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FOREWORD

This report was prepared by the Ohio State University Research

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 second 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

Higrrh intensity flashes of 0.04 msec to 1.4 msec duration were used

to determine the afterimage brightness as a function of time following

the flash. Six human subjects made continuou. matcher of the afterimare

for periods up to six minutes following the flashes. The flash enerries

ranged from 5 x 107 to 8 x 10- td'sec or from 0.012 to 0.0003 cal/cm2

at the retina, neglecting losses in the ocular media. The mean afterimage

briphtnevs, 5 sec following the highest intensity flashes, was 101 td.

The afterimage brightness data were correlated with recovery time mea,-urements

for Sloe n-Snellen letters presented at luminance levels from 280 mL to

0.07 mL.

The reciprocity relationship between the duration end luminance of

flarhee subtcndinp 7.=o vi!uai angle was invectirated for constant flash

enerpy of 3 x io7 td-sec. Seven flash durationC from 0.15 to 11.0 msec

were terted. The recovery times for the 2]ocn-2)nellvn letterr at verious

luninence ]evelk increared approximrtely -5)CI followin:- 1.1 msec f]eahes

compored with the 0.5- mvec flashesc. There was no epparent chan;,e for

the mean recovery times for four -ubjectf followin; flarhe7 from 1.1, msec

to 5.0 mcec in durrtion.
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VISUAL RECOVERY FROM HIGH INTENSITY FLASHES

I. INTRODUCTION

In designing efficient protective devices for pilots who may be sub-

jected to intense flashes of light, a number of variables of visual

function must be considered. The ideal protective goggles or windshield

would be almost perfectly transparent under ordinary conditions of ambient

illumination, darken to a sufficiently high density to reduce the illum-

ination from a high intensity flash to that comparable to the ambient

level, complete the change in density within an infinitesimally 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 available solution can be chosen only when we have 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 performance will always be suffered with

anything 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 visual tasks

within a few seconds following a flash exposure with existing protective

devi ces.

The problem has theoretical as well as practical significance, and

data are needed on the rate of decay of the brightness of the positive

afterimage in order to attain a more complete understanding of the under-

lying mechanism.

A failure in the reciprocity relationship between flash duration and

intensity for constant integrated energies has been observed in the bleaching

of rhodopsin solutions. Williams1 developed a mathematical model to

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 delay of

around 1 msec before the molecule enters the second or thermal bleach

stage of the process. If the energy density is sufficiently high, there

is a finite probability of a second quantum being absorbed by one molecule

during the 1 msec refectory period. The second quantum acts 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 presezited at 0.07 mL
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following flashes of 106 td.sec. Hill and Chisum, 2 working with flash

durations of 33 19seo, 165 lisec, 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 failure 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 range of durations. The radiance of all ex-

isting thermal sources is too low to produce flashes 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, a brief period of constant

radiance, and an exponential decay. Any attempt to prolong the constant

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 carrying a graded nelltral density strip over the opening

to maintain uniform flash luml-ance to 5 msec duration.

II. SCOPE

Seven subjects participated in the experimental work. The subjects

were optometry students in their early 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.

3



There were no significant changes in the findings. All subjects participated

both as observers and experimenters during the sessions and assisted with

the data analysis. The broad participation in the program helped to main-

tain a high level of motivation.

Several major areas of the current study are covered in this report.

The apparatus was essentially the same as that used in the previous study

and is fully described elsewhere.3 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 apparatus were necessary for the different experi-

ments 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 afterimage. The recovery times for two sizes of test lettersp

subtending 28.7 and 16.3 min. of arc, were measured for a range of letter

luminances from 140 mL to 0.007 mL following the various flash energies.

Each subject determined the luminance of a uniform 100 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 data 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 muec and 5.0 masec.

The recovery times for the 28.7' letter and the 16.3' 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-

tegrated energy was maintained at 5 x 107 td-sec (0.012 cal/cm2 at the

retina) for the full range of durations. There were some individual

variations in the results, and the data were analyzed both on the basis

of subject means and the individual data for each subject. The exper-

imental procedure and results are covered in Section V.

III. APPARATUS

The flash source was a 10,000 watt-second Sun Flash unit with a

xenon-filled lamp. A segment of the lamp was focused at the plane of the

entrance pupil of the subject's eye to provide a Maxwellian view field

of 100 diameter. The essential elements of the original apparatus and

calibration are described briefly below with the details of the modifications

for the different experiments covered in the following sections describing

the experinients.

A schematic drawing of the optical system is shown in Fig 1. An

enlarged image of a segment of the flash tube was focused on an aperture

plate at A,, filling the 20 x 10.5 mm. aperture. A 48-inch telephoto

lens, L2, colimated the light; and the rotating mirror, M1 , the 20-inch

5
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telephoto lens, L3, and the aperture, A2, completed the shutter system.

Light reflected from M, into L2 was brought to a focus and swept past the

aperture, A2 , which was 4.1 x 4.5 mm. The ratio of the width of the image

of A, and the width of A2 determined the duration of the flash. The mirror

was driven through a pulley system with five interchangeable combinations

to provide speeds from 1820 rpm to 55 rpm, resulting in flash duration3

from 0.04 msec to 1.4 msec. The flash tube was triggered in phase with

the mirror so the tube reached maximum radiance at the instant that the

image of A, reached the edge of A2 . This arrangement insured the same

peak radiance for all flash durations.

The light from A2 was reflected from a first surface mirror, M2 ,

through lenses L4 and L5 and was focused at a 1:1 magnification at the

plane of the subject's pupil. A field stop, A,, at the focal point of

L5 provided a 100 flash field. The beamsplitter, B1 , reflected a portion

of tne flash to a first surface mirror, M3, where it was reflected into

a phototube. The oscilloscope traces of the phototube signals were photo-

graphed for all flashes during the experimental sessions. Lenses L6 and

L7 provided another Maxwellian view system with a 100 field. The field

stop at A5 was seen by the subject in the plane of A3 and coincident with

it after reflection from the beamsplitter, B1 . A fixation target was

placed at Ar, to aid in maintaining central fixation for the flash and

the recovery targets.
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Immediately after the flash, the mirror, M2 , was swung out of the

beam to the position shown by the dotted lines. The recovery targets at

T1 were transillumiated by the ribbon filament lamp at S1. Filters at F1

controlled the luminance of the recovery targets. The lens, L4, imaged

the targets at a 2:1 reduction in the plane of A3 where they were viewed

by the subject with relaxed accomodation.

The target luminances were measured by a MacBeth Illuminometer.

The flashn tube radiance at the peak of the discharge was determined by

comparison with a standard ribbon filament lamp operated at 30000 color

temperature. The comparison was made througl, a series of interference

filters at 24 narrow regions of the spectrum from 400 to 1100 mp.

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

steradiancy 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 luminance of the flash field was calculated from the steradiancy and

the measured transmission of the optical system to be 4 x I05 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 543A Tektronix oscilloscope with a fast-rise time amplifier through

a lOX attenuating probe to reduce the RC time constant. It was found that

there was sufficient distortion in the displayed trace to invalidate the

8
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measurements of the flash energies from the traces. The shortest flashes

of 0.04 msec were the most seriously affected. The anticipated form of

the trace could be calculated from the optical design of the rotating-

mirror shutter system, and should have baen trapezoidal. The limiting

aperture, A2 , was one half the width of the image of Aiso the rise

time to the full radiance should have had a constant slope with a duration

equal to the constant radiance portion, and the decay portion should havo

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 sy~netry that the displayed wave form was not an accurate recording

of the phototube current. Part of the curvature at the peak of the trace

may have been due to nonuniformity of the light filling the entrance

aperture.

In order to investigate 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 vertical 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 coaxial 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 a imiformly luminous

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

10



Figure 3. Oscilloscope trace of the phototube signal
for the 0.514 msec f'lash produced by the rotating-mirror
shutter system synchronized with the flash tube discharge.
The mirror speed was 158 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 signal for a tungsten source flash of 0.75 asec
duration. (b) The differentiated rave form of the trace
shown in (a) obtained by connecting the phototube signal
to the oscilloscope amplifier through the circuit shown
in (c).
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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 one of the operational

amplifiers used ac a differentiator as shown in the diagram in Fig. 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 drop to a negative level equal to the

positive value. The actual trace of Fig. 4(b) indicates the rather large

amount of distortion preeent.

The input impedance of the operational amplifier is really a com-

binction of the signal source impedance and the impedance of the ampli-

fier; end with the capacitance of the cable, the RC time constant might

be expected to be too high for accurate recordin,. of the phototube current.

To reduce the tinc conctant, the load resistor was removed from the photo-

tube, and the current rignal was applied to the input of one of the oper-

c'tional amplifiers throu'rh P. simple shielded cable %..here it was converted

to voltage by the arran,rement sho;.m in Fig. 5(a). The resultin- trace is

shown in Fi-. .(b), and the improvement in the recordin- can be seen by

the close aoproximcation to the theoretical trace.

The voltage output of the operational emplifier was applied 'to the

innut of the second operational amplifier used according to Fi-. 4 (c)

for differentiatinq the sirnal. The resulting crt trace is shown in

Fi. p5(c). There is still a little distortion shown in the rounding of

15
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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 psec.

IV. AFTERIMAGE BRIGHTNESS

Crawford4 in 1947, suggested the use of equivalent backgrounds to

generalize the recovery times for various target configurations and luminance

levels. He showed that the threshold for any target was raised at any

given time following a flash as though the subject were vi"wing, the target

a-ainst an equivalent, external background field. By measviring the ex-

ternal backuround luminance for threshold recognition of the various

recovery targets, the dark adaptation following a flash could be plotted

as a relationship between equivalent background and time, and it was con-

sistent for various terget configurationr and luminances. Our earlier

recovery time measurements with Sloan-Snellen test letters were transformed

in the manner su•--ested by Crawford end were reported in the Technical

Report' previourly cited. The results indicated that five seconds after

o e x 107 td'sec flarh, the threshold was raised as thour h the target were

viewed e,,,ainst an external field of 5 L or with a retinal illuminance of

Sx 10 td. Five seconds later, the equivalent background was decreased

by a factor of ten. There was nearly linear relationship between the log

of the equivelent brchlround and the log of the time following the

5 x 107 td'sec flash up to 100 sec.

11



The positive afterimage following the high intensity flashes appears

as a bright area with the sam shape and visual angle as the flasn. It

seemed desirable to measure the luminance of an external field that sub-

jectively matched the afterimage and compare it with the equivalent

background data from the recovery time measurements.

1. Apparatus

The apparatus was modified according to the diagram in Fig. 6 to

permit automatic recording of the luminance of a matching field. The unit

was designed to allow either binocular or monocular matching with several

photometric field configurations. A pair of circular neutral density

wedges, Fl. 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 a 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 switch 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 2.6 sec. The position of the wedges was con-

tinuously recorded on moving paper as the subjects maintained a photometric

16
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match. Calibration of the wedges and pen drive allowed the density and

hence the field luminance to be plotted as a function of time following

the flash.

The source for the matching field was a standardized ribbon filament

lamp run at 18.0 amps. The filament was imaged on the 2-mm circular

aperture at A1 which was imaged at 1sl magnification in the plane of the

subject's pupil by the lenses L1 and L2 . 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 matching field with the afterimage in the right eye.

The field stop at S2 was adjustable so the image could be made to coin-

cide with that of the flash field stop at S1. Masks were inserted at

S1 and S2 for various configurations of the photometric field.

2. Monocular Bipartite Matching of Afterimage Brightness

A simple bipartite photometric field with a vertical dividing line

was produced by blocking one half of the flash field stop at S1 . The

opposite half of the matching field was blocked at S2- 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
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The result is that all compensatory movements for maintaining 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 obtained 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 mean

of at least five separate determinations of the retinal illuminance necessary

to maintain a brightness match over a 140 sec interval following flashes

of 0.56 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 matching. Figures 8(a) 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

afterimage would disappear for brief intervals. There was some day to day

variation for any given subject, but the magnitude was much less than

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 matches the afterimage. The flashes were 0.56 msec
duration, and the flash luminance was 4 x 10 L (0.005 e.]/cm2 at the retina).
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Figure 8a. Composite records of the afterimage brightness matching following three
flashes of 1.4 uasec duration to a 4 x 105 L field (0.012 cal/cU2 at the retina).
The ordinate is the density of the crossed neutral wedges required for maintaining
a photometric match between the standard field and the afterimage.

21

fr 4



0-

RB

2 -1

6-

7 -1

8'I ! ii,, I IBI iii.l l ill Ii iiill g BIl I
0 50 OO ISO 200 250 500

TIME -SECOHD.,

Pigue 8b. The same type of record as Figure 8a for a different subject. I

22



I

The group means in Pig. 9 for the 0.56 and 1.4 msec exposures to the

4 x io L f"n-1, field show the effect of roducinq the integrated enerry

in the flash. The field luminances required for atchin, tho afterimage

during the first 20 rec following the flashes are surprisingly high.

Previous work on afterimage matchingSn 7 has 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 a dark

period following the flash with a perceptible growth of afterimage brightness.

Our subjects reported that there was no latency, and the afterimage started

Ito decay from the initial brightness which seemed to be a continuation of

"the flash itself.

i5. Comparison of Afterimage Brightness and Equivalent Background Luminance

An experiment was designed to compare the equivalent backgrounds for

I twc recovery tar~et sizes at ten luminance levels with the measured bright-

i ne.-: of the afterimage following 3 x 1o7 td-sec flashes. Six subjects

participated, and each tested the various conditions during one experimental

I session. The afterimage brirhtness was matched by the procedures described

in the previous zection following the first two flashes of the series.

I The recovery times for the 28.7' letter at various luminance levels were

meerured followin7 the third and fourth flashes and the recovery times

for the 13.5' letter following the fifth and sixth flashes. Three subjects

I
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Table I. Log retinal illuminance to match the positive afterimage following

1 .4 msec flashes of 4 x 105 L. The values are the means for two separate

determinations by each subject.

t(sec)
following Subject Group
flash J. N. R. B. D. P. J. P. J. A. V. K. Mean

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 5.70 3.58 4.40 3.21 5.54 3.838

15 4.25 5.10 5.08 5.60 2.57 2.59 5.198

20 3.80 2.60 5.00 2.60 2.27 1.91 2.696

25 3.45 2.30 2.90 2.00 2.04 1.68 2.395

30 5.20 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

40 2.85 1.85 2.62 1.42 1.51 1.01 1.877

50 2.4o 1.4o 2.45 1.02 1.20 0.79 1.543

60 2.05 1.25 2.52 0.85 0.80 0.54 1.502.

70 1.70 1.10 2.25 0.72 0.29 0.36 1.070

80 1.45 1.05 2.25 0.58 0.20 o.16 0.948

90 1.22 1.00 2.00 0.59 0.17 -0.10 0.780

100 1.00 0.70 1.70 0.12 -0.17 -0.55 0.500

110 0.75 0.85 1.4O -0.28 -0.-4 -0.50 0.313

120 0.48 0.80 1.05 -0.50 -0.19 -0.65 o.165

130 0.25 0.80 0.92 -0.75 -0.41 -0.66 0.025

140 0.00 0.55 0.25 -0.90 -0.65 -0.78 -0.343

26



Iý
I-A

Arterimage brightness following 1.4 mesc flash at 2.5 x '10 L.

t-sec
following Subject Group
flash J. N. J. 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 1.50 2.02 2.30 1.87

20 1.15 1.85 1.75 1.56

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 o.65 0.58

50 0.05 0.28 0.19 0.17

60 -0.50 -0.55 0.00 -0.21

70 -0.55 -0.95 -0.20 -0.56

80 -0.88 -1.35 -- -1.11

90 -1.15 -1.85 -0.70 -o.23

100 -1.55 -2.15 -1.93 -1.87
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were used following the lower energy flash, ranging from 0.40 mL 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 nearly identical from 140 mL to 5.4 mL but diverge rapidly

for the lower luminarce levels.

The equivalent background for threshold of the two letter sizes at

the ten luminance levels was measured by each subject. A circular stop

subtendintr 100 visual angle was inserted at S2 in Fit. 6t, and the subjects

then saw the transilluminated letters superimposed on a bright background

the same size as the afterimnce from the flash. The luminance of the

background was adjusted by means of the crossed neutral wedges until the

letters were at threshold for each of the luminance levels used in the

recovery time measurements. The data are recorded in Table III as the

log retinal illuminance, ir trolends, from the background for each sub-

ject and each recovery target condition. The group means of the data for

each recovery target condition are plotted in Fir. 11 to show the relation-

ship between the equivalent background retinal illuminance and the luminance

of the test letters.
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i
I Table II. Recovery times for two letter sizes presented at various

luminance levels following 1.4 mneO flashes of 4 x 105 L.

j Log B of 28.7' Letter
Letter Subject Group

mL J.N. R.B. D.P. J.P. J.A. V.K. Mean

2.15 8.0 4.5 7.5 7.5 8.5 4.0 6.66

1 1.45 15.5 7.5 11.0 15.0 15.0 8.0 11.00

0.735 22.5 12.0 14.0 19.5 17.0 13.0 16.33

1 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 44.5 33.5 35.5 25.0 52.91

1 -1.18 37.5 34.0 6o.o 43.5 74.5 32.0 46.91

-1.53 43.5 37.5 95.0 61 .o 94.0 41.o 62.00

I 1.79 65.0 49.0 153.0 74.0 118.0 48.0 84.50

-2.14 101.0 62.5 198.5 107.5 226.0 57,0 125.41

1 16.3' Letter

2.15 4.0 5.0 10.0 6.5 5.0 6.0 6.08

1 I.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 23.66

1 -0.40 39.5 24.0 68.0 28.0 33.5 26.0 36.50
-0.83 52.0 36.0 92.5 32.0 47.5 47.0 51.16

S-1.18 72.5 47.5 111.0 47.0 68.5 53-0 66.58
-1.53 81.0 73.5 178.0 69.0 124.0 73.0 99.75

I -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
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II-A

Recovery times for two letter sizes presented at various luminance leve]s t
following 1.4 msec flashes of 2.15 x 104 L.

Lom B Log td 28.7' Letter
Letter Equivalent Subject Group

Field J. N. J.S. D.MP. ean

-o.4o 2.50 35.0 3.2 6.0 4.o6

-0.83 2.25 8.0 7.5 12.0 9. •

-1.1e 1.88 14.0 11u.,5 15.5 15.10

-1 . 1.57 22.0 17.5 22.0 20.50

-1.79 0.88 56.0 22.5 27.0 28.50

-2.14 0.25 42.0 28.5 28.5 55.00

11'.5' Letter

-2 .2 .0 7.8 10.5 8.10

2.05. 11.0 13.2 13.5 15.25

-1 .18 18.5 21.0 20.0 19.85

-1 Cx 0.99 2,.0 28.8 24., 2•.45

-1.79 0.42 32.5 55.5 358.r 55.5o

-2.14 -0.25 59.0 4O.r 54.o 44.5o0
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Figure 10. The group means f'or six subjects for the
recovery times for 28.7' and 16.3' Sloan Snellen letters
presented at ten luminance levels. The flashes were 1.4 msec
in duration at 4 x 105 L (0.012 cal/cm2 at the retina).
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Table III. Retinal illuminanoe from a 100 external field adjusted for threshold

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

Log B 28.7' Letter
Letter Subject Group

mL J.N. R.B. D.P. J. P. J. A. V. K. Mean

2.15 4.63 4.70 5.00 4.55 4.63 4.75 4.710

1.45 3.87 4.13 4.29 3.75 3.85 4.09 3.993

0.75 5.15 5.73 3.69 3.20 3.50 3.53 3.433

0.29 2.94 5.20 5.28 2.87 2.90 2.98 5.028

-0.40 2.56 2.62 2.55 2.34 2.59 2.50 2.460

-0.83 2.07 2.52 1.97 1.91 1.95 1.82 2.005

-1.18 1.76 2.06 1.80 1.55 1.52 1.51 1.665

-1 .55 1658 1.64 1.09 1.51 1.25 0.90 1.258

-1.79 0.89 0.82 0.49 0.87 0.54 0.87 0.746

-2.14 0.58 0.57 -0.20 0.42 -1.18 0.57 0.060

16.51 Letter

2A.5 4.50 4.5o 4.70 4.30 4.45 4.60 4.,%508

1.45 5.85 5.98 4.02 5.85 5.75 5.92 3.895

0.75 5.28 5.58 3.45 5.00 5.67 5.55 3.551

0.29 2.92 5.07 5.00 2.64 2.79 2.74 2.860

-0.40 2.22 2.57 2.50 1.96 2.21 2.19 2.208

-0.83 1.97 2.15 1.95 1.66 1.67 1.75 1.848

-1.18 1.60 1.74 1.48 1.51 1.09 1.42 1.44o

-1.53 1.17 1.41 o.41 O.5 0.99 0.97 o.966

-1.79 o.44 o.65 -0.12 o.40 -0.38 0.75 0.286

-2.14 0.10 0.07 -0.87 -0.3 -1 .13 0.10 -o0.0.
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Figure 11. The group means for six subjects of the retinal
illuminance from a 100 external field when adjusted for
threshold recog~dtion 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 graphs of Fig. 12 for each subject.

The recovory time measurements have been plotted in terms of the equiv-

alent background retinal illuminance for each of the letter conditions.

The agreement between the two sets of measurements is reasonably good and

suggests that even closer agreement would exist if there were more than

two measurements at each point.

I one accepts the hypothesis that the afterimage acts in the same

way as a subjectively equally bright external field in raising the threshold,

it should be possible to predict the individual recovery times for the

different targets from the data obtained. The procedure followed in

testin- the hypothesis is shown graphically in Fig. 13. The curve on the

left is the best visual fit through the data points for the afterimage

brightness matching for subject R. B. The curves on the right are the best

fit throumh the data for the field luminance values for 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 16.31 letter at 2 mL. This procedure was followed

for each letter condition for each subject, and the results are shown

in Table IV for Proup means of the predicted and measured recovery times

for target luminance levels from 140 ml to 0.007 mL. The agreement be-

tween the predicted and measured recovery times is within 101 for each

of the seven luminance levels.
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Teble IV. Comparison of the predicted and measured recovery times for

the 28.7' and 16.5' Sloan-Snellen letters at seven luminance levels

following 5 x 1o7 td'sec flashes. The values are the group means for six

subjects for the two letters.

Log B Recovery Time in Seconds

Letter (mL) Predicted Measured

2.15 6.93 ,.57

1 .45 10. .O 11.25

C.75 14.55 16.54

0.29 19.71 21.85

-o.4o 31.25 30.95

-. 84 433.57 42.03

-1.18 54.29 56.74
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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 afterimage

was in one eye, and the matching field viewed with the other eye, the con-

vergence problems caused by the afterimge 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 S1 in Fig. 6. The outside diameter of the stop subtended 100,

and the inside diameter 60 visual angle. The flash produced an annular

afterimage in the right eye, and a 20 circular stop at S2 provided a

matching field for the left eye. It was reasonably easy to keep the two

fields concentric by fixating on the center of the matching field. During

one session, each of seven subjects received twelve flashes of 4 x 105 L

at three durations: 1.4 msec, 0.24 msec, and 0.04 msec. The subjects

made binocular brightness matches for two flashes fo each duration and

monocular matches with the same photometric field configuration for two

flashes of each duration.

The group means of the data are shown in Fig. 14 for the three flash

ener'ries and the two matchin7 conditions. There was no apparent difference

in the luminance of the matching field at any instant following the flash

between the monocular end binocular matches. The luminance for matching

the afterimage for 15 sec following the 1 .4 msec flash was approximately

1 log unit less than in monocular bipartite matches.
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Figure 14. Comparison of results of afterimage brightness matching for an

annular afterimage concentric with a centrally fixated 20 matching field.

In the monocialer 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 matching field in the loft.
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5. Peripheral and Foveal Afterimage Matching

The discrepancy between the measured afterimage 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

afterimage decay. One possible explanation of the discrepancy is that

the foveal photopi~ments regenerate faster than rhodopsin, and the after-

image seems to be related to the kinetics of the photoreceptor pigments.

The afterimage appears as a bright area with a darker central portion

after a minute or two following the flashes. It was felt that with a

photometric field divided across the fovea, the subjects might match the

foveal portion during the jarlier stage of the decay and the peripheral

portion later, whereas with the annular afterimage, only the peripheral

portion would be available. Two conditions of monocular matching were set

up for flasher of 4 x 105 L at duz,,ons of 1.4 msec, 0.24 msec, and 0.01 msec.

In the first condition, the annular afterimage was matched with the foveal

standard field, and in the second, a 20 foveel afterimage was matched with

an annular standard field. Each subject made two determinations of the

afterinase brightness decay for each condition at each flash energy during

one resrion. The group means of the data are shown in Fir. 15.

There seems to be no significant difference in the results for the

two conditions of matching for the two minute period shown in the graphs.

The amount of light required to match the afterimage remains constant

whether it falls on the central portion of the retina with the afterimage

surrounding it or on the peripheral region of the retina surrounding a

central afteriman'e.
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Fiqure 15. Comparison of results of monocular afterimaga brightness matching
with an annular photometric field configuration. Thm solid dots are the data
points for a 20 centrally fixated standard field and a concentric annular
afterimage. The open circles are the data for a 20 central afterimage with a
concentric annular matching field.
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6. Summary of Afterimage Matching and Recovery Time Measurements

The monocular bipartite field matching of the afterimage brightness

wa -significantly different from the other conditions of brightness matching

with a space separating the afterimage and standard field. There was close

agreement, however, 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 matching. With the

bipartite field, the subjects felt that they made more sensitive changes

during the periods when the afterimage overlapped the standard field.

This would mean that the standard field fell on the same retinal area that

had been exposed to the flash, and a A threshold criterion was used. The

individual differences in the light from an external field required to

match the afterimage show a consistent trend that is related to the differ-

cncer in recovery time. A correlation study of the predicted and measured

recovery times for the two letters at various luminance levels for six

subjects showed a correlation coefficient of 0.82.

The brightness matching with the standard field separated from the

afterimage by at least 10, required consistently less light in the standard

field than was required in the bipartite matching. The data are tabulated

in Table V. for each of the flash energies used. As long as the standard

field falls on fresh retina in the same or the opposite eye, the luminance

required for a brightness match is constant.

42



Table V. Log retinal illuminance in trolands from an external

fi id required for matching the afterimages following flashes of 0.04,

0.24, and 1.40 msec duration at 4 x 105 L. The values are the group means

for six subjects. The binocular and monocular matches with an annular afterimage

and a 20 central matching field were made during one session by each subject.

The monocular matches with the annular afterimage and with the central

afterimage were made during a different session by each subject.

0.04 msec Flash

It 8 x 105 td-sec or 0.0003 cal/cm2 at the retina

t-sec Annular afterimare Monocular matchinir

following Binocular Monocular Annular Central

flash Matching Matching Afterimage Afterimage

5 -0.32 -0.12 -0.58 -0.57

7.5 -0.55 -0.24 -0.44 -0.55

10. -o.A4 -0.41 -0.51

15 -0.75 -0.59 -0.57 -0.83

20 -0.88 -0.77 -0.76 -1.01

25 -1.03 -0.95 -0.99 -1.18

30 -1.25 -1.12 -1.15 -1.28

3 -1.47 -1.50 -1.51 -16.,8

ho -1 .65 -1 .50 -1 .55 -1.83

50 -2.03 -1.91 -2.00 -2.17

:0 -2.27 -2.26 -2.11



Table V. continued.

0.24 msec Flash

It = 4.8 x 106 tdusec or 0.002 cal/cm2 at the retina

t-sec Anul ar afterimare Monoc*lar matchinr

following Binocular Monocular Annular Central

flash Matching Matching Afterimage Afterimage

5 2.85 2.45 2.61 2.32

7.5 2.38 2.07 2.13 1.97

10 2.05 1.74 1.83 1.73

15 1.27 1.32 1.20 1 .55

20 1.15 0.92 0.83 0.99

25 0.53 0.68 0.46 0.87

30 0.10 0.26 0.33 0.55

35 -0.10 0.00 0.15 0.53

40 -0.20 -0.14 0.07 0.12

50 -0.54 -o.4o -0.13 -0.23

0o -o.45 -. 6 -0.42 -o.43

70 -0.62 -0.91 -0.60 -o.65

80 -0.79 -1.12 -0.76 -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 -1.37

120 -1.59 -1.67 -1.45 -1.45
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Table V. continued

1 1 .40 msec Flash

It = 2.8 x 107 td-sec or 0.012 cal/cm2 at the retina

t-sec Annular Afterimage Monocular Matchinw

following Binocular Monocular Annular Central Bipartite

flash Matching Matching Afterimage Afterimage Field

5 5.97 5.9 5.50 53.44 4.98

7.5 3.57 5.56 5.06 5.320 4.44

10 3.24 5.05 2.84 2.81 5.94

15 2.47 2.55 2.42 2.50 5.34

20 1.90 2.02 2.05 2.25 2.88

25 1.55 1.75 1.81 2.00 2.59o

50 1 .02 1.50 1.28 1.73 2.53

3155 0.88 13.59 0.96 1.59 2.25

40 0.70 1.20 0.83 1.20 2.12

150 0.51 0.88 0.oI 1.06,

So o.43 0.59 0.47 0.60 1-63

70 0.15 0.59 0.27 0.49 1.44

I 0 -0.05 0.19 0.15 0.31 1.26

90 -0.26 0.05 -0.05 0.07 1.02

1100 -o.65 -0.15 -0.21 -0.10 0.70

110 -0.77 -0.42 -0.58 -0.51 0.50

120 -0.99 -0.•1 -o.55 -c.48 0.25
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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 afterimage with time. The mean data for each subject are

shown plotted in Fig. 16 on a log time basis. There is some systematic

variation from a straight line for each subject that may correspond to

the periods of saturated color in the afterimage, making matching 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. RECI PROCI TY BETWEEN I NTENSI TY AND DURATI ON FOR

CONSTANT INTEGRATED FLASH ENERGY

There is considerable evidence to suggest that 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 afterimage brightness. The work reported

in the previous section showed the high correlation existing between after-

image brightness measurements and recovery time measurements for acuity

targets. In order to test for a reciprocity failure in the intact eye,

it was felt necessary to provide flashes over the range from 0.5 to 5.0 msec

duration with constant integrated energies sufficient to provide a high

percentage of bleached molecules.
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1. Apparatus

The transmission of the optical system used in the previous work

was 221. A major portion of the loss through thm 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 flash as 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 I msec/cm, and the ordinate is the relative radiance of the tube.

The trace indicates that at the peak of the discharge, 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

bleaching close to the theoretical maximum, so the increased transmission

permitted flashes from 0.4 msec to 1.5 msec to be tested with proper

filtering of the longer flashes to maintain 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 after passing through

a logarithmic adapter circuit of the operational amplifier. By attenuating

the light from the earlier portion of the flash to maintain a constant
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Figure 17. (a) The time course of the flash tube
radiance. The ordinates are the relative radiance, and
the sweep rate was 1 msec per grid division. (b) The
crt trace of the signal shown in (e) after passing
through a log adapter circuit of the oscilloscope op-
erational amplifier. The log of the tube radiance is
linear with time during the deccy portion.
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radiance over 5 msec, the integrated flash energy could be made equal 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 450 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 seven 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 so the various sector openings were synchronized with the flash to

insure that the peak radiance of the discharge was reached at the instant

that the sector opening started its sweep across the aperture. The trace

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

Graded neutral density strips were made by exposing film through a

logarithmic spiral sector shutter to match the exponential decay of the

flash radiance. They were fastened over the sector 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 -

case, 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 compared

with the unfiltered trace in Fig. 17a, taken at a lower gain on the os- J
cilloccope, the degree of compensation afforded by the neutral wedge is

apparent. I
!
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FI-ure 1 . (a) The crt trace from a 1. r4 msec flush
produced by nynchronizin7 the flash tube discharpe
with a rotatinr sector shutter. (b) The wave forms
cf the 5.4 msec and I.0 mcec fla.hes from the fla.h
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To facilitate maintainance of a constant It product for the various

flash durations, the phototube signal was put through an integrating cir-

cuit of the operational amplifier 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 four integrated flashes from photographs

of the crt taken during a regular experimental session. The constancy of

the integrated energies for the 0.5, 1.1, 2.4, and 5.0 msec flashes is im-

mediately apparent. If any integrated trace varied by more than 5% from

the established value for % given experimental session, the visual data

for that flash were discarded and a corrected flash substituted k the end

of the session. The corrections were made by inserting or removii a neutral

filters in the flash beam, and tht smallest increment of filtering was a

piece of cellophane.

2. Experimental Procedure and Results

An experiment was desig-ned to test the effect of flash duration on the

recovery times for the Sloan-Snellen letters presented at various luminance

levels. seven flash durations fromO.5 msec to r.0 msec were used, and the

flash energies were maintained at 3 x i07 td'sec or 0.012 cal/cm2 at the

retina, neglecting losses in the ocular media. In one experimental session,

each subject.measured the recovery times for the 16.3' and 28.7' letters

presented at eight luminance 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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luminance levels following a 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 day by

each of the four subjects participating.

The means of the two recovery times for every condition for the four

subjects are tabulated in Table VI. The recovery times for the two lowest

luminance levels showed such high variability that only the range from

280 mL to 0.07 mL are recorded. The mean data for the 28.71 letter at

280, 5.4, 0.40, and 0.07 mL are plotted in Fig. 20 on a logarithmic scale.

The graphs indicate a definite reciprocity failure, with increasing recovery

times for constant energy flashes from 0.5 to 1.5 msec durations. The

recovery times level off and remain constant for durations greater than

1.5 msec. There is an approximately constant percentage 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

increase in recovery times from 0.5 to 1.5 msec flashes is about 50%.

The individual differences in the magnitude of the reciprocity failure

were marked. For most subjects the data for the 16.5' letter showed less

of an effect than for the 28.7' letter, especially at lower target luminances.

The recovery times for all conditions for each of the subjects are recorded

in Table IXi in the appendix. The data are shown 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 a nearly 50%
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Table VI. Means for four subjects of recovery times for Sloan-Snellen

letters presented at various luminance levels following 5 x 1o7 td-sec

flashes of different durations. The energy at the retina was 0.012 cal/cm2,

neglecting losse~s in the ocular media.

28.7' Letter

Letter Flash Durations (msec)
Luminance

mL o.54 0.78 1.10 I.511 2.4 3.4 5.0

280.2 5.75 -'.25 6.69 7.06 6.75 7.19 7.15

5.37 10.55 11.50 12.44 12.53 13 .-0 13.13 14.00

1.95 14.25 15.56 17.00 17.31 17.75 17.50 19.06

o.4o 21.00 24.44 25.94 27.88 27.94 29.13 28.00

0.15 28.50 53.06 3) .94 40.81 55.88 35.57 37.75

0.07 36,15 4,.15 51,69 56.13 5'.38 54.94 54.00

11.%3 Letter

280.2 i.75 6.88 '5.69 7.06 '0.81 7.31 7.(,9

12.58 12.88 15.06 14.94 13.81 15.51 15.38

1.95 17.0"6 18.00 1t.88 2C.15 19.75 22.44 25.35

0.40 32.75 34.9o4 58.56 5.88 57.25 54.63 37.58

0. 15 45.94 4.94 50.75 ,54.26 52.• 8 50.4, 57.25

0.07 '8. 74.50 71.69. 7 .88 75.56 74.94 714.0
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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 durations for the three

highest luminance levels.

In the previous study in this laboratory, no reciprocity failure was

found for flashes of 40 1lsec compared with 1 .4 msec. The flash energy was

8 x 10/ td.sec, and the recovery targets were the small Sloan-Snellen

letters at 007 m.L. The data in the last line of Table VI. for the same

target conditions show very little reciprocity failure for the O.94 msec

flash 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

bleachinF of the photopigmentn for a reciprocity failure to show and that the

recovery target chosen for the measurements was insensitive to small changes

in bleaching.

53. Change in Recovery Times with Decreased Flash Luminance

Hasins& showed, with objective densitometry on rabbit retinas, that

very brief flashes would produce a bleach of not more than 90/ no matter

how much the flash energy was increased after the maximum bleach was pro-

duced. It seemed desirable to replicate his workq using the intact retinas

of human subjects to see if the reciprocity failure indicated a true max-

imum of bleeching potential for the various flash durations. Thi3 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 0.9 to 5.0 meec

and yet are below the energy levels required for threshold of permanent

damage.

From Fig. 20, it appears that the mean recovery times for the four

cubjects are constant for flash durations from 1.5 msec to 5.0 msec. In

order to determine if we had reached the maximum possible bleaching level

for the flash durations used, an experiment was desi7ned to test the effect

on recovery times by varying the flash luminance for the 1.5 msec and 5.0 msec

durations. The maximum flash energy obtainable w:ith the graded neutral

denrity in the 5.0 msec sector was 5 x IC7 td'sec or 0.012 cal/cm2 at the

retina. Each subject measured, during one experimental session, the recovery

times for the 1 .f' and 28.7' letters at eight luminance levels following

,.C m=ec flenher of seven field luminances, differing by •F. The hiqhest

luminance, correspondinq to the 3 x 10 7 td-sec flash was 1.1 x i05 L. The

field luminence was decreased by neutral density filters in 0.15 density

steps to the lowest value of 1.4 x 104 L. The usual techinque was employed

of testing, one letter size at each of the luminance levels following a flash.

The fourteen combinations of letter sizes and flash luminances were independently

randomized for each subject.
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The mean recovery times for six letter luminances, ranging from 280 mL

to 0.07 mL for the four subjects are recorded in Table 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 105 L to 7.8 x 10h L. There was

some individual variation between the subjects with one showing little change

in recovery times for the higher luminance flashes. The data for the

different subjects are recorded in Table X in the appendix.

The maximum flash energy obtainable with the 1.54 msec sector syn-

chronized with the flash discharge was 9 x io7 td.sec or 0.036 cal/cm2 at

the retina. The field luminance correspondinr to the 9 x 1o7 td'sec flash

was 1.1 X 10• L. The luminance was decreased by steps to 1.35 x 105 L,

arnd each subject measured, during one sess~ion, the recovery times for the

two letter sizes at eirht luminance levels. The mean data for the four

subjects are recorded in Table VIII. The individual recovery time: for

each of the subjects are recorded in Table XI of the appendix.

The results of the recovery time measurements for the various flesh

ener-iec at the two durations are plotted tocether in Fir. 22 for four

target conditions. The •raphs show continuously increasing recovery time:

f •or the 5.0 msec flashes with increased flash luminance. The 1.14 msec

flashes show increasin7 recovery times to a flash energy of 3 x 107 td'sec

correspondin7. ;. x 105 L. Increasing the flash luminance beyond thir

.10:
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Table VII. Means for four subjects of recovery times for Sloan-Snellen

letters presented at various luminance levels following 5.0 msec flashes

of different intensity. The highest flash energy was 5 x Io7 td.sec or

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

1 28.7' Letter

Letter Log Flash Energy - td-sec
Luminance

mL 7.5 7.55 7.20 7.05 ").90 6.75 6'. 50

280.2 t6 .50 5.75 5.50 5.25 --

5.57 15.00 11.38 12.75 9.65 7.88 7.15 6.58

1.95 17.50 16.00 1'5.75 15.00 12.13 12.55 7.65

o.4o 27.75 22.50 22.•0 17.88 15.88 15.13 12.50

0.1r5 53%.8 52.50 30.00 22.00 20.88 19.00 14.50

0 0.07 50.50 44.00 42.00 29.63 26.63 24.88 19.58

1,'i.3' Letter

280.2 7.57 ".88 .25 5.75 -- -- --

1 5.57 15.25 15.'5 10.75 10.55 8.86 7.15 3.75

1.95 22.5,0 20.00 15.88 15.50 15.00 11.00 10.00

0.40 38.38 4.0 2,' .50 23.00 17 .65 16 .13 15.00

I 0.15 48.oo 4•588 57.75 29.58 27.-5 19.75 16.75

0.07 65 .00 58.75 50.15 4;-538 41 .25 25.25 19.68

I
I

K'",I
I
.3



Table VIII. Means 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 td-sec or

0.036 cal/cm2 at the retina, neglecting losses in the ocular media.

28.7' Letter

Log Flash Energy - td.sec

Letter
Luminance

mL 7.955 7.80 7.65 7.50 7.55 7.20 7.05

280.2 7.15 6.50 6.15 6.50 -- -- --

5.57 15.25 15.25 12.25 12.15 12.15 10.25 9.75

1.95 18.58 17.75 16.50 16.65 16.50 14.25 15.75

o.4o 29.15 26.15 25.50 2').58 25.58 19.00 19.15

0.15 53,5.8) 53'.58 54.88 52.25 51.75 27.88 25.25

0.07 55.00 55. -5 6 52.75 48.58 44.50 57.50 54.65

16.5' Letter

280.2 7.50 7.00 6.88 .`35 ....

5.57 1 '.00 15.15 15.00 14.55 11.58 12.88 10.75

1 .95 20.75 20.88 20.75 19.75 19.15 1'; .'"5 15.00

0.4o 55.25 55.50 58.58 55.75 50.15 24.15 22.88

0.1 5 47.75 35.58 55.75 55.8ý , 44.75 54.75 56.00

0.07 70.15 76.75 76.25 78.75 65.25 51.5 45.50

'1
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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 105 L field with a 1.54 msec flash bleaches

the maximum amount of photopigment that can be bleached at that duration end

that higher energies simply provide a correspondingly higher probability

of photoreversal with no additional effective bleaching.

The problem should be investigated more thoroughly, and plans for

future work in this area are being made in this laboratory. The effect of

decreasing the flash luminance 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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APPENDIX

The recovery times by individual subjects for various flash conditions

and tariget conditions are recorded in the following tables.
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Table I1. Individual data on recovery time- for Sloan-Snellen letters

presented at various luminance levels followine 3 1 o07 td'sec flashes of

differcnt durations. The eneroy at the retina was 0.C12 cal/cm2 , nerlectin-'

losses in the ocular media.

Subject V. K.
28.7' Letter

l.,o- LoP7 Flash Duration in msec
"Letter Equiv.
Lumiinance Field

mL td 0.91 0.79 1.10 1.5)" 2.4 3.4 ý.o

2.r, 5.05 7.0 7.5 ,p.75 8.0 8.25 9.0 8 .25

0.75 ,.4. 12.2_ 12.75 12.75 14.0 14.5, 15. 15.0

0.2n 3.00 1".25,: 17.0 17.o5_ 18.r5 10.25 21.0 22.5

-0.4c. 2.50 2!.-.o .0.25 27.75 4o0 51.0 56.0 .57.25
.1., ,J.75 40 .0 48.0 5,.0 .7.0 47.75 7 .75

-1.1. 1 .r, 5'7.25 57 7. 62 77.0 75.5 77.5

-C.7 117)27 71. 128.5 1"9.0 95.0 110.5 151 .75

-2.14 0. 142.0 150.7,_ 158.7 125.2 1.5 150.5 158.25

I :.5 Letter

2. O.o 0.25 .5 .25 8.O 7.75 8.75 0.25

0.75 5.25 1"./? 17.; 15.25 17.0 14.5 15E .25= 17.25

0.20 2 3,5 19.25 20.0 21.5 24.0 22.75 24.0 75.0

-".40 2.20 5,'.22 4 .25 47.25 50.25 AO.75 40.25 55.5
-0.83 1.75 )4.o '1.75 54.c 84.25 ";9.75 74.25 8,.5

1 .C 1 05,.5 117.0 91.5 12r.75 100.5 100.5 100.25

o790.70 179.C 1.0 1"5. 157.0 157.0 147.5 152 .Or

-2.14' 0.10 1 o.r, 228,.5 209.75 202.5 18-.00 181.0 20C.oI

'7

• -- , -.-. ... .. • ......... ...... . . .. •• .. .. .. • .. .,,. .



Table I K. continuod

Subject J. N.
28.71 Letter

Log Lor Flash Duration in mseo
Letter Equiv.
Luminance Field

mL td 0.54 0.78 1.10 1 .-4 2.4 3.4 5.0

2.45 4.0o 5.0 <.O 7.0 8.0 7.25 8.0 8.5

0.73 5.40 11.75 15.25 15.75 14.25 14.5 14.o 11.25

0.2ý 5.05 15.75 18.0 19.75 19.75 20.75 18.75 22.0

-c.4o 2.4o 21.5 28.25 31.0 28.25 55.75 53.5 35.0

-0 . 2.05 50.0o 58.75 41.2r 46.5 140.25 42.25 4,, .25

1 .75 r 44.5 r 1.0 10 .25 -O0.0 r)5.25 59.5 r 9.75

-1.79 0.95 79.0 99.0 78.0 89.75 9.0 87.25 78.C

-2.14 0.5 1i .C 118.0 97.75 117.0 112.5 iO,.O 100.20.

1'.5' Letter

4.,- 4.c5 7.25 7.0 7.25 7.0 5 .2 8.75

, c.25 l4. 0 114.00 11.5 17.5 17.7=- 18.75

.2 2.04 20.r, 20.0 25.0 21 .5 25.7 29.0 25.5
-o.LC 2.30 55.75 3r.75 5.2 5  s9.5 4..25 5, .25 42.5

10J.95 '0.2' C5'4.0 71 • e r8 <0.5 =7.0 58.5

-1 .1~ 1.55 79.7; 71 .75' .•775 7 77.75 89.5 78.25

-,. 154.0 11 7.2c 132.0 121.'75 104.25 125.5- 10, I.0

-2.14 0.12 184. 1 7 1c5.25 U1.'1 157.75 144.25 152.25

-2. - 0. 2 t8 • 1 ":".



Table IX continued.

Subject J. S.
28.7' Letter

Lo!- Lo,,, Flash Durations in msec
Letter Eauiv.
Lvuni nance rie ld

mL tc• 0.5 0.78 1.10 =.5 L 2.4 3.4 5.0

•.~ -5.I, 5.75 5.25 7.0 5.75 5.25 5.0 5.5

c.T• 5.5" 8.0 9.0 12.0 10.75 12.0 11.25 11.75

0.29 5,.17 11.0 12-.75 15.5 '4.75 1.0 15.0 15.25

-C .40 2.54 1- .5 18.0 25.0 21.75 25.25 22.5 20.0

-o.ý 2.14 19 -.75 24.5 28.0 30.25 50o.,5 27.0 50.5

-1.18 1.80 28.25 52.0 355.5 'S. 7 5 4 S .29,; 44.F 4.o75

-1.7' 1.15, 50.5 '2.0 58.2, ý12.o 71.5 17.5

-2.14 0.75 ;0.5 77.0 80.0 F9.0 91.75 82.75 9P .25

1i.;' Letter

",.~.t .' .02 .5' .•25 5'.0 >" •75 5.27- 5.•= .0

," • " ', ..• , ..•9 .2 5 l1 C .2 o 0 . =, 1 2 ..r " 1 1 .2 1 2 .0 1 2 . 5 ,

". 2.92 15.0 1.. 15.0 17. -. 15.75 18.75 18.25

-c.4o 2.2•' 1 8.P 22.75 2-.0 2'.-5 2".5 25.= 25.75

-1.. 2.'-. 7 50.5 2.7. 55. 40.0 35.0 8.5
-1.1•. 1.52 0: 3C- ...7=, ': .

1.52 3f.7, 53.0 44.75 55.25 59.75 43.75 !i3

1-.7" 0 .,V- 80.0 79.5 r.,, 8K.0 89.5 83.25

-2.14 o.4. 90.5 9 4.•5 104.•75. 108.75 11A.0 11 J. 75 lO, .5
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Table IX. continued.

Subject R. B.
28.7' Letter

Log, Loc Flash Dur'ations in asec
Letter Equiv.
Luminance Field
nL td 0.54 0.78 1.10 1.54 2.4 3.4 5.0

2 .4, 4.9ý 6.25 6.25., 6.o 6.5 OM 6.75 6.25

0.73 3.55 10.25 11.0 11.25 11.5 11.[25 11.75 12.0

0.-9 5.22 i1.o 14.5 15.5 16.25 15.0 15.25 16.5

-o.40 2- 18.0 P 1.25 22.0 21.0 21.75 21 21.75

-0.e3 2.510 25.5 29.0 50.5 28.5 30.0 29.25 27.0

-1 .1i 2.05 33.5 5 5.75 4o.o 38.8 59.o0 4o.25 58.0
-1.79 1.0I 57.25 3o. 69.75r . 2.7 755.5 6 ..25 58.5

-,2.14 0o.4O 77.5 90.75 90.25 80 .5 88 .5 89.5 89.0

1.'' Letter

4• ,.75 .. 0 7.•7 ,.25 7.0 7.75 7.75 -.75

0.75 5.35 11.0 12.75 11.75 12.75 12.7r, 13.2r 15.0

0.29 3.02 15.5 17:.0. 1 7.75 1 .7= 18.0 17.75

-0.h4 2.4.5 23.5 55.0 57.75 .51.r 27.5 28.50 27.75

-o.83 2.10 !,541 .77 41.5 44. 75 39.0 41.25 57.5 45.5

.1.1ý 1 1.I 71.2 '.27r 54.0 !4.25 5.0 4 .0

-1.79 o.7o 55.5 98.0 90.0 88.25 94.75 99.25 84.o

-2.14 0.05 111 .25 122.5 155.25 128.5 124.5 140.0 102.05
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Table X. Individual data on recovery times for Sloan-Snellen letters

presented at various luminance levels following 5.0 msec flashes of

different intensity. The highest flash energy was 3 x 107 td'sec or

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

Subject V. K.
28.7' Letter

Log Log Flash Energy - td'sec
Letter
Luminance

mL 7.5 7.35 7.20 7.05 6.90 7.75 6.60

2.4r 7.0 7,0 7.0 5.5 ....

C.73 14.0 14.0 13.0 10.0 9.0 8.0 r.5

0.29 18.0 18.0 1•.5 13.r, 13.0 14.0 9.5

-o.4o 90.5 25.0 2A.5 17.5 17.0 17.5 13.0

-o.83 ,,.5 3,4.o 39.c 25.0 211.0 20.5 16.5

-1.18 54.5 5,6.5 r'•10 3o 5,5 25.0 24.5 20P.

w1.70 72.5 77. 75 .5 77.0 44.o 40.0 2(;.0

-2.14 99.C 92.5 87.5 A8.o 55.5 43.5 30.5

15' Letter

2.45 r.o .. 6.5 C..

0.73 17.5 1".5 11.0 11.5 9.0 8.5 7.0

C.29 2..%0 18. ie.) 17. r 13.5 12.5 10.5

-o.52o 44J .32.5 2' .0 18.5 19.0 14.5

-0.85 <C.0 52... 45.0 4. x 32.5 22.5 19.0

-1.18 •9.5 r7.5 59.5 60.5 53.5 26.0 22.5
-1.79 I4.15 129.0 72.0 102.5 89.0 44.r 51.5

-2.14 -- 148.o 108.0 144.0 139.5 64.5 51.0
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Table X oentinued.

Subject J. N. ".

28.7' Letter

Log Log Flash Energy - td*seo
Letter
Luminance

mL 7.5 7.35 7.20 7.05 6.90 6.75 6.60

2.45 6.0 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 11.0 11.0

-o.4o 28.5 26.5 22.5 20.5 19.5 14.5 14.5

-0.83 40.0 37.0 31.5 24.5 23.5 18.0 18.0

-1.18 54.0 52.r 36 .0 34.0 32.5 29.0 20.5

-1.79 91.0 83.0 57.0 57.5 56.5 55.5 23.5

-2.14 101.0 111.5 76.0 64.0 I. .- -)4.o 29.5

1".3' Letter -

2.4r 7.0 6.0 ......

0.75 15.0 14x. 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 16.0

-C.83 59.0 41x 3..5 31.5 22.0 20.0

-1.,18 79.0 48.0 42.5 39.5 27.0 23.0

-1.79 99.0 97.0 89.0 75.5 56.0 36.•5

-2.14 150.0 128.5 105.0 82.5 66.0 51.0
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Table X continued.

Subject J. S.
2 8 . 7 1 Letter

Lop Log Flash Energy - td.see
Letter
Luminance

mL 7.5 7.35 7.2o 7.05 6.90 6.75 6.5o

2.45 5.5 4.o 4.5 4.o .....

0.73 11.5 9.0 15.0 8.0 6.5 5.0 5.0

0.29 1!5.0 13.5 19.0 11.5 10.5 ....

-c.4o 24.o 17.5 22.5 17.0 14.o 10.5 8.5

-0.83 33.0 52.0 265.0 20.5 18.0 15.0 12.0

-1.18 48.0 535.0 5.9.0 25.o 22.0 19.0 15.o

-1.79 62.0 5,8.5 46.0 34.0 25.5 24.0 19.0

-2.14 70.0 82.5 51.5 44., 31.5 29.5 22.5

1n.5' Letter

2.4•5 .5 5.0 9.5 4.o ......

C-.73 12.5 17.5 9.0 7.5 8.5 5.5 6.0

0.29 20.5 21.0 12.5 11.5 12.0 9.0 -w

-0.40 57.5 29.0 18.0 1 .0 1v.5 12.0 10.0

0I.0 4O.O 31.0 21.0 21.0 15.0 13.0

-1.18 ;'•4.0 55.0 37.0 23 ., 28.0 18.5 15.5

-1.79 76.0 90.0 45.5 41.0 42.5 22.0 22.5

-2.14 108.5 101.5 80.5 51.5 56 .5 ;5.C 29.0
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Table X oontinued.

Subject R.. B
28.7' Letter

Log Log Flaesh Energy - tdosoc
Letter
Luminance 60

m_ _ 7.5 7.-5 7.20 7.05 6.90 6.7M 6.60
ai i- l i I• -_-

2.4ý 7.5 7.0 6.0 6.0 -- go"..

0.73 13.5 10.0 10.0 10.0 7.0 8.0 60.5

0.29 17.0 14.0 14.0 1$.0 12.0 12.0 10.0

-o.4o 28.0 21.0 18.5 16.5 15.0 18.0 14.0

-0.85 36.0 27.0 23.5 20.0 21.0 22.5 11"5

-1.18 45.0 32.0 32.0 24.0 27.0 27.0 21.0.

-179 55.0 48.0 53.0 35.5 38.0 31.0 27.0

-2.14 74.5 800.5 58.0 51.0 45.0 35.0 31.0

1'.3' Le'tter

2.4r 7.0 7.5 6.5 6.0 GOOD. -m

0.73 13.5 14.0 12.0 12.0 9.0 6.0 7.0

0.29 17.5 18.0 15.0 15.5 13.0 10.0 9.0

-o.4o 27.0 26.0 23.0 24.0 17.0 14.5 13.0

-0.83 31C 30 0.5; 30.0 28.5 24.5 19.0 16.0

-1.18 57.0 45.o 44.5 37.0 50.0 22.5 19.0 J

-1.79 78.0 74.0 65.o 49.0 55.5 35.0 25.0

-2.14 I12.0 I00.0 91.0 60.0 48.5 42.0 48.0

"i
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Table XI. Individual data on recovery times for Sloen-Snellen letters

presented at various luminance levels following I .54 masec flashes of

different intensity. The highest flash energy was 9 x 107 td'oec or

0.0y), cal/om2 at the retina, neglecting losses in the ocular media.

Subject V. K.
28.7' Letter

Log Low Flash Energy - td-see

Letter
Luminance

mL 7.95 7.80 7.6.5 7.50 7.35 7.20 7.05

2.45 9.5 7.5 8.0 8.0 - ..

0.73 11.0 14.0 A4.5 15.5 14.0 11.5 10.0

0.29. 22.0 17.5 19.5 22.0 20.0 15.0 15.0

-c.4o 356. 28.5 531.0 35.0 28.0 21.0 19.5

-0.4. 43.5 4 .5 45.5 44.0 34.o 24.5

-1.18 7:'.5 7'.0 72.0 76.5 57.5 47.0 34.5

-1.79 109.r, 80.0 91.= 109.5 98.5 82.0 41.0

-2.14 201.5 908.0 1,A2.0 122.5 159.5 99.0 83.0

1 _ i.5' Letter

2.45 10.C e.5 8.5 -- 7.5 --

0.775 1ý.C 17., 15.0 10.0 9.0 15.C 12.5

C .29 24.0 24.0 25.0 25.0 2/.0 19.0 1.0

-c.4o 43.o 4-..0 4;9 09.0 55,5 7,0.5 25.0

-0o.83 ;o5 82.5 55.0 75.5 57.0 42. ,r 46.0

-1.18 78.5 105.5 1000. 105.5 84.o 62.5 55.5

-1.79 1"3.5 197.0 178.0 185.5 97.5 117.5 86.5

-2.14 I ,e.O -- 196,0 202.0 166.5 129.5 102.,5
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Table XI. continued.

Subject J. N.
28.7' Letter

Log Log Flash Energy - td-seo j
Letter
Luminance

,L 7.95 7.80 7.605 7.50 7-.5 7.20 7o.c
2.45 8.0 6.5 6.0 ,.0 -- (...

0.73 10.0 15.5 1i.0 12.0 13.0 12.0 13.01

0.29 20.0 20.0 17.0 1,.5 17.0 15.5 17.0 1
WO.410 2.5 32.0 27.0 24.0 23.0 19.0 25.0

-0.83 45.0 7.0 38.0 32.0 55.0 29.0 29.5

-1.18 3.o0 4,.o 51 .0 45.0 4(6.o 42.0 45.o

"-1.79 9%.5 85.0 80.0 72.0 '6,.0 57.0 ..

""204 110.5 105.0 122.0 104.0 104.0 92.0 98.5

V•.5' Letter

2.45 7.0- 7.0 1.0 ....

0.73 19.0 1,.5 #1.0 15.0 12.0 15.0 11.0

0.29 25 .5 22.0 23.0 23.0 21.0 19.0 15 .0

-0.40 42.0 3e.0 42.5 37.0 31.0 2f,.0 29.0

-0 .e 534.0 52.0 t .0 49.0 4,. 43.o 400.0

-1.18 85.0 7" .C 80.0 8. 0 66.0 2.2.0 48.0

-1.79 173.0 134.0 139 141 154 88.0 70.0

-2.14 -- 1 ̀ .0 151 198 180.5 125.0 105.5
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Table X continued.

Subject J. S.
28.7' Letter

Log Log Flash Energy - td.see
Letter
Luminence

mL 7.95 7.80 7.65 7.5 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
.29 1,.'0 18.5 14.5 14.0 14.0 11.5 10.0

-0.40 25.0 25.o 25.5 23.0 23..5 16.o 14.5

-0.83 35.5 31.0 31 .0 30.0 27.5 21.0 18.0

-I.18 44.0 41.o 5.0 34.o 41.5 26.0 25.0

-1.79 78.0 990.0 75.C 47.5 4" .5 3o5.o 45 .o

-2.14 82.5 107.5 87.5 88.5 80.0 6.2.5 51.5

13.5' Letter

2 .5 - i5 .0 ....

0.73 14.0 14x. 1i.o 12.5 12.5 11.5 8.5

C.29 19.0 18.' 19.5 1.0 16.5 14.5 12.0

-o.4c 22.5 28.0 59.0 29.0 2".. 1o.5 15.=

-0.83 7.5 e1.0 ,'.. 51.5 .4.0 2".5 24.0

-1.1: 52.5 57.5 "7.5 58.5 4.5 .33.0

-1.79 129.5 82.5 10E.0 87.5 87.0 ,7.,, 5 '4.5

-2.14 142.5 117.5 124.0 105.5 138.5 ' 76.5
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Table XI continued.

Subject R. B. j
28.7' Letter

Log Log Flash Energy - td.see I
Letter
Luminance

_., 7.95 7.80 7.55 7.50 7,M 7.20
- --

2

2.45 6.0 7.0 6.0 6.5 --

0.73 11.0 12.0 11.0 11.0 12.0 10.0 9.0

0.29 15.5 15.0 15.0 14.0 15.0 15.0 13.0

-o.4o 23.0 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 10.0

-1.18 36.5 41.5 35.o,0 38.0 33.0 55.0 34.o

-1.79 64.5 78.5 54.0 59.5 50.5 51.0 49.5

-2.14 71.0 85.0 75.5 78.0 60.0 88.0 I 1.5

16,5' Letter

2.45 7.0 7.0 6.5 5.0 ...... m

0.73 13.0 12.5 15.0 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 2'5.5 20.5 22.0

-0.85 40.0 40.0 45.0 39.5 43.o 35.0 34.0

-1.18 66.5 o0.0 57.5 67.0 58.5 46.0 44.o

-1.79 105.0 96.0 90.0 113.0 92.0 72.0 62.0

-2.14 107.0 109.0 106.0 122.0 127.0 81.0 89.0
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