréted with caution, but the
same general pattern is apparent from the plotted foveal sensitivities
“which indicate the‘decreasing sensitivity to red,'green,‘and blue, and -
achromatic stimuli.

"The.vafiability of'the.increment thresholds obtained as a function.
‘of retinal location and stimulus sigé and chromaticity is indicated
by.the standard deviations shown in Tables 6 aﬁd 7. (Complete tables
of means and standard deviations for all conditions may be found in
Appehdix I1). From Table 6 it éppears that the variability in thres-
‘holds obtained is highest in the periphery, decreasing as one moves
toward the fovea. This is in agreement with previbus investigations
(Aulhorn &'Harﬁs, 1972). A notable.exceétion'to this tfend for increasing
variation with eccentricity Qas found at.20O temporal. The large
standard deviation found aﬁ this point results from its proximity to
the blind spot. The relatively smali standard deviation at 40° nasal
does not fit in with the trend for increasing variability'with increa-
sing eccentricity.

There is an indication of some association between stimulus size
and variability in the thresholds obtained as shown in Téble 7. For
each stimulus chromaticity, the standard deviation decreases aé
stimﬁlus éize increasés. Ir does .not appear that variability changes
as a function of stimulué chromaticity.

Fully-Scotopic Adaptation. The close similarity among gradients

obtained using equivalent-sized blue, red, green, and achromatic

stimuli under fully-photopic édaptation was not duplicated under fully-



Table 6
Average Standard Deviations for Photopic Thresholds

Obtained at Each Retinal Position

Position* ' ‘Standard Deviation
Nasal
40° 0.13
30° o 0.17
20° | 0.14
15° o2
10° 0.09
5° | - 0.09
Fovea
0° 0.10
Temporal
0 | | 0.11
10° ~0.13
20° ' : 0.19
25° | | 0.14
0 0.1
40° o 0.19

% . * .
Retinal Eccentricity on 0-180° meridian.



‘Table 7
Average Standard Deviations for all Photopic Thresholds

Obtained with Fach Colour-Size Combination

~Stimulus Size

Stimulus Colour 1 2 3 4

Achromatic 0.16 0.14 - 0.14 0.12
Blue | 0.13  0.14 0.13 0.08
Green 0.16 0.15 0.10 0.12

- Red . 0.18 0.13 0.13 0.12
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. scotopic éonditions.- Eigure 15 shows the mean sensitivity gradients
obtained under these conditions. 'For all stimulus sizes, the gradients
indicate that the sensitivity at all non-foveal points (with two
exceptions at 40° nasal) was in the order (highest to lowest sensitivity)
blue, green, achromatic, and red, The sensitivity gradients obtained
with the red stimulus were in each case from one to 1.5 log units lower
than the gradients obtained With the achromatic stimuli.

A 4-way analysis of variance was carried out on the scotopic.
tﬁréshold data; the summary table appears in Table 8. As with the
photopic ANOVA, thére were sigﬁificant first and second order inter-
~action effects, so that the interpretation of significant effects must
be made with caution. However, the main effect of size is obvious from
Figure 15 .as well as fiom the Efratio, and a general main effect of
colour is expected merely on the basis of the low red gradient. The
 Newman-Keuls Range Tests indicate, as well as s%gnificant differences
among all four sizes, a significant differenée between the red stimulus
and all thé others, between the blue and all others, but not between
the green and the achromatic. It is interesting that no main effect
.of subject was found in the scotopic data, though some interactions
involving this variable werevfouﬁd‘to‘bébSignificant.

Before discussing the foveal threshblds obtained under fully-
scotopic conditions, mention must be made of the limited reliaﬁilify
of these measures. As has been stated, verificaﬁion of fixation is
not possiblg under fully-scoptopic conditions without the aid of some
" objective method of assessing fixation suchas an‘infra-red fixation

monitor. It is not enough to say that thresholds were only obtained
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Table 8

Analysis of Variance for Scotopic Thresholds
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Colour x Size x Subject

1.8471

Source df SS MS F P
Colour 3 . 372.6065 124,2022  157.7455 .0000
Size 3 362.9890 120.9963 1721.4514 0.0000
" Colour x Size 9 0.2162 0.0240 0.8002 .6180
Subject 4 0.8702 0.2176 2.1105 0.0931
Colour x Subject 12 - 1.4946 0.1246  3.2275 0.0004
Size x Subject 12 0.5398 0.0450  1.6320 0.0885
36 0.0513 2.0641

. 0004




70

when the subject felt he was fixating. Iﬁ the present in&estigation,
it was not possibie to obtain a fixation—monitorihg device, so that
the fovesl thresholds in particular (due to the sharp reduction of
sensitivity at the fovea, see_section in the Introduction, "Adaptation")
cannot be considered precise measurements. An attempt was made.to
maximizs the validity of these measurementslas follows. Tﬁe foveal
threshold in each scotspic trial was assessed four timés, as opposed
to once as for the other thresholds, using two fixation patte;ns at
slightly different luminasces as described in 'Method.' An assumption-
was then made that the highest threshold sbtained'(representing the
lowest sensitivity) was the best approximation to the sctual foveal
threshold. This assumption was based first on the evidence - that
scotopic Sensitivity gfadients do show a sharp decline in sensitivity
at the fovea; second, it was found thatbwhen a wide range of foveal
thresholds was.found (sometimes on the order of .5 to 1.0 log unit)

for one trial, the subject reported that some of the lights'he saw
were very bright, while ofhers were of 'similar' brighsness to the
oshér threshold values he responded to. The assumption is then that
the 'brighter' lights he saw were seen Qith the paracentral retina,.
which has a much higher sensitivity. Thus, the values taken for
scotopic foveal thresholds were selec#ed_according to this sjstem.

The foveal thresholds shown in Figure 15 were determined in the

_ Qay'described above. (A complete table oi all scotopic foveal thres-
sholds obtained is fdund in Appendix III.) It is apparent that for
sizes_ose and 2 the different colours and white gave virtually the

. same mean foveal thresholds, while sizes 3 and 4 produced a spread in



71

these thresholds. For size 3 the order of decreasing sensitivity is
Blue > green > red > achromatic, while for size 4 it is blue > achromatic
> red > gfeen. Because of the indeterminacy of these values one must
be careful not to attribute too much significance to these differences.
Nonetheless,ithere does seem to be a consistent difference between the
blue and red thresholds of 0.5 log units for both sizes 3 and 4,

though these thresholds are within 0.1 log unit of each other. for
sizes 1 and 2. A B—way analysis of variénce>on'the scotopic foveal:
thresholds indicated_that the main effect of colour\on the scotopic
foveal thresholds expected on the basis of the differences seen in
Figure 15 for siées 3 and 4 was not significant (see Table 9). The
main effect of size was significant (o < .0l1), but no significant
interaetionvbetween size and colour-was found.

In Figure 16 this effect of increased foveal sensitivity with
increased stimulus size is illustrated. There is a clear eurvilinear
relationship evident for the red stimulus. A similar relationship
appeafs for the white and green‘stimuli if in several cases one highly
irregular threshold is removed and the meen for that colour and sizeb
is recalculated. If this is done, the only stimulus not showing a
smooth curve is the blue. The irregular thresholds are not all ob-
tained from one subject, so that is it not a case of one subject with
completely different foveal sensitivity.:

The red stimﬁlus, besides yielding generally lower sensitivity
gradients, shows an interesting effect of size on foveal sensitivity:

“as the size is increased, a 'dip' of relatively decreased sensitivity

is seen at the fovea. What is in fact occurring is that with the



Table 9

" Analysis of Variance for Scotopic Foveal Thresholds
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Source

1.5491

0.1721

daf ss MS F P
Colour 3 1.6104 0.5368  2.0319 0.1624
Size 3 15.775 5.2585. 35.2473 0.0000
Colour x Size 9 1.1089

0.3815
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.iarger sizes the paracentral sensitivity increaées.more rapidly than
the foveal, resulting in the»so—called 'relative central scotoma.'
The genefal form of the red gradient for each of the four sizes is
very éimilar except in the centre. It is possible that with the more
accurate fixation control such a 'dip' would also be found for sizes
1 and 2.

Table 10 gives an indication of the‘variability in the scotopic
thresholds determined, in the form of the average standard deviation
for all thresholds obtained at each eccentricity. (A compiete table
of all means and standard deviations for all conditions may be:foﬁnd
in Appendix IV.) The special problems involved in determining scotopic
foveal thresholds are reflected in the large average standard deviation
for theiferal measureﬁenté. Excluding the foyéa, a general tendency
for standard deviation to increase with increésing eccentricity is
seen, with an exceptionally high value at 20° temporal dqe to its
proximity to the blind spot. The relatively high standard deviation
obtained at 5° temporal is another exception to the tendeney for
small vériability to be fOuna near the fovea. This could conceivably

" result from individual variation in the eccéntricity at which the
relative‘drop in senéitivity tpward the foveavbegins.

There was no consistant indication of a difference in variability
for different stimulus sizes in Table 11, wherein the average standard
deyiations for all thresholds obtained with each stimulus size-colour
combination are shownf There appeared to be some tendency for larger

sizes to.be associated with greater variability for the red and green

'stimuli, but the trend was not very pronounced. Such a trend would be


http://to.be

Table 10
Average Standard Deviations for Scotopic Thresholds

Obtained at Fach Retinal Position

Position* Standard Deviation
Nasal
40° - 0.16
~30° | | 0.14
20° : : 0.11
15° | 0.11
10° : | 0.12
0 | | 0.10
Foveé
0% - 0.37
Téonral ‘
5° . , 0.15
10° | 0.11
20° 0.21
25° o 0.3
30° | | 0.13
40° | , 0.16

kL : .. )
Retinal Eccentricity, 0-180 Meridian
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Table 11
Average Standard Deviatious for all Scotdpic Thresholds

Obtained with Each Colour-Size Combination

Stimulus Colour ' Stimqlus Size

1 2 3 4
Achromatic 0.13 0.17 0.18 - 0.13
Blue ~ 0.18 0.20 0.16 O.20»
Green 0.15 0.14 0.18  0.17

Red 0.12 0.12 0.14 0.16
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the converse of what was found under photopic conditions, where in-
creasing size was accompanied by a decrease in the standard deviation.
There are no indications that variability was different among the dif-

ferent colours.

Fully—Photopic'and Fully-Scotopic Adapgation. When the.thresholds'
obtained under the two adaptation conditions are coﬁpared, the folléwing
points cén be made. First, when cbmpared with the fully—photopic sen-
sitivity gradients, the fully-scotopic gradients showed an increase in
sensitivity'over the photopic sensitivity on the order of 4.5 to 5 log
units for all but the red stimulus and excluding the foveé (see Figure
17). The red stimulus yielded an increase in sensitivity of only 3 to
3.5 ldg units with thevchange_from photopic to.scotopic. At the foveé,
the sensitivity increase was similar for all colours_and the achromatic:
on the ordér of 2 to 2.5 log units. In general, then, the sensitivity-
increase was found to be greatest outside‘the fovea for all colours,
but of a smaller mégnitude for the red stimulus. Second, fully-
photopic adaptation yielded similar sensitivity gradiencs for the
chfomatic sfimuli which wefe significantly higher than thoée for the
achromatic stimuli, while fully-scotopic adaptation yielded gradients
which were highest for the blue, followed By the green and achromatid,
and lowest for the red stimulus. Thifd,‘both adaptation conditions
yielded gradienté which were significaﬁtly'highér for each successive _
size increase. Fourth, while the photopic foveal sensitivity was the
highest obtained across the retina, and showed significant higher
sénsitivity to blue than green, and to green than blue or achromatic,

the scotopic foveal sensitivity was the lowest across the retina for
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all but sizes 1-3 of the réd stimulus, and did not show any signifi?
cant differences among the colours. The scotopic gradient for the red
stimulus did show.a foveal 'dip' as did the blue, gfeén,.and achromatic,
but only for the two larger sizes. Fiffh, the photopic data sﬁowed a
significant effect of subject, with the youngest subject showing sig-
nificantly more and one of the (two) oldest subjects significantly less
sensitivity. The scotopic data showed no significgnt subject main
effect. Finally, photopic threshold variability as reflected by stan-
. dard deviatioﬁs appeared to incfease with eccentricity and decrease
with size, while for scotopic thresholds it seemed to increase with
eccentricity but was highest at the fovea, and showed no consistent
associatioﬁ with size. The Qariabilify in both photopic and scofbpic
threshold determinatioﬁ did not appear tb vary consistently with
stimulus chromaticity.

Spatial Summation

The éummation.capacity of the retina was studied using tﬁe same
stimuli under full&—photdpic and fully-scotopic cbnditionsf The
ability of the visual system to summate luminous input spatially may '
_be investigated with the.obtained perimetric data in two ways: by
studying the change in sensitivity gradient slope with a change in
stimulus size, or by calculating the-summation exponent k at eaéh
retinal location of interest. Both of these approaches were used to
gain insight into the spatial summation of the‘eye under fully—photopic
and fully-scotopic adaptation. |

Fully-Photopic Adaptation. The effect of an increase in stimulus

size on the sensitivity gradient for each chrbmatic and achromatic
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stimulus is shown generally by Figufe 18. As well as the overall in-
crease in sensitivity.with increased size, there was a tendency for
the gradients to become flatter. To gain a measure of this change,

it would bé.uséfdl to determine the siope of the gradient. ‘All the
photopic gradients had the same general form, with a sharp peak ffom
5° nasal and temporal to the fovea, and a more gentle slope from 5°
out to the periphery on both sides. The gradients were therefore
redrawn on the basis of only five retinal locations -- 4OON; SON, OO,
SOT, 40°T - thus_di&iding each gradient into four éections, each of
which had a measurable siope (see Figure 19). The peripheral segments
reflect the original'6—point gradient segments, and thus give an es-
timation df the change in threshold with eccentficity; The slopes
calculated for these gfadienté are ﬁresented in Table 12;' For all
four segments of each gradient;lit appears that the slope decreases
with increasing stimulus sizé, indicating that. summation is greater

in the periphery than in the central field. The 'flatténing' of the
foveal peak in the sensitivity gradient with increasing sizé, due to
this-differénce'between the foveal and 5° eccentricity summatién capa-
city, appeérs in Figures 18 and 19 to be more pronounced for the»Elue
and achromatic stimuli than for the greeh or red. HoWever, the slopes
" in Table 12 indicate that this is not the case, in that the red
stimulus O—Sé gradient segments show a slope decrease from si%é 1 to
size 4 which is as great or greater than that for the blue. It is
certainly true that the size 4 0-5° segments of the blue and achroma-
tic gradients have much smalier-slopes than those of the red.

" In order to compare the summation capacities quantitatively, the
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Table 12

Slopes of Photopic Gradient Segments

Gradient Segments Stimulus Size
1 2 3 A
4OON to SON'
Achromatic ' - 4023 017 7 .012 .010
Blue .023 L021 .015 .013
Green 022 .016 .010 .019
Red _ .021 .020 016 .013
5°N to 0%
Achromatic ' YA .120 .096 .052
Blue 112 .080 .056 .040
Green _ - . 144 112 .108 - .092
Red : .180 .128 .116 ".096
0° to 5°T
Achromatic ~.136 -.112 - -.084 -.060
Blue : -.096 -.076 -.048 -.032
Green -.140" -.112 -.100 -.080
Red -.164 ~ -.120 -.108 -.100
5°T to 40°T
Achromatic -.019 -.010 -.012 -.006
Blue -.019 -.016 ~ -.013 -.012
Green -.019 -.016 -.009 -.009
Red S -.020 -.020 -

004 -.012
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summation exponent k was céiculated'at all retinal locations according
té formula (3) (see Introduction and Figure 20). The mean k values
obtained for the locations 40° and'So.nasal, 00, and 40° and 5°
temporal are presented in Table 13 and Figure 21. (A completé table
of all mean k values may be fbund in Appendix v.) _It seems that in
most cases, summation, as reflected by the magnitude of k,rincreésed
with eccentriéity. Figure 21 also indicates that summation decreased =
as size increased. This effect appeared to be greatest in the per-
phery and generaliy smallest at the fovea. It is of interest thaf the
mean value of k for the green stimulus, sizes 1 and 2 at‘40o nasal
exceedéd the theoretical limit of k = 1.

It is also notable that the mean foveal k value for sizes 3 and 4,
achromatic stimulus, wés equal to zéfo, implying no summation.

The extreme values obfained for k (see Figufe 20) and thevlack of
any but the‘most general regularity in this qﬁantity are characferis—
tic of other determinations of k (Gougnard, 1961). The variability in
k values obtained as a function of retinal location, size combination,
and colour can be seen in the standafd deviations presented in Tables
14 and 15. The standard deViations are quite large right across the
retina, including the fovea, and do not differ in a regular wa? among.

the stimulus colours or size-comparisons.

Fully—Scotoptic Adaptation. The increase in scotopié sensitivity
.résulting from an ipéreasevin stimulus size is‘shown‘in Figure_?Z,for
all éhromaticities. The‘scofopic gradients can not be SO neatly
divided iﬁté four segments as could the photopic gradients. The low 

foveal sensitivity creates a depression of varyihg depth in each
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Table 13

Mean Photopic k Values at Selected Eccentricities

Stimulus Retinal Location, 0-180° Meridian
Sizes o
Compared Colour 40°N 5°8 O?» 5°T 40°T
1-2 Achromatic 0.86 0.46 '0.28 0.46 0.98
Blue 0.88 0.74 0.46 0.62 0.78
Green 1.06 0.72 0.42 0.66 0.84
Red 0.94 0.86 0.42 0.80 0.80
2-3 Achromatic 0.84 0.56 0.38° 0.60 0.50
Blue 0.86 0.58 - 0.36 0.60 0.78
Green 0.74 0.40 0.36 0.48 . 0.86
Red 0.70 0.46 0.38 0.48 0.84
34 Achromatic  0.46 ~  0.38 0.00 0.20  0.54
Blue 0.48 0.32 0.22 0.34 0.38
Green 0.36 0.32 0.22 0.36 0.40
Red 0.58 0.36 0.26 0.86_

0.18

98 -
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Table 14
Average Standard Deviations for Photopic k Values Obtained

at Each Retinal Position (k

1-20 Xo_3> K3_)
Positioq*_ Standard Deviation
Nasal
40° : 0.23
30° 0.25
20° 1 0.25
15° | 0.17
10° 0.14
5° 0.17
Foveé
0° 0.21
Temporal
5° | | 0.19
10° 0.15
20° | 0.22
25° , . 0.20
30° - 0.17
a° o ©0.24

X . '
Retinal Eccentricity, 0-180° Meridian
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Table 15

.Average Standard Deviations for All Photopic k Values Obtained

1

with Each Colour-Size Combination

Sizes Compared’

Colour 1-2 2-3 3-4

Achromatic 0.20 0.18 0.19
Blue 0.20 0.16 0.18
Green : 0.23 -0.21 0.20

Red 0.20 0.15 0.20
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» gradient.. The effect of increasing stimulus size on the foveal sen-
sitivity is best seen in Figure 16, where certain highly atypical
thresholds have been removed. As a result, each colour shows a regu-
iar increase in sensitivity with size except the blue, which shéws
dniy a small sgnsitivity change betwgen sizes 1 and 2'and.sizes 3 and
4, but a large change between sizes‘2‘and 3.

"Aside from thé fovea, the scotopic gradients can be divided into -
four segments on the basis of general slope, but the division at one
point is different.for thé-achromatic thaﬁ for the chromatic stimuli.

* The slope of fhe gradienté for the chrométic'stimuli is positive from

° to 15° nasal, negative (or océasionally 0) from 15° to 5° nasal,

.0
- 0 o : . o .
positive from 5 to 10 temporal, and negative from to 40 tem-
poral. (Figure 23). The achromatic stimulus shows a similar pattern
' . o
‘except that the point of inflection in the nasal field is at 10
' o . - o . o .0
rather than 15 in two cases, and at 15 in only one (the 10 -5
slope is zero in the fourth case) (see Figure 22). The slopes for the
chromatic segments are shown in Table 16. There did not appear to be’
) ' o 0o ,_0 0o ,,.0
any consistent trend for the slope of the 40 -15" nasal or 5 -40
temporal segments to be associated with an incréase or decrease in
. . o .0 o ,,.0 : .
‘'stimulus size. However, the 15 -5 and 5 -10 segments showed in
. ' o
. most cases (excepting the blue and green 5°-10 temporal segments) an
increase in slope with an increase in stimulus size. This would seem;
to indicate that spatial summation is greater at 15° nasal than 5°
o ' o : .
- nasal, and at 10 temporal than at 5  temporal. The lack of any clear

" relationship between the slopes of the more peripheral segments and

increasing size would seem to indicate that summation is not in
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Slopes of Scotopic Gradient Segments

‘Table 16

Stimulus Size

Gradient Segments 2 3 4
40°N to 15°N
Blue .016 .013 .019 .025
Green .020 .016 .022 .018
" Red .017 .022 .024 .018
15°N to 5°N , .
Blue -.016 -.018 -.018 .030
Green .002 -.020  -.020 .080
Red .000 -.008  -.012 .012
5°N_to 10°T |
Blue .016 .016 .060 044
Green .012 .016 .012 .032
Red .000 . 004 2024 .024
10°T to 40°T
Blue -.006 -.001  -.004 .005
Green -.007. -.005 -.005 .006
Red ~.004 -.008  -.007 .003

93
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general higher in.the far periphery than in thc near periphery,‘pndef
scotopic conditions. | |

A quantitatiﬁé assessment of the summation capacities reflecteﬂ
by the change of gradient slope with incfeasing stimulus size was ob-
tained from the calculation of the summation exponent k (see Figure-24).
The mean’véldeé obtainéd at 40° and 5° nésal, 00, 50 and 40° temporal
~are presented in Table 17 and in Figure 25. (A complete table of all
mean k values may be found in Appemdix Vi.) The k values obtained at
40° and 5° confirm the'impression ggined from Figcre 23 that over all-
‘and within each ch@matkity, thefe is mno clear increace in summation from
the neaf;(SO) to the fér-(400) periphery. The foveal mean k values
show no regularity at all, ranging from the theoretically impossiblé
-0.05 to the other extreme at +1.44, also far beyond the.thcoretical‘
limit of 1.0. The decrease in summation wich increasing size found
for the photopic data is not characteristic of the scotopic data,
except perhaps for the red stimulgs, which in che nasal_fieldc shows
an.increase in k as sice decreases.

The wide variations in k across the retina, aﬁong stimulus size-
.comparisons ana colours (Figure 24) might appear to reflect the acsence'
of any regularity in summation capacity at all. However, from the
standard deviations shown in Tables 18 and 19 it appears that'the
variability in the decermination of k is considerable, and'as such
may easily be ‘obscuring any regularicy existing. This vafiability
' éppeérs to be somewhat greater in the.ceriphcry; with very high values
'at 20° nasal and temporal, but is greatest of all at the fovea. This.

latter effect is to be expected considering the épecial problems inherent -
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Table 17

- Mean Scotopic k Values at Selected Eccentricities

Stimulus Eccentricity, 0-180° Meridian
Sizes o o o o o
Compared Colour 40°N 5°N 0 5°T 40°T
12 Achromatic 0.70  0.82  0.72 0.86 . 0.94
Blue 1.04 0.86 0.50 0.82 1.06 -
Green’ 1.22 0.72 0.78 0.82 1.00
Red 0.66  0.76  0.80 0.86 0.68
2-3 Achromatic 1.02  0.88  -.50 0.92 1.22
Blue 0.64 0.90 1.44 0.70 0.90
Green 0.62 0.86 0.74 0.96 0.90
Red 0.90 0.90 0.58 0.92 1.14
3-4 Achromatic: 0.94 0.80 1.10 0.78 0.70
Blue 0.78 0.80 0.54 1.10 0.94
Green 1.02 0.84 0,02 0.60 0.86
Red 0.92 0.58 0.80 0.82

1.18
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Table 18
Average Standard Deviations for Scotopic k Values Obtained

at Each Eccentr;c1ty‘(kl_z,-k2_3, k3_4)

Nasal Temporal
40°  30°  20° 15° 10° 5% 0®  5° 10° 20° 25° 30° 40
.28 .27 - .46 .21 .21 .21 .80 .23 .20 .46 .27 .24 .32




Average Standard Deviations for All Scotopic k Values

Obtained with Each Colour-Size Combination’

Table 19

Colour Sizes Coﬁpared

1-2 2-3 3-4
Achromatic 0.24 0.37 0.35
Blue 0.34 0.38 0.36
Gregn 0;23 : 0.21 0.38
Red 0.26 0.40. 0.32

99
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in scotopic foveal threshold determination (see Results section on
Fully-Scotopic Gradients). No clear association between the vari-
ability of k values and either stimulus size or colour (Table 19) was.

indicated.

Fully-Photopic. and Fully-Scotopic Adaptation. A coﬁparison of
the éummation capacity of the retina under fully-photopic and fully-
scotopic conditions, as reflected by changes in gradient slope and
values of the summation exponent k, indicated the follbwing points.
First, under phdtopic conditions summation seemed to incréase with
epcentricity, while no such trend was found for the scotopic data.
Mean photopic k values ranged from 0.36 to 1.06 at 40° eccentricity,
from 0.20 to 0.86 aﬁ 5° eccentricity, and from O to 0.46 at the fovea.
Mean sgoﬁopic k values>ranged from 0.62. to 1.22 at 400 and . from 0.60
‘to 1.10 at 5° eccentricity. The range of mean scofopic foveal k values,
from -0.05 to 1l.44, may éasily_reflect methdological problems rather
. than variafions in summation. Summation, theféfore,»apﬁeared to be
greater under scotopic than photopic conditions, both in the.pefi—
‘phery and close to the fovea, though the difference was greater in
the near than in the far periphery.

The second point is that summatibn seemed'to decrease with an
increaée in sfimulus size under photopic but not under scotopic con—~
ditions.A Thié effect under photopic adaptatioh appeared:to be greatest
at the fovea.

' Finally, there was é great deal‘of»variability-in the k values
' determined; average standard deviations ranged from 0.14-;0 0.25 under

photopic and from 0.21 to 0.38 under scotopic conditions. It would
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éeem ﬁhen that the variability is greater in the scotopic condition.
No associétion,between stimulus chromaticity, si;e, or eccentricity,
and the variability observedlin k, seemed to chéracterize the photopic
data. Such.variability did seem to incrgase with eccéntricify under

scotopic conditons, but showed its highest value at the fovea.
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DISCUSSION

Retinal Sensitivity Gradients

Fully-Photopic

The sensitivity gradients obtained under fully-photopic
conditionS'indicate that, outside the fovea, the retina's photqpic
.respbnse system (assumed to be rod-free) on the horizontal meridian
was equally sensitive to chromatic étimuli which had been equated
photometricélly in tefms of VA' At the fovea thisfdid not seem fo be
the cése; the foveal sensitivity under these‘gonditions Seeméd.tovbe
highest fdr the red, intermediate for the green, and lowest for the blue.

was established on the

A

This presents a rather paraépgical picture. v
~basis of foveal measuréments; hence'it mightbbe expecfed that the
process of equating the chroﬁatic stimuli in terms of YA would yield the
séme foveal threshold for all three chromatic stimuli. That this was
not fouﬁd to be the case implies thét'eitherbsome assumptions made in
interpreting»thedata as photometricélly—eduated stimuli are invélid, or
that some other variable is operating.

The assumptions made in the intérpretation of the present déta are
as follows.
1. The response-curve and calibration ofvthe photometer is assumed
highly>acnuréte, and the error introduced through interpolation of
sﬁectral transmission values used to derive the cinemoid filter
correction factors is assumed negligible‘(see Appendix VII for a

complete description of the derivation of the correction factors).

With these assumptions, the stimuli can be considered photometrically-
. i
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equated in terms of VA'
2. Vx is gssumed applicable under high luminance conditions'(L=2SO cd.m?z),
with small (6.18-54.3 minutes of visual angle) stimuli;‘usiﬁg asdeﬁding
mefhdd of limits perimétry. VA ﬁas derived under conditions of low
luminance —~sfor example, one of the studies ébﬁtributing to the standard
VA’ that of Coblentz and Eﬁerson (1918), used adaﬁtation luminances as
low.as 1.5 cd.m?z. The stimuli used were 2 to 30, andvflicker_and step¥
b?-step heterochromatié‘photometric methods were used‘(Wyszecki and Stiles,
.1967, LeGrand, 1968).
Fovea The data obtained under photopic conditions .in the bresent study
‘show some interesting patterns. First, the foveal sensitivity is‘
highest to the red,‘followed by the green'and then the blué stimulus.
The achromatic yielded‘the same foveal sensitivity as the blue stimulus.
The result is a sort of "reverse Purkinjé effect'': the-opposite to that
found.under scotopic conditions. A similar effect has been found in
. preliminary studies done with these‘stimuli under mesopic (L=10 cd.mtz)
éonditioné,.so that it is nét purely a result of fully —photopic
adaptation.. This implies‘thaf, granting the aforementionédvassuhbtions,
.direct aﬁpiication of VA to foveal sensitivity as @easuréd'by increment-
threshold static_perimetry cannot be made.
Periphery Iq contrast to the differential effect of stimulus
‘ chroﬁaticity on fully-photopic foveal sensitivity, qutside the fovea»

all tﬁree chromatic stimuli yielded similar sénsitivities. At each
extra-foveal location tested, the red, éreen, and blue stimuli yielded
thresholds within 0.1 to 0.2 log units of gach other; no one colour

yielded consistantly higher or lower thresholds.' This contrasts wifh'
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the foveal thresholds, wherein the thresholds (in decreasing order)

were in‘all cases blue, green, and red,.with differenées as large as

. 0.6vlog units between fhe thresholds for the red and blue stimuli.

The fact that,photbmetrically—equiValent chromatic étimﬁli gave similar
extra-foveal but different foveal thresholds may be intefpreted in termé
of theAperceptual task required of the subject.

The subject wés in all cases required to respond whén hé saw the
stimulﬁs -- he did not need to identify-its colour. Although no
syétematic attempt was made to defermine wﬁen'the subjects cpuld identify
* the stimulus cblour, some subjects reported that the stimulus appéared
coloured only when viewed foveally. If only foveal stimuli were
perceivea as.colouréd, then foveal and extra-foveal threshold detérminations
répresented different fasks to the subject: the former a task of wave-
length diécrimination; the latter a task of luminénce—difference‘
détection. The experimental data support this.hypothésis: extré—foveal.
sensitivity would be expegted to be éimilar for photometrically-equated
chromatic stimuli if the thresholds were based on luminance-difference
defection alone. .The differentiai fbvéal chromatic thresholds are
éxpécﬁed-if at the fovea the 3u5ject is‘required ﬁo make wavelengtﬁ—
discriminationé,as the ability to make such discriminations varies with
wavelength (Wright and Pitt, 1934). 'Qp the basis of wavelength
discrimination data, the ofdef of fovealvsensitivity expected woﬁld'be
red > blue > g?een (ibid), while that found was red‘> green > blue. The
reversed order of the gfeen,and blue méy be due to the small field siées
'used, as Willmer~and Wright (1945) found with a 20' field discrimination

decreased considerably in the spectral region of the blue stimulus used
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here.. Most wavelength discrimination‘déta ha§4been obtained with iargef
fields.on the order of 1°-2° (Wyszecki and Stiles, 1967);

Tﬁe extra-fovégl achromatic sensitivities were similaf to thbse.for
the,chromatic stimuli for the two”smallef stimulus‘sizes; as was expécted
“under the interﬁretation of extra-foveal tﬁresholds as derived from
luminance—difference detection. The lower sensitivity to the achromatic .
aé opposed to the chfomatic for the 1argertwo\stiﬁulus sizes indicates
some interaction between spgtial summation and the pércgptual task being
performed. It is poésible that with largerstimuli the task involves.
"hue-discriminqtion even outside the fovea . Determination of the _ﬁrecise
-role played by hue—diéériminationvas opposed to luminance-difference
detection in the perimetric .data preéented here could be done by stud&ing
fhe photochromatic intérval under equivaleﬁt’conditions.

Fully-scotopic

Interpretation of the fully-scotopic sensitivity gradients'reéts
on similar assumptions concerning photometric equglization and VA'as did
the intérpfetation of the photépic gradients. In additién, the scotopic
thresholds are presumed (excluding the foveal thresholds) to fepresént
cone-free thresholds, while VA was presumed to apply strictly_;o the
Cone.system. Because of the indeterminacy of the scotopic foveal
thresholds the amount of reliahle informatién to be gaiﬁed from them is
limited, though no major-différences among them as a function of
chromaticity were épparent , at least for the two smaller sizes (Figuré 15).
Periphery The fact that'all three chromatic stimuli yielded essentially
1 the same extra-foveal pﬁétopic thresholds may be considered when an

interpretation of the scotopic extra-foveal thresholds is sought.
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Dark—adaptétion,‘énd with it the presumed switéh to a cone-free

response systém, yielded séﬁsitivity gradients which differed significant—
ly among the chromatic stiﬁuli. An inéregée in sensitivity was found |
for éll ;hree colours, but this increase was generally gfeatest for the
blue, slightly less for the green, and considerably less (one to one

and éne—half log units less) for the red (Figure 17). If the fovea is
disregarded, the gradients for all three chromatic (as well aS the
achromatic) stimuli were of very similar form,'bging relatively flat
across thé retina'but showing a slight rise in :the mid-periphery

o-—150). It is only in absolute sensitivity that they.differ_

(5
(extra-foveally) . The'differences in sensitivity among the colours
reflect the (Purkinje) shift from VX fo‘V;.with the b}ue yielding highgf
sensitivity than the gfeen, chéugh each yielded similar sensitiyity
gradients undef photopic conditions. Tﬁe very low sensitivity to the

rgd stimulus again seems to reflect the Pﬁrkiﬁje phenomenon. In general
form the photopicvahd scotopic extra—foveal:gradients are very similar,
excepting the relative incréase in sensitivity ip the 5—-15o eécentricity
region which characterizes only the'écotopic data. The implicatibn

is tﬁat the éhangé from fully-photopic to fully-scotopic adapﬁafion
yields an increase inextra-foveal sensitivity, which is uniform across

the retiﬁa with the exception of a éreaﬁer incréaée in the mid—peripheral,
5-15° eccentric regiéns. 

Egigg In turning to the interpretatioh of the fovéal scotopic_
thresholds, complicatibns afise due to the uncertain validity of scotopic
“foveal measurements due to the lack of precise fixation control. To-
estiﬁéte the relativé depth 6f the foveal 'dip',in the various scotobic

gradients, use can be made of the slopes of the 15-5° nasal and 5-10°
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temporal gradieﬁt -segments (Table 16). A highly sloped gradient
adjacent to the dip would indicate a'degp foveal'deéression, as these
 segments repreSent'the‘beginnings of fhe foveal 'scotoma'. On this
basis the Biue and green stimuli both yieldedlargér difference between
mid-periéheral and foveal sensitivi;ies - that is, they géve'higher
slopes - thén.did the red stimulus. This seﬁsitivity differengé'betweén
the fovea and. the adjacent refinal areéé generélly increased with
stimulus size, for all stimuli including the red.

The data thus indicatevthat uﬁder scotopic condifions the fovea is
less sensitive than the adjacent retina to blue-énd gréen’stimuli, an& to
red stimuli only forlérger sizes . This lends support for an intérpret—
ation of the scotopic‘thrésholds as rod thresholds outside the fovea and
gone—thfeshqlds‘within'it;

| The_differehce between 5° and 0° éccentricity scotopic thresholds
for blue and greeﬁ stimuli reflect the senSitiVity difference between
dark-adapted rods (at 50) and cones (at Oo). The minimal différence
between Oé and 5O thresholds for the red stimulus reflect_the minimal
.increase iﬁ sensitivity of dark-adapted fods over dark-adapted cones to
loﬁg wavelength stimuli.

It is not immediately clear why the réd stimulus yielded a reiative
decrease iﬁ sensitivity at the fovea for only the larger stimuli;vﬁut

" this result agrees with the fesulfs of Nolte (l962) and Wentworth (1930)f
Nolte,-with two red stimuli (599 nm and 658 nm) sdbtending 30" of visual
angle did‘not find the foveal decrease, while Wentworth with a ?ed
‘stimulﬁs (672.5 nm)‘subténding 1°16"' of visual angle did show the
relative decrease at the fovea. In the pfésent_investigation fhe stimuli

subtending 6.8' and 13.6' did not yieid»the foveal decrease, while those
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subtending 27.2' and 64.3' did. Oﬁ the basis of Nolte's data no foveal
"relative scotoma" would have been expected with the 27.2' red stimulus.
However, the trend for increasingbsize of the red.stimulus to be
- associated with appearance of the foveal "scotoma" was a highly -
consistant fiﬁding in the presént study. Moreover; this trend appeérs
to ‘characterize all.fhe chromatic and achromatic séotopic data, as
reflected by the increasing slope of 5°-0° gradiént segmenté which
gererally accompanies incregéing stimulus size.

Two processes could explain the oBserved trend for‘increasihg
stimulus size (particularly for the red stimulus) to be associated
with increasing difference between foveal and Sé—ecéentriCity sehsitivity.
Either the increasgd size is associated with a dgcrease in the foveal
sensitivity, or with an increase in the para—centfal sensitivity.
Figure 22 indicates that fhe latter éxplanation is the more likely,.
whiéh would seem more logical in any case. This indicates then that the
scotopic sensitivity increased proportionally more in the para—cengrél
than in the fovéal retina with an increase in stimulus_size. This is
tantamount to .saying that spatial Summétion was greater in the mid-
periphery than it was in the fovéa, an interpretation consistant with 
previous investigators (Sloan, 1961; Gougnard,1961).

The distribution of retinal elements may be considered relévent to
an interpretation ofthe photopic and scotopic gradients; figure 26
shows the retinal distribution of rods and cones. While there is no
' airect éorrelatibn'between cone distribution and the photopic gradients,
in general the peakéd photopic gradieﬁt reflécts,very generally the cone

density which is highest foveally and tapers off peripherally.
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The extra-foveal scotopic gradients reflect rgd distribution to the
e#tent that bdth the highest rod density and the higﬁest scqtopic
sensitivity‘fall in the mia—periphery; .The lack of any ﬁregise.
correlation between receptor dénsity.and sensitivity is ﬁot surprising,
‘as many other factors such as absofptioh_by ﬁhe ocular media affect
‘sensitiﬁity. |
Throughout' this discussion , many interpretations have been made

based on the assumption that certain threshold measurements represent
responses from either the rods or the cones. Hence, éll foveal thresholds
have been presumed- to reflect cone sénsitivity, while peripheral
thresholds were presumed to-repreéent cone sensitivities under.photopic
and rod sensitivities under scotopic adaptation. >These assumtions are
ndt ﬁeld with equal certainty, however. While it seems quite certain-
that the photopic foveal measuremeﬁts represent only cone sensitivitiés,
it is less certain that the éeriphefal photopic measuréments represent
only cone sehsitivities. Interpretation of the peripherél photopic data
as purely cone sensitivities rests on the evideﬁce-of Aguilar and Stiles
(1954) that the rods are saturated at an adépta;ion_of 250_cd.m.—2 .
under scotopic conditioné it seems iikely_that the peripheral measure-
.ments repreéent only rqd'sensitivities, but it is with considerably
;1ess certainty thét one states that scotdpic fovealbmeasurements
represent only cone sensitivities due ﬁo the lack of precise fixation
control. Because of the uncertainty of the relationships among the
various sensitivitieS'and the distribution of retinal elements,
‘conclusions based on these relationships tend.fo take the form of

tentative generalities. rather than precise statements.
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Before leaving the topic of sensitivity-gradients, one‘fufther
cautionary nofé is necessary. An attempt has.been made to intefpret»the
results‘obtained in terms of VX andvof the retinal distribution of
photoreqeptors. Although the'C.I.E. 1924 VA curve is universally
accepted as the standard luminous.efficiency curve, it is an average of
many individual curves. Individual luminous efficiency curves caﬁ différ
substantially from this average function (LeGrand, 1968). For example,
'Coblentz'and Eﬁerson (1918) using fliéker photometry found iﬁ 125
normal'subjects a range of 549 to 570 nm for the’peak of the luminous
fefficieﬁcy‘curve;. These represent departures up to 15 nm from the peak
of the C.I;E. 1924 VA; On the other hénd, virtually all information on -
the distribution of the rods and cones is based on only one human eye
(@sterberg, 1935). In fhe light of these facts, variation in any visual
function based on and interpreted in termé.of these staﬁd;rds may be
expecfed to be.considerable. Ideally for the present study, one would 1ike 

to defermiﬁe each subject's individual luminous efficiency curve and
then photometrically equate the stimuli using his’ own VX. Were this done,
the results might be expected to be more easily interprétable, and would
in any case eliﬁinate-the error due to the departure of each subject's

visual system from the average standard system.

Spatial Summation

From the siopes-of the sensitivity gradienté obtained in this studyv
as wellbaé the derived valueé of the summation exponent K, some
indication of the spatial summation capacities of the normal retina can
be seen. Spagial summation yould éppeér to vary as a function of fetinal

" location, adaptation, and stimulus size, but the exact nature of the
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interrelationships among these variables which méy influence summation
is far from clear. The measures of spatial summation used did seem to
“indicate a distinct difference in this capacity between the fully-

photopic and the fully-scotopic retina.

Fully—Pﬁqupic
| Under fully-photopic conditions, summation appeared to increase

“with distaﬁce from the fo?ea in a fairly regular fashiop (Figure 20)‘
for all chromatic and achromatic stimuli. This is in agreemént.with
previous investigators who used achromatic stimuli under mesopic
(10 cd.m}_z) cénditions (Farkhausef aﬁd Schmidt, 1958; Sloan, 1961;
Gougnard, 1961).' The results of these previous studies might be |
‘interpreted to indicate the increasing contribution of rods to the
thresholds obtéined undef mesopic cdnditions as one moves peripﬁeréllyi
from the fovéa. However, if fuily—photopic thresholds are assumed,to be
rod-free this cannot explain the present results. In this case it would
appear that peripheral cones showed a greater capécity for spatial
summgtioﬁ than did the central éoneé. This is consistant with the
greatercdnvergenceof receptors, and thé greatervnumbers of cones
connécting with eéch horizontal cell, which characterize the peripheral
as opposed fo the cenfal retina (Rodiéck, 1973). |

| For.ail chromatic and achromatic stimﬁli under fully-photopic
conditions it was aléo found ﬁhat spatial summation varied inversely with
stimulus size (Figdre 20).n This isvalso in agreement with previous
in&estigatioﬁs with achromatic stimuii under mesopic conditionsf(ibid);
‘Thus spatial.summatiqn under photopic conditions is an important

determinant of visual function for small stimuli of achromatic and
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chromatic characteri

Compariéon of the present resu1ts with previous studieé indic#tes
theﬁ that spatial sum&ation in the fully-photopic retiné“isvsimilar to
thaf:in the mesopic retina, increasing‘with eccentricityland deéréaéing
Vwith stimulus size. In magnitude, summation as feflected by K seéms to
be greéter in the meéopic_than the fully-photopic conaition (Table 20)3;
this presumably reflects the contribution of rods to the mesopié

thresholds.

Fully—Scotopié

N Spatiél summation under fully-scotopic conditions presents a
different'pictufe. vFirst, there is a general increase in_summation.with
the change fromAfully—photopic to fully-scotopic adaptation. This
overall-increaée in suﬁmationvfrom photopic to scotopic adaptation
presumably reflects the change from cone to rod fﬁnctioning. HoweVer,
the relationships between summation and stimulus eccentricity and size
found underpﬁotopic conditions were not duplicated. under scotopic
cqnditions. There did not appear to be any consistant relétionShip
between spatial summation in the scotobic‘retina and either ecceﬁtricity
(excluding the fovea)or stimﬁlus‘size, over thé rangesAof eccentricity
and size used. The lack of ény consistant change in summation from the
near to the fér periphery under scotopic.conditions implies that spatial
sﬁmmation invélving the rod system does not precisely reflect rod
distribution, despitevthe regularity of this distribution (Figuﬁe 26).' 
Instead, scotopic extra-foveal summation appears to be independent of‘
'rqd-distribﬁtion and hencé of eccentricity, and this-independence seems

to apply to all the chromatic and achromatic stimuli.



114

Table 20

K Values Obtained in Various Investigations With an Achromatic Stimulus

.Eccentricity Goldmann Sizes ‘ K Vﬁlue Obtained
: Compared Sloan  Gougnard Present Study
‘ ' (1961) - (1961) I I1 -
0° 0-1 B .49 -
: 1-2 | 55 . .39 .28 .72
2-3 : _ .17 .38 .- -.05
3-4 J ‘ .18 0 1.10
15°N 0-1 ) 1.02
1-2 : .52 .96
2-3 73 ' .52 .94
3-4 P .54 .76
30°N 0-1 8 .99
1-2 , ‘ 1.02 72
2-3 88 N 1.20
3-4 J ' 42 T4
40°N 0-1
' 1-2 . .86 .70
2-3 - _ .84 1.20
3-4 ' A .94
45°N 0-1
’ » 1-2 :
9-3 .90
3-4

Adaptation: Sloan: C.I.E. Illuminant A, lO‘Cd.mT2
' R Gougnard: - C.I.E. Illuminant A, 10 cd.m. -9
Present Study I : C.I.E. Illuminant C, 250 cd.m.
~ IT : L = zero '
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The in?erse relationship bétween spatial summation and étiﬁulus
size found in fhé photopic daté has no clear parallel in the scotopic
' results;-scopdpic summation appears #o vary'in no consistant way with
stimulus size for any of the chromatic or échromatic stiﬁuli or sizes
used.

The scotopic summafion results.imply that summation in thé rod_t
system does not vary in any predictable way with stimulus size,‘coloﬁr;
or‘(non—foVeal) retinal location. This contrasts wiﬁh‘the situation
under fully—photopic‘adaptation, whéreiﬁ summation seems to vary
‘directly as a functioﬁ of eccentricity and inversely as a. function of
stimulusﬁsiée. This difference may be related to the difference
response systems presumed to be involved, the cones under photobié and
the rods‘under scotopié conditibns.. However, such a conclusion may not
be warran#ed in view of the wide variability in the summation exponents
defived, especially as this Vériability was foupd to be greatér under
. scotopic than photopic conditions.

Thelvériability_fognd in the summation exponent K is considerablé
under both photopic éndvscotopic-conditions, though greafer in the latter.
This might seem to imply that ﬁhe summation capacity‘of the refinébis
itself highly variable, éven under an invariant set of conditions.
However, the possibility exiétéjthat the variability in K reflects af
least paftially the variance in the threshbld values~froﬁ whick K is

derived rather than variance in summation per se.
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' SUMMARY AND CONCLUDING REMARKS

The pfesent investigation'waé designed,to study the'éensitiﬁity
and spatiél summation propérties of the normal retina under well-defined,
precisely controlled cqnditiqns. The use of.three chromatic stimuli (as

‘well ‘as an achromatié) gave information on the differential sensitivity
of the retina‘tq stimuli of varied spectral composition,.while the use
of.four stimulus éizes yielded data on the ability of the fetina to
summate luminous input spatially. Thus sixteen stimulus size— 
chromaticity éombinations Qere presented at points on the horizontal
ﬁeridan to five emmetr0piq normal trichromatic.ébservers under both
fully-photopic and fuliyfscotopic adaptation conditions . The use of

these two extreme adaptation’luminances (250 and O cd.m?z) allowed the

separation of the photopic and scotopic response systems.

The results'of these inveétigaﬁions may be summarized' as foliows:.
1. Under fully-photopic conditions, tﬁe chromaticity of the stimuius
had no effect on extfa—foveal sensitivity: all three chromafic stimuli
yielded eqdivalent mean grédients which were slightly higher than the
gradients yielded by‘thé achrdmatic stimﬁli. Conversely, fully—photopic
adaptation yielded foveal thresholds which varied as a function of
: s;imulus>cﬁromaticity, the foveal sensitivitiés being (in decreasing order)
red, green, énd blue. These results were discussed with reference'to
the applicability of the standafd C;I.E. 1924 luminosity function (VX) to
these conditions,. the perceé;ual task required of the,observer, and the
‘distribution of retihal receptors.

2. Fully-scotopic adaptation yielded extra-foveal sensitivity gradients
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.which were'éimilar in form for all chromatic and achrématic stimuli,
Being generally flat across the retina but sh&wing a rise at 100—150:
nasal and félling off'toward‘the.central'field._ The relative heights of
;hese grgdignts reflected the Pufkinye shift from VA Eo VA" being.in
decreasing prder blue, green, and red. Dark—adaptation thus ﬁroduced.
the greatest increase in sensitivity to the blue and the 1¢ast to fhé red
stimulus.__The scotopic foveal thresholds were not clearly interpretabie
due to the-lack df precise control of fixation under scotopic conditions.
However, a‘méjor difference was found befween the red‘stimulus) which
yielded slightly lower foveal sensitivity relative to the para-foveal
region only-fo? the largeritwo>$timulué sizes, and the other stimuli,

all of which yielded fpveal sensitiyities markedly'rgduced relative to
the para~foveal areas. These results wefe.discussed with'referehce to
the earlier work of Wentworth (1930)‘and'Nolte (1962). A notableA
discrepancy was.seen between the red stimulus sizes expected_oﬁ fﬁe basis
of this earlier work to yield the '"relative central scotoﬁa”, and thoée
which did yield‘such anveffect. Distribution of retinal elements and

the indeterminacy of'thevscotoﬁic foveal thresholds.wére also‘discussed.
3. Spatial summation under either'adaptation condition$ was not found

to vary in any systematic way with stimulus'chroﬁaticity. -For all

. chromatic and achromatic stimuli summa;ion increased wi;h eccéntricity
énd decreased with increasing stimulus sizé under fullyfphotopic.condit—
ions, in- agreement with previous investigations using acﬁromatic

‘stimuli under mesopic (10 cd;mtz) cdnditioﬁs. No clear relationship
between summation and stimulgs sizé or eccentricity was found undér

scotopic conditions. The change from photopic to scotbpic adaptation
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éonditions was assdciated with a general increase in spatial suﬁmatidn.
These results_wére discuséed wifh reference tovthe visual response
systemSjassumed to be involved.

4, Variébility in the determined threshoids and in the derivéd
summation'exﬁonent k was found to be considerable unaer both adaptation
éonditions, but was not found to vary as a function of stimulus
chromaticity. Variability in thresholds, as reflected by the standard
deviation for mean thfesholds, Qas found to.increése wi;h eccentricity
under both fully-phétopic and fully-scotopic adaptatidn, but to.decrease
‘with increasing stimulus size only under the formér condition. In general
variability was greatest at the fovea under scotopic conditions
(presumably due at least in part'to methodological problems). Variability
in the summation exponent, as reflected by éténdard deviafions of méan_
~k values, was found to be greater under fully?scotopic conditions. The
variability in the obtained data was_discussed wi;h reference to method-
ological pfoblems; Whether #heuvariability in k reflected trﬁe variance
" in summation or mefely variance in the threshold determinations oﬁ which
k is based could not be determined.

These results have been interpreted as representing the charéCter—
istic responée of the normal retina under the specific conditions des-
cribed, and as Such could be éonsidered norﬁs against which clinical data
might be compared. Such applicability must take into_account the
dependenée'of this type of psychophysiéal data on the many.stimulus;
observer,_and surround variables which together determine the response.
In'view_of this fact, specification of these factors increasesAthe 3c6pe

of applicability of any such data. The results obtained from the present’
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vinvestigation_might be extended by the following experimental revisions:
1. Use of each subjéct's own empirically-derived VA,.to equate the
chromatic stimuli‘photometrically, would aid in interpretation of
thresholds obtained with such stimuli under various conditions of .
adaptation and stimﬁlﬁs size.

2. Assessment of whether the subject is perceiving thé stimulus as
coloured or achromatic, and thus whether more than luminance—differenqe
detection is involved, might‘be determined under similar‘conditibns

to those used here. | |

3. Precise controi of fixation under scotopic conditions is mahditory
for.the determinatioﬁ of scotopic thresholds, particularly at the fovea.

This could be done using an infra-red:camera system..
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Reference Notes
Note 1. Drance, S.M. Personal communication, 1978. .
Note 2. Lakowksi, R. & Dunn, P.M. In preparation.

Note 3. ‘Enoch, J.M. Draft two of the Internationél Perimetric

- Society Perimetric Standards, 1978.
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- APPENDIX I

Counterbalancing

- Subject

Testing
Session

‘ a
Trials Run Per Testing Session Adaptation

LL

JL

S W OO N ~Nonn SN

PN W N

Wl Bl Rl Gl B2 Photopic
R2 G2 W2 R3 G3

‘W3 B3 G4 W4

B4 R4

W2 W3 . W4 Wl B4 ‘ Scotopic
Gl G2 G3 G4 Bl : :
R3 R4 R1 R2 B2 B3

"Wl Bl RIL ‘ Photopic:

Gl B2 R2 G2 W2
R3 G3 W3 B3
G4 W4 B4 R4

Gl G3 G& G2 ; , Scotopic
Wl W2 W3 W4 o

R2 R3 R4 R1 B2

B3 " B4 Bl

G4 W4 B4 R4 Wl Bl o Photopic
R1 Gl B2 R2 G2 W2 '
R3 G3 W3 B3

G4 Wh B& R4 e Scotopic

Rl R2 R3 B2 B3 Bl

G3 Gl G2 Wl W2 W3

R3 G3 W3 B3 . . Photopic

G4 W4 B4 R4

Wl Bl Rl Gl
B2 R2 G2 W2

R1 R2- R3 R4 | ' ‘ Scotopic
B3 B4 Bl B2

G2 G3 G4 Gl
We WL W2 W3

. continued
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APPENDIX I continued .

Testing " a o
Subject Session  Trials Run Per Testing Session Adaptation

KH ‘B2 R2 G2 W2 o Photopic
R3 G3 W3 B3 - . '
G4 Wh B4 R4

Wl Bl Rl Gl

W3 W4 WI W2 ) . Scotopic
G2 G3 G4 Gi

Bl B2 B3

R4 R1 R2 R3 B4

o~V PN

84 = White (TC = 6000K); B = blue; R = Red; G = Green. e.g;, Bl =

Blue stimulus, size 1.
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APPENDIX 1T
MEANS AND STANDARD DEVIATIONS FO2 FULLY-PHOTEPIC THRESHOLDS

. ! . -9
HEANS (Tog cd.m. )

ECCENTRACTY :
NASAL TMP0E AL

4n 36 . 20 15 10 5 o] 5 10 20 25 . 30 40

v 1 2.9 2,7 247 26?2 2.2 2aC 1.2 207 2.3 2.5 2e4 2.5. 206
W2 2.2 2.1 1.¢ 1.¢ 1.8 1.7 1.1 1.7 1.8 2.1 1.€ 2.0 2.0
W3 1.9 1.8 1.6 1.6 1.5 1.4 .5 1.3 1.6 1.8 1.6 1.¢ 1.7
W4 1.¢ 1.5 a4 162 1.2 1e2 | &S5 142 1.3 1.5 1.3 1.4 1.4
noy 2.8 2.8 2.2, 2,2 2.2 2.0 - 1.4 1.9 2.2 2.% 2.3 2.4 2.5
L) EP 20T T8 T.E 1.7 1.5 T T.5 1.7 ) 1.8 1.8 2.1
.83 1.7 e? 145 1.4 1.2 1.2 .S 1.2 1.3 1.5 1.¢ 1.5 1.6
a e 1.° 1.° 1.2 1.1 1.1 1.0 .8 1.0 1.1 1.4 1.2 1.3 1.4
to1 2.7 2. 2.3 2.2 2.1 2. 1.1 1e7 242 %25 204 2t 20%
T2 2.2 2.1 1.F 1.8 1.7 1.5 R 1.4 1.8 2.1 1.8 1.€ 2.1
° 3 1.7 1o 1.6 1,6 1.3 1.2 .8 1.1 1.4 1.7 1.5 1.5 1.¢
Tz 1.4 Tod T3 Te? Tel T.0 oD 1.1 1,1 1.4 1.1 T. 2 1.4
n 2.7 7.k 2.2 2.2 2.2 1.€ 1.2 1.9 2.2 2.4 2,2 2.4 2.F
[ 2.1 2.1 1,9 1.9 1.6 1.5 t.r 1.8 1.8 2.0 1.7 1.8 2.1
63 1ok 1.7 104 1ot lo4 1.3 .7 102 1o 1o 1.¢ 1.5 1.¢
no4 1.4 1.¢ 1.2 1.1 1.1 1.1 . 1.2 1.2 1.6 1.2 1.2 1.2

£ £

STANPARD NEVIATIONS

.19 .15 0?1 01" o7 15 017 o113 15 022 o1 .
.26 .17 .11 07 . 1C .13 N5 .12 .15 21 .15 .
. N .15 W15 .12 .11 D7 .13 . 1€ W17 .27 15 .15 12

[ RTINS

=

PR o 1L = 1] o111 PR 0137 T JNR o OR P S o 13 L1887 0TS
.11 i€ o2 2 .ns .03 # 11 .C7 .19 024 .18 <13, .13

.
—

A 2

8 2 . £22 W13 .10 TLhR 025 A9 13,36 1T .13 .13 W1%
3 L1518 LN9 12 8T 9T 13 .13 .0% L1300 .30 16 W27
IS § WAL S T RS L % S . I U SR L S L TRY.E Y A S
P11 16 W24 .24 1% 03 A8 .12 .16 27 o119 18 22

A I (S FO I e ¥ S T A I e I e N S U s & S P
° 3 .ne L1 Jle 120 0t8 08 AT L1 W11 .20 1% .11 .23

© 4 LT W16 @1l ell e"9 o5 415 04 W08 416  o11 o200 Ll6
AV L1e 2e J1F (13 15 T Wil L0G L0R L11 W16 W17 W23 W27,
€20 L1 W25 L1013 11 T LB W0 13 J1T W30 .18 .R1 0 L19
03 W4 g1 W11 DR .04 04 409,05 413 .16 3T .10 .18
Ny O J1E 33! 5 5 g L] L1371 .19 09T L
W Achromatic B = Blue G = Green R = Red



APPENDIX III"

Scotopic Foveal Thresholds

Highest
Threshold

Log AL (cd.m.—z)

~ Highest

Fixation B¢

Fixation AP

Stimulus

1

Threshold
. Obtained

4

Colour

Subject

Size

.22

6.8

Achromatic

-1
-1
-1

-1
-1
-1

.3
.1
.7

-1

W4

-1
- =1.

-1
-1

5

-1.

.7

o7

.8

-1

KH

.26

.5

-1

-1
-1

-1.3 -1.9 -1
-1.5 -2. -2.

.5
-1.9
-1.9

-1

..LL

13.6

.5

2

2

-1.9

JL

-1.3
-1.3

1.3 1.4
-2.1 -2.2

-1
-1

-1.

B3

.81
(.17)

-1.5
(—1.9)

.7
.9

-1
-1

-1.7
-2.
-0.

)
7

-2.
-2.

-1
-1

LL .1

.2

27

5

.9

-0.1%
-1:8

-2.1

-0.5

130

-2.5
-2.

=2.6

-1.8
-2.1

1
0

3

-2.4

. continued



_ APPENDIX III continued

Log AL (cd.m,_z)

Highest
Threshold

Fixation BC

Highest
Threshold

Fixation AD

Stimulus

Obtained

2

1

Size

Colour

.15

 Subject

Achromatic

-2.2

-2.0
-2.4
-2.2

T -2.6

-2. -2.0 =2.5

LL

54.3

-3.1

-2.3

-2.1
- -2.8

-2.1-

~-2.9

-2.

-2.2

.39

.1

-1

-1

-1. -2.2  -=2.0

.1

-1

LL

6.8

Blue

.1

-1
-2.

-1.3

-2

-0.7

2

.1

.34

-1

-1.

-2,

-2.

LL.

13.6

-1.2

5

-1.

RM

-1

.1

-1

-2.8

.3 -2.8

.1

-1

KH

2.3
(-2.1) (.29)

131

.51

-1

7
3

~-2.
-3.

6

-2.

.9

-1
-2.3

.8

-1
~2.7

LL

.2

27

-2.3

-2.8

4
.8
-3.1%

2
1.
| -3.8 |

4
6
1

.. continued
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Log AL (cd.m._z)

Highest
Threshold

Highest
Threshold

(o

b

Fixation A

Stimulus

Fixation B

o]

Obtained X

2

Subject

Size

-2.6

Colour
Biue

.64

-2.8

LL -3.0 -2.8 -3.2 --3.2

54.3

Red

6.8

.26

-1

1

-1.

.1

-1.1  -l.1 -1

-1

LL .

-1.0"
-1.3

-0.6

-0.9

-1 .21

.7

-1

-1

-1

LL

13.6

.3

-1

.3

-1 ‘

-1

8
8
-1.8
-1.9
-1.7

.8 -2.0 -2.0 -1.
-1 -1.

-1

-1
-1

LL

2

27.

.07

.8
-1.8
-1.9
-1.8

-1

.8

1
-1.9
-1.9
-1.8

.9
2.0

132

-1.8
-1.9
- -1.8

-1.9
-1.7

. continued
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Log AL (cd.m._z)

Highest
Threshold

o

Fixation B

Fixation A

Highestb
Threshold
- Obtained

b

Stimulus -

Size

2

Subject

=2
-2.
-2.
-2.
-2.

Colour -

.05

1

-2.2

.2
2
2
1
1

3
1

-2.
-2.2

-2.
"=2.4

2
2

-2.
-2.

54.3

" Red

LL

™

JL -

RM

2
1
1

-2,

2
1
2

-2.
-2.
-2.

~2.2

-2.2
-2.3

1
2

-2.

-2.

.37

(-1.1) (.12)

=1 -0.9

.2 .-1.1
-0.3

-1
-0.6
-1.

~-1.2

-1.

LL

AM

-0.5 -
-1,
-1
-1

~0.3*

.07
-1

6.8

Green

.2

-1
-1
-1

A

-1
-1.0
-1.4

-1.1
-1.9

.2

.7

-1

.47

-1

2 -1.9
.0

-2.
-1
-2.
-1
-1

-1

.5

LL -1

13.6

-0.8

-0.8
-2
-1.

-0.9

-0.9
-2.2
~1

-1

-2.1

5

.1

JL

-1.3 .
-1.4

-1
-1

b

-1

.5

KH

.54

-9 o
(-1.7) (.31)

-1

.8

-1.2
-2.7%

-1

-1 -2.8 =2.7

-2.5

02

27

~LL

133

-1.7
2.9

-1 -1
2. 2.

~1
-2.

-1.7
-1.

-2.0

-2.5

. continued-



APPENDIX I continued

Log AL (cd.m.—z)

Highest

Stimulus Fixation Ab Fixation BS Highest Threshold
2 Threshold S
Colour - © Size Subject 1 © 2 1 -2 Obtained X o]
Green 54.3 LL - -2.2 -2.2 -2.7 . -2.6 -2.2 -1.9 .61
AM -2.1 ~1.6 -2.4 -2.5 ~1.6
JL -2.9 -2.8 -1.0 -1.0 -1.0
RM -2.3 -1.9 -2.4 -2.2 -1.9
KH -2.7 -2.6 -2.6

-2.9 -2.8

a.. R . .
Size is in minutes of visual angle

bFixation Devices, L < .15 cd.m._z, 2

o ., -
visual ‘angle

CFixation Devices, L < .15 cd.m.—z, 3.4° visual anglef

*

in brackets.

Denotes a highly irregular threshold which was excluded‘to yield the Mean and Standard Deviation

wel
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ACPENDIX IV

MfANQ“Ah“ STANDELSD DEVIATIONS FOR FULLY=SCITIPIC THEFSHALNS

MEANS (loarcd.mjz)»

: ECCENTEICTTY
NAS AL : TEMOOE AL

&7 3T 20 1§ 10 w [8) 5 1T Zn 25 39 [32)
W1 =P =207 =202 =2.7 =202 ~2e2 ~1lef -2,1 =2, ~1e% -241 =-2.1 =243
W2 =206 =200 =207 =2.00 =207 =207 =108 =205 T =2,T7 2.5 -2.B  -2,8 =2.¢
3 =3.% =2.2 -2.7 -3,4 =304 -3,2 -1.5 =341 -3.3 =3,1 -3,7 -3, +3,3
W a4 — bt =3eF —2.R 0 =3,8  =3,0 =2,7  -2,2 =3,5 . =3,8 <=3,6 =-3,8 -13,£8 -3,7
T R Y S S A P A S S 15 B - S S S PR Sy S S . Saary oy 4
RO2 2.9 =3, =3.1 3.2 -3,2 -3,1 =-l.4 =3.) -3.1 -2.7 -3.1 =-3,1 =3,0
23 =302 -3.6 -3,7 =3,F =3,f =3,& -2.3 =-2.4 -3,7 -3,5 =3.& =3,¢6 ~2_6
24 =3P =3,8 —4.3 m40bh =402 -h0) 0 =206 =4,)1 24,3 ~4,)1 0 w4.) -] =4,
L = ¢ -7 L YA B P e T -9 ~e5 -8 ~o8 ~e0 —eF
2.2 1.7 =102 =1 f =]k =16 =1,5 1.8 -l.4 =1.8 ~1.2 -1.2  =1,2 -1,2
3 NS D RS SENED- AR B SR : B N A SR SV Rl DS QR I AR -}
) =202 =2e6 =7.%  =2,7 —0246 246 =24l =245 =246 242 =245 =2,5% =2,4
~ =1.6 =201 -2.4 ~2.4 =205 =204 =0.S =2,3 =2,4 ~2.2 =2.4 =2.2 =2.2
~ 2 =2.7 =2.7 -2.0 -3.1 =2.9 -2.9 -1,4 =-2,3 =2.5 -2.7 =-2,0 -2.8 =-2.8
f3 =3em =3c7 =3,8 =306 =3.F =3,4 -1, ~3,4 ~3,5 ~3,3 -3,6 =3,2 23,3
) =348 =3,7 -4,00 =4,1 -6.0 -39 -1,9 -3,9 =3,6 =2,8 -4,” -2,6 -3,8
STANDARD DEVIATI NG

L 13 .1¢ ol o1 5 o1 w13 022 015 o1l oV oNA 01D 0 1€
w 2 PR .02 1€ 1€ <11 [ K 4 . 1€ .14 Jd€ Rk .11 30
T « 27 « VBT W IF B! 11 RS w17 1) .13 <17 LT T 11 37
Lo 15 022 PR I olf =07 o185 .12 015 «lG 012 .{s .11
° 1 o 1R .12 .22 .12 16 «19 « 29 «23 . l4 12 ola .19 o1
P2 TW.YF .12 .12 15 16 G .34 .16 .13 b= .14 .23 .17
R 3 e13 NG oll .12 + 78 +13 .51 .27 o 11 .16 .Ne .14 .18
R 4 2 18 «QR .12 .16 - .19 . bl 17 N7 .17 .24 .22 E
R 4l B! .13 o F 17 .V E .28 . '8 s ETT WTE P WIT 7T T2
w2 o 14 .12 -1€ o117 .19 .15 .21 15 .C5S .05 .4 .C5 N7
* 3 <19 .11 .11 .11 .15 N4 .07 «1f <11 «31 «15 # 15 .15
T4 .18 .19 12 7 L11 o013 1l " ef5 o13 «10 E s10 W13 o132
~l .25 <17 .21 «08 W15 NS .37 <17 .12 .Ne 0By .11
62 .S L10 .12 el (04 .Na o641 .18 .11 12 o115 .11 .15
R} o T o IT PR e11  oI1 «13 « ok PR o 13 «22 o17 . 157 7T
"4 .11

N9 - ,Ag L1 14 .09 18 .61 W16 .05 W27 16 .16

W= Achrométic B = Blue G = Green R =-Red



Te
<

b

~
-

"XDON?

-
q

TRy

b

P

hpp

noIC

TINMS FOC

IMMAT TON

Sy

~T

FULLY-PH

v

VAN

ne

.

NpARn

A

[

AND S

[

ME AN

1
NN

ENT

T

d
b
(58
[
«
3
1
".;._
>
ko
[
(R
—
o
}..
u
Ly
Ly
g
v
<
“

<
(AR}

[ o
o)

[ge]

-

e

[Ca

«

-

[T

il

4Ln

—— — e — - ———— T T — —— ———— — —— — ——— T ——————— " —— T — ———

v ———— - - Y —— o o e it

0 46 012 o T € o712 82 P

.28
n

.A\{)
«54
e 353

b4
JED

2

o R
[Tam et

«?

.62
{
3

T2

1

ce

N

ny

« R

o718

o588

062

o &6

toemi

o8]

0
.

3
L

4%

o

o Ml o8

3

o
c 7R

3

A

rad

| SRS
 ARERN 6]

28]

7

g3
o

ot

i

(&3

.72

70

(28]

o

L

w

S m

-

A
o~

SE

o«

o

(aV]
[

N

(TR

RN

0
o\

(a3
o

[a\J
[9Y]

[\
o

(o8]

—i

—}

e

(o

™~

W

136

() OO e

— -t
s o e
O W
KR AN AN
¢ o
Mf*-‘c
—t o -
s ole
—
(a8 BE oN N QN
*« o o
o

o Co
(oS BN aN IS

L e o

(AN )

Ced (O C‘h
L S O

[AAAI Y
—1 et

o1 R
neo

(AN

o
— 0\

—1 0\l
- O\

oY W
o

g3 Oy

O e

SIS
- (\1

oo

v\
NN
. L]
K O
GV N}
L] L]
-t .«,’,}‘
N
L] [ ]
C D
UMt
a L]

=t et

»15

0 4

| QU]

U
SRR

W T

o

ot

o

o

—

223

olé

-
-

i

i

r~

O

r©y

«

r—i

.
~d

Al

1 =t




137

O I NGOV ON 3O C RO
1O N0 0 U0 SO KO
| ¢ ©:8 o ofle o0 oie o oo
] — e — e
b
v [} ’CO(\I'\T\T\O\O(\I\T;CC ooy o
b O wer O are O ola O o
= ; | ¢ 0. ¢ e o¢|e o e 0 oe ~
= | ;
C. H |
a : (TRl I IRVO RN OV e R SN AN I SN I S S Sio SIIND BN o B X S . : :
> N TG OO C:ON e~ M~~~ C AN T AN 0 D e O
L | » oie o ele 0 ¢ia 0 oo —_COLHMN O DN e O e 0 e
t —: —t -t -t O ¢ e & e. ¢ o o0 8 e:o0
Z : ' :
i <1 | :
- w ClITG N NI ORI 0N :
[ o P E i~y e ko~ o~ O e OO T s e N e OO 00
<l o | ¢ aie o ele o 0.0 0 oo [a VIR o N (s S I S-S BN, SPSRE Ta Tl [P RSV I SN I o
= Y bt i —t O e{* 0 «.o o w0 & o 0O
s Ly | —t
= - ! ; :
w f LCRUEES SN i e J's ol < SRV BN ap I8 At BN, SN oV Il N 93 : ;
' O C OO e 0O oo (T N Y N N3
) ] ©# oie o o0le * oia 0 ofce O e et O OO et OO
- | — - G e[ ® Qg w.e o |0 ¢ e:0
[»¥ ] W :
~ ! ; ; > ;
b= W (N0 NGO N NN ® o
-t (1 oo~ r~pA OO0 e e o e N GNP
-0 | ® oie ® o|e o . e:a o o e i O e oy MO N e 0O e G
PN ] o=t ~T O e/* 0 s e o elo e o0
< ! i et i :
Y ket o NN CCENC U@ s
= - ! I~ i 00 W e X e OO U e @ 00 O B OO e
w D 3 I = oie o gle o o0 o o N A N 0 s s NN 62 B e oV RN A BN AR IR L BN R RENG
o W L e Co! o e|le o e:e o olo e eiop
‘a | o et femi - —
<l G l <3 H
. W 1IN0 0 NG ON O N o
w ler, & Q0 AV~ OV O~ OO O = L. et
[ o« oie o ple o sia ¢ eofe < o) i
V) ) b o *
< | Vi :
C. | ) :
— SN O @ g g 3
b e QU P NGO~ O AN NG [oXiN e ATRVORN - Al TalNou BN g
<1 | ¢ gie ¢ ole e eoie o efe o~ — — [
(2] } — -+ . o e LI}
> | -
9 ]
[ Yo | ISSINES S VU G AN TN Gl o VI SO « KIRYO BEC RN oV
b ~| 1o O~ O O 0 Car e ke o~ U
[ w 1 ®e ocie e gje e eia s o0 O e
4% [ | N ) —l T
< . H
Ca | .
= <. [ s oRN WS SERVERN oVIN o CEENIN * VW WS S RN SN o .
<1' [aVA I IO VANE « (N oSS G @ ¢ ERNAS TN S ERca N G ¢ 1 [SAR PR VRN TN VOURVIENY o B VRN o VIR TN |
§ } * oie s ofs o gis e o|e (S S B SN I SV S SN NS SIS SO Y
(%53 ) - . o ®|e o ®ie o #je & .9
I e
o M :
= LD NN RN I oV IEN ¢ G N | i
o AN SN o Qi o~ OO TN e N O S
) e o o Bje.e 0Oie e ofae SRR AR IR o W I QAN o NEN o ST o o 8 T o 0 TN Q VIRPSS BN QWA
v [ B T et et o o| s o e:e o0 s|le s sig
= |
<] ] )
bis i | ¢ RN ORN GUE's B A VIR oV o]
-3 N~ OO YK N = O ON O N
] o e Oie o oo (SN SN oI RN A TN B A VI S AL TR A oIS o N
I — - e o|® o eie 0O eje o osio0
od [aXENA NN BN e NN AN [aSARL ST IS B oW o SN BN SN oS IE SS AR QNN SR N o
{ | I T I I I N N I TR O U T I I DO T I
- — O\ e Ny i LG e G 00 = T - ) (0
XZFToOomME oo d O L33 4Gaq o o 0w




138

Appendix VII

Calculation of Correction Factors for

~ Photometric Equating of Chromatic: Filters

The sensitivity of the.Pritchard photometef used invthe present
invgsfigation deviates from V%’ aﬁd the difference between the instfument's‘v
specﬁfal response curve (Vi) and VA‘must be téken into aécouht by .
correction factors which are applied to the instrumental readings. ~The

formula used to calculate these correction factors was the following:

whefe CT= the corréction‘féctor which when muitiplied by the instrumenfal
reading yields fhe corrected Y value. '
T1= transmission of the filter at the wavelength i..

Yi= the.vaer of QA at the wavelength 1.

Y?= tﬁe value'of Vi at the yavelength'i.

The valuéslof Ti were obtained using-tﬁe Zeiss RFC-3 Automatic
Cbldrimetér, an aptomatic colorimeterﬁ Interpélation of some values was
required és the RFC-3 makes measurements at 13nm intervais? while the
vélues of T; at 10nm in;ervals were required.

The values of Y; were obtained from Stiles and Wyszecki (1967) . .

Judd's 1951 correction of VA

in the blue wavelengths was used.'

The values of Y? were obtained from the instrumehtalispectral
i

response data supplied with the Pritchard photometer.



