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FOREWORD

This report was prepared by the Ohio State University Ressarch
Foundation under Contract No. AF41(609)-2426 with the USAF School of
Aerospace Medicine, Aerospace Medical Division, Brooks Air Force Base,
Texas. Norma D, Miller of the School of Optometry was the principal
investigator.

The project was initiated by the School of Aerospace Medicine,
Brooks Air Force Base, Texas and was monitored by Major, L. R. Loper.
Dr. Glenn A, Fry, Director of the School of Optometry, The Ohio State
University was supervisor.

This work represents the seccnd phase of a continuing effort
in the area of the visual effect of high intensity flashes. The work
described in this report covers the research conducted during the
period 15 May 1964 through 15 May 1965, under Project 6301, Task
630103,

Publication of this report does not constitute Air Force
approval of the report's findings or conclusions. It is published

only for the exchange and stimulation of ideas.
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ABSTRACT

Hirh intensity fleshes of 0.04 msec to 1.4 msec duretion were used
to determine the afterimage brightnecs es a function of time following
the flash. Six humen subjects made continuous metches of the efterimepe
for periods up to six minutes following the flashes. The f'lash enerries
ranged from 3 x 107 to 8 x 10° td-sec or from 0.012 to 0.0003 cal/em?
at the retina, nerlectinr losses in the ocular media. The mean afterimese
brightnecs, & cec following the highest intensity flashes, was 10 td.
The afterimege bripghtness deta were correleted with recovery time mearurements

for Sloen=-Snellen letters presented et luminance levels from 280 ml to

0.07 mlL.

The reciprocity reletionchip between the durstion snd luminance of
flaches suttending 7.5° vicuel enple was invectipated for conctent flash
enerpy of 3 x 107 tdesec. Seven flach durstions from C.5 to £.0 msec
werec terted. The recovery times for the “loen=Snellen letters at veriouc
luminence levelc increarced approximstely 507 followin 1.7 msec flerhes
compered with the 0.5 mcec fleches. There was no cpparent chanre for
the mean recovery timec for four cubjects followins flechec from 1.5 msec

to 5.0 mcec in durcstion.

iii

T L et



ER -

o S S
. —

CONTENTS

I INTRODUCTICN
II ECOPE
III AFPARATUS
v AFTERIMAGE BRIGHTHESS
1. Apparatus
2. Monoculer Bipartite Metching of
Aftrrimare Erightnecs
5, Comparison of Afterimage Srightness end
Equivalent Beckpround luminance
4. Pinocular Matching of Afterimage Erightness
£+ Periphersl and Foveal Afterimere Metching

Summery of Afterimece iatching end
Recovery Time Measurements

v RECIPROCITY BETWEEN INTENSITY AND DURATION
POR CONSTANT INTEGRATED FLASH ENERGY

1.
2.
%
REFERENCES

APPENDI X

Apperatus
Experimentel Procedure end Results

Chenge in Recovery Times with LCecreased
Flash Luminance

iv

15
16

18

25

4o

42

L7
4g

™

c8

N
\n

lz\




List of Figures

Fig. Ne.

1

On

A schematic¢ drawing of the opticel system for
producing a 10° flash field

The steradiency of the flash tube compared with
tungsten at 3000° color temperature

Oscilloscope trace of the phototube signal for
the 0.54 msec flash produced by the rotating
mirror shutter system, synchronized with the
flash dischearge

() Oscilloscope trace of the phototube voltuge
signal for a tungsten source flash of 0.75 msec
duration

(b) The differentiated wave form of the trace

(2) The circuit of the oscilloscope operational
emplifier for current to voltage conversion

(b) The crt trace obtained by connecting the
phototube current signal to the input of (a)
(¢) The differentiated wave form

Schematic drawing of the optical system
modification for monocular and binocular
matching of afterimage brightness

Individual variations in afterimage brightness
decay as measured monocularly with a bipartite
photometric field

(a) Composite records of the afterimege
brightness matching following three flashes
of 1.4 msec duration to a 4 x 10° L field
(0.012 cal/cm? at the retina)

(b) The same type of record for a different
subject

The group means for six subjects of the
retinal illuminance from en external field
required to match the af'terimage following
two different durations of flashes of

4 x 107 L

Page

1"

12

14

17

20

21

22

24



R {2

oE UN aw N e

¥

List of Figures (Cont.)

Fi!’;o No.

10

11

12

13

14

17

The group means for six subjects for the
recovery times for 28.7' and 16.3' Sloan=
Snellen letters presented at ten luminance
levels

The group means for six subjects of the
retinal illuminance from a 10° external

field when adjusted for threshold recognition
of test letters superimposed on the field

Comparison of afterimage brightness matching
end recovery time data for six subjects

Graphical representation of the procedure
used in predicting the recovery time for a
16.3' letter presented at 2 mL following @
3 x 107 tdesec flach

Comparison of results of at'terimage brightness
matching for an annular afterimage concentric
with a centrally fixated 2° matching field.

In the monoculer case, both the af'terimage

and metching field were in the right eye, end
in the binocular case, the afterimage was in
the risht eye end the matching field in the
left

Comparison of resultcs of monocular afterimage
brightness matching for a 2° centrally fixated
stendard field and a concentric annular sfter-
image with a 2° central afterimage and a
concentric ennular matching field

ieen data for three ceperate determinations of
afterimage brichtness for each of two subjects
fellowing flechec of 3 x 107 td-sec (0.012 cal/cm2)

(a) The time cource of the flash tube radiance
(b) The crt trace of the sipnal shown in (a)
after peacsing through a log adapter circuit of
the oscilloscope operational emplifier

vi

36

39

41

47

49



List of Figures (Cont.)

Fig. No.

18

19

20

21

22

() The crt trace from a 1,54 msec
flash, produced by synchronizing the
flesh tube discharge with & rotating
sector shutter

(b) The weve forms of the 3.4 msec and
5.0 msec flashes from the flash tube
synchronized with sectors covered by
compensating neutral density wedges

(a) The lower trace is the wave form from
the 2.4 msec flash through the compensating
neutral wedge, and the upper trace is the
integrated flash

(b) Four integrated flashes from a regular
experimental run showing the constant It
product for the 0.5, 1.1, 2.4, and 5.C msec
durations

The mean recovery timec for four subjects for
the 28.7' letter precented at the indicated
luminence levels. The fleches were

2 x 107 tdesec (0.012 cal/ecm? at the retina)
with durations renring from 0.5 to 5.C msec

The recovery times for each of the four
subjects for the 285.7' letter st various
luminence levels. All flashes were

5 % 107 td-zec (0.012 cal/ecm?) with the
indiceted durstions

The meon recovery times for four subjects
for a 28.7' letter presented at various
luminence levels followins flaches of

1.4 mcec and 5.0 mrec duration. The flash
enerziec were varied by rcducing the field
luminance by neutrel density filters

vii

51

25



Gl QB G W PR o TR Py pEy PR Ty Y Y

Table No.

1

I=-A

II

I1=-A

III

IV

List of Tables

Leg retinal illuminence to match the
positive nfterimage following 1.4 msec
flashes of 4 x 107 L. The values are

the means for two separate determinations
by each subject.

Afterimege brightﬁess following 1.4 msec
flash at 2,5 x 10™ L.

Recovery times for two letter sizes
presented at various luminance levels
following 1.4 msec flashes of 4 x 107 L.

Recovery times for two letter sizes
presented at various luminance levels L
following 1.4 msec flashes of 2.5 x 10° L,

Retinal illuminance from & 10° external
field ad justed for threshold detection of
the recovery letters at various luminance
levels (Log trolandc)

Comperison of the predicted and measured
recovery times for the 28.7' and 15.3'
loan=Snellen letters at seven luminsence
levels following 3 x 107 tdesec flashes,
The velues are the group means for six
subjects for the two letters

Log retinal illuminence in trolends from an
externel field required for matching the
afterimege following flashes of 0.04, 0.24,
and 1,40 msec duration at 4 x 102 L, The
values are the proup means for six subjects.,
The binocular and monocular metches with an
annular efterimare and a 2° centrel matching
field were made during one sescion by each
subject., The monocular metches with the
annuler afterimage end with the central
afterimage were made durinr a different
cession by each subject,

viii

26

27

29

30

32

37

b3



R o

Teble No.

VI

VII

VIII

v

X1

List of Tebles (Cont.)

Means for four subjects of recovery times
for Sloan=Snellen letters presented at

various luminance levels following 3 x 107 tdesec

flaches of different duretions

Meens for four subjects of recovery times

for Sloan=Snellen letters presented at

various luminance levels followinr 5.0 msec
flashes of different intensity. The highest
flash energy was 3 x 107 td-sec or 0,012 cal/cm?
at the retina, neglecting losces in the ocular
medie.

Means for four subjects of recovery times

for Sloan=Snellen letters presented at

various lumirence levels followinz 1.54 mseec
flashes of difflerent intensities, The highest
flash enerzy was 9 x 107 tdesec or 0.035 cal/em?
et the retine, neglecting losses in the oculer
medie,

Individuel dete on recovery times for Sloan-
Snellen letters presented et various luminance
levels following % x 107 tde-sec flaches of
different durations. The energy et the retina
was 0.012 cal/em?, nerlectins locses in the
ocular media.

Individuel date on recovery times for Sloan-
{nellen letters presented at various luminance
levels following £.0 msec flashees of different
intensity. The highest flash energy was

3 x 107 td* sec or 0.012 cal/cm2 at the retine,
nerlecting losses in the ocular media,

Individual data on recovery times for Sloan=-
Snellen letters presented at various luminance
levels following 1,54 msec flaches of different
intensity. The hichest flesh enerpgy was

© x 107 tdesec or 0,035 cel/cm@ at the retina,
nezlecting losses in the ocular media

ix

N
\

A

71



J

e

VISUAL RECOVERY FROM HIGH INTENSITY PFLASHES
I. INTRODUCTION

In designing efficient protective devices for pilots who mey be sub-~
jected to intense flashes of light, & number of variebles of visual
function must be considered. The ideal protective goggles or windshield
would be almost perfectly transparent under ordinary conditions of ambient
illumination, dearken to a suffieiently high density to reduce the illum-
ination from & high intensity flash to that comparasble to the ambient
level, complete the change in density within an infinitesimelly brief
period following the onset of the flash, and clear again to perfect trans-
parency at the end of the flash. Obviously such an idealistic solution
to the prevention of flash blindness is not feasible with existing
materials, so‘the various possible compromises must be examined. The
best availeble solution can be chosen only when we heve adequate knowledge
of the relative effects of various durations, sizes, and intensities

of the flash field in reducing visual performance.

Inasmuch as some loss of performence will always be suffered with
enything less than the ideal eye protection, it is important to examine
the characteristics of visual recovery following such a temporary loss,
With adequate knowledge of the recovery parameters, it should be possible

to design floodlighting for instrument panels and the size of the visual
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display to insure that the pilot can perform the critical visusl tasks
within a few seconds following a flash exposure with existing protective

devices.

The problem has theoretical as well as practical significance, and
date are needed on the rate of decay of the brightness of the positive
afterimege in order to attain a more complete understanding of the under-

lying mechanism.

A feilure in the reciprocity relstionship between flesh duration and

intensity for constant integrated energies has been observed in the bleaching

! developed & mathematical model to

of rhodepsin solutions. Williems
explain the reciprocity failure assuming a two-stage bleaching process,
starting with absorption of a quantum of light by a molecule of photo~-
pigment. After the absorption of the quantum, there is a delsy of

around 1 msec before the molecule enters the second or thermsl bleech
stage of the process. If the energy density is sufficiently high, there
is a finite probability of & second quantum being absorbted by one molecule

during the 1 msec refectory period. The second quantum ascts to reisomerize

the molecule and prevent the second stage of the process from occuring.

The previous work in this laboratory on recovery times for flashes
from 1.4 msec to 0,04 msec in duration showed no reciprocity failure
between time and intensity within the limits of experimental error. In

the earlier work, the Sloan=Snellen letters were preseunted at 0.07 mL
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following flashes of 105 td+sec. Hill and Chi sum, 2 working with flash
durations of 33 nsec, 165 nusec, and 9.8 msec, found that the recovery
times for the long flashes were almost 50% greater than for the short

ones when equal integrated energies were used for all durations.

One of the difficulties in performing an exhaustive investigation of
the reciprocity feilure in the living eye has been the lack of light
sources with sufficiently high, sustained radiance to produce flashes of
high energy over a suitable renge of durations. The radiance of all ex-
isting thermal sources is toc low to produce flazhes of 1 msec duration
with enough integrated visual energy to provide the high quanta densities
required. The xenon flash sources all have the same general time course of
radiance with a rapid rise to peak radiance, e brief period of constent
radience, and en exponential decay. Any attempt to prolong the constent
radiance portion of the discharge results in a decrease in total inte-
grated energy. In the current study, the flash discharge was chopped by
a sector disc cerrying a graded nen‘ral density strip over the opening

to meintain uniform flash lumi -ance to 5 msec duration.

I1. SCOPE

Seven subjects perticipated in the experimental work. The subjects
were optometry students in their eerly twenties. All were tested for
acuity and visual fields with small targets before starting the experimental

sessions and again several months following the termination of the sessions.



There were no significant changes in the findinges. All subjects participated
both as observers and experimenters during the sessions and assisted with
the date analysis, The broad participation in the progrem helped to main-

tain a high level of motivation.

Several major areas of the ourrent study are covered in this report.
The apparatus was essentially the same as that used in the previous study
end is fully described elsewhere.’ The design and calibration of the ap-
paratus is briefly described in Section III with the details of the refine-
ments in electronic circuitry for monitoring the flash energies. Some
modifications in the apparstus were necessary for the different experi-
mente performed, and the changes are covered in the sections on the

experimental procedures.

Several types of photometric fields were employed for matching the
afterimage with the standard field for periods up to four minutes following
the flash., The brightness matches were made both monocularly and binocularly
and were automatically recorded. Various flash energies were used in
producing the af'terimage. The recovery times for two sizes of test letters,
subtending 28.7 and 15.3 min. of arc, were measured for a range of letter
luminances from 140 mL to 0.007 mL following the verious flash energies.,
Each subject determined the luminance of & uniform 10° field required for
threshold recognition of the letters when they were superimposed on the
uniform field with the various luminance levels employed in the recovery
time determination. The date are described in Section IV and are compared

with the decay of the afterimage brightness.
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The reciprocity relationship between the intensity and the duration
of the flashes was investigated for durations between 0.54 msec and 5.0 msec.
The recovery times for the 28.7' letter and the 15.3' letter at various
luminance levels were used as the criterion measure of the effectiveness
of the flashes of constant energy and varying durations. The total in-
teprated enerpy wes maintained at 3 x 107 td.sec (0.012 cal/em? at the
retina) for the full range of durations., There were some individuel
veriations in the results, and the datea were enalyzed both on the basis
of subject meens and the individual data for each subject. The exper=-

imental procedure and results are covered in Section V.
ITII. APPARATUS

The flash source was a 10,000 watt-second Sun Flash unit with a
xenon=filled lemp. A segment of the lamp was focused at the plane of the
entrance pupii of the subject's eye to provide a Maxwellian view field
of 10° dismeter. The essential elements of the original apparatus and
calibration ore described briefly below with the cetails of the modifications
for the different experiments covered in the following sections describing

the experimentc.

A schematic drawing of the opticai system is shown in Fig 1., An
enlarged image of a segment of the flash tube was focused on an aperture
plate st Ay, filling the 20 x 10.5 mm. eperture. A L8=inch telephoto

lens, Lo, colimeted the light; and the rotating mirror, My, the 20-inch
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telephoto lens, L3, and the aperture, A2, completed the shutter system.
Light reflected from My into L, was brought to a focus and swept past the
aperture, Ay, which was 4.1 x 4.3 mm. The ratio of the width of the image
of Ay end the width of A, determined the durstion of the flash. The mirror
was driven through a pulley system with five interchangeable combinations
to provide speeds from 1820 rpm to 5 rpm, resulting in flash duretions
from 0.04 msec to 1.4 msec. The flash tube was triggered in phase with

the mirror so the tube reached meximum radiance at the instant that the
image of Ay reached the edge of Ar. This errangement insured the same

peak radience for all flash durastions.

The light from Ay, was reflected from a first surface mirror, Mo,
through lenses L) and L5 and was focused at a 1:1 magnification at the
plane of the subject's pupil. A field stop, Az, 8t the focal point of
L5 provided a 10° flash field. The beamsplitter, By, reflected a portion
of “ne flash to a first surface mirror, Mj, where it was reflected into
8 phototube. The oscilloscope traces of‘the phototube signals were photo-
graphed for all flashes during the experimental sessions. Lenses Lg end
L+ provided another Maxwellien view system with a 10° field. The field
stop at Aﬁ was seen by the subject in the plane of A5 and coincident with
it after reflection from the beamsplitter, By. A fixation target was

placed at As to aid in meintaining central fixation for the flash and

the recovery targets.



Immedietely after the flash, the mirror, Mp, was swung out of the
beam to the position shown by the dotted lineé. The recovery targets at
Ty were transillumiated by the ribbon filement lamp at Sy. Filters at F,
controlled the luminance of the recovery tergets. The lens, Ly, imaged
the targets at a 2:1 reduction in the plene of Az where they were viewed

by the subject with relaxed accomodation.

The target luminances were measured by e MacBeth Illuminometer.
The flash tube radiance at the peak of the discharge was determined by
comparison with a standard ribbon filament lamp operated at 3000° color
temperature. The comparison was made througl. a series of interference
filters at 24 narrow regions of the spectrum from 400 to 1100 mu.
Figure 2 shows a logarithmic plot of the steradiancy of the tungsten fil=-
ament and of the flash tube at peak. The middle curve of Fig. 2 is the
steradiency of the tube after filtering through a 3 mm, thick KG=3 filter
to remove the infrared. The filter was used during all experimental sessions.
The luminence of the flash field was calculated from the steradiancy and

the measured transmission of the optical system to be 4 x 109 L at peak.

In the earlier work, the flashes were monitored by a RCA 929 photo=
tube with a one megohm load resistor. The voltage signal was connected
to a 533A Tektronix oscilloscope with e fast-rise time amplifier through
a 10X attenuating probe to reduce the RC time constant. It was found that

there was sufficient distortion in the displayed trace to invalidate the
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measurements of the flash energies from the traces, The shortest flashes
of 0.04 msec were the most seriously effected. The anticipated form of
the trace could be caloculated from the optical design of the rotating-
mirror shutter system, and should have baen trapezoidel. The limiting
aperture, Ay, was one half the width of the image of Aq,80 the rise

time to the full radiance should have had & constant slope with a duration
equal to the constant radiance portion, and the decay portion should havs
been tne same as the rise time except for a negative slope. The actual
trace for a 0.54 msec flash through the attenuating probe is shown in

Fig. 5. It is obvious from the rounded appearance of the trace and its
lack of symmetry that the displayed wave form was not en accurate recording
of the phototube current. Part of the curvature at the peak of the trace
may have bteen due to nonuniformity of the light filling the entrance

aperture.

In order to investigete the amount of distortion of the signal and
to refine the measurements, an operational amplifier plug=in unit was
used with the oscilloscope. The unit consists of two operational ampli=-
fiers and a verticel preamplifier which can be used as an independent
oscilloscope preamplifier or to monitor the output of either of the
operational amplifiers. Figure 4(a) is a trace of the phototube signal
connected through a coauxial cable to the input of the vertical preampli-
fier. The input characteristics of the preamplifier are one megohm
paralleled by 47 pf. The flash was produced by using & uniformly luminous

ribbon filament to fill the entrance aperture and was slightly longer in

10



Figure 3. Oscilloscope trace of the phototube signal

for the 0.54 msec flash produced by the roteting=-mirror
shutter system synchronized with the flash tube discharge.
The mirror speed weas 138 rpm, and the oscilloscope

sweep rate was 0,2 msec per grid division.
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Figure 4. (a) Oscilloscope trace of the phototube
voltage signel for a tungsten source flash of 0.75 msec
duration. (b) The differentiated wave form of the trace
shown in (a) obtained by connecting the phototube signal
to the oscilloscope amplifier through the circuit shown
in (¢).
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duration than the flash of Fig. 3. Figure 4(b) is the trace obtained

by connecting the coaxial cable to the input of cone of the operational
amplifiers used ac a differentiator as shown in the diarram in Pig. 4(c).
If there were no signal distortion, the differentiated flash would have a
rapid rise to a positive value corresponding to the slope of the rise
time of the flash then drop-to a ground level for the same duration

£s the positive level, and then dror to a negative level equal to the
positive value., The actual trace of Fir. 4(b) indicates the rather large

aniount of distortion precent,

The input impedance of the operationel amplifier is really a com=
binetion of the signal source impedance and the impedance of the ampli=-
fier; end with the capacitance of the ceble, the RC time conctant might
be evpected to be too high for sccurete recording of the phototube current.
To reduce the timec conctant, the load resistor wes removed from the photo-
tube, and the current cignal was applied to the input of one of the oper-
ttionel emplifiers throurh 2 simple shielded cable vhere it was converted
to voltare by the arranr-ement thowvm in Fip. 5(a). The reculting trace ic
cshown in Fi~. %(b), and the improvement in the recording can be cseen by

the close approximation to the theoretical trace.

The volteme output of the operationel emplifier wes applied to the
inrut of the second orerational amplifier used according to Fig. L4{c)
for differentiatine the signal. The resulting crt trace is shown in

Fir. %(c). There is still a little distortion shown in the rounding of

13
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Firure 5. (e) The circuit of the oscilloscope operational
empl:fier for current to voltere conversion. (t) The

crt trace ottcined by connecting the rhototube current
~ional to the inrut of (e.). The 2.7% msec flash wer

from & tunccien risbon filement rource. (c) The

di fferentiated wove form of thc trace in (b).
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the positive and negative levels, corresponding to the rise and decay
slopes, but the recording is sufficiently accurate for flashes longer than

20 nsec.
IV, AFTERIMAGE BRIGHTNESS

Crawford® in 1947, suggested the use of equivalent tackgrounds to
generalize the recovery times for verious target configurations end luminence
levels., He showed that the threshold for eny target was raised at any
fFiven time following a flash as thourh the subject were viwwing the target
ngainst an equivelent, external background field. By measuring the ex=
ternal backrround luminance flor threshold recognition of the various
recovery tergets, the dark adaptation following & flash could be plotted
as a relationship between equivalent background end time, and it was con=
sistent for various terget configuretions end luminences. Our earlier
recovery time measurements with Sloan-Snellen test letterc were transformed
in the menner sucrected by Cravwford end were reported in the Technicel
Report5 creviourly cited. The recults indicated thet five ceconds after
e 7 x 167 tdesec flacsh, the threchold wes reised as thourh the terget were

(&)

viewed erainct on externcl field of & L or with a retinal illurinance of
E % 1C‘L'l td. Five seconds later, the equivelent backsround wes decreased
by & fector of ten., There was nearly lineer relationship between the log

of the equivelent becl:~round end the log of the time following the

3 x 107 tdecec flach up to 100 cec.,




The positive afterimage following the high intensity flashes appears
as & bright area with the same shape and visual angle as the flasnh, It
seemed desirable'to measure the luminance of an external field that sub~-
jectively matched the af'terimage and compare it with the equivalent

background datea from the recovery time measurements.
1. Apparatus

The apparatus was modified according to the diagrem in Fig. 6 to
permit automatic racdrding of the luminence of a meatching field. The unit
was designed to allow either binocular or monocular metching with several
photometric field configurations. A pair of circular neutral density
wedges, F{., were crossed to produce a uniform density sector that could
be varied to attenuate the light in the matching field over 8 log units.
The circular wedges were mounted in gears and driven by a reversible motor.
The motor unit had & solenoid operated driving gear which retracted as
soon as the power was interrupted so there was no overdrive of the wedges
after the subject opened the switch. A rocker type switch was mounted
below and to one side of the bite~-plate, and the subject could make the
field lighter or darker by pressing with either his thumb or fingers on
the sides of the switeh bar. The gear ratio was selected to insure that
the density of the wedges could be changed faster than the anticipated
drop in the afterimage brightness. A 1.0 density step could be achieved
with the motor running for 2.5 sec. The position of the wedges was con-

tinuously recorded on moving paper as the subjects maintained a photometric

16
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Schematic drawing of the opticol system modification

Figure “.
for monocular and binoculser metching of the aftcrimare brightness.
e elements and the ray path when binocc~

The broken lines show th
ular metching wes used with the standard field in the left eye

and the pfterimoce in the right eye.
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match., Calibration of the wedges snd pen drive allowed the density and
hence the field luminance to be plotted as a function of time following

the f'lash.

The source for the matching field was a standerdized ribbon filament
lamp run st 18.0 emps. The filement was imaged on the 2-mm circular
eperture at A, which was imaged at 1:1 magnification in the plane of the
subject's pupil by the lenses L1 and L,. For monocular matching, the
light path was that shown by the solid lines in Fig. 6. The additional
components shown by the broken lines were added for binocular matching.

The filament was then imaged in the plane of the entrance pupil of the left
eye to provide the metching field with the afterimage in the right eye.

The field stop at S, was ad justable so the imege could be made to coin-
cide with that of the flash field stop at Sy, Masks were inserted at

Sy and Sy for various configurations of the photometric field.
2. Monocular Bipartite Metching of Afterimege Brightness

A simple bipertite photometric field with a vertical dividing line
was produced by blocking one half of the flash field stop at Sy. The
opposite half of the matching field was blocked at Sp,. It was hoped that
the semicircular afterimage could be brought into juxtaposition with the
matching field by fixating on the vertical edge of the matching field.

The problem with such an arrangement is that the afterimage moves with the

eye, and an image of an external object moves in the opposite direction.

18




The result is that all compensatory movements for meintaining the two

fields in juxtaposition were in the wrong direction, and the subjects
complained that the two fields either overlapped or were separated by a

wide band. In spite of the fixation problem, a number of consistent

traces following the flashes were obteined for six subjects. There was
considerable variation between the records for the different subjects as
shown in Fig. 7. Each curve is for a different subject and is the meen

of at least five separate determinations of the retinal illuminance necessary
to maintain & brightness metch over a 140 sec interval following flashes

of 0.55 msec duration. The mean drop in afterimage brightness for all

subjects over a 2 min period is about 5 log units.

The differences between the curves in Fig. 7 appear to be true in-
dividual differences and may reflect a difference in the brightness of
the afterimage for the various subjects or may be a criterion difference
in matchinz. Figures 8(e) and 8(b) show composite records for three flashes
for two different subjects. The consistency is amazing considering the
difficulty of the task. The afterimage goes through a series of colored
phases with quite saturated colors, and all subjects reported that the
efterimage would disappear for brief intervals. There was some day to day
variation for eny given subject, but the magnitude was much less then

the intersubject variations.
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Figure 7. Individual variations in afterimage brightness decay as

measured monocularly with a bi~partite photometric field., The

ordinate is the logarithm of the retinal illuminance from an external
semicircular field that metches the af'terimge. The flashes were 0.5 msec
duration, end the flash luminance was 4 x 107 L (0.005 cel/cm® at the retina).
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Figure 8a. Composite records of the sfterimage brightness matching following three
flashes of 1.4 msec duration to a 4 x 107 L field (0.012 eal/cm® at the retina).

The ordinate is the density of the crossed neutral wedges required for mainteining
8 photometric match between the standard field and the afterimage, )
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The same type of record as Figure 8a for a different subject.
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The group means in Fig. 9 for the 0.55 end 1.4 msec exposures to the
4 x 10> L ®lash field show the effect of reducing the integrated enerpy
in the flash. The field luminances required for metchin;; tho afterimage
during the first 20 sec following the flashes sre surprisingly high.
Previous work on afterimage matching®~7 hes indicated that retinal illum=
inances of the order of 150 td are sufficient to match the afterimage
following quite intense flashes. The previous work always showed & derk
period following the flash with a perceptible growth of afterimage brightness.
Our subjects reported that there was no latency, and the afterimage started
to decey from the initiel brightness which seemed to be a continuation of

the f'lash itself.
5. Comparison of Afterimage Brightness and Equivalent Background Luminance

An experiment was designed to compare the equivalent backgrounds for
twec recovery tarset sizes at ten luminance levels with the measured bright-
nas: of the afterimage following 3 x 107 td+sec flashes, Six subjects
porticipated, and each tested the various conditions during one experimental
ses:ion., The afterimagre brirhtness was matched by the procedures described
in ‘he previous section following the first two flashes of the series.

The recovery times for the 28.7' letter at various luminance levels were
meesured followine the third and fourth fleshes and the recovery times

for the 15,3' letter following the fifth and sixth flashes. Three subjects
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ILLUMINANCE - TROLANDS

LOG RETINAL

1.4 MSEC

[ 0.56 MSEC

[ | 1 | 1 | 1 | 1 | 1 |

20 40 60 80 100 120
TIME ~-SECONDS

Pirure 6. The group meons for nix subjects of the retinal illuminence
from en czternal fiold required to match the afterimages following
two different durstion: of flanher of 4 x 10- 1.
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recelved nix sdditional flashes of 2 x 107 tderec with the recovery timen
negrurced fivct end the briechiness matching followinz the eleventl and
twellth flashes, All flaches were 1.4 msec duration with field luminernces

of L x 10° L and 2.5 x 10 L.

The individual rccordings of wedre densities for meinteinin~ a trirht-
nese mateh of the afterima~es were read at © sec intervalc for the first
L0 sec followinm the “laches and at 10 cec intervals for the next 100 zec.
The dencity readings were‘converted to retinal illuminance from the matchin-
“ield bv meecurine the luminance of the unfiltered matchins field and usine
the diameier of the laxwellien beam at the subject's pupil. The resultc

)

ere chown in Tatle I for cach cubject for the high flecsh enerry. The
individusl veriation in the date isc marked with e 2 lor unit spread during

rert of the reccovery period. The results for the three cubjects who re-

ceived the lower encrey flacnes erc shown in Table I=A,

In ‘he recover: tirc zeccurements, six different test letterc of
eoth size were uced. A totel of thirty letterc of one sime vere rendomly
rrrenced cround the circumlerence of a druxm which was driven throurh e
~aveve ear ovotem to btrin- a new letier into the field of view each recond.
The lctters were irancillumineted with & dar!: surroundinc, The letter:
were prcoented at 14C mi immediately followins the hirh enerzy flesh, end
re zoon s the subjiect correctly identifiec two cuccersive letters, a ncutrel

filter wac drepved in the illuninatia~ bear., Thic wes repeated to provide

10 1winonee levels with the lowert nt C,007 ml. Six lurinence lcvelc

°F
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4
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Table I.

1.4 mseo- flashes of 4 x 10° L.

determinations by each subject.

Log retinel illuminance to match the positive afterimage following

The values are the means for two separate

t(sec)
following Subjeet Group
flash JoN. | R.B. | D.P. JoPe | J.Ae | VoK. | Meen
5 5.30 4.70 5.00 5.50 4.35 5,04 4,981
7.5 4.95 4,20 4,30 5.00 3.69 4,15 4,381
10 4.60 3.70 3.58 4 4o 3.21 3,54 3,838
15 4.25 3,10 3.08 3.60 2,57 | 2.59 3,198
20 3.80 2.60 3.00 2.60 2.27 1.91 2.696
25 3.45 2.30 2.9 2.00 2.0b 1.68 2.395
30 3.20 2.25 2.78 1.60 1.82 1.35 2.166
35 3,10 2.05 2.68 | 1.48 1.66 1.18 2.025
4o 2.85 1.85 2.62 1.42 1.51 1.01 1.877
50 2.40 1.40 2.45 1.02 1.20 0.79 1.543
60 2.05 1.25 2.32 0.85 0.80 0.54 1.302 .
70 1.70 1.10 2.25 0.72 0.29 0.36 1.670
80 1.45 1.05 2.25 0.58 0.20 0.16 0.948
90 1.22 1.00 2.00 0.39 0.17 | =0.10 0.780
100 1.00 0.70 1.70 0.12 | =0.17 | =0.35 0.500
110 0.75 0.85 140 | =0.28 | -0.3% | -0.50 0.313
120 0.48 0.80 1.05 | =0.50 | =0.19 | =0.65 0.165
130 0.25 0.80 0.92 | ~0.75 | -0.41 -0.56 0.025
140 0.00 0.55 0.25 | -0.90 | =0.65 | -0.78 | -0.343
26




i;:érimage brightnecs following 1.4 msec flash at 2.5 x 10% L.

t-sec

following Subject Group

flash J. N. Je. S. D. P, Mean
5.0 | 5.00‘ 3.10 2.80 2.96
7.5 2.45 2.65 2.68 2.59
10 2.00 2.20 2.52 2.24
15 1.30 2.02 2.30 1.87
20 1.15 1.85 1.75 1.58
25 0.90 1.60 1.12 1.20
30 0.60 1.25 1.00 0.95
35 0.40 1.05 0.82 0.75
4o 0.25 0.85 0.5 0.58
50 9.05 0.28 0.19 0.17
60 =0.30 =0.35 0.00 =0 .21
70 =0.55 =0.95 =0.20 =0.56
80 =-0.88 =1.35 il -1.11
90 =1.15 -1.85 =0.70 =i e23

100 =1.55 -2.15 =1.93 =1.87
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were used following the lower energy flash, ranging from 0.40 mlL to

0.007 mL. The recovery times for each subject are listed in Table II and
II-A with the group means. There was a large variation from subject to
subject especially at the lower luminance levels. The group means of
recovery times for the two letter sizes following the higher energy flashes
are shown in the graph of Fig. 10. The mean recovery times for the two
letter sizes are neerly identical from 140 mL to 5.4 mL but diverge rapidly

for the lower luminarce levels.

The eaquivalent background for threshold of the two letter sizes at
the ten luminence levels wss measured by each subject. A circular stop
subtending 10° visusl anzle was inserted at So in Fir. 5, end the subjects
then saw the transilluminated letters superimposed on a bright backpround
the same size as the afterimc~-e from the flash. The luminance of the
backoround was edjusted by means of the crossed neutral wedges until the
letters were at threchold for each of the luminance levels used in the
recovery time measurements, The data ere recorded in Table III as the
logs retinal illuminence, ir trolends, from the backeround for each sub~
ject and each recovery target condition. The zroup means of the data for
each recovery target condition are plotted in Fig. 11 to show the relation=-
ship between the equivalent background retinal illuminance and the luminance

of the test letters.
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Table II,

luminance levels following 1.4 msec flashes of 4 x 109 L.

Rocovery times for two letter sizes presented at various

Log B of 28.7' Letter
Letter : Subject Group
nL J. N. R. B. D. P. J. P. Je A, Ve Ko | Mean
2.15 8.0 4,5 7.5 7.5 8.5 4.0 6.66
1.45 13.5 7.5 11,0 13.0 13.0 8.0 11.00
0,73+ 22.5 12.0 14,0 19.5 17.0 13.0 16.33
0.29 25.0 16.5 18.0 23.0 20.5 17.0 20.00
-0.40 28.5 23.0 27.5 29.0 24,5 20.0 25.41
-0.83 31.5 27.5 kY 5 33.5 35.5 25.0 32.91
-1.18 37.5 34,0 60.0 43 .5 4.5 32.0 46,91
-1.53 43.5 37.5 95.0 61.0 94.0 41,0 62.00
«1.79 65 .0 49.0 153.0 74 .0 118.0 48.0 84 .50
-2.14 101.0 62.5 198.5 107.5 22¢,0 57 .0 125 .41
16.3' Letter
2.15 4,0 540 10.0 5.5 540 6.0 . 6.08
1.45 12,0 10.0 18.0 10.5 8.5 10.0 11.50
0.73 19.0 13.5 25.5 14,5 13.0 15.0 16.75
0.29 27.0 18.0 38.0 21.5 18.5 19.0 25 .66
=0 .40 39.5 24,0 8.0 28.0 33.5 26.0 36 .50
-0.83 52.0 36.0 92.5 32.0 47.5 47.0 51.16
-1.18 72.5 47.5 111.0 47.0 68.5 53.0 66 .58
-1.53 81.0 755 178.0 69.0 124.0 73.0 99.75
-1.79 97.0 98.0 199.5 106.0 144 .5 105.0 125.00
-2.14 137.0 119.0 308.0 164 .5 -~ 160.0 177.70
29
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II-A

Recovery times for two letter sizes presented at various luminance levels

following 1.4 msec f'lashes of 2.5 x 104 L.

Lo~ B Log td 28.7' Letter
Letter Equivalent Sub ject Group
Field J. N. J. S. D. P. Mean
-0.40 2.0 3.0 3.2 »«0 4,06
-0.85 2.2% 8.0 75 12.0 9.1%
-1.18 1.88 14,0 11.5 13,5 13,10
-1.5% 1.37 22.0 17.5 22.0 20.50
-1.79 0.88 36.0 22.5 27.0 28,50
-2.14 0.23 42,0 28.5 28.5 3%.00
15.3' Letter
-0.40 2.k2 2.0 7.8 10.5 .10
-C .82 2.02 11.0 13.2 15..5 13.23
-1,18 1.75 18.5 21.0 20.0 10.83
-1.5% 0.9¢ 2.0 28.¢8 24 .5 2543
=179 0.42 52.5 55.5 38.5 3%2.5
-2,14 =0.23 39.0 L40.5 =4.0 44 .50
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RECOVERY TIME ~-SECONDS

160
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] 1 | I |

°© 16.3 LETTER
e 28.7'LETTER

1 1 L { )

-2 -1 o

| 2

LOG LETTER & (mL)

Figure 10. The group means flor six subjects for the
recovery times for 28.7' end 15.3' Sloan Snellen letters

presented at ten luminance levels.

The fleshes were 1.4 msec

in duration at 4 x 109 L (0.012 cal/cm® at the retina).
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Table III.

Retinal illuminance from & 10° external field adjusted for threshold

detection of the recovery letters at various luminance levels (log trolands).

Log B 28.7' Letter
letter Subject Group
mL J. No R. B. D. P, Je P. Je Ao V. K. | Mean
2.15 4,63 4.70 5400 4.55 4.63 4.75 4,70
1.45 3.87 4.13 4.29 3.75 3.85 4.09 3.995
0.73 5.15 5475 3.69 3.20 5.50 533 3.433
0.29 2.94 3.20 3.28 2.87 2.90 2.98 3.028
=0 .40 2.36 2.62 2.55 2.34 2.39 2.50 2.460
-0.83 2.07 2.32 1.97 1.91 1.93 1.82 2.003
-1.18 1.76 2.06 1.80 1.33 1.52 1.51 1.665
-1.53 1.38 1.64 1.09 1.51 1.23 0.90 1.258
“1.79 0.89 0.82 0.49 0.87 0.54 0.87 0.746
-2.14 0.38 0.57 =0.20 0.42 -1,18 0.37 0.060
16.3' Letter
2.15 4,50 4,50 4.70 4,30 4,45 4,60 4,508
1.45 3.85 3.98 4,02 3.85 3.75 3.92 34895
0.73 3.28 3.38 3.45 3.00 3.67 3.33 3 .351
0.29 2.92 3.07 3.00 2.64 2.79 2.74 2.860
-0.40 2,22 2.57 2.30 1.96 2.21 2.19 2.208
-0.83 1.97 2,13 1.93 1.66 1.67 1.73 1.848
-1,18 1.60 1.74 1.48 1.31 1.09 1.42 1.440
-1.,53% 1.7 1.41 0.41 0.5 0.99 0.97 0.966
-1.79 0.4k 0.65 =0.12 040 | -0.38 0.75 0.286
-2,14 0.10 0.07 -0.87 -0.33 “1.53 0.10 | =0.041
32
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Pigure 11, The group means for six subjects of the retinal
illuminance from a 10° external field when ad justed for
threshold recognition of test letters superimposed on the field.
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The data from the afterimage brightness matching and the recovery
time measurements are shown in the zraphs of Fig., 12 for each subject.
The recovery time meeasurements have been plotted in terms of the equiv-
alent background retinal illuminance for each of the letter conditions.
The eagreement between the two sets of measurementz is reasonably good and
suggests that even closer agreement would exist if there were more than

two measurements at each point.

{ one accepts the hypothesis that the afterimage acts in the same
way as a subjectively =qually bright external field in reising the threshold,
it should be possible to predict the individual recovery times for the
different targets from the data obtained. The procedure followed in
testinz the hypothesis is shown grephically in Fig. 13. The curve on the
left is the best visual fit through the data points for the afterimage
brightness metching for subject R. B. The curves on the right are the best
fit throurh the date for the field luminance values flor threshold recog=
nition of the two letters at the various luminance levels for the same
subjects, The broken lines show the procedure for finding the predicted
recovery time for the 15.3' letter at 2 mL. This procedure wes followed
for each letter condition for each subject, and the results are shown
in Teble IV for sroup meens of the predicted end measured recovery times
for target luminance levels from 140 ml to 0.007 mL., The agreement be=
twveen the predicted and measured recovery times is within 107 for each

of the seven luminance levels,
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Firure 12. Compariron of afterimage brightness matchine and recovery time ¢ ‘o
for £ix subjects. The colid symbols are the data for 28.7' letter end the

open symbole for the 15.3' letter.
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Table IV,

the 28.7' and 15.3' Sloan=Snellen letters at seven luminance levels

following 2 x 107 td+sec flashes.

subjects for the two letters.

Log B Recovery Time in Seconds
Letter (mL) Predicted Measured
2.15 5,93 £e37

1.45 10.550 11.25

C.73 14,585 16.54

C.29 1671 21.83

~0.40 31.25 30.9%

-0.83 43.57 42.03

-1.18 54,29 56 « Th
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4, Binocular Matching of Afterimage Brightness

It was found necessary to change the configuration of the photometric
field for binocular measurements of the afterimage. When the af'terimage
was in one eye, and the matching field viewed with the other eye, the con-
vergence problems caused by the afterimsge moving with the eye were too
disturbing for the subjects to make consistent judgements of the equality
of the two fields. The flash field was modified by inserting an annular
stop at Sy in Pig. 6. The outside diameter of the stop subtended 10°,
and the inside diameter 6° visual angle. The flash produced an ennular
afterimage in the right eye, and a 2° circular stop at Sy provided a
metching field for the left eye. It was reasonably easy to keep the two
fields concentric by fixating on the center of the metching field., During
one session, each of seven subjects received twelve flashes of 4 x 102 L
at three durations: 1.4 msec, 0.24 mséc, and 0.04 msec. The subjects
rede binocular brichtness metches for two flashes fo each duration end
monocular matches with the same photometric field configuration for two

f'lashes of each duration.

The group means of the data are shown in Fig. 14 for the three flesh
enerzies and the two matching conditions. There was no epparent difference
in the luminance of the matching field at any instant following the flash
between the monocular end binocular matches. The luminence for matching
the afterimege for 15 sec following the 1.4 msec flash was approximately

1 log unit less then in monoculer bipartite matches.
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Figure 14, Comparison of results of afterimage brightness matching for &n
annular efterimage concentric with e centrally fixated 2° metching field.

Ir. the monoculer case, both the afterimage and matching field were in the
right eye, and in the binocular case, the afterimage was in the right eye and

the metching field in the left.
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. Peripheral and Foveal Afterimage Matching

The discrepancy between the measured af'terimege brightness for the
monocular bipartite field and the monocular matching with an annular
afterimege was found for each subject during the early course of the
efterimage decay. One possible explanation of the discrepancy is that
the foveal photopigments regenerate faster than rhodopsin, and the after~
imege seems to be related to the kinetics of the photoreceptor pigments.
The efterimege appears as a bright erea with a darker central portion
af'ter e minute or two followingz the fleshes, It was felt that with a
photonetric field divided across the fovea, the subjects might match the
foveal portion during the varlier stage of the decay and the peripheral
portion later, wherees with the ennular afterimege, only the peripheral
portion would be availebile., Two conditions of monecuisr matching were set
up for flashes of 4 x 10° L at dw. avions of 1.4 msec, 0.24 msec, end 0.0L msec.
In the first condition, the snnular efterimege was matched with the foveel
ctanderd field, and in the cecond, & 2° foveel afterimege was matched with
an annuler :standard field, Each subject made two determinations of the
efterinece brightnesc decay for each condition at each flach energy during

one cecsion. The group means of the data are shown in Fig. 15.

There ceems to be no significant difference in the results for the
two conditions of matching for the two minute period shown in the graphs.
The emount of light required to match the afterimage remains constant
whether it falls on the central portion of the retina with the afterimage

ceurrounding it or on the peripheral region of the retine surrounding e

central afierimare.
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Firure 15. Comparison of results of monocular afterimags brightness matching
with an annular photometric field configuration. The solid dots are the data
points for a 20 centrelly fixated standerd field and & concentric annular
afterimage. The open circles are the data for a 2° central afterimage with a
concentric annular matching field.
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§. Summary of Afterimage Matching and Recovery Time Measurements

The monocular bipartite field matching of the afterimage brightness
wae significantly different from the other conditions of brightness metching
with & space separating the afterimage and standard field. There was close
apreement, hovever, between the recovery time measurements expressed in
terms of the equivalent background fields for recognition of the Sloan~
Snellen target letters and the bipartite afterimage metching. With the
bipartite field, the subjects felt that they made more sensitive changes
during the periods when the afterimage overlapped the standard field.

Thic would mean that the standard field fell on the came retinal area that
had been exposed to the flash, and a Al threshold criterion wes used. The
individuel differences in the light from an externeal field required to
match the afterimaze show a consictent trend that is related to the differ=-
cnces in recovery time. A correlation study of the predicted and meacured
recovery times for the two letters at various luminance levels for six

subjects showed & correlation coefficient of 0.82.

The brightness matching with the standard field separated from the
afterimage by at least 19, required consistently lecs lirht in the standard
field than was required in the bipartite matching. The data ere tabulated
in Table V. for cach of the flash energies used. Ac long as the standard
field falls on fresh retina in the same or the opposite eye, the luminance

required for a brightness metch is constant.
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Table V. Log retinel illuminance in trolands from an external
fic 1d required for matching the afterimages following fleshes of 0.04,
0.24, end 1.40 msec duration at 4 x 10° L. The values are the group means
for six subjects. The binocular and monocular matches with an ennular afterimage
end a 2° central matching field were made during one session by each subject.
The monocular matches with the annuler afterimage and with the central
afterimage were made during a different session by each subject.
0.04 msec Flash

Tt = 8 x 102 tdesec or 0.0003 cal/em® at the retina

t=sec Annular afterimece Monocular matching
following Binocular Moncocular Annular Centrel
flash Matching Matching Afterimage Afterimege
5 ~0.%52 ~0.12 -0,38 -0.37
7.5 =-0.53 -0.24 -0 .44 =0.53
10. -0.54 -0.41 =0.51 -0.52
15 -0.7% =0.59 =0.57 -0.83
20 -0.88 =0.77 =0.75 -1.01
25 -1.03 =0.95 =0.99 -1.18
30 =-1.23 -1.12 -1.15 -1.28
35 -1.47 -1.30 -1.31 -1.58
ho =1.65 -1.50 -1.53 -1.83
50 -2.03 -1.91 -2.00 =2.17
50 -2.27 -2.26 -2.11 =2,.51
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Table V. continued.

It = 4.8 x 105 tdsec or 0.002 cal/’cm2 at the retina

0.24 msec Flash

t-sec Aggg%ar afterimage Monocular pga

following Binocular Monoculer Annular Central

flash Matching Matching Afterimage Afterimage
5 2.85 2.45 2.51 2.32
7.5 2.38 2.07 2.13 1.97
10 2.05 1.74 1.85 1.73
15 1,27 1.32 1.20 1.83
20 1,15 0.92 0.8% 0.99
25 0.53 0.58 0.45 0.87
30 0.10 0.25 0.33 0.55
35 -0.10 0.00 0.13 0.33
Lo =0.20 -0.14 0.07 0.12
50 =0 .34 -0.40 -0.13 =0.23
50 -0.45 =0.56 ~0.42 ~0.43
70 -0.62 -0.91 -0.50 -0.65
80 =0.79 -1,12 =0.7% ~0.80
90 -0 .94 -1.29 ~0.92 -1.05

100 -1.11 ~1.44 -1.09 -1.,30

110 -1.38 -1.65 -1.22 =137

120 -1.59 -1.47 -1.43 -1.45
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Table V. continued

1.40 msec Flash

It = 2.8 x 10/ tdesec or 0.012 cal/cm at the retina

t-sec Annular Afterimage Monocular Matc?igg
following Binocular Monocular Annular central Bipartite
flash Metching Matching Afterimage| Afterimage|! Field
5 3.97 3.59 3.50 3.44 4,98
745 3.57 3.35 2.05 3.20 4,44
10 3.24 3.05 2.84 2.81 3.94
15 2.47 2.55 2.42 2.50 3.34
20 1.90 2.02 2.05 2.25 2.88
25 1.35 1.73 1.81 2.00 2.59
30 1.02 1.50 1.28 1.73 2.35
35 0.88 1.39 0.95 1.39 2.23
4o 0.70 1.20 0.83 1.20 2.12
50 0.51 0.88 0.51 1.05 1.85
50 0.43 0.59 0.47 0.40 1.53
70 0.13 (39 0.27 0.49 1.44
€0 -C.0% .19 0.13 C.31 1.25
90 «0,2% 0.03 ~0.05 0.07 1.02
100 =-0.33 -0.15 -0.21 -0.10 0.70
110 -0.77 -0.42 =0.38 -0.31 0.50
120 -0.99 -0.%1 -0.53 -C .48 0.25
45
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The brightness matching for any individual in one session is sur-
prisingly consistent for successive flashes. The composite curves for
subjects V. K. and R. B., shown in Fig. 8a and 8b, suggest an exponential
decay of the afterimege with time. The mean date for each subject are
shown plotted in Fig. 16 on & log time basis. There is some systematic
variation from a straight line for each subject that may correspond to
the periocds of saturated color in the afterimage, making metching difficult.
It is interesting that the slopes of the lines over the first 150 sec
for the two subjects are the same, and that R, B.'s data finally coincides

with that of the other subject over the range from four to six minutes,

V. RECIPROCITY BETWEEN INTENSITY AND DURATION FOR

CONSTANT INTEGRATED FLASH ENERGY

There is considerable evidence to suggest thet the afterimage bright-
ness is directly connected with the quantity of photopigment bleached by
flashes of light. If the same type of reciprocity failure between in-
tensity and duration for very brief flashes occurs in the photopigment
in the intact eye as has been found in rhodopsin solutions, the effect
should be discernable in the afterimege brightness. The work reported
in the previous section showed the high correlation existing between efter-
image brightness meesurements and recovery time measurements for acuity
targets. In order to test for & reciprocity failure in the intact eye,
it was felt necessary to provide flashes over the range from 0.5 to 5.0 msec
duraetion with constant integrated energies sufficient to provide a high

percentage of bleached molecules.
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Figure 17, Mean date for three separate determinations of afterimace
brightness for each of two subjects following flashes of 3 x 107 tdrcec
(0.012 cal/em?).
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1. Apparatus

The transmission of the optical system used in the previous work
was 22%. A major portion of the loss through the system occured at the
beamsplitter in front of the subject's eye. By removing the beamsplitter
and substituting a lantern slide cover glass to divert a portion of the
flash into the monitoring phototube, the transmission was increased to
84%. The increased transmission provided as much integrated energy in a
0.38 msec flach es had formerly been in the 1.4 msec flashes. The time
course of radiance of the flash tube is shown in Fig. 17a which is a
photograph of the oscilloscope trace from a phototube. The sweep rate
was 1 msec/cm, and the ordinate is the relative radiance of the tube.

The trace indicates that at the peak of the discherge, the radiance re=-
mains constant within 10% over approximately 1.5 msec. The earlier work
with 1.4 msec flashes chopped from the peak of the discharge produced
bleachine close to the theoretical maximum, so the increased transmission
permitted flashes from O.4 msec to 1.5 msec to be tested with proper

filtering of the longer flashes to meintain constant energy.

The trace in Fig. 17a shows that the tube radiance diminishes to
1/10 of its peak value about 5 msec after reaching the peak. The form of
the decrease in radiance is nearly exponential as shown in Fig. 17b which
is an oscilloscope trace from the phototube signal sfter pessing through

a logarithmic adapter circuit of the operestional emplifier. By attenuating

the light from the earlier portion of the flash to meintain a constant
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(a) The time course of the flash tube
radiance. The ordinates are the relative rediance, e&nd
the sweep rate was 1 msec per grid division. (b) The
crt trace of the signal shown in (e) after passing
through & log adepter circuit of the oscilloscope op-
crational emplifier. The log of the tube radiance ic
linear with time during the decey portion.

Figure 17.
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radiance over 5 msec, the integrated flash energy could be made equel to
a 0.5 msec flash taken from the peak of the discharge. This was accomplished
by locking the rotating mirror of the shutter system in the 45° position
to admit the total flash through the aperture conjugate to the subject's
pupil and substituting a sector disc shutter near the aperture. Seven
sector discs, 10 inches in diameter, were prepared and driven at 1725 rpm.
The seveﬁ sector openings produced flash durations of 0.5, 0.78, 1.10,
1.54, 2.4, 3.4, and.5.0 msec. The flash tube was triggered by a light
switch co the verious sector openings were synchronized with the flash to
insure that the peak radiance of the discharge was reached et the instant
that the sector opening started its sweep across the aperture. The trace

in Fig. 18a shows the form of the 1.5 msec flash through the sector shutter.

Greded neutrel density strips were made by exposing film through a
logerithmie cpiral sector shutter to'match the exponentisl decay of the
flach rediance. They were fastened over the csector openings for the
2.4, 3.4, and 5.0 msec flashes. The reculting oscilloscope traces for the
3.4 and 5.0 msec flashes are reproduced in Fig. 18b. The neutral density
strips did not match the decay perfectly, end especially in the 3.4 msec
cese, there is some variation in the radiance over the flash duration.
However, if the lower trace in Fig., 18b for the 5.0 msec sector is compered
with the unfiltered trece in Fig. 17a, taken at a lower gain on the os-
¢illozcope, the degree of compensation afforded by the neutral wedge is

apparent.
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Firure 1€, (a) The crt trace "rom a 1.54 meec flash
produced by synchronizinz the flesh tube discharpe
with a rotating sector shutter. (b) The wave forms
¢f the 3.4 msec end £.C mcec flaches from the flach
tube scynchronized with cectors covered by compencetins
neutrel density wedere:,




To facilitete maintainance of a constant It product for the various
flash durations, the phototube signal wes put through an integrating cir-
cuit of the.operational emplifier before being displayed on the oscilloscope.
The crt traces in Fig. 19a show the radiance as a function of time in the
lower curve for the 2.4 msec flash and the integrated wave form in the
upper trace. Figure 19b shows fowr integrated flashes from photographs
of the cri taken during & reguler experimental session. The constancy of
the integreted energies for the 0.5, 1.1, 2.4, and 5.0 msec flashes is im-
mediately apparent. If eny integrated trace veried by more than 45% from
the established value for a given experimental session, the visuasl data
for that flash were discarded and a corrected flash substituted « the end
of the session. The corrections were made by inserting or removiiz neutrel
filters in the flash beem, end the smallest increment of filtering was e

piece of cellophene,

2. Experimental Procedure and Results

An experiment was designed to test the effect of flesh duration on the
recovery timec for the Sloen=Snellen letterc presented at various luminence
levels, Ceven flesh durations from0.5 msec to £.0 mseec were used, and the
flach energies were maintained at 3 x 107 td*sec or 0.012 cal/cm2 at the
retina, neglecting lossec in the oculer medie. In one experimentsl session,
each subject measured the recovery times for the 15,3' and 28,.7' letters
presented at eight luminence levels from 280 mL to 0.007 mL following

each of the flash durations. One letter size was tested at each of the
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Figure 19. (a) The lower trace is the wave form from the
2.4 msec flash from the flash tube through the compensating
neutral wedpge, end the upper trace is the integrated flash.
(b) Pour integreted flashec from & regular experimental
run showing the conctent It product for the 0.5, 1.1, 2.4,
end £.0 msec durations.



luminance levels following e flash, and the fourteen combinations of
letter sizes and flash durations were independently randomized for each
subject. The complete experiment was replicated on a different dey by

each of the four subjects participating.

The meens of the two recovery times for every condition for the four
subjects are tabulated in Table VI. The recovery times for the two lowest
luminence levels showed such high variebility that only the reange from
280 mlL to 0.07 ml are recorded. The mean deta for the 28.7' letter at
280, 5.4, 0.40, and 0.07 mL ere plotted in Fig. 20 on & logerithmic scale.
The graphs indicate a definite reciprocity feilure, with increasing recovery
times for constent energy flashes from 0.5 to 1.5 msec durations. The
recovery times level off and remein constent for durations greater than
1.5 msec. There is an approximately constant percentege increase in re-
covery times for the different target'luminances as shown by the nearly
constant slopes of the graphs for the different target conditions. The

jincrease in recovery times from 0.5 to 1.5 msec flashes ie ebout 30%.

The individual differences in the megnitude of the reciproecity failure
were marked. For most subjects the data for the 16.3' letter showed less
of en effect then for the 28.7' letter, especially at lower target luminences.
The recoveryﬁtimes for all conditions for each of the subjects are recorded
in Table IX¢ in the appendix. The date are showm in Fig. 21, by subject,
for five luminance levels of the 28.7' letter., One subject, R. B., showed

no reciprocity effect for the highest luminance level and & nearly 50%
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Table VI,

letters presented at
flashes of different

neglecting losses in

Means for

four subjects of recovery times for Sloan-Snellen

various luminance levels following 35 x 107 tdesec

durations. The energy at the retina was 0.012 cal/em?,

the ocular media.

28.7' Letter

Letter Flash Durations (msec)

Lumi nence
mlL 0.54 0.7 1.10 1.54 2.4 3.4 5.0

280.2 575 5.25 6459 7.06 575 7.19 7.13
5.37 10,58 11.50 12.44 12.53 13,05 13,13 14 .00
1.95 14.25 15.56 17.00 17,31 17.75 17.50 19.05
0.40 21.00 24 44 25,94 27.88 27.94 29.13 28.00
0.15 28.50 33,06 35,94 40.81 3% .88 35.57 37.75
C.07 38,13 4,13 51.59 5513 55 « 36 5k, 94 54 .00

17.3" Letter

280.2 " 75 £.88 569 7 .06 5 .81 7.31 7 .60
LT 12.38 12.88 13,05 14,04 13.81 15.31 15.38
1,95 17.03 18.00 1. .88 20.13 19.75 22 .44 23.°3
0.40 32.75 34,04 38.55 34,88 37.25 3L ,A3 37.38
0.15 L5 ok ey £C.75 5k ,25 52...8 50 . b 5725
0.07 .13 74 .50 71.69. 74.88 75455 74 Ok 74,00
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increase from the 0.5 to 1.5 msec flashes for the 0.07 mL target. Subject
J. S. showed a strong reciprocity failure for all luminance levels of
recovery targets. The increase in recovery times from 0.5 to 1.5 msec
flashes were all of the order of 50%. Subject V. K. showed continuously
increasing recovery times over the full range of duretions for the three

highest luminance levels.

In the previous study in this laboratory, no reciprocity failure wes
found for flashes of 40 psec compared with 1.4 msec. The flash energy was
& x 10 tdesec, and the recovery targets were the smell Sloan-Snellen
letters at 0.07 mlL. The data in the last line of Table VI, for the seme
target conditions show very little reciprocity failure for the 0.54 msec
flach and none for the other durations. It is very probable, therefore,
that the flash energy in the previous work was too low to produce sufficient
bleachins of the photopirments for a feciprocity failure to show and that the

recovery target chosen for the measurements was insensitive to small changes

in bleaching.

%2, Change in Recovery Times with Decreeced Flash Luminence

N

~

Harins® showed, with objective densitometry on rebbit retinas, that
very brief flashes would produce a bleach of not more than 509 no matter
how much the flesh enersy was increesed efter the meximum bleech was pro=-
duced. It seemed desirable to replicete his work using the intact retinas
of human subjects to see if the reciprocity failure indicated a true max-

imum of bleeching potentiel for the various flash duretions. This portion
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of the work was approached with caution because of the high energy densities
required. There were practical limitations on the flash energies available
with our present source, also., The rather nice feature of the xenon flash
sources is that they are capable of flashes producing nearly maximum photo=
pigment bleach levels over the range of flash durations from 0.5 to 5.0 mecec
and yet are below the energy levels required for threshold of permanent

demage .,

From Fig. 20, it appears that the meen recovery times for the four
cubjects are concstent for flash durations from 1.5 msec to 5.0 mcec., In
order to determine if we had reached the meximum possible tleaching level
for the flash durations used, an experiment wes designed to test the effect
on recovery times by varying the flash luminance for the 1.5 msec snd £.0 msec
durations. The maximum flesh energy obtainable vith the graded neutral
dencity in the 5.0 msec sector was 3 x 107 tdesec or 0.012 cal/cm2 at the
retine. Eech subjiect meessured, during one experimental session, the recovery
times for the 1°,%' and 28.7' letters at eight luminance levels following
2.0 mcec flechec of seven field luminences, differing by JE: The hignest
luminance, correspondine to the 3 x 107 tdesec flash was 1.1 x 109 L. The
field luminance waz decreased by neutral density filters in 0.1% density
steps to the lowest velue of 1.4 x 10“ L. The usual techinque was employed
of testing one letter size at each of the luminance levels following a flash,

The fourteen combinetions of letter sizes and flash luminances were independently

randomized for each sutject.



The mean recovery times for six letter luminances, ranging from 280 mL

to 0.07 ml for the four subjects are recorded in Teble VII in order of

decreasing flash energy. The recovery times for the various luminance levels

of the two letter sizes decreased by about 10% for a reduction in flash

luminance of 0.15 log units, from 1.1 x 109 L to 7.8 x 10% L. There was

some individual varietion between the subjects with one showing little change

in recovery times for the higher luminence fleshes. The data for the

different subjects are recorded in Table X in the appendix.

The meximum flash energy obteinable with the 1.54 msec sector syn-
chronized with the flash discherge was 9 x 107 tdesec or 0.035 cal/cm2 at
the retina. The field luminance corresponding to the O x 107 tdesec flash
wvec 1,1 x 10° L. The luminsnce wes decreased bty Jz.steps to 1.35 x 102 L,
ond eech subject meecured, durins one secsion, the recovery times for the
tvo letter cizes at eicht luminance levels. The meen date for the four

cutjects ore recorded in Table VIII. The individual recovery time: for

each of the subjccts sre recorded in Table XI of the eppendix.

The results of the recovery time measurements for the varicus flash
enerries ot the iwo durations ere plotted tovether in Fig. 22 for four
‘target conditionc. The craphs chow continuously increesing recovery timec
for the 5.C mcec flachec with increased flesh luminance. The 1.54 mcec
flaches chow increassings recovery timez to 2 flash enerzy of 3 x 107 tdesec

correspondiny . J.8 x 102 1. Increasing the flash luminence beyond thir
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Table VII,

Means for four subjects of recovery times for Sloan=S5Snellen

letters presented at various luminance levels following 5.0 msec flashes

of different intensity.

0.012 cal/cm2 at the retina, neglecting losses in the oculer media,

28,7' Letter

The highest flash enerry was 3 x 107 tdesec or

Letter Log Flash Energy = tdesec

Luminance
nl 7.5 7.35 7.20 7.05 4490 575 5450

280.2 £.450 5.7% 5.50 5.25 - - -
537 1%.00 11.38 12.75 9.63 7.68 713 6438
1.95 17.50 15,00 15.75 13,00 12.13 12.35 7.53
0.40 27.75 22.50 22.50 17.88 15.88 15.13 12.50
0.1% 35,28 32.50 50.00 22.00 20.88 19.00 14.50
.07 50 .50 44,00 42,00 29.563 25 .65 24,88 19.38

15.3" Letter

280.2 7.37 .88 .28 5.75 - - -
5,57 1£.25 13,73 10.75 10.53 8.88 7.13 5.75
1.95 22.50 20.00 15.68 15.50 17.00 11.00 10.00
0.40 38,36 34,50 2,50 23.00 17.653 15.13 13.00
0.15 4& .00 43,68 27.7% 29.38 27.%3 19.75 14.75
0.07 58,00 8,75 50.13 45,38 41.25 23.25 19.58
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Table VIII., Meens for four subjects of recovery times for Sloan=Snellen
letters presented at various luminance levels following 1.54 msec flashes
of different intensity. The highest flash energy was 9 x 107 tdesec or
0.035 cal/cm? at the retina, neglecting losses in the oculer media.

28.7' Letter

Log Flash Energy =~ tdesec

lLetter
Luminance
L 7.9 7.80 765 7 .50 7 .35 7 .20 7.05
280.2 7.13 5«50 G413 6 .50 - - —e
537 13.25 13.25 12.25 12.13 12.13 10.25 9.75

1.95 18.38 17.75 16 .50 15 .63 14.50 14.25 13,75
0.40 29.13 25.13 25,50 24,38 23 .38 19.00 19.13
0.15 35469 35,38 54,88 32,25 31.75 27.88 23,25
0.07 55.00 5.53 52.75 48,38 44 .50 37.50 34 .63

17.3' Letter

280.2 7.50 7.00 A .68 4,53 - —— —
5.57 | 1700 | 15013 | 15.00 | t4.s3 | 11038 | 12,88 | 10.75
1.9 20.75 20,88 20.75 10.75 19.13 16453 15.00

0.40 33,25 35,50 38,38 35.75 20.13 24,13 22,88
0.15 47,75 57,38 53475 57.8¢ 44 .75 38.75 35,00

.07 70.15 75.75 76 .25 78.75 83 .25 51,53 45,50
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level produces no change in the mean recovery times for the four subjects.

It may be inferred that the 3.8 x 100 L field with a 1.54 msec flash bleaches
the maximum amount of photopigment that can be bleached at that duration end
thet higher energies simply vrovide a correspondingly higher probebility

of photoreversal with no additional effective bleaching.

The problem thould be investigated more thoroughly, and plens for
future work in this area ere being made in this laboratory. The effect of
decreasing the flesh lumineance at each of the durations used in the reciprocity
failure experiment will be investigated. £An attempt will be made to increase
the available light in the 5.0 msec flash to determine if there is an upper
limit to the recovery times with increasing flash luminance similar to

that found for the 1.54 msec flash.
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APPENDI X

The recovery timez by individual subjects for various flash conditions

and target conditions are recorded in the following tebles.

-



Table I, Individual dete on recovery timec for Sloan=Snellen letters
presented at various luminance levels following 3 x 107 tdesec fleshes of
different durctions. The enerecy at the retina was 0.Ci2 cal/cmz, nerlectinr

losses in the oculer media.

Subject V. K.
28.7' Letter

Lorx Log Flash Duration in msec
Letter Equiv.
Luninance | Field

mL td 0.54 0.78 1.10 .54 2.4 3,4 5.0
2.4 £.0% 7.0 7.5 .75 2.0 8.25 9.0 £.25
Dl?f‘ 511:‘0 1202?‘ 12.75 12.75 1&.0 114‘05 1505 15.0
0.27 .00 17425 17.0 17.25 18.5 10,2¢ 21.0C 22.5
-0 .40 2,30 | 2c.0 z0.26 | 27.75 | 40.= 31.0 35,0 57,25
‘o 035 1 o'f:-,/ }E 075 z*C'.O 1+E‘.C 58’00 2‘7.0 47.75‘ lL? 025
-1 018 1 of“":‘ h-" 025 55' E 71 oc 62 ct- 7700 75’-5 77 05
=1.72 C.27 118.2% 71 .5 126.5 102.0 95.0 110.5 131.7%
-2.14 o0 |1h2.e | 1sc.es | 138.75 | 125.2= [13e.s | 150.5 | 188.25

2.LF 4,00 0,25 g.5 €.25 g.5 7.75 8.7% 0,28
0.7% 5.2% 140,75 14,2 1£.25 17.0 14.5 1£,25 17.25
C.20 2.05 10,25 2¢.0 21.5 24.0 22.7° 24 .0 23.0
=0.be 2.20 53 .20 4e .25 47.25 | 50.25 | L9.7° Le ,25 53.5
-0.23 1.75 4,0 “1.75 s4,0 &4 25 9.75 .25 | 85.5
-1.1% 1.4C | 1C5.5 117.0 01,5 12,7 | 100.5 100.5 10C.25
-1.79 0.7¢ | 17¢.C 104 ,0 175,58 157.0 157.0 147.5 132.5
-2.14 0.0 | 1°0.5 228.5 209.75 | 202.5 184.0 187.0 207 .15
27
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Table IX., continued

Subject J. N.
28.7' Letter

Il:z'zter égsiv. Flash Duration in msec
Lurminance Field
ml td 0.54 0.78 1.10 1.54 2.4 3.4 2.0
2.45 4,00 ) 2.0 7.0 8.0 7.25 8.0 8.5
.73 5.40 11.7% 13 .25 13,78 14,25 {h.e 14.0 12.25
0.29 3.05 | 15.75 18.0 19.75 19.75 | 20.7% 18,75 | 22.c
~C .40 2.40 | 21.5 20,25 | 31.0 28.25 | 35.7% 35.5 33.0
=0 .83 2.05 | 30.0 58.75 | W1.28 | 48.5 4o.25 | 42.258 | k5.25
-1.18 1.7 | 4.5 71,0 50.25 | 50.0 £5.25 | 859.5 £9.75
-1.79 0.05 | 79.0 99.0 7€.0 89.75 | ¢7.0 87.25 | 718.C
-2.14 0.35 1101.C 118.0 07.75 | 117.0 112.5 | 104.0 100,25
T.5' Letter
o 4.7% 7.25 7.0 7.25 7.0 5.5 7.25 8.75
nLF 3,25 | 14.50 14.00 14.0 17.5 15.5 17.75 18.75
0.29 2,04 | 20.5 20.5 2z.0 21.5 25,75 | 29.0 25,5
=0 WL 2.30 | 35.75 | 3.7 | L3.28 | 30.5 4=, 25 35.25 | 42,5
-0.0 1.9% 0.25 | &4.0 71.5 8¢ B 10 .8 £7.0 58.5
-1.10 1.55 7975 71.7% £7.75 IEES 77.75 §0.5 78.2%
“1.70 0.5 | 134.0 117.2¢ | 132.0 121.75 | 104.25 | 123 .5 108.,0
-2.14 0.2 | 188 ¢ 17¢.5 | 19825 | 105 | 137078 | 144025 | 152025
58
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Table IX continued,

Subject J. S.
28.7' Letter

Loe Lo Flash Durations in msec
letter Equiv,
Lwninanee | Fleld
mL te¢ 0.54 0.78 1.10 1.54 2.4 3.4 5.0
2.45 5.5 | 5.5 5.25| 7.0 575 55| =0 f 5
.73 3.5¢ 8.0 9.0 12.0 10,75 | 12.0 11.25 | 11.75
.29 37 | 1.0 12,75 | 18,5 1.7 1 17,0 15.0 15.25
=C .40 2,54 | 15,5 18.0 23.0 21,75 | 22.25 | 22.% 20.0
=0 .83 2.4 [ 10.75 | 245 28.0 30.25 | 30.25 | 27.0 30.8
-1.18 1.80 | 28.25 | 22.0 55,8 13,95 | L4325 | 4b.m 40,75
=1.70 115 [=0.5 | 2.0 | sg.2s| s2.0 | M | c7.5 | esurs
R 0.75 | 0.5 77.0 §0.0 £9.0  91.75' £2.75 98.25
1°.3" Letter
2. ' .02 LB .25 £.0 RLTE 5.27 5.6 e
0,75 537 | 925 | tewr | s | or2e | 11 | 1200 | 12
0,20 2.02 | 13.0 14,5 15,0 17.25 | 15,75 | 18,75 | 18.25
-C .40 2.27 | 16,5 22,75 | 2%.0 27,25 | 2°.5 25,5 25,75
- .83 1.66 | 24,79 | 30.8 32,75 | 35.5 40.0 33.0 38,5
-1.1¢ 1.52 | 35,75 | 38.0 bhors | =5.25 | 59.75 | 43.7 53 &
-1.77 0.85 | 4. 0.0 79.5 €0.5 87.0 82.5 85.25
~Z.14 0.47 | 99,5 01,25 | 104,75 | 108,75 | 113.0 | 114,75 10%.5



Table IX., continued.

Subject R, B.

28.7' Letter

i:iter é:giv. Flash Duﬁationg Qn mso§
Luminance | Field :
nl td 0.54 0.78 1.10 1.54 2.4 5.4 5.0
2.45 4,05 | s.25| 6.25| 6.0 65 | ses| sas| s.2s
0.7 3.55 | 10.25] 11,0 | 11,25 115 | 12| 1. | 12,0
0.20 3,22 | 14.0 14.5 15.5 16 .25 15.6‘ 15,25 | 15.5
-0.50 2.5 | 18,0 | 21025 2200 | 2100 | 2175 2180 21.75
0,83 2.20 | 25.¢ 26,0 30,5 28.5 30.0 20.25 | 27.0
-1.18 2.05 | 33.5 5.75| 4.0 | 38.25( 39.0 40.25 | 38.0
-1.79 1,05 | 57.25 | 5.0 | 69.75| s2.75| 735 45.25 | 58.5
-2, 1k oo | 775 | o075 ] seus| sos | ses | 95 | 89.0
14,3 Lettef
2 45 bas | s | 7| 45| 70| 7.5] B s
0.75 5.35 1 11.0 125 .| 12.75| 2.5 13.25| 15.0
.20 3.02 | 15.5 17.0 17.0 17.75 | 15.75 | 18.0 17.75
0,40 2.5 | 25.8 52,0 37,75 | 318 27.5 28.50 | 27.75
-0.83 2.0 | stom | wes | 15| 3000 41,25 | 37.5 45,5
-1.18 1.72 | 812 .25 | 2.7 | s4.0 sh2sl 5.0 54,0
-1.79 0.70 53.5 Q€ .0 90.0 88.25 04,75 90,25 84.0
-2.14 0.05 111,28 | 122.5 135,25 | 128.5 | 124.% 140.0 102.5
70
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Table X. Individual
presented at various

dif'ferent 1ntensity;

0.012 cal/en? at the

data on recovery times flor Sloan=Snellen letters

luminance levels following 5.0 msec flashes of

The highest‘flash energy wes 3 x 107 td*sec or

retine, neglecting losses in the ocular medis.

Subject V. K.
28.7' Letter

Letter | Log Plash Energy - td“sec |
Luminence , (v SR N

m. | 75 | 7.35 ] 7.20 ]  7.05 s5.90 | 7.7 | .60
245 | 7.0 70 | 70 1" s | = . co | e

c.73 | 1k 14,0 13.0° 10.0 §;o 8.0 L 4;5

0.29 ‘w‘ 18.0  18.6 14.5 3.8 13.0 14,0 | 9;5
~0.40 | 30.% sV ‘;25.b s ] 1rs 7.0 '*‘17.51‘ 13.0
-0.83 35.5 54.0 259,q 230 21.0 éé:sh 15.5
-1.18 sh.5 | s6.s éjlo‘ :, 355 | 25.0 24,5 éb.q
“1.79 72.5 77.5 75.5 770 | W40 40,0 24.0
-2,14 99.C §2.5 7.5 ee.0 55«5 43 .5 130.5

15;5' Letter

2.45 £.0 7.5 5.5 5.5 - -- -

.73 17.5 1.8 11.0 1.5 9.0 8.5 7.0

c.20 27,0 20.% 18,0 17.8 13.5 12.5 10.5
-0.40 4b .5 41,5 32.5 2%.0 18.5 19.0 14,5
=0 .87 0.0 £2.5 L& .0 ‘24,0 32.5 22.5 19.0
-1.18 59,5 £7.5 £9.5 80 .5 53,5 24.0 22.5
-1.7¢ 1645 129.0 72,0 102.5 £9.0 L 5 31.5
-2.14 - 148.,0 106 .0 144 .0 139.5 &k .5 51.0

ra)




Table X continued. ‘ ..

Subject J. N, i
28.7' Letter

Log Log Flash Energy = tdesec o
Luminance
nL 7.5 7.35 7.20 7.05 6.50 6475 6460
2,45 8.0 5.0 4.5 5.5 - - -
0.73 13,0 12.5 13.0 10.5 9.0 7.5 7.5
0.29 19.0 18.5 17.5 14.0 13.0 | 1.0 1.0
-0.40 | 28.5 26.5 22,5 | 20.5 19;5‘ 14,5 14.5
~0.83 40,0 37.0 1.5 24,5 23,5 18.0 18.0
-1.8 | 545 52.5 6.0 | 54,0 32.5 29.0 20.5
w79 | 910 | 850 | st0 | s1s | s | s3s | 235
Csaak | 10100 111;5 75.0 54.0 51,5 54,0 29.5
14.3' Letter
.45 3.5 7.0 A .0 - - --
0.7 15.0 14 .0 17.0 11.5 9.0 8.5
0.29 21.5% 19.5 20.0 15.5 12.5 12.0
~0..40 38.5 31.5 29.5 24,5 16.0 15.0
¢ .83 59.0 41.0 35,5 31.5 22.0 20.0
-1.18 79.0 48,0 2.5 39.5 27.0 23.0
-1.79 99.0 97.0 89.0 75.5 56.0 | 35.5
2,14 150.0 128.5 | 105.0 | 82.5 6640 51.0
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Table X continued.

Subject J. S.
28.7' Letter

Lor, Log Flash Energy = td-sec
Letter
Luminance
2.145 505 400 405 4 o] . - - -
0.73 1.5 9.0 15.0 8.0 8.5 5.0 | 5.0
0029 1"‘00 1}05 19.0 11-5 } 10.5 o -’
-C .40 24.0 17.5 22.5 17.0 | 14.0 105 | 8.5
-0.85 33.0 32,0 | 26.0 | 205 18.0 | 15.0 12.0
-1.18 | 48.0 35.0 30,0 | 25.0 | 22.0 19,0 | 15.0
-9 | s2.0 | ses | o | sk | 285 | 2o | 190
~2.14 70.0 82.5 51.5 ws | 3.8 20.5 | 22.5

2.45 .5 5.0 5.5 4.0 -- - | -

C.73 12.5 17.5 9.0 7.5 &.5 5,5 6.0
0,29 20 .5 21.0 12.5 1.5 12.0 9.0 -

-0.40 37.% 29.0 18.C 1.0 14,5 12.0 10.0
~C.&3 k1,0 40.0 31.0 21.0 21.0 15.0 13.0
-1.,18 Al 0 55 .0 37.0 23.5 28.0 18.5 15.5
-1.79 75.0 90.0 45,5 41.0 L2.5 2.0 | 22.5
«2.14 108.5 101.5 80.5 51 .5 5545 he .0 29.0

73
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Table X continued.

Subject R. B.
28.7' Letter

t:%ter Log Flash Energy =~ td+sec
t Luninance
| nl 7.5 7.35 7.20 7.0% 6.90 6.75 6.60
2,45 7.5 7.0 6.0 5.0 -- -- -
0.73 13.5 10.0 10.0 10.0 7.0 8.0 £.5
0.29 17.0 | 14,0 14.0 13.0 | 12.0 12.0 10.0
w040 | 28.0 | 21,0 18,5 | 165 15.0 18.0 14,0
| -0.53 36.0 27.0 23.5 120.0 21.0 22.5 11,5
-1.18 45,0 32.0 ] 3200 24.0 27.0 27.0 21.0
“1.79 | 5540. 1 4&.0 55,0 | 35.5 38.0 | 31.0 27Lo
152.14 74 .5 80.5 s8.0 | 51.0 45.,0 5.0 | 31.0
14.3' Letter
2.4¢ 7.0 7.5 5, 6.0 - - -
0473 13.5 14.0 12.0 12.0 9.0 540 7.0
0.29 17.5 18.0 15.0 15.5 13.0 10.0 9.6
=040 27.0 24.0 23.0 24.0 17.0 14.5 13.0
-0.83 31.0 30.5 30.0 28.5 24,5 19.0 16.0
-1.18 57.0 45,0 44 .5 37.0 30.0 22,5 19.0
-1.79 78.0 74.0 €5.0 k9.0 33.5 33.0 25.0
-2.14 112.0 10C.0 91.0 50.0 48.5 42,0 48.0
74
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Table XI.

presented st various luminance levels following 1.54 msec flashes of

different intencsity.

The highest flash energy was 9 x 107 td+cee or

Individual date on recovery times for Slosn=Snellen letters

0.0%4 cal/om? et the retins, neglecting losses in the ocular medis.

Subject V. K.

28.7' Letter

o

Log Log Flash Energy = td-sec
Letter ‘
Luminence
mL 7.95 7.80 7.5 7.50 7.35 7.20 7.05
2.45 9.5 7.5 8.0 8.0 - - -
0.73 15.0 14,0 we | 155 o | 115 | 1040
0.20 22.0 17.5 19.5 22.0 20.0 15.0 15,0
. =CJhe 35,0 28.5 31.0 ' 35,0 28,0 21.0 19.5
-0.83 bo.5 | b | 455 | 455 | who | sbo | 24.5
-1.18 755 7&.6 72,0 75.5 | 575 47.0 24,5
-1.79 109.5 80.0 01.5 109.5 98.5 82.0 41.0
-2.14 201.5 98.0 122,0 122.5 139.5 09.0 83.0
1°,3' Letter
2,45 10.C 2.5 €.5 8.5 -- 7.5 -
0.73 1€.0 17.5 18.0 10,0 9.0 15,C 12.5
C.29 24,0 24.0 23.0 23.0 23.0 10.8 15.0
-0 40 43,0 Lke.o 4z .5 50.0 3%.5 20.5 25.0
-0.83 5045 82.5 55 .0 75.5 57.0 42,5 44,0
“1.13 78.5 103.5 100.0 103.5 84.0 62.5 85.5
-1.79 153.5 197.0 178.0 183.5 97.5 117.5 6.5
-2.14 178.,0 - 1960 202.0 155.5 129.5 102,50



Table XI. continued.

sub”et Je N.
28.7' Letter

Log Flash Enofgy = td-eec

Log
Letter
Luminance
ml 7.9% 7.80 7.68 7.50 735 720 7.0%
2.45 8.0 65 4.0 &40 - - -
.73 1.0 15.5 13.0 12.0 13,0 12.0 15,0
0.29 20.0 20.0 17.0 16,58 17.0 15.5 17.0
~0.40 32,8 22.0 27.0 24.0 23,0 19.0 25.0
~0.83 43.0 | 37.0 58.0 52,0 | 33.0 | 20.0 | 29.5
-1.18 43,0 5,0 51.0 45.0 46,0 42,0 45,0
“1.79 0%.5 88,0 80.0 72.0 | 35;0 57.0 | 8.0 |
2,14 110.5 105.0 122.0 104 .0 04,0 | 92,0 08.5
17.5"' Letter
—
2.5 7.0 - 7.0 "0 - - -
0.73 19.0 155 13.0 15.0 12.0 15.0 11.0
0.29 23,5 22,0 23,0 23,0 21.0 19.0 1£.0
-0.40 42.0 3.0 42.5 57.0 31.0 2/.0 29.0
-0.83 53,0 52.0 56.0 49,0 45.0 43,0 40.0
-1.18 82.0 79.C £0.0 £4.0 44,0 52,0 48.0
-1.79 173.0 | 134.0 | 139 141 154 88.0 -| 70.0
=2.14 - 14,0 1%1 198 180.5 123.0 105.%
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Table XI continued.

SUbject Js S
28.7' Letter

Log, Log Flash Energy = td-.sec
Letter
Luminance
nl 795 7.80 7.85 745 7.35 7.20 7.05
2.45 5.0 5.0 4.5 5.5 - - -
0.73 11.0 13,5 10.5 10,0 ¢9-5 | 7.5 7.0
0,29 14,0 18.5 14.5 14,0 14.0 11.5 10.0
=0.40 25;0 25.0 25.5 23.0 23 .5 16.0 14,5
-0.83 35,5 31.0 31.0 30.0 27.5 21.0 18.0
-1.1€ bk .0 4.0 | 53.0 | 34.0 41.5 25.0 25.0
-1.79 78,0 99.0 75.0 £7.5 45 | 30.0 43.0
~2.14 82.5 107.5 87.5 88.5 80.0 52.5 51.5
17.5" Letter

2,45 740 5.8 5.5 540 .- - -
0.73 14,0 14.0 15.0 12.5 12.5 11.5 8.5
C.29 10.0 18.5 19.5 1..0 15.5 14.5 12.0
=C .40 22.5 28.0 39.0 2¢.0 24.8 19.5 15.5
-0.83 37.5 51.0 £3.0 51.5 34,0 2.5 24,0
-1.18 £2.5 7.5 7.5 58 .5 4 .5 3:5.0 33.5
-1.79 129.5 82.5 10€ .0 87.5 87.0 57.5 4.5
-2.14 142.5 117.5 124,0 105.5 138.5 338 75.5

7
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Tadble XI continued.
s:g ?;?tbol:t..of )
t:tg.tor Log P1u5 Energy =~ td+sec
Luminance
_ml 7.95 | .80 | 7.65) 7.0 | 735 ]  7.20 7.05
2.45 6.0 7.0 6.0 6.5 - - -
0.7 11.0 12.0 11.0 11.0 120 | 10.0 9.0
0.29 155 | 15.0 15.0 14.0 15.0 15.0 13.0
-c.h0 | 25.0 | 19.0 18.5 | 23.5 19.0 | 20.0 17.5
=0.83 28.5 33.0 27.0 27.5 22.5 27.5 21.0
<118 | 365 4.5 35.0 | 38.0 33.0 35.0 34,0
-1.79 | 645 | 8.8 sko | s9.5 | 505 | s1.0 49,5
-2,14 71.0 85.0 7.5 78.0 60.0 88.0 | 61.5
16,3 Letter
2.45 7.0 70 | 45 5.0 - - -
0.75% 13.0 12,5 | 13.0 12.0 12,0 10.0 11.0
0.29 16.5 19.0 17.5 17.0 15.0 13.5 17.0
=0.40 25.5 28.0 28.5 30.0 25.5 20.5 22.0
0,83 40.0 40.0 45.0 39.5 43,0 35.0 34,0
~1.18 56.5 50.0 57.5 67.0 58.5 46.0 44,0
“1.79 105.0 96.0 90.0 113.0 92.0 72.0 62.0
-2,14 137.0 109.0 106.0 122.0 127.0 81.0 89.0
78
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