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Acquisition of visual information frcm spatial points Oculcmotr abilities
disparate enough to necessitate head and eye movement

involves the vestibular and other oculcmotor ccntrol Oculomotor disorders
systems in shifting and stabilizing gaze relative to those /
points. In the present study a simple procedure to Oculcma or test
test oculamotor abilities was developed and evaluated; it
uses performance to establish initial gaze position and to Saccade
insure the required gaze shift and stabilization are
rapidly produced. Performance in three experiments Vestibular
was consistently and powerfully influenced by stimulus
exposure duration, and to a lesser extent by the size of Vestibulo-ocular reflex P
the required gaze shift. The performance of normal subjects
in eye ovemnt and head-and-eye movement conditions is Visual performance
quite predictable from static performance of normals.
There were two main conclusions: 1) The piowerful effect of
exposure time on performance suggests that the procedure
will be sensitive to certain types of central nervous system
and vestibular pathology. 2) Variation in performance,
characteristics implies that the procedure may be sensitive
to individual differences in oculcmotor abilities.
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*" SU~'SMMARY PAGE

THE PRDBLEMB

""To acquire visual information fram spatially separated points, the
oculomotor control systems are called, upon to shift and then stabilize gaze
or line of sight relative to a target. Though the demand for efficient
function exists in normal environments, it is perhaps much greater in aviation
with its time. pressures and spatially distributed information. Gaze shifts

7...: requiring head and eye movement involve vestibular as well as other oculamotor
control systems. The p r.wpose of the present study was to develop and evaluate
an initial version of a performance-based test of gaze control which will be
.sensitive to normal individual differences and also to certain central nervous
system and vestibular pathology and which will be less equipment, personnel
and time intensive than tests currently in use. The procedure developed
uses performance to establish initial gaze posioLin and to insure that the -

7- required shift and stabilization of gaze aue rapidly produced. The time of
exposure of visual stinuli is limited so that relatively great demands are
placed on the oculamotor control systems.

. FINDINGS

Performance in three experiments was consistently and powerfully influenced
by exposure time, 'and to a lcser extent by the size of the required gaze shift.
Wider inter-character spacing of the visual stimulus resulted in a small, but
significant improvement in performance when eye, or coordinated head and eye
.mwvent was required. A multiple regression equation involving exposure
"time, gaze shift size and spacing accounted for over 82% of the total variance;

:• ~~more than 65% was accounted for by exposure time urith most of the remaining :'.due to gaze shift size. The results. have implications in three areas. 1)

because of the powerful influence of exposure time on performance it is S I
suggested that the test will be sensitive to certain types of CNS and vestibular
pathology; these pathological conditions will act to reduce the time that the
visual stimulus is seen by the subject. 2) Variation in performance across
subjects suggests that the test may be sensitive to individual differences in .I
oculcimotor abilities, although same modification to make it more demanding
may be required. 3) The effect of inter-character spacing on performance
at levels above the current required minimum suggests that the militarystandards for thin, bright characters way need to be re-evaluated. A

recommended version of the test is fully described.
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-•T-'< ~INTRODLUTIMN, .

Thl.ie function of the oculcmotor control system is to position the eyes so
that visual information may be obtained from the environment. Vergence, pursuit
and saccadic movements are required as well as stabilization of the eyes relative
to a target while the head is in motion. The systems which are involved in a
rapid shift in line of sight, or gaze, to a tar-jet, followed by ocular ,%
stabilization on the target are of particular interest in the present study
because of their role in military aviation. In that envircnment with its time
pressures and spatially distributed visual information, the ability to produce

•..N quick accurate shifts in gaze followed by rapid retinal image stabilization
is required to obtain necessary visual information. A simple test might 1)
identify differences in ability between normal individuals which affect limits
of visual scan and 2) serve as a diagnostic screen for pathology of the control

•. systems involved. It might also provide additional human engineering data for.'' ru~se in performance estimation or equipment standards. ,..

Several procedures have been developed to assess normal and abnormal
functioning of the physiological systems involved in oculcmotor control. A
short description of the procedures is presented in Table I. They yield
qualitative and quantitative information of use in the developmrnt and
evaluation of models of oculanotor control systems and in the clinical
diagnosis of labyrinthine and certain types of CNS pathology. For these
purposes the procedures listed provide the most detailed information currently

* available; however, they also require large cammittments of equipment and O
technical personnel to administer and time for data collection and analysis.
Other, simpler prooedures have been developed but they require administration
"by a skilled and experienced clinician (33).

"The purpose of the present study was to develop and evaluate an initial
version of a performance test which, when implented, will potentially be 0
sensitive to normal individual differences and to certain types of central r',
nervous system (0.1S) and vestibular pathology, and which will be less equipment,
personnel and time intensive than the tests in Table I. The test is not mnant
to replace procedires of that table but rather is meant to provide a simpler,
quicker method of testing oculcmotor control. It is based on -he assumption
that cne major function of the oculcmwtor cntrol system is, to provide a stable
"foveal image of an object during head rrvmennt for the purpose of the extraction
of informatici;. The rationale for the test then is to use the quantity of
"information extracted within a short time interval imediately following a gaze
shift as a measure of oculcmator efficiency. The ability to quickly and accurately
shift gaze and stabilize the retinal image will produce a high level of perform-ance, while slow and/or inaccurate shifts or failure to stabilize will result in

a low level of performance.

This ability is under constant demand in everyday life, but it 's
as wellas ~ itsd thder ccptanes ftems"iprattsk svsaperhaps most crucial in the aerospace ccmxmity. The pilot of a modern

aircraft must perform numerous tasks requiring visual data retrieval inside
as well as outside the cockpit. One of the most important tasks is visual•

scan of the cockpit instruments to obtain information necessary for flying
the aircraft and successfully performing the mission. In scanning, the pilot
repeatedly shifts gaze then briefly "locks cn" to various displays to acquire
information. The test procedure under development requires this kind of
performance. It the necessary relationship between time and performance
can be established and if the procedure is sensitive to individual
differences it may be a useful pilot selection and testing device. Of
course test performance should bear some meaningful relationship to more *

' extensive measures of visual scan performance in aviation (26). ."1
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TABLE I

A. Selected Methods for Oculcinotor Control Systems Evaluation

Method1 Description Measures Reference

1 A single saccadic eye movemnent Saccade latency, velocity, 24
with head fixed, toacquire a peak velocity, duration and
target dslcd40 or less accuracy.
from some~ fixation point.

2 A single coordinated head Saccade and head movement 1
and eye movement to aciP're a latency, velocity, peak
taigceft displaced 30-120 fron velocity and duration.
saxr, fixation point. Gaze accuracy and stability-

followqing shift to the
target.

_4
*3 Head oscillation at various Gain (ratio of peak. eye-to- 32

frequencies through an angle head velocity), eye-head

of + 200 while maintaining phase differences, eye-head
fixation con an earth- or head- velocity functional relation-
fixed target. ship (e.g., linear, cubic).

4 Passive whole body rotaticri Nystagmus slow phase velocity, 7

using different waveforms, suppression (slow phase

peak velocities, etc., invelocity iii.dark vs. head-
2'the dark and while maintain- fixed tarqet), visual perforn-r

ing fixation on a head-fixed ance during nystagmus.
IV ~target.. A

I :1

* 2'2

6 2 5



Clinical eye movement research using Method 1 of Table I demonstrates 9
that patients with several types of CNS disorders will display saccadic
dysmetria, low velocity saccades or both (15,25,27). The dysmretria may
involve undershooting and/or overshooting; in some disorders multiple step
hypcmetric saccades occur. In contrast normal subjects produce high velocity
saccades with fragmented or multiple saccades occuring on only a smnall percentage.
of trials (27). And there is evidence suggesting that performance will suffer-__
if the image is not stabilized (3) or if corrective saccades are required
during stimulus exposure (16). In a set of trials with brief stimulus exposure,
normal subjects would be expected to perform at a higher level than patients
displaying dysmetric and/or low velocity saccades. The gaze of normals would
arrive at the required location sooner, stabilize and have longer to take in
information while that of patients would never or only very briefly acquire
the target.

For large target displacements normal subjects shift gaze rapidly by
ccmbining a high velocity saccade with a lower velocity, longer duration,
head movement; after the required shift, gaze is stabilized by the vestibulo-
ocular reflex (VOR) generated ccmpensatoiy eye movement during the remaining
head movc-,ent. Clinical and experimental research using Method 2 of Table Idemonstrates that patients with recent labyrinthine damage have great difficulty "•
in such coordinated head and eye movement (10,28). These patients overshoot

the target because of a lack of VOR generated ccapensatory eye rovement or arrive
later because of a "rounded" slower gaze shift. Patients with unilateral
labyrinthine damage show a directional difference and take about one month to 0recover adequate coordination. Those with bilateral damage show overshooting '
and "rounding" in both directions and take up to 9 months to reoover (28).
Bilateral recovery appears to be due to an increase in cervico-ocular reflex
gain and the pre-progranming of compensatory eye movenents (10). Patients with
certain CaS disorders show saccadic dysmetria with and without head moverenFt,
though the frequency of dysnetria decreases with head movement (25).

. r
Again normal subjects would be expected to perform at a higher level '.

than patients demonstrating unstable gaze, late arrival, and corrective or
dysmetric saccades during coordinatezd head and eye movenent. The gaze of
normal subjects would acquire the target more quickly and hold it for information
intake, while that of certain CNS and vestibular patients would never or
only briefly acquire the target.

The previous discussion has emphasized that time is a key factor in a • M
potential performance-based test of oculomotor control. A key requirement in
the development of a test sensitive to the described CNS and labyrinthine
deficits is the establishment of an empirical relationship between performance
on the test and the amount of time during which gaze is fixed on the target. •
Implied in this requirement is the ability to present targets for brief, precisely
controlled intervals. A second major requirement is to insure that the requested •-'
gaze shift is actually produced by the subject.

An initial version of a test designed to meet the two important requirements
above i s described in the present report. Briefly it consists of a series of •
fixation letters presented at one location followed by a digit array presented
at another. The subject reads aloud the letters, then as many of the digits as
possible. •'•

Three experiments were performed following test development. In one the fix-

ati n letters and digit array were presented at the sane location; in the second,

the digit array was displaced enough to require only eye movement; in the third,
acquisition of the displaced array required coordinated head and eye movement. In
all three the array inter-digit spacing and its exposure time were varied.

3
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GENERAL PFCCEDURE

APPARATUS

A Hewlett-Packard 9826 desktop coxputer was used to generate, store,
retrieve and control the presentation of the stimuli in the present study.
The conboard clock allowed tLiing of events to within 1/100th of a second.
The visual stimuli were presented using ome or two high-speed, vector graphics

! display systems. Both displays resolved 1020 x 1020 points, were equipped
with grey glare shields and used P31 phosphor. The digit array was always
"presented on an HP 1321B X-Y display (21 inches diagonal) and the fixation
letters were presented on the same display or on an HP 1317B X-Y display
(17 inches diagonal). The displays were driven by independent HP 1351A
Graphics Generators.

MET. HOD

Trial and Scoring Description "."
Trial A single trial consisted of the same events throughout the study. 0

These events are illustrated and described in Figure 1. Frc'n two to four[•-.,.."°"< ixation letters were presented for 0.2 seconds each with 0.2 seconds of <
blank display between the removal of one and the presentation of the next.

1A 000 Hz tone of 0.2 seconds duration and the digit array were presented

.- ,' simultaneously 0.2 seconds after the removal of the last fixation letter.
The tone was used to inform the subject that the array had been presented
and became important only when the array was located in the periphery; it
prevented the effect of digit array offset from being due to the difference
in time taken to detect a central vs. peripheral visual event, that is, to
a difference in detection-reaction tire.

After a variable interval of 0.2 to 1. 1 seconds the digit array wasremoved and a visual mask was presented at the same location. The mask
allowed precisely controlled exposure times because it. removed visual

persistence of the digit array. The full horizontal and vertical extent
of the array was covered by the mask. It was made up of the number of
horizontal vectors equal to the number of vertical display points making
up a digit (24 points). After 0.5 seconds the display was blanked until the
next trial a few seconds later.

The subjects' task was to read the fixation letters aloud as they 1
4 appeared, then to read as much of the digit arcay as possible from left to

right. They were instructed to keep errors to a minirnin but to try to
•., .. ,read as many digits as possible. They were instructed to read them one

-'- at a time, not to group them (e.g., 3, 5, 9, not 359). The exper"ienter
scored the trials from a tape recording of the session or during the
"session itself. For a trial to be counted, all the fixation letters had to ,I
be read in correct order. This insured relatively continuous gaze on the
desired line of sight prior to shifting position to the digit array.
"The number correct was the dependent variable and it was defined F, the

number of digits read in correct order before any insertion, omission
" or transposition error.

00
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V, TRIAL DESCRIPTION

Time Visual Stimuli | Comment 0,

A-Several rindomly selected fixation•-•" •leftters were present~ed ,for short

•"•' t~nt~ervals. The subject' was,,,'

required to read each letter aloud 0
as It was prevented.

R stimulus array, consisting of 10"
randomly selected, horizontally
arranged digits was presented for
an interval of variable duration. LA-

84362?~45The subject read from left to
right as many of the digits as

% possible. The parformance

correct sequence. ••

Following the digit array a
,viual meek was presented to

inueprecise exposure time and
eliminate visual persistonce.

4,- finish

r;4" •

Figure 1

Trial, structure description for the test procedure used in the present
study.

0
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Stimuli Ganeration

The standard 1351A Graphics Generator alphanumeric characters were used
as stimuli. Each character used jn the study occupied 16 (horizontal) by 24
points on the display. The stroke width of the character was I. point, giving
a stroke width to character height ratio of 1/24. This is smaller than .
the recamTrended ratio of 1/7 to 1/10 for white characters on a dark back-
ground. However, given the luminance of the characters (below) this small
ratio resulted in a more readable character than the recommended ratio.
Each character subtended a visual angle of 14.2 minutes (horizontal) by
21.1 min"ioes. This character size falls within the reccnmended ramge of
MIL-STD-1472B (17) for critical data with fixed position and luminance above
1 fL. A Photo Research Corporation Pritchard Photometer was used to measure
a 20 minut circular field; the average luminance of a character was 2 fL
(6.85 cd/mi) . With inter-digit spacings of 3.5, 7.1 and 14.2 minutes the
luminances within a 1 degree circular field were 3, 2.6 and 2.2 fL* respective-
ly. The visual mask had a luminance of 10.8 fL within the same field.

All of the capital letters were available for use as fixation letteýrs
with the exception of Q, 0 and W. Q was eliminated because of its high
siLilarity to 0 for the characters used. W was eliminated because it is
a two syllable character; and 0 was eliminated because of its confusability
with zero.

TWO, three or four fixation letters were presented on a single trial. f;A

The number presented on any given trial was randomly determined with the
constraint that each number was presented an equal number of Limes with
each condition. This control prevented a confounding of the effect of
the independent variables with any systematic effect due to the number of
fixation letters. The particular letters presented were chosnm -it random
from the remaining 23 (see above) , subject to the constraint that the same
letter could not be presented twice in sequence.

The digits chosen for the stimulus array consisted of the numbers 2-9. ?Y1
The number 1 was excluded because it did not span a horizontal angle equal to
the remaining characters, zero because of its confusability with the letter 0.
The digits which filled the 10 character array were selected at random from
the remaining eight subject tc the following constraints: (1) the same digit
could not appear twice in sequence; (2) no three digit runs were allowed in
which the values of the three were one or two greater or less (e.g., 2,4,6 or
9,8,7). The first constraint eliminated scoring problems possible with
unclear enunciation, the second prevented the use of sinple memory aids from
influencing the number of digits correctly read from the display. •

2*I *To obtain number of cd/2 multiply the number of fL by 3.426.

.,.
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EXPEPIMENr 1

The pirpose of this experiment was to provide a letter--digit reading

performance baseline under conditions requiring no head or eye movement to
acquire the digit array. The most important consideration was that of
the funct onal relationship between performance and array exposure time-.
Without a 'well defiiied, orderly relationship the potential usefulness of
the test would be markedly diminished. "Ceiling" and "floor" effects were
avoided by setting values for exposure t-ime after several preliminary
subjects.

Of secondary importance was the effect of inter-digit spacing on

perfoxm .,'ce. Recent work by Barnes, Turnipseed arnd Guedry (4) has shown
that widei spacing between characters leads to improved performance
during vestibular nystagmus. They suggested that this may be due to a
decrease in overlar of blurred images in the visual .3ystem. Although
nystagmus was not . :--cnsideration in the present study, it might be
expected that a decrease in visual blurring with wider character spacing
should improve performance following target acquisition with high velocity
head and eye movements. Of course the present experiment involved no
sudi movements; the digit spacings used here served only as a baseline
for later experiments.

PmCCEDUPE

Subjects

The subjects were 19 Naval and Marine flight candidates who ranged"A
in age from 20-25 years. All had recently passed the flight physical.
one additional subject was a 43 year old technician, also in good health.

N Method

A total of 12 conditions were formed by combining four exposure
tines '0.2, 3,5, 0.8, 1.1 seconds) with three inter-digi' spacings
(3,5', 7.1', 14.2' visual angle). The largest spacing was equal to the ±
width of a character and the smallest equal to 1/4 the character width.
The smallest spacing exceeds the minimum established by MIL-STD-1472B (17).
With character spacings of 3.5, 7.61 and ;4.2 minu s visual angle, the
entire 10 digit array subtended 2°52', 3023' and 4 31' respectively. o"..
Table II contains this information along with the display points used
by a single character and the full 10 character array.

The subject was seated 112 cm fram and directly in front of the display.
The bottam left corner of the leftmost digit in the array served as a ,
reference point. The subject moved the point so that it was at a onfortable

vertical eye level. Horizontally both it and the subject's head position
were in the middle of the display.

The subject was then given 48 practice 4-ials without fixation •

letters to produce proficiency in digit reading before addition of
the task involving fixation letters. There were four blocks of 12 trials,
with each condition appearing once in each block. The order of presenta-
tion of conditions within blocks was randcrnized.

AAAl
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TABL•E I I

Spacing Characteristics for Experiments 1, 2, 3

Space Between Display Points. Total Space Total Display
Digitsa Between Digits of Array Points of Arra

3.5' 4 2°521 196

7.1.' 8 3023' 232

14.2' 16 4°31' 304

a Space occupied by one digit was 14.2' (horizontal) by 21.1'.

b Points occupied by one digit were 16 (horizontal) by 24.

During the test trials a sequence of two, three or four fixation
letters was presented at the same display location (e.g., bottcn left
corner at reference point) as the leftbnat digit in the array. The
subject was instructed to read each letter aloud as it appeared, and then
to -. Tin reading the digit array immediately after presentation. A total
of 72 trialz were presented to each subject with a short break at the halfway
point. Each number of fixation letters (two, three or four) was paired
with each condition twice, once before and once after the break. T1he 72
trials were broken into six blocks of 12 with each condition occurring
once in each block. The order of presentation of conditions within blocks
was randcmized.

RESULTS AND DISCUSSION

There are three components to the analysis of data in the pro-
sent experiment: 1) an analysis of variance which exanines the influence
of inter-digit spacing and digit array exposure time on performance; 2)
a linear regression analysis of the functional relationship between
performance and exposure time; 3) an exanination of systenatic change
occurring over trials.

Analysis of Variance

To analyze variation due to spacing and exposure time the data
over the replications of each condition were collapsed to produce a
mean for each subject in each of the 12 conditions. Replications were
not included as a factor for the following reasons. 1) The six trials
were identical only in the levels of exposure time and spacing, not in
the letter-digit stimuli. One might still consider these as replica-
tions except that in conducting the experiment it became clear that
individual subjects had trouble with some combinations, causing variation
in performance. This is connected to the second reason. 2) Several
trials were eliminated because subjects failed to correctly read the
fixation letters (13 trials out of a total 1440 or 0.9%; no more than

8



0'g" one trial in any condition for any subject). 3) The six trials in each
condition were given only to provide a stable performance measure for each
"subject. If replications were of i' terest more trials would have been
included. For these reasons the data were jollapsed over the five (1 missirg.*-.. point) or six replications and entered into a treatment x treatment x subjects
(8) or repeated measurements (20,31) analysis of variance.

There is a significant increase in number of digits correct with
exposure time, F (3,57)= 637, p -. 001. Though exposure time had a
profound effect on performance, inter-digit spacing did not. Neither
its main effect (F< 1) nor its interaction with exposure time (p> .25)

* . even approached sfgnificance. The means and standard deviations are '
nearly identical for the three levels of spacing used here under static
conditions.

Linear Iegression

The mean number correct (+ 1 SD) are plotted in Figure 2 as a function of
exposure time. The relationship appears positive and linear. This
is supported by a multiple linear regression analysis. Because the data
are from a full factorial design with an equal number of Adta points
in each cell, the effects of spacing and exposure time are mutually orthogonal
and may be considered independently (11,20). The linear regression
equation accounted for a significant portion of the total variance,
F(2, 237) = 718, p <.001. The multiple correlation is .926 and the
equation accounted7 for 86% of the total variation. As might be expected
from the analysis of variance, spacing contributed nothing to the equation
under conditions of static head and eyes (r = -. 001). Exposure time
exerts -. positive, linear effect on performance (r = .927) with an
increase of 3.73 correct digits for each second of exposure. The equation•J,• ~is ""

C 3.73 x (T) + 2.13, "* "

where C is the number correct, T is exposure time in seconds and 2.13 r
is a constant.

The values obtained are not as important as the existence and
nature of the relationship between exposure time and performance.
Without a strong, systematic relationship the entire approach would
have to have been reconsidered. As it currently stands, though in
later experiments it can be assumed that once gaze acquires the digit .-
array and stabilizes, there will be a linear increase in number correct
with an increase in exposure time. The equation above will be used to predict
performance in those experiments using estimates of gaze arrival delay.

Learning, Practice or Fatigue Over Trials

The six trials in each condition were divided into those that
occurred in the first half and the second half of the session (see pro- _
cedure). A simple mean was calculated over the two (one missing point)
or three trials in each half for each subject. Collapsed over spacing !
and exposure time 12 of the 20 subjects showed a slight improvement, 7
showed a decrement and one showed no change. The correlation between the
first and second halves is .77, p < .001. A non-directional t-test revealed
only a marginal improvement over trials, t(19) = 1.84, .10> p -. 05. -
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Although inprovement is stati,ýtically margirial there is at least a
suggestion that subjects are improving over trials. One possibility
is that they are gaining experience over trials with the conbined
letter-digit reading task. In the later experinents practice mn the
ccmplete task was given prior to the test trials. Under t1hese con-
ditions the suggestion of improvement over test trials disappeared.

SLPIWI-

Under conditions not requiring head or eye movement to acquire the
stimulus array there exists the necessary, strong functional relation-
ship between exposure time and performance. The inter-digit spacings
were greater than the minimum required under MIL-STD-1472B. As might
be expected there is no effect of spacing above that minimum under
static conditions.

EXPERIMO' 2

The purpose of this experiment was to examine performance on the potential
test when eye but not head movenent was required to acquire the digit array.
The fixation letters were presented at a single, central display location; the
digit aray was gresented at that central location or displaced horizontally
by + 2.5 or + 5 . The effects of displacenent on performance along with
that of inter:digit spacing and exposure time were examined in the present
experiment.

"Target displacement (or offset) and exposure time are inter-related in
their effect on performance because both influence the duration of the interval
that the subject. is able to fixate the digit array. Exposure time is the total
time the digit . rray is presented on the display. The fixation interval is the
exposure time minus any time taken to acquire the digit array.

In Experiment 1 the fixation interval was assumed to be equal to exposure
time because the digit array was acquired without the necessity of eye movement. -u
In the present experiment the fixation interval is somewhat smaller than exposure
time for the digit array positions displaced from the fixation letters. An
estimate of the difference has been provided by previous research (9) cn
saccade characteristics. Generally, saccadic reaction time is estimated to be
about 200 msec*. In addition to reaction time, there is a short time taken to -.
cxnplete a saccade once it is initiated. For a saccade of about 5 , this time
is ab8 ut 30 msec. The difference between exposure time and fixation time for
the 5 offset would be expected to be about 230 msec; for an offset less than
"5° the difference would be slightly less than that. Because of the relationship

between exposure time - fixation time and performance in Experiment 1, one wouldexpect a decrease in fixation time to produce a lower level of performane. '.•

At a minimum there should be a difference between the posi ion not requiring
movement (zero offset) and those requiring movement (+ 2.5 and + 50). Whether
the ten is sensitive enough to pick up the slightly longer fixaEion tine for
the 2.5 offset was not clear a priori.**

*This may be increased substantially if the subject. is performing a

central continuous task before the required head and eye movement (21.). .,

**For displacements of less than 50, saccades tend to be. of constant duration

rather than constant velocity, thus differences between 2.50 and 50 displace--
ments are not necessarily to be expected.

4 ..- % Z ,



As imi*nticned in Experiiirant 1, previous research on inter--digit spacing has
shomw that. wider spacing produces better performance during vestibular nystagmus

"' (4). Under the static conditions of Experiment 1 there was no advantage
for wider inter-digit spacing; under the static condition in the present
expcerii-ent (zero offset) a similar lack of ,dvantage is expected. It has long
been knox-m that an increase in visual thresholds for detection, resolution "
anid reco•.nition are associated with the occurrence of voluntary saccades
(9). The suppression of vision begins 50-100 msec before, reaches a
peak during, and lasts until 50-100 msec after the saccade. A study
using very fast exposure times, where retinal smear is minimal, he- found ..-

visual suppression, thus implicatin'q a central inhibition of vision (29) .
In another study horizontal stripes were more easily resolved than vertical

* .'ones during horizontal saccades, though both were increased substantially
over static thresholds (18). The authors estimate that approximately 80,.
of the visual suppression during a saccade is of central origin, while the
remainder is due to a smearing of the image on the retina. In the eye ',

n..ovement conditions of the present experiment cue might expect that the
horizontal digit array would contribute sate small amount of smearing as
the eye moved into position for reading. This smearing would se, to be
greater for narrow character spacing, because of a higher luminance within
a unit display atea, and for movement to the left, because most or all of
the array must be passed over by the eye as it moved into position for
reading. * Therefore, performance might be expected to decrease slightly
in these conditions.

WPC-OEDURE

Subjects

Tlhe subjects were 12 Naval and Marine flight candidates who ranged in age
frcm 20 - 25 years. All had recently passed the flight physical. None haOO
participated in Experiment 1.

A total of 20 conditions were formed by combining two exposure times (0.5,
1. 1. sec) with two inter-digit 8pacinqs (3.5'6 14.2' visual angle) and five
alrr.. offsets from fixation (0 1, + 2.5 , + 5 ). Figure 3 presents a simulation
of the offset and spacing used in this experiment. Note how in this figure
the offset has been defined to be the space between the fixation letter's
lower left corner and the same corner for the leftmost digit in the array.
This was done because the digits were read from left to right. Table III

* presents information on the visual angles and display points for these conditions
'. of offset and spacing.

"'-" As in Experiment 1 the subject was seated 112 cn from the display. The
' . reference point was adjusted to a comfortable vertical eye level. Horizontally

both it and the subjects position were slightly left of display center (see
_ Figure 3). The instructions and initial 48 practice trials were the same as

"those described in Experiment 1.

"After completion of these trials it was explained that the position of the
fixation letters would remain the same throughout but that of the digit array
would randomly vary from trial to trial. They were asked not to guess its
location ahead of timen but rather to respond after presentation. Following

*Saccadic suppression is minimal with supra-threshold visual stimuli (Rigqs, -.•,
et al., Vision Res. 22 991-996, 1982); thus .€xear may be a factor.i_4-: -- ,.. ,
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Figure 3

'We letter "R" appears at the horizontal position where the fixation
letters were presented. There was no vertical displaoemnt; i.e., the

*digits appeared to the right orEt the left o te tion letters.
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these instructicns each subject was given 20 practice trials. Each of the 20

conditions (2 exposure times x 2 spacings x 5 positions) was presented once

in a random order.

After practice, 120 test trials were presented with a short break at
the halfway point. Each n•uTber of fixation letters (two, three or four)
was paired with each condition twice, once, before and once after the break.
The 120 trials were broken into six blocks of 20, with each condition occurrinq .
once in each block. The order of presentation of conditions within blocks
was randoLlized.

9'.%

RESULTS AND DISCUSSION

There are three components to the analysis of data in the present
experiment: 1) an analysis of variance with a set of a posteriori ca,,,-
parisons examining the effects of exposure time, spacing and offset on •, ,
performance; 2) a multiple linear regression analysis of the functional
relationship between performance and those three variables; 3) an examinaHion
of systematic change occurring over trials.

Analysis of Variance ,.

For this analysis the data over condition replications were collapsed
to produce a mean for each subject in each of the 20 conditions. PepJ ica-
tions were not included as a factor for the same reasons as those described
in Experiment 1. There are 23, or 1.6%, missing data points out of a total of
1440; no more than one point is missing for any subject in any condition.
1lhe mean for each subject in each condition then was taken over five or .,.

six trials and entered into a three-way repeated measures (20,31)
or t.reatment x treatment x treatment x subjects (8) analysis of variance.

There is a significant increase in number of digits correct with wider
inter-digit spacing, F (1,11) = 13.04, p <.005, and with exposure time,
F (1,11.) 931.42, p <.001 and significant decrease with increasing offset
F (4,44) 15.92, p <.001. There is also a significant interaction between .
offset cnd spacing, F (4,44) = 2.95, p <.05. No other interactions are significant.

Lookiry-j first at exposure time, the difference between the number
correct for 0.5 and 1.1 seconds is quite similar in Experiments 1 and 2,.4."
(about 2 digits). Of course the overall values here are lower than those
obtained in Experiment 1 because of a decrease in time available for
fixation by an mcount equal to saccade reaction time and duration. If that .4'

delay is estimated the regression equation from Experiment 1 can be used -

d* to predict performance as a function of time. In the case of zero offset, .

"exposure time is used; for + 5° the value for time is reduced by 0.23
seconds (9). Table IV presents the values predicted in this way along with
those actually obtained. Despite the di fferences between the experiments
and the rough estimates of reaction time and saccade duration, the predicted "-
and obtained values fall reasonably close to each other.

The obtained values fall closer together than predicted suggesting
a lower slope than that obtained in Experiment 1. A difference in .)

4'. intercept would be expected if the gaze arrival delay were high or , -
low, but the difference in slope suggests that rate of increase in number
correct as a function of time was less than that in Experiment 1. One
difference in procedure for the two experiments was that the digit array
position was always the same in Experiment 1 while it varied randomly

•*Considering Ns uised, sample differences could also account for slope differences. --
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anong five positions in Experiment 2. This may have affected slope somehow,
but one would expect that it would affect gaze arrival delay, and thus the
intercept, because of an effect of uncertainty upon saccade reaction time.

TAB'jE IV

Predicted and Obtaiiied NuTnber Correct for Zero and
+ 50 Degree Offsets, Experiment 2

Exposure Stimulus Predicted Obt.aine '

Time Offset Correcta Correct

+ 5 3.13 3.32

0.5
0 3.98 3.74 0

+ 5 5.37 5.21

N1.1

0 6.23 5.88

a-Using linear regression equation frcn Experiment 1. %

C=2.125 + 3.729 x (T)
Where C is number correct and T is exposure time in seconds.
For + 5 T was reduced by an estimated RT and saccade dura-' , ~tion-of 0.23 sec. ',

Means for data collapsed over spacing and + offsets.

Although both offset and spacing produce significant variation, their
interaction complicates the interpretation somewhat. The interaction
" was analysed a posteriori with the Neuman-Keuls studentized range statistic

(31, pp. 185-201 and 240-273). All possible treatments were ccmpared
4.at p < .05 level. The comparisons of interest are 1) the effect of spacing at

each offset, 2) the difference due to spacing, and 3) the directional differenceSfor- offset.

"As ray be seen in Figure 4, there is no effect of spacing when eye
movement is not required (zero offset). At offsets away from zero there
",is a tendency towar. better performance for the more widely spaced array.

"The range statistic revealed a reliable advantage at the -5 and 2.5
offsets only. Although the effect of spacing is small in magnitude and

0 less reliable tha might be hoped it is nevertheless in the direction that •
would be expected from the work of Barnes, et al. on spacing (4) -and
related work on the suppression of vision during saccadic eye movement

, ?;[..(16,18,19,29,30) .

With respect to offset, performance generally declines away from
O zero in either direction. This is what would be expected given the

reduction in time available for fixation when eye movement, is required.
The range statistic reveals a reliable decrease in performance at all
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'** 0offsets away from zero except 2.5 for wide spacing. Possible reasons for this •.
rngative effect are not clear at this time.

Concerning the potential test's sensitivity to very small differences
in fixaticn time the results are saTmhat mixed. In the introduction
to this ex~erix-ent the small expected difference in delay of arrival for.2.5 vs. 5 (to the sae side) was discussed. In Figure 4 there is a 4

". suggestion of lower performance and thus later arrival for both directions
"of movement. However, the difference between 2.5 and 50 is reliable only
for leftward movement for narrow spacing and rightward movement for wide
spacing. In general the potential test will probably not be suitable for .s
detecting this small difference.

A directional difference wuld be revealed by a difference in performance 64'

for right vs. left eye movaenent. In general performance is better for con-
-. ditions requiring mgvement to the right than to the left. These differences

0 Kare reliable Pt 2.5 for the wide spacing and 5 for the narrow spacing.
11here are several possible reasons for the advantage of eye movement to the
right. One is that saccades are more accurate in that direction and, as a
result, the target is acquired faster. Iwo recent papers have in fL•t
reported that small rightward eye movements require fewer corrective saccades '.
(2) or are nore accurate (12), though the mplitudes o2 eye movemnentwh. were this occurred were larger than in the present experiment. Another
possible reason is that in leftward movement there is a small mount of

. •searing of the digit array caused by a requirement for the eye to pas s:
over the digit array during the saccade. This is illustrated in Figure 3 4%-.,
which shows the eye had to pass over the array to reach the leftmost digit
for leftward, but not rightward eye movement. As the short revi, of the *>
suppressio of vision during a saccade in the introduction to th.ý experi-
ment suggests, one would exŽpct the contribution of snearing to poor per- ,
formance to be small. A thiud possibility - s that there is soa. difference
in the efficiency with which -he eyes can change direction after stopping as
opposed to continuing in the sane direction. One might suppose that continuing

"a.' in the sam direction, as required by rightward eye movement, might be more j.-1
efficient than a change of direction, as required by leftward movemnt.'.,",,here seem to be little evidence on this partcular question. At t~he v.

present tin-s it is probably best to suggest that saccades of greater
accuracy to the right produce better performance in that direction, whilesmearing may slightly depress performance for movement to the left.

Further research is needed into this area because it may have an impact
• .on later test development.

-_ Multiple Linear Regression

Because of the suggestion of a directional difference in eye ovemnent
and because a later experiment considered only rightward movetnt, a
inu]ltiple regression equation was developed for the data fron 0 , 2.5
5u offsets (zero or rightward movement) at both exposure times and spacings.
Like ExperimEnt 1, the data are from a factorial design with an equal< .... number of points in each condition. As a result the three variables are ,
mutually othcxgonal and their effects may be considered independently
(11,20).

1'



The multiple regression equation accounted for a significant portion
of the total variance, F (3,140) = 306, p <.001. The multiple correlation
is .931 and the proportion of variance accounted for by the equation is .4
87%. As suggested by the analysis of variance there is a strong positive
relationship between exposure time and performance (r = .915) which accounts
for about 84% of the systematic variance. There is a small negative
effect of increasing offset (r = -. 154) which accounts for about 2%
of the variance. Inter-digit spacing exerts a very small positive
influence (r = .077) and accounts for less than 1% of the systematic
variation. The equation is

C = 1.85 + .01 x (S) + 3.5 x (T) - .09 x (F),
where C is number correct, S is spacing, T is exposure time in secor,,]s, ,

F is offset in degrees and 1.85 is a corstant.

S'AgTain the values obtained are not as important as the presence of
a functional relationship between these variables and performance. All
act in the expected direction and together they account for a large,
significant portion of the total variance.
Leearn ing, Practice or Fatigue Over Trials t,:

As in Experiment 1 the six trials in each condition were divided
into those that occurred before and those that occurred after the halfway_, %
"point. A simple mean was calculated over the two (one missing data point)
or three trials in each half. Collapsed over spacing, offset and exposure
time, 3 of the 12 subjects showed a slight improvement, 5 showed a decrement
"and 4 showed no change. The correlation between the first and second
"halves is .80, p <.001, a value very close to that obtained in Experiment
1. A non-directional t-test showed no significant difference between
the two halves, t(ll) 7 0.59, NS.

After the results of Experiment 1 suggested a possible practice
effect, additional practice trials were added in Experiment 2. These
trials, involving ccnibined letter-digit reading under the actual conditions
"of spacing, offset and exposure time, seem to have brought performance to
a relatively stable level.

SU•W.,

Under conditions requiring eye but not head movement, performance LJ!
on the potential test is again quite orderly and predictable. Generally,
spacing, exposure time and offset influence performance in the expected
directicn. Performance consistently increases with exposure time, generally
increases with spacing and decreases with offset. Spacing has no effect-
when eye movement is not required (zero offset). A small directional
difference favoring rightward movement might be due to more accurate .
saccades in that direction or scm other factors. Although some differences
in performance were detected between small eye movement amplitudes the test

is probably not going to be consistently sensitive to them. Performance is
relatively stable over trials.

0
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"•"• ~~EXPERIMENT 3 ''E~E ,' I- 3

"The purpose of this experiment was to examine performance on the
potential test when coordinated head and eye imvement were required to
"acquire the digit array. The fixation letters were presented at the
center of one display and the digit array was presented at the center of a
seccnd display, displaced by 450 or 85 ftom fixation. The effect of
displacement (offset) along with that of inter-digit spacing and exposure
time were examined here.

As described in Experiment 2 target displacement and exposure time
are inter-related in their effect on performance. Both influence the
residual fixation interval for the digit array. In Experiment 1 the fixation
interval was assumed to be equal to exposure time because the digit array was
acquired without eye movement. In the eye movement conditions of Experiment
2 the fixation interval was estimated to be exposure time minus a 0.23 seconds

'K' period for saccade reaction time plus travel time. In that experiment predicted
performance closely matched that actually obtained. In the present experiment
the delay in arrival at the digit array includes gaze (sum of head and eye
position) reaction time and travel tine. The components involved here include
head and eye reaction time and saccade and head movement velocity. After the

Th i' saccade is oxrpleted, gaze is stabilized by counterrotation of the eyes at a
rate proportional to that of the head. Estimates for the (elay in gaze arrival
at the target as a function of offset have been provided by human engineering
researP (23). The estimated delays are 0.242 and 0.382 seconds for the 45'
and 85 offsets used in the present experiment. If gaze is effectively
stabilized following ca-pletion of the saccade one would expect test perform-,.,• ,,ance to be a linear function of the time remaining for fixation.

under conditions requiring eye mov'ement the results of Experimxent 2
suggest slightly better pecformance with the more widely spaced array. The

,'•'. conditions of movement in the present experiment are slightly ivore oaxplicated
V.' because of the requirement for coordination of head and eyes, Among these

normal subjects the shift in gaze essentially ends with the 3accade. As in
Experiment 2 a slight advantage for the more wi lely spaced ,rr-ay is expected
here. Of course, an even larger advantage would be expected if the subject
was not able to stabilize with appropriate counterrotation. ilik. situationwould be more like that of the involuntary nystagmus investigated by Barnes,

et al. (4).

S* PROCEDURE

S.Subjects

. The subjects were 16 Vi.ia]. and Marine flight candidates who ranged
in age from 20 - 25 years. All. had recently passed the flight physical.
None had participated in ExperimeŽnts . or 2.

0 Method

A total of 12 conditions were formed combining three exposure times
(0.5, 0.8, 1.1 seconds) with two inter-digit spacing8 (3,5', 14.2' visual
angle) and two digit array offsets from fixation (45 , 85 ) Figure 5 presents
a diagram of the offsets used here. Two items- should be noted. One is that
the position of the stimulus display relative to the subject did not change;
it remained at 450. For the offset of 45 , the fixation display was at zero,

20
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0 0
for 85 at -40°. A second point is that the fixation display was closer to
the subject than the stimulus display (89 and 112 an respectively). This
was necessary to keep the visual angle subtended by the fixation letters on the
smaller display equal to that of the digits ; ,this kept the letter-digit size
relationship equal in all three experiments.

0
Tne reference point was horizontally in the center of each display. Wr

The subject adjusted the vertical level to a comfortable reading height..
'The instructions and 48 practice trials were the sane as those describi'd
in Experiment 1. The initial practice trials were preser'ted on the stimulus
display.

After campletion of these trials the subject received instruction on the
combined letter-digit reading task. Several fixation letters we)re to anpear
on the display to the subject's left. He or she was to turn (the head) to
face that display squarely while reading the letters aloud. When the
auditory tone and digit array were presented the subject was to turn head
and eyes to face the second display and read the digits as before. The final
position of the head was to be square to that display. During the trials
subjects were told whenever the start or finish positions were not approxi-
mately correct. Most subjects corrected starting position before the trial0".•• and finishing position on the next trial.,",.

Horizontal head and eye position were measured with a system
developed by Jell, Guedry, and Hi.son (14). Briefly, electroocculography
(EOG) was used for eye position and a lightweight head frame attached to
a freely rotating potentiometer for head position. Both signals were recorded
"on paper and magnetic tape. EOG was calibrated before and after each offset
condition. Head position was calibrated before and after the test trials.

The order of offset presentation was counterbalanced across subjects. 0
At each offset there were 18 practice trials, three each of the six exposure
time-spacing combinations in a random order. Following the practice trials
there were 54 test trials, nine each of the six exposure time-spacing
combinations in a random order. Each number of fixation letters (twv,
three or four) was paired three times with each condition, once in uach block
of 18 trials. During a short break the fixation display was moved to the S
other position. The subject then ccpleted a set of 18 practice and 54 test
trials at that offset

ESULTS AND DISCUSSICN.

* There are four compcnents to the analysis of data in the present
"experinent: 1) an analysis of variance with a set of a posteriori
comparisons examining the effects of exposure time, spacing and offset
on performance; 2) an analysis of performance predicted from the regression
equation of Exprnriment 1 and estimates of gaze arrival delay; 3) a multi-
pie linear regression analysis of the functional relationship between

* •performance and spacing, offset and exposure time; 4) a brief description
of the patterns of coordinated head and eye movement. change ovr trials
(replications) was not analyzed because of the negative findings in the two
previous experiwents.

".*euirenen~s for accomodation and vergence changes were the same for both the
45 and 85 movements because the distances from the eye to the fixation display
(89 cn) and to -the target display (112 an) were the same for both angular
displacements; however, comparison with Experiments 1 and 2, in which displays
were at a constant 112 ca distance, could be affected.
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,iAnalysis of Variance
4-..

".'• For this analysis the data over condition replications were collapsed to
produce a mean for each subject in each of the 12 conditions. Replications
were not included as a factor for the same reasons as those described in
Experiment 1. There were 28 or 1.6% missing data points out of a totAl of
1728. No more than two out of nine trials is missing for any subject in any
condition. The mean for each subject in each condition then was taken over
seven to nine trials and entered into a three-way repeated measures analysis
of variance.

There is a significant decrease in number correct with increasing
offset, F(1,15) 50.8, p <.001, and a significant increase with wider
spacing, F(l,15) = 24.3, p <.001 and increasing exposure time, F(2,30)
302, p <.001. Significant interactions exist between offset and exposure

-. time, F(2,30) = 18.3, p <.001, and spacing and exposure time, F(2,30)
4.5, p <.05. The three-way interaction is also significant, F(2,30) =
8.4, p <.005.

The interactions were analyzed by using the Neuman-Keuls studentized
range statistic for comparing all possible treatments. The thiree-way
interaction is presented in Figure 6. The effect of exposure time is
consistent over offset and spacing. An increase in exposure time at any."
c4nbination of offset and spacing is associated with a significant increase
in performance. There is a significant decrease in performance for the
larger offset and an increase in performance for the wider spacing with

4 the condition means generally following these trends. However, the
differences are not always reliable (p <.05). Spacing produces a reliable
*difference at 1i1 seconds exposure time and 45S offset, and at 0.5 sec
exposure and 85 offset. Offset produces a reliable effect at the ,.-..
shortest exposure time for both spacings; its effect is also reliable
at 0.8 seconds exposure and narrow spacing, and at 1.1 seconds exposure
and wide spacing. There appears to be no consistent pattern among these
effects. Although the test is sensitive to these variables, it is not
as sensitive or consistent as might be hoped with respect to spacing and
offset. These are the sane conclusions drawn concerning these two
"variables in Experiment 2.

Predicted Performance

Assuming that the effect of offset is to reduce the amount of time
available for fixaticn, performance can be predicted using the regression
equation from Experinent 1 and the estimates of time reduction from
Robinson, et. al. (23). The estimates were subtracted from exposure time to

. predict test performance. Table V presents the predicted and obtained levels
of performance for the offsets used in the present experiment. One can see
that the tabled values for predicted and obtained performance fall quite

, close to each other. This is quite important because it suggests that the
test behaves in a systematic, predictable way. Given the erpirical estimate
for arrival delay with eye movement, the equation developed in Experiment 1

• predicts performance in Experiment 2 quite well. Given the estimate for
"arrival delay with coordinated head and eye movement that equal-ion closely
predicts performance in Experiment 3. This is quite encouraging because
Experiments 1, 2, and 3 involved different suhjects; one would expect even
better prediction if the equation were based on the performance of
the same subjects.
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TABLE V

Predicted and Obtained Number Correct Digits as a Functicn of Offset
and Exposure Time, Experiment 3

Predict~d obtrnet
Offset (Deg) Exposure Time (Sec) Correct Correct

.5 3.08 2.93

45 .8 4.21 4.15 O
1.1 5.32 5.17

.5 2.57 2.19
85 .8 3.68 3.89

1.1 4.80 4.92

a Using linear regression equation fram Experiment 1.

C=2.125 + 3.729 x (T),
where C is numhber cor 6 ect and T is exposure tine in seconds. For
offsets of 45 and 85 time was reduced by 0.424 and 0.382 seconds
respectively (23).

b Means collapsed over spacing.

The good prediction obtained in Experiments 2 and 3 raises the possibility
of the following clinical use for the test. Each clinical subject's
performance under static conditons will serve as his or her own baseline.
Then performance in conditicns requiring eye or coordinated head and
eye movement conditions will be expressed as a percentage of baseline.
"These percentages can be campared to those generated by normal subjects; g,;
if they fall outside the normal confidence intervals (CI) then performance
"will be considered abnormal. In that case one or more of the oculanotor
control systems may be implicated. For example, if performance is normal 0
for the eye movenent condition but outside the CI for one requiring coordinated
head and eye movement, the function of the vestibular system nmust be suspect.
On the other hand if performance is outside the CI for both movements certainCNS problems may be indicated. •'0-

In addition to clinical implications the finding of predictability in O
Experiments 2 and 3 may have meaning for performance estimation in human
engineering. Definitive data are not provided here but there is a very strong
suggestion that normal performance on a given task under static conditions
can be used to predict performance under conditions requiring eye movement or '-
coordinated head and eye movement for target acquisition. Crucial points are
the development of empirical equations to provide an estimate of the average
time taken to acquire the target in horizontal and vertical nxvenent and an
analysis of individual differences in acquisition time.

Multiple Linear 1egression

A multiple regression equation was calculated for performance as a •

function of exposure time, spacing and offset. As in Experiments 1 and
2, the data are from a factorial design with an equal number of data points
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in each conditicn; as a result they are mutually orthogonal and their
effects may be considered independently.

* . The regression equation accounts for a significant mxnnt of the

total variance, F(3,188) = 179, p< .001. The multiple correlation is .860

and 74% of the variance is accounted for by the equation. As in Experiment
2 exposure time accounts for a large part of the variance and is positively

•ýNl related to performance (r = . 839); offset exerts a smaller negative effect
on performance (r = -. 17); and spacing a still smaller positive effect
(r = .085). Exposure time and offset account for nearly all the systematic
vairiance with spacing contributing less than one percent.

The regression equation is

C = 1.07 + 0.02 x (S) + 4.15 x (T) - 0.01 x (F)

where C is number correct, S is spacing in minutes, T is exposure time
in seconds, F is offset in degrees and 1.07 is a constant.

The particular values obtained are not as imxportant as establishing
the presence of a functional relationship between performance and the three
variables under conditions of coordinated head and eye movenent. All
variables act in the expected directions and together account for a large
and significant portion of the total variance.

wasH-ead and eye position, and their sum, gaze, were reco)rded. No recording
was made of the occurrence of fixation letters or digit array presentation
in relation to head and eye movement. For this reason no measurement of
head and eye reaction times can be obtained from the recorded data; instead
only empirical information on movement tine, extent and velocity arc- available.
Without reaction times no empirical estimates of fixation time are
available from the present study.

The patterns of head and eye movement are what might be expected from i,

normal subjects as indicated by previous research (1,12) into a singie
coordinated head and eye movement. Sote examples of the patterns are presentod
in Figures 7,8,9 and 10. Figure 7 represents the predominant pattern. Head, )

eyes and gaze are relatively stable before the large shift. There is a large,
high velocity saccade of short duration and a slcoer, longer duration head
movement which start at nearly the same point in tine. Together they produce
a rapid shift in gaze which is normally cmmplete at the end of the saccade.
After gaze reaches the target as a result of ccnýbined head and eye movvement,
the eye counterrotates at a rate proportional to that of the head so that
gaze remains stabilized while the head continues to turn. As others have noted,
head m~vement generally stops shot of the full offset so that the eyes remain %

displaced in the head by 10 - 20 during the digit reading task.

A second pattern is presented in Figure 8. This pattern has been called
a "ccnpensatory" movement by Robinson (21,22),who noted its occurrence when
subjects had to perform a central task then shift head and eyes to the
"periphery. The head starts to move before the saccade; the eyes counterrotate,
apparently to maintain stable gaze on the fixation letters during the slow
anticipatory head movement. At same point a saccade is initiated and the

__ •.remainder of the moverrent is like that described above. 0

,.*-Z
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Table VI

Description of Eye, Head and Gaze Moveannt, Experiment 3

45 Degrees 85 Degrees

Arithmetic Standard Arithmetic Standard
Variable Mean Deviation Mean Deviation

Duratioan 320 82.8 417 149.7

Lead Displacemntb 32.6 7.42 74.7 8.6

Velocity' 122 61.2 207 72.1

Durationa 147 29.8 202 32.3

Displaoement 31.5 6.2 37.3 8.4

Eye Velocity 246 87.3 203 61.4 2
Stop.

-: a In r~ec. ' ,-..'.
b oito 9.n degrees.6.

Duration 187 44.4 277 76.1

G'aze Dipaeet 39.0o 1.9 77.7 4.2 . ,

a In msec. .,'•
b In degrees. 

,"..

CIn degrees/second."'' 

," ,d In degrees from start.

-4 01
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Several characteristics of eye, head and gaze movement were manually
derived. The reference point for the scoring of head, eye and gaze
nmvement was that of the maximum displacement. For the eye this was the
end of the saccade before counterrotation. Head and gaze velocity were .. ".
calculated over t-he entire movement while eye velocity was calculated
for the initial saccade. To obtain the values in Table VI, five trials
were selected at random from the 54 available fcr each subject at each
offset and an average camputed for each subject. The means in the table ', :
were then calculated over the 12 subjects for which good recordings were
available.

In cxciparing the 45 and 85 offsets, movement duration, displacement and
velocity are of Iterest. Head, eye and gaze duration and displacement are ,0
greater in the 85 condition. That is, as target offset increased all *.1,d

relevant movements increased in both size and duration. That the duration •
of head movement varies with offset in the present experiment appears to
run counter to Gresty's (12) finding of invariance with offset. The
actual durations are also shorter than that reported by Gresty (450 msec).
Differences between testing procedures or accuracy of scoring probably
account for this incongruity. One procedural difference is that in the
Gresty study, target position was randamized while in the present study
the position was known to the subject. h

0 Avera gaze displacement 0falls short of the full target offset by
6° and 7.3jfor the 45• and 85 offsets, respectively. It is possible
that same of the difference between requested and produced gaze shift is
due to the subjects' head position being slightly further fran the
displays than the instrument used to set up the display positions. If %
this were to happen the angles at the position of the subject would be
reduced and the gaze shifts produced may have been entirely apprcpriate.
Because only relative positions are known it is not possible to determine
whether there was a shortfall or whether the angles traversed by gaze were
appropriate for the position of the particular subjects' head. Same studies
have shown highly accurate, final gaze position while others have shown
undershooting. Studies using relatively small, dim targets have found that
final gaze position closely matches target offset even though gaze position
at the mcaent of peak eye displacement falls short of target offset
(1,5,12). With larcer targets there was consistent undershooting -
for offsets over 60 ; the amount of undershooting (7 '-10 ) was directly
related to brightness (23). Target size in the present study is more than
twice as large as those used in the set of studies showing high gaze accuracy ..
and one-third of that used in the study showing undershooting. Target
luminance in the studies showing high gaze accuracy was about one-third __
that of the present study. No luminance values were given even though O
target brightness was varied in the ;tudy which showed undershooting
(23). The undershooting with large, bright targets and accuracy with
small, dim ones suggest that subjects shift gaze just enough to see the
target clearly.

"O If the entire gaze shortfall occurred at the digit array the potential
usefulness of this procedure as it currently stands is not necessarily
"jeopardized. The purpose is not to require the subject's gaze to land
directly on the target but rather to test the efficiency of the oculamodor
"control systems. If gaze is shifted near enough to the array and stabilized
so that reading is possible, the systems are by definition working sufficiently.

*. However, the above consideraticns suggest that test sensitivity could be
irrproved if the digits are reduced in luminance and/or size. This may be
desirable for purposes of aviator testing. v-,""
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Pegarding velocity of movement there is a lJrge increase in head and
gaze velocity with an increase in offset fram 45 to 85 . Despite an
increase in eye displacement in the 85 condition, average velocity
actual;y decreases. Eight of 12 subjects show such a velocity decrease

N for 85 ; one subject did not change and three show an increase. Across all
subjects the average decrease is 43 /sec. Over subjects there is a
significant decline in average eye velocity for the 85 condition, t (11)
1.95, p < .05 by 1-tailed test. The decrease may be partly explained by
considering some previous resea' ch along with movement characteristics in
Figures 9 and 10. Barnes (1) and Gresty (12) have described a reduction
in eye velocity during the saccade that is associated with high velocity
head movement. This reduction of eye velocity appears as a "rounding" of the
eye position tracings in Figures 9 and 10. In those figures one can see
that the change in slope, or velocity, appears to begin close to the tin.e
of the onset of high velocity head movement. Exanination of the data
revealed that in the 450 offset condition only 10% of the saccades examined show
this rounding. In contrast, over 50% of the saccades examined in the 850 offset
condition shoý1 scme rounding. Cn over 90% of the trials both offset
conditions demonstrate uniform gaze velocity. This is quite impressive,
given the changing head and eye velocities which are summed, moment by
nxnment, to produce it. As Gresty points out, the fact that gaze velocity
remains highly uniform over the full gaze shift suggests that the
vestibulo-ocular reflex (VOR) is reducing eye velocity at a rate proportion-
al to increasing head velocity. The VOR generated slow phase eye movement,
which is in the opposite direction of head movement, is algebraically
sunned with the high velocity saccade, which is in the sane direction as
head movement. Not all subjects show this rounding with high velocity
head movement, particularly those in which head movement starts first or
sinmiltaneous with eye movement. In these cases the VOR generated, slow-
phase velocity is probably being sunmned with saccade velocity throughout
the saccade, but again, gaze velocity is uniform throughout the movement.

8 In the 85c condition there is an average head velocity increase of
85 /sec over that in the 45 condition. At the same tn-me there is ani
average decline of eye velocity of 43 0/sec. The previous discussion
suggests that the decrease in eye velocity is produced as follows: 1)
head velocity increases in the 85 conditon; 2) higher head velocity
produces higher VOR slow-phase velocity which is sunmed algebraically
with saccade velocity, producing a reduction in eye velocity.

To examine some inter-relationships between variables and offset conditions
three sets of correlations were cOcPuted. Each depen'st to san.e extent on
variation between subjects, that is on individual differences. T:he first set
of correlations can be used to consider the relationship between dependent ,.-.

measures within offset conditions. These correlations, presented in Table
VII, are based on 12 data points; each data point is the average for aF single
subject. A correlation in this set requires covariation of the two variables
across subjects (e.g., a positive correlation between displacement and velocity
requires that sane subjects show lower displacement and lower velocity while
others show higher displacement and higher velocity). The second set of =
correlations can also be used 8o consider the relationship between dependent
measures, in this case over 45 and 85 offset conditions. These correlations,
presented in the third numerical column of Table VII are based on 24 data
points; each point is the average for a single subject. Because there are two
offset conditions there are two points for each of 12 subjects involved in the
calculation. By examining the data fcr both offset conditions together we are
able to extend the range of the dependent variables beyond that which is due to
individual differences. Certain relationships may emerge over conditions
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TABME VII A.

Selected Correlations Anmng Movement Characteristics,
Experiment 3 ,

0 0 0
Within 45 Within 85 Ovr 45, and

Vaibe b .b CVariablesa Condition Condition 85 Conditions

DurationH vs. Displacwment1  -. 3167 -. 2588 .2782 0

Displacement vs. Velocity,, .7781"* .5840" .7113"**,f

DisplacentG vs. Velocity1  .5689 .4629 .6102**

Duration, vs. Displace(mentE -. 4619 .1016 .1704

Displaceren, vs. Velocity, .8444** .8117** .5893**

DisplacementG vs. Velocity, .3551 -. 0627 -. 2689

DurationG vs. DisplacementG -. 0875 .1248 .6021**

DisplacementG vs. Velocity .2594 .0092 .4769*tG tyG

velocityH vs. VelocityG .3210 .3146 .4947* -.

Velocity vs. Velocity .5875* .6997* .3830

aSubscript H refers to head, E to eye and G to gaze.

1b 0 degrees of freedom....

c 22 degrees of freedom. -

* p <.05 by 2-tailed test.

"** p <.01 by 2-tailed test.
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which are masked by the truncated range withiin conditions. There are I..

positive correlations within and over conditions for the relationship
between displacement and velocity of the head and eye. There is no J
such relationship for ga.c within ccnditicns, possibly due to a shrinkage
in variation (See Table VI), but there is one over conditions. Also
over conditions there is a positive relationship between gaze displacement

MW c-d head velocity similar to that reported previously (1). There is also

The third set of correlations allow a consideration of the consistency

of performanop by providing an estimate of covariation within several key K•
_-variables over offst conditins., e.g., head velocity at 450 versus head
velocity at 850. Again, the source of variation is in individual differences..O
The correlations, presented in Table VIII, are based on 12 data points; each
point is the average fo8 a single subject. Head and gaze velocity show positive
correlations between 45 and 85 conditions. Subject, who damonstrated high
head and gaze velocity at 450 offset also show it at 850 offset. Finglly, th.re
"is a high positive correlation (r = .93) between number correct. at 45 an 85,
suggesting that subjects who do well at the 45 offset also do well. at 85.
offset. The consistency of these indices of performance suggest that a test
of oculamtor control need only consider coordinated head and eye movement in
a given direction to a single offset, e.g., 75 . Performance at other offsets ,"
in the same direction will be highly correlated.

SUMMARY
Generally test performance improves with increases in spacing and exposure

time and decreases with increases in offset. As in Experiment 2 the effects of
"spacing and offset are less consistent than those of exposure time. Most of
the variance is accconted for by exposure tize; offset contributes a small anount 2417 and the effect of spacing is quite small. Performance predicted using estimates
of gaze delay to esi-imate time available for fixation closely matched the actualperformance. Good prediction frcm Experiments 2 and 3 suggest that the

••'v performance of normal subjects in eye movement and coordinated head and eye
,.nveirent conditions is quite predictable from static performance for normals.
This does not mean that we need not measure the performance of clinical subjects
in movemnent conditions but rather that lower than normal performance in these
conditions may reveal deficits in one or more oculanotor control systems.

Patterns of coordinated head and eye movement generally show what is
expected of normal subjects. Combined head and eye mnovemet produces a rapid
"gaze shift; this is followed by gaze stabilization for the remainder of head
movement which is produced by counterrotation of the eyes. Sane subjects start
head movement first with accompanying ccmpensatory eye movement to fix gaze;
.,other keep head and eyes fixed until a rapid saccade is initiated, followedVclosely by head movement. Average head and gaze velocity increase with
increases in offset, while average eye velocity decreases. This decrease -
in average eye velocity appears to be due to a modification of eye velocity
by the onset of high head velocity in the 850 condition. Displacement and
velocity are correlated for head, eye and gaze. Eye and gaze velocity are -

%% correlated within offset conditions while head and gaze velocity are correlated
over offset conditiong. In general subjects who show high head and gaze velocity
"and performance at 45 also show it at 85.

35

=H-,%
?•• " r,%"-rj," ' .'i. ,,;"", w ,' "' •.",,"' . ,• -TM"" "•" • "']",," ," ,,',''.'-""" .- %,.; ',• .' - '"'.•".,"• "'* , • , - "'•.''.-•,. '',, . ;" ,' •",%'



TABLE VIII

Corre~aticns Between Head, Eye and Gaze Velocities and Number Correct
at 45 and 85, Experiment 3

Variables Correlation

Head Velocity 450 vs 850 .8880*

Eye Velocity 450 vs 850 .5173

Gaze Velocity 450 vs 850 .7755*

Number Correct 45° vs 85 .9252*

*p < .01 by 2-tailed- test for 10 degrees of freedcm

CCItBINED DATA F" EXPERIMeUTS 1,2,3

"The multiple regression analyses fron Experiments 2 and 3 suggest a slight} inverse relationship between offset and performance. It should be remenbered
that these analyses consider a limited range within a single type of nmovent
(e.g,, eye movement or coordinated head and eye movevent) . To examine the I-.

influenoe of offset over the full range of nrivenint, selected data fr% the
three experiment8 were-coCbined6 Values for offset ranged from 0 - 85 with
data points at 0 , 2.5', 5', 45, and 85 . The data for zero offset aiefro.
Experiment 1, that for 2.50 and 5 fram Experinent 2, and that for 45 and 85
frcm Experiment 3. Values for exposure time and spacing that were camu-n to
all three experiments were selected. The values were 0.5 and 1.1 seccnds
exposure time, and 3.5' and 14.2' inter-digit spacing.

With five offsets, two exposure tines and tmn spacings there were
20 unique points. A description of the data at these points is provided inTable IX. For each point there are roughly equal numbers of subjpcts. The

•/•.• means mid standard deviations of performance are plotted in Figure 11. Average h

performance increashe withins an increase in exposure time and for wider spacing,
and decreases with an increase in offset.

The graphic impression is supported by the multiple regression
analysis. The regression equation accounts for a significant portion of
the total variance, F(3,300) = 491, p < .001. The mniltiple correlation is
.911 with about 83% of the variance accounted for by the regression equation.
-.911

Table X presents the variance-covarianoe-correlation matrix in which may
be seen the zero correlations between exposure time and offset, and exposure
time and spacing. The correlation between spacing and offset is zero to three
significant places. When the s~nipartial correlation coefficients are ocrrpfted
between number correct and any of the thr~e predictor variables, given either

S.or both of the remaining predictors, theylare in fact equal to the simple
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correlation between number correct and the single predictor. Therefore,
conditicnal tests of significance are unnecessary. In assessing the relative
contributions of the three predictors we may consider them independently.

TABLE X

Variance, Covariance, Correlation Matrix for Combined Data*

Number Exposure
Correct Offset Spacing Time

Correct 1.886 -0.416 0.511 0.388

Offset -. 396 0.583 0.001 0

Spacing .069 .000 28.720 0

Exposure.-, ,Time .818 0 0 0.903

*Variances on main diagonal, covariances above and correlations
below the diagonal.

The correlation between perfomance and exposure time is strong and

positive (r = .818). Over the range of offset considered here, there is
a reasonably strong negative correlation between log (offset + 1) and performance
(r = -. 396). There is a weak positive correlation between spacing and per-
formance (r = .069) .

The general direction of these results as well as the magnitude of the 'i
relationships between performance and exposure time and spacing are quite similar
to those found in the regression equations for Experiments 2 and 3. Hcwever,
the magnitude of -the relationship between offset and performance is considerably S
larger when examined over a range of required movenent from 0 to 850.

GENERAL DISCUSSION
The present study has inplications for several different areas of research K]

and development. In this section the findings of the present study are dis-

cussed with reference to the following: 1) human engineering implications; 2)
clinical screening of oculomtor deficits; 3) testing of individual differences
in oculomotor abilities. The appendix to this report contains a discussion
which will be important for those planning to use a version of this test for
areas 2) and 3) above. That appendix includes a discussion of a recamrnended - -
version of the test, several issues that remain to be addressed, and the next
appropriate steps in test development.
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HUMAN ENGINEERING CXSIDERATIONS

Of interest here are the predictability of performance and the effect
of inter-character spacing at levels above the minimun established human
engineering guidelines. To briefly sumarize the findings, exposure time,
offset and inter-digit spacing generally influenced performance in a predictable
way. Performance consistently increased with increasing exposure time, generally
increased with wider spacing and decreased with increasing offset fram initial
gaze position. The effects of spacing and offset within experiments were less
consistent than exposure time. With practice there was no demonstration of_• learning over the test trials. No fatigue effect was demonstrated with as many
Sas 120 test trials,.'•

Although data on eye and head reaction tine were not available from the
present study, estimates were obtained along with estimates for eye and head
travel time from previous research (9,23). When exposure times are reduced
by estimates of gaze arrival delay, the regression equation from Experiment 1
predicts performance in the novenment conditions of Experiment 2 and 3 quite well.
This finding may be important because it suggests that performance requiring
coordinated head and eye movement can be predicted from static performance by
using an empirical equation to estimate gaze arrival delay. The following are
needed to predict performance when changes in accomodation or convergence are
not required: 1) an estimate of static performance under identical conditicns

*:•'• of size, luminance, contrast, etc.; 2) the offset of the target from the starting .0
position; 3) the empirical equation developed by Robinson et al., to estimate
gaze arrival delay (23). Of course this applies only to the predicition of
average performance of young, healthy adults and not to that of clinical subjects.

A second point of potential significance is the effect of inter-
character spacing on performance. The minimu-n spacing required by MIL-STD-
1472B (17, p 93, Section 5.5.5.9) is one character stroke width. The
present study used a mininvxn spacing of four character strokes and a maximum
"of 16. When no movement is required to acquire the array there is no
effect of spacing; moreover, the actual values obtained are nearly identical.
In contrast there is a significant advantage for a wider spacing when eye or
coordinated head and eye movement are required to acquire the target. Thec... :difference between narrow and wide spacing is small, nevertheless it does
suggest that numerical information can be acquired wore quickly with an inter-
character spacing well above the minimum standard. A seemingly related finding
was reported by Barnes et al. (4) who showed that reading performance during
whole-body angular acceleration improves with wider inter-character spacing
or narrower stroke-width.

et."Together the findings of the present study along with those of Barnes
. etal. suggest that the minimum standard for inter-character spacing should

,- be reconsidered for situations involving notion and a demand for rapid
information aoquisition. These situations include those involving fast,
natural head and eye movement to acquire information from spatially separated

* points as well as those encountered in more unusual environments such as
aviation. One example of the latter situation is that of vibration of the
aviator's head at a frequency (1 - 10 Hz) which produces small involuntary eye

*<. movements. These eye movenents introduce relative motion between the display
and the observer's eye, cause the display to appear blurred, and reduce visual
performance (4,6).
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The performance difference between the narrow and wide spacing in
the present study was small. One might expect that the difference would
increase if the narrow spacing were reduced to the required mininmin of
one stroke-width. However,, the difference might be so small as to make
no practical difference in most situations. Future research should map
out the change in performance as spacing varies between one stroke-width
and a full character width for several standard stroke widths. With
this information the display designer can consider trade-offs between •. .
inter-character spacing, cost and size ocnstraints imposed by a particular
display requirement and performnce requirements. At the present time .. ]
the available evidence suggests that for any given stroke-width, reading
performance will be better with inter-character spacing oxnsiderably
above that recomended by military standards.

CLINICAL SCREENING OF OGJIDYOM. R DEFICITS

The simple action of redirecting gaze requires several significant
coordinated actions to produce adequate visual performance. A high
velocity saccade must be generated which places the desired image upon
the retinal region of greatest sensitivity. If this end is not achieved
initially, then corrective saccade(s) are required to enhance visual
performance. Saccadic control is subject to a number of central nervous ,. ..
system (CNS) dysfunctions, includin¢ longer saccade reaction time low

saccade velocity and multiple-step, hypametric saccades (15).

The test procedure developed in the present study is based on a
brief, precise exposure of the visual stimulus to the subject. Visual '.I

performance, in turn, is powerfully and lawfully related to the stimulus,
exposure time. All of the deficits nenticned above will act to reduce ,.
the amount of time available for fixation in conditions which require
eye movement only. The test procedure, possibly with appropriate modxifica-
tions tc improve sensitivitya, will be sensitive to the CNS disorder(s)
producing multiple-step hypametric saccades because the tire to make a
corrective saccade is relatively great. It may also be sensitive to
disorders producing longer response latencies and lower saccade velocity. IN

Healthy saccade and vestibular systems interact to produce a
rapid, step-like gaze shift that is normally complete at the end of the V
saccade and is stable during the remainder of head movement. Labyrinthine
damage affects the ability to perform this coordinated movenent by . ,.4

WI

causing an overshooting of the target or a "rounding" of the gaze shift
rather than the normal step-like shift (28). Overshooting requires a
corrective saccade while "rounding" is associated with a slower shift.
Examples of the time beyond normal for overshooting and rounding are
750 msec and 400 msec respectively (28, Figure 1, p 573). The test
procedure described in the present study was sensitive to as small a .
difference as 300 msec in exposure time . Therefore, it is expected
that it will be quite sensitive to tine delays as great as those above
caused by labyrinthine damage. •A '> o

aThe Appendix to this report contains a discussion of test. sensitivity. , ."

bThe test may be sensitive to smaller differences in exposure time but
300 msec was the smallest one tested.

0
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Following unilateral damage both abnormal gaze shift patterns
(rounding and overshooting) have been found to occur almost entirely
ipsilateral to the drnaged ear (28). Recovery takes as long as six months.
It seems possible that the test procedure may be able to isolate the
damaged ear because performance will be normal for gaze shift in one
direc-ticn, but will be down substantially for the other direction.
Following bilateral damage both abnormal gaze shift patterns occur for
movement in both directions (28). Recovery here takes as long as nine
months and sometimes never occurs. Performance on the test would be
expected to be worse than normal for movement in both directions. Such
performance would tend to differentiate unilateral and bilateral patients.

From a clinical research perspective it might be quite informative .O
to investigate performance improvent during the recovery fran labyrinthine ",

danage. Of particular interest is the rate of improvement and the time, .- '.
if ever, that performance becomes functionally normal. ' ,

Another research question of interest is that of the relationship ,
between objective and subjective measures of degraded vision among CNS and
vestibular patients. Recently Wist et. al. (32) have shown that with
adaptation to peripheral eye muscle disorders, subjective oscillopsia
produced by 1 Hz head oscillation diminishes even tbough inappropriate 'K
eye movements persist. A similar adaptation to persistent visual problems,
has been reported in patients with labyrinthine damage (13). These ,
"reports suggest that in sane cases CNS compensation reduces the disturbing,
subjective apparent motion symptams. One interesting area for further

•.'•'• nresearch is whether this subjective decrease in blurring is paralleled ••
",[•,•I by an objective increase in performance on a test of oculcmotor oantrol •c.
i'.. "•,like that described in the present report. •[

•-•INDIVIDUAL DIFFERENCES IN OC•kMR ABILITIES

As mentioned above, the pilot and other aircrew members must scan 4.%.

the cockpit instrunents to perform a variety of tasks necessary to satisfy
mission requirements,, Tole, et. al. (26) have shown that highly skilled
pilots' scanning behuavior is less affected by an increase in cockpit .
workload. Of particular interest to the present discussion is whether
this behavior remains relatively stable partly because of more efficient O
oculcmotor control systems. If it does, then a performance-based test
procedure similar to that described in the present report might be useful
in pilot selection.

There is evidence of variation between subjects in the present study.
STable V1 shows that the stand8 rd deviations for velocity at 45 offset 0

were 81 /sec, 87 /sec, and 61 /sec, for head, ee, and gaze, respectively;
•.. .~. at 85 offset they were 72 /sec, 61 /sec and 78 /sec. Schmidt, et. al.,

(24) have shown that there are relatively large individual differences
in peak eye velocity for a saccade of a given amplitude; moreover, variability
increased with amplitude. The standard deviation of performance on the test
was just over ½ a digit within individual offset spacing and exposure tine 0

2' conditions (See Table IX).

In a human engineering study, Robinson, et. al. (23) fit their average
data with an empirical equation to predict the time lost due to gaze arrival "0'1
delay as a function of target offset. That equation fit their data very
well and was usefully applied in the present study. Fran a systexm- viewpoint, 0
the prediction of average performance is adequate and appropriate. But T-7
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with respect to pilot selection, it might be desirable to select those ,
people with the most efficient oculamotor control systems, that is, those
able to move gaze quickly and to stabilize it for information acquis-iticn.

The present study has reported on a test procedure that, with
suitable revision to make it more sensitive*, may be appropriate for
testing the efficiency of the oculamotor control systems. The next step
is to demonstrate same relationship between oculamotor efficiency and
instrument scan ability among skilled pilots. If oculanotor efficiency
and scanning behavior are correlated to same extent then the revised
test procedure should be considered as a possible tool for use in pilot
selection.

V2 -

4 34,

,. 
\',*4,H



4i

F=RB7CES .

1. Barnes, G.R., Vestibulo-ocular function during coordinated head
and eye movements to acquire visual targets. Journal of
Physiology, 287:127-147, 1979.

2. Barnes, G. R. and Gresty, M.A., Characteristics of eye movements
to targets of short duration. Aerospace Medicine, 44:1236-1240,
1973.

3. Barnes, G.R. and Smith, R., The effects on visual discrimination
of image movement across the stationary retina. Aviation, Spaceand Environmental Medicine, 52:466-472, 1981.

4. Barnes, G.R., Turnipseed, G.T. and Guedry, F.E., Jr., The effects
of character stroke width on the visibility of a head-coupled
display. NAMRL-1297. Pensacola, FL: Naval Aerospace Medical ,,
Research Lab, 1982. -

5. Bartz, A.E., Eye and head movements in peripheral vision: Nature of ,4
compensatory eye movements. Science, 152:1644-1645, 1966.

6. Behar, I. and Johnson, J.C. The effects of whole-body randam vibration
on static and dynanic visual acuity with a visual display. In:
Preprints of the 1982 Annual Scientific Meeting of the Aerospace
Medical Association. Washington, D.C.: Aerospace Medical Associa-
tion, 1982. Pp 171-172. "

7. Benson, A.J. and Barnes, G.R., Vision during angular oscillation:
The dynanic interaction of visual and vestibular mechanisms.
Aviation, Space and Environmental Medicine, 49:340-345, 1978.

8. Bruning, J.L. and 1Kintz, B.L., Computational Handbook of Statistics. 7%4.

Glenview, IL: Scott, Foresman and Co., 1968. •..-.44

9 Cunning, G.O., Eye movements in visual perception. In: Carterette,
E.C. and Friedman, M.P. (Eds.), Handbook of Percepti-on. Vol IX. .Perceptual Processing. New York: AcademniPress, 1978, Pp 21T-250.

10. Dichgans, J., Bizzi, E., Morasso, P. and Tagliasco, V., Mechanisms .

underlying recuvery of eye-head coordination following bilaterallabyrinthectcm in monkeys. E x~riental Brain Research, 18: ... •,

548-562, 1973.

11. Edwards, A.L., An Introduction to Linear Regression and Correlation .
San Francisco: W.H. Freeman and Campany, 1976.

12. Gresty, M.A., Coordination of head and eye movements to fixate
continuous and intermittent targets. Vision Research, 14:395-403,
1974. 0

13. Gresty, M.A., Hess, K. and Leech, J., Disorders of the vestibulo-
ocular reflex producing oscillopsia and medanisms carpensating for '.•.•

loss of labyrinthine function. Brain, 100: 693-716, 1977.

44 .
* 0 '" '••">b 7' ,.','~ '"•.•,,.•;'•: ' ,••V '•,/.• "..,,.'• ' ' '%',.,V ,",".-,-,-,- '.•,.. . V "'""'""'-"''•



S 14. Jell, R.M., Guedry, F.E., J:., and Hixson, W.C., The vestibu]o-
ocular reflex in man during voluntary head oscillation under three
visual conditions. NAMRL-1271. Pensacola, FL: Naval Aerospace -,
"Medical Research Lab, 1980.

15. Kimura, Y., Kato, I., Watanabe, Y. and Mizukoshi, K., Modification
of saccade by various central nervous system dysfunctions. Annals ,
of the New York Academy of Sciences, 374:755-763, 1981.

Y • 16. Matin, E., Saccadic suppression: A review and an analysis.
Psychological Bulletin, 81:899-917, 1974.

"D•17. MIL-STD-1472B Hmian Eniern einCriteria for military .

Systems, Equ and Facilities. Washington, D.C.: U.S. Depart-
ment of Defense, 1974.

18. Mitrani, L., Mateeff, St. and Yakimoff, N., Smearing of the retinal
image during voluntary saccadic eye movements. Vision Research,, ~ ~10:405-409, 1970.• .

19. Mitrani, L., Yakimoff, N., and Mateeff, St., Saccadic suppression

in the presence of structured background. Vision Research-, 13:

517-521, 1973.

20. Myers, J.L., Fundanentals of Experimental Design. Third Ed. Boston: ,
Allyn and Bacon, Inc., 1979.

21. Nelson, C.L., London, R.M. and Robinson, G.H., Effects of in-forma-
"* •'tion processing requirements on reacticn time of the eye. In: ":

Baise, E.J. and Miller, J.M. (Eds.), Proceedings of the Human
Factors Society, San Jose: Human Factors Society, 1978. Pp 287-291.

22. Robinson, GN.,H., Dynamics of the eye and head during move t between
displays: A qualitative and quantitative guide for designers.
Human Factors, 21:343-352, 1979. K

23. Robinson, G•H., Koth, B.W. and Ringenbach, J.P., Dynamics of the
ey. and head delement of visual search. Ergoncuac,•.,j•__~~19:691-709, 1976. •,".%

•.•. ~~24. Schmidt, D., Abel, L.A•., Deli'Osso, L.P., and Daroff, R•B., Saccadic •"•..
•"•,." velocity characteristics: Intrinsic variability and fatigue. ••

.3Aviaticn, Spae and Environmental Medicine, 50:393-395, 1979.

25. Shimizu, N., Mizuno, M., Naito, M. and Ycshida, M., The interaction
between accuracy of gaze with and without head movements inpatients with cerebellar ataxia. Annals of the New York Academy

of Sciences, 374:579-589, 1981.

26. Tole, J.R., Stephens, A.T., Harris, R.L. and Ephrath, A.R., Visual 0

scanning behavior and meantal workload in aircraft pilots. Aviation,
Space and Envircnmental Medicine, 53:54-61, 1982.

27. Troost, T., Weber, R.B. and Daroff, R.B., Hyparetric saccades.
American Journal of Opthamology, 78:1002-1005, 1974. '...

0

1% 4*% ý% .-. .



28. Uenmra, T., Arai, Y. and Shimazzki, C., Disturbances of eye-head
:,. ~oordination during lateral gaze in labyrinthine disease. Annals
* of the New York Academy of Sciences, 374:571-578, 1981.

29. Volkmann, P.C., Vision during voluntary saccadic eye movements.
Journal of the Optical Society of America, 52:571-578, 1962.

30. Westheimer, G. and McKee, S.P., Visual acuity in the presence of
retinal-image motion. Journal of -the Optical Society of America,
65:847-850, 1975.

* 31. Winer, B.J. Statistical Principles in Experimental Design. Second
Ed. New York: McGraw-Hill Book Co., 1971.

32. Wist, E.R., Brandt, Th., and Krafczyk, S., Oscillopsia and retinal
slip: Evidence supporting a clinical test. Brain, 106:153-168,
1983.

.... , 33. Zee, D., The vestibulo-ocular reflex: Clinical concepts. In,.0
Zuber, B.L. (Ed.), Models of Oculanotor Behavior and Contil.
Boca Raton, FL: CRC Press, 1981. Pp 257-278.

0

4'6

4 --e

O, •.4. U%



. . . .4.

9,

.4..

.4. .44
".4

.4\,.

�.4 0
�.4 9.4''

'4.4.4
4.4.4

4.4

A-,

0
'4.'-.

4..

.4,.\

.4 4..
.4.4.4 �N

".4
�.4.4.4.4

0

.444.4

�.4.4 .44.4

4 4.4.4

.4..
4 4.4'

�' .4

* .4 .4

.4.4., APPB�DIX

KK�,

@1

t$1
- 41
4.4.4
.'

vK�rs.i
N'

411

0

v
.4.4*

*
'.44'*.4

p.4.4 1.4
.4*4.4 .4.

-('.44.4 4 -

.49.4
�.S*

'.4.4.4.4

4 �

*.4.4.4.4�.4.4. 4� V2�.S.442Q'.4''. �. .4 ** '......

� ':.'.\'.4-.' *.'��' *�*.�' � � � N

� 4'\44 \ "' '�''"�"'.4':�'\'.4�'4:1.4. N4.4 .4
______________ 4.



S. i ,.•'C .

APPENDIX

RECMCMENDED VESION

Trial Structure

The trial should be structured the same as in the present study (See
Figure 1). Two to four fixation letters should be presented each for 0.2
seconds with 0.2 seccnds of blank display between them. This number and
timing arrangement keep the subject's gaze at the desired starting location WV
without hindering later performance on the digits. u

Spacing
Generally the test is sensitive enough to pick up differences here >

but there is some lack of consistency. Future versions of the test need

not include spacing as a variable. The recommended amount of inter-digit
spacing is the more sensitive, narrow spacing from the present study.
This is a 3.5' visual angle for a character width of 14', or 1/4
character width. This is above minimum human engineering requirement yet ".
wall enough to require stable vision for accurate performance. A4

Exposure Time

Only one exposure tim is needed for defining performance. it:6
must be long enough so that gaze easily reaches it under the most time ..
consuming condition of coordinated head and eye movement. For the purpose
of obtaining accurate test results some values above and below the test
value should be presented in a randomized sequence. This prevents the
subject from adopting an idiosyncratic strategy favoring a particular
exposure time. For exanple, performance at short exposure time is best 0
when the subject tries to take in as many digits as possible before the ..A

vocal response. For long exposures a good strategy is to read several
letters aloud then to briefly stop vocalization during a scan of the
remaining few. Randomly including several "catch" values shorter and
longer than the test value along with a required mode of performance (see
below) should prevent the subject. fron adopting an idiosyncratic strategy -0

and will keep performance between subjects more uniform.

It is recxnrnended that the test value be 0.6 seconds with a minimum
of six valid test trials at this exposure time. The catch trials should
be randomly selected from a range of values above and below the test
value. For 0.6 seconds it is recarmended that these ranges be 0.2 to0.4 and 0.8 to 1.0 seconds. Not only will this variation prevent idio- •.[,

syncratic reading strategies, it should also keep the subject's self-imposed
cculomotor demands at a high level. The short exposure times are adequate \, .s"-
for performance without movement, but not with movement. Therefore the
subject places a high level of demand on his or her oculomotor systems
to try to acquire the array. About 0.38 seconds is required for coordinated
head and eye movement so that random variation in times greater than that
act to prevent the subject's adoption of an idiosyncratic strategy.
There should be a few more total catch trials than test trials with the
number divided evenly above and below the test value. To get six valid .• <
test trials, it is recarmended that eight be presented along with 10
catch trials for a total of 18. To provide adequate practice there should " .
be an additional 8 trials at each offset with the exposure time randomly

A-1

.1' N



selected fram 0.2 to 1.0 seccnds. Two trials should be presented from
each 0.2 second interval within that range.

Instruction and Practice

Subjects should be instructeu to read the digits one at a time,
and not to group them (see GENERAL PROCEDURE). It is recomended thati• ~they be given about 24 trials of digits-cnly, followed by 8 more involving '•the ccbined task of fixation letters and digits. Equal numbers frcm each

of the 0.2 second intervals menticned above should be presented in a
randcm sequence. After this initial practice they should perform the

* 26 trials reccrmnended above for practice and test in each offset condition.

Offset

Baseline data is gathered at zero offset, that is when the fixation"•" • ~letters and digits are presented at the same spatial location. it is °'•

recamended that other offsets be used such that one is within the
camfortable range of eye movement and the other requires head and eye

nmvemrent. These offsets slhuld be 15° and 75 , respectively. Fifeen
degrees is within the range of ccmfortable eye movenent, while 75 clearly
requires both head and eye movement.

For the purposes of identifying individual differenoes related to
visual scanning and to provide human engineering data it would be
appropriate to con8ider movements to both right and left and up and down
of both 150 and 75 . For clinical testing some of these may be eliminated
if an appropriate testing sequence can be developed. Unilateral CNS lesions
may cause saccade abnormalities in one or both directions. Therefore
the ability to present stimuli requiring movement in both directions is
needed. Bilateral damage to the horizontal canals will reduce perfonrance
to either the right or the left, but unilateral damage will show a directional. -

difference. Th8 reccramendation for clinical use then is for the ability to
test 150 and 75 movement to the right and left, and up and down. An
appropriate testing sequence should be worked out so that the actual conditions
used may be tailored to the particular clinical subject. This should
reduce the time required for clinical, testing.

Stimuli Arrangement

In the I)resent study the digits were presented in a horizontal
,' array. Eve movement and coordinated head and eye movament was also

horizontal. For this movement orientation instability of gaze would most
likely be primarily horizontal. For such instability a horizontal
arrangement would be most sensitive. It is reccaended that for hori-
zontal movement an arrangement like that in the present study be used.

For vertical movement gaze instability would be vertical, so that
*O the most sensitive arrangement would be one of a vertical digit airay. ,

With a horizontal arrangement the subject always shifts gaze to the left
of the array and reads from left to right. For many people this is a

-,• • well learned habit. For vertica3 moveie±it it is recxnmended that a seccnd
cxninon habit be used, narmely that of reading from top to bottom in a

* column. The vertical digit array should be arranged so that the subject
always moves gaze to the top of the array and reads down.

A-2
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"" .ISSUES TO BE ADDESSED

Alternate Stimuli Arrangement

In the preceding secticn a recommendation was made for horizontal
and vertical arrangements of the digit array. There are two primary -
advantages to these arrangemnts. The first is that they are well-
learned, thereby reducing the amount of practice required to learn the•'•.•,[.[digitlerndreadingthrbtask.reucnThe second is that only two baseline conditi~ons i'•

(zero offset) are required in the recamrended version, one for left-to-right
reading and cone for top-to-bottcm reading. Despite these advantages tl,-re 1,
may be a problen here. In Experiment 2 there was a directional difference 0.
favoring nrvemnt to the right. Two possible reasons for this difference
were suggested. One is that movement to the right is more accurate.
The other is that passing over the digit array in movesient to the left
causes some smearing of the array within the visual system.

This issue needs to be considered in further research. If performance 0•,,, ~~is reduced by smearing then an alternate stimuli arrangement should be ,.•

considered. In this arrangement the task of the subject is modifiedalong with the positions of the array so that the subject always shifts

gaze to the nearest digit and reads in the same direction as the gaze rV"",•i ~shift. This is illustrated in Figure Al of this appendix along with the ?

* recczmended test version. For gaze shift to the left, the subject reads
from right to left, for gaze shift down, the subject reads top to bottan,
etc. In this way no digits are passed over to acquire the starting point
for reading.

Potential difficulties exist here regarding practice and baseline
conditions. The reoammended version makes use of well-learned reading
habits, while tl'e alternate version makes use of these for gaze shift
rightward and downward. Upward gaze shift requires reading from bottom
to top and leftward shift from right to left. The latter directions

Vj: are not nearly as comm and as a result may require more practice to stabilize
Sperformance before testing. Just how much more practice needs to be
established if this alternate arrangement is to be used. A second
potential difficulty is that of baseline or zero offset performance.. o
Because four directions of reading are used, baseline performance must
be evaluated for all four. This requires twice as many baseline conditions
"as the reoximended version. ,

'"• ~~Test-Retest Reliability !'"

An important point in the development of any test is the establishment

of test-retest reliability. For this particular test the question is
the, following: given that a person's health does not vary over some time
-"terval, is performance, stable during testing on several occasicns, Across

* .-s one would like to cbserve a high correlation between test per- '-N
"for nawr. on several occasions separated by same interval of time. This
research needs to be done as part of the normative data collection
described below.

0
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r" A. RECOMMENDED ARRANGEMENT
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B. ALTERNATE ARRANGEMIENT * "
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Figure A-i

L..

-Pecommended (A) and alternate (B) stimuli arrangements for
horizontal and vertical gaze shift. Starting position for both
is the letter "R" where fixation letters are presented. Movement.
is from that point to the end of the broken line. Reading
direction for the digit array is indicated by the arrows.
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Test Sensitivity

The description of the gaze shift in Experiment 3 showed that measured
gaze generally fell short of the full shift by several degrees. It is
possible that some of the measured shortfall is actually due to the head
and eyes being slightly further from the display than the device initially
used to determine the angles between displays. It is not known whether
the measured shortfall was due to this or to gaze actually starting and/or
stopping short of the requested endpoints. A review of related research
suggested that gaze will fall short of a large, bright target but will not
when it is small and dim. Further research needs to be conducted using the
test procedure at the present levels of size and luminance in which the
position signals are referenced to the end-points of movement. If gaze
continues to fall short of the target a smaller size of character, with an
appropriate adjustment of spacing, or a lower level of luminance or both should
be considered. This would denand greater accuracy of gaze shift and might
make the test more sensitive to individual differences in scan ability.

It is not clear that this change would improve clinical sensitivity
to deficits in oculciwotor control systems. If gaze is close enough to read

the digits then these systems are working adequately. If however more than
one major saccade is nee-ded to reach the display, performance will be reduced

dramatically because of a decrease in time available for fixation, and one
or more of the systems would be suspect.*0
REQUIRED STEPS FOR TEST USE

Normative Data Collection and Analysis

After modifying the test to allcw flexibility in test delivery, scoring,
etc., normative data should be collected on young, healthy adults. About
30 should be tested using the recommnded test version with horizontal
and vertical array orientations and offsets. Both orientations should
be used to gather data on baseline or zero offset performmoe. Th8
horizontal orientation should be used to gather data at i1 and 7; right
and left. The vertical orientation should be used for 15 and 75 up and down.

A convenient order for practice and test trials at all offset
conditions should be developed. Given the current equipment situation
all of the practice and test trials for a given offset condition should be
presented in a single block of trials. The order of presentation for the

different offsets should be randmiized over subjects with the following
constraint. All of the horizontal practice and test onditions should0
occur in one half of a test session and all of the vertical practice and
test conditicns in the other half. The order of presentation of vertical
and horizontal conditions should be counterbalanced over subjects. The
analysis should include a test of order effects. If they exist, an order
should be selected for normative data collection. Of course this order would
also be used for clinical testing. 0

The distribution of performance in each condition should be
:N described with the usual statistics (e.g., mean, median, standard deviation,

skew). Frequency and cLr ilative frequency distributions should be
plotted for graphical interpretation.
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For each subject the decline in performance for all non-zero offsets
should be expressed as a percentage of baseline or zero offset performance.
IThe distribution of these declines should also be statistically described
including the establishment of cmnfidence intervals for these values. It
is these confidence intervals against which subsequent patient groups will
be conpared.

V. Finally, at least half of the original normal group should be
retested on at least one occasion. Descriptive statistics and test-retest
correlations should be caoputed to examine the reliability of the test.

Assessment of Patient Groups

Two patient groups need to be considered here. Bcth should be
,14 tested at all the offsets described above, and head and eye moveaents

should be measured at test time to confirm the diagnoses. Each subject's
performance should be compared to the confidence intervals derived from the
normative data. In addition, if enough data exists the patient distributionsshould be statistically described.

The two patient groups are those diagnosed as having oculamotor' control deficits of neurological origin and those having deficits of
vestibular origin. The neurological patients include those displaying
low velocity saccades, saccadic dysmetria or both. The vestibular group
includes those with recent labyrinthine damage, Note the word "recent"
because those with unilt:teral damage may adapt to the loss within a n'th.
,Those with bilateral damage may require nine mcnths or more even in,•_-•,.'younger individuals.
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