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ABSTRACT

Recent experimental eye scanning measu~ements from simulated in-
strument approaches 1n a flight -like cockpit repressnting a comtemperary jet
trenspurt ha' ¢ made it possible to simplify the procedure for predicting the
partition of the pi’ut’s scanning workload required for monitoring and control-
When there is but a

a:ngle director control display, the new procedure eliminates iteration in the

ling & task with status displays and a flight director.
prelimninary design computations. The preliminary design computations are
based op predictions of closed-loop input -correlated errore in displayed
Aleo included are

methods for predicting multiloop error coherence. and for correcting the

variables with respect to the trimn.ed flight values,

predicted partition of scanning worl§n whan the pilot's scanning remnant

contribution is significant,
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INTRODUCTION

Bcanning of an instrument panel parmits the displaysd information te
The foveal fixation dwell time interval is varisble, bt
Information outside the foves) region may
perhaps be obsarved parafevesily. One can measure the transition of foveal
fixation between two instruments and the pause or gwell of the visual axis of
fixation on an informative part of the instrument (for example the tip of a
pointer) before beginning the next transition. Msasurements have shown
variability in the time interval which elapses betvieen successive fixations
This time interval is called the scan imerval or
sempling interval. & will in general exhibit a different onsemble average
value for each point of fixation. Besides instrument -te-instrument scans,
scanning may occur among the elements of combined displays,

The pilet using a flight director for control wante to spend a certain
amount of time monitoring the confidence -inspiring situation information.
This is how be gains and maintaine confidence in the flign director., We
speak of this time that he spends monitering the situation information as his
monitoring workload margin. it can be expressed either as a fraction of
time, the dwell fraction, or as the {raction of the number of lesks, the loek
fraction. Sufficient monitoring margin is essential to the pilot. This need
for monitoring margin can lead to a pessible conflict with the addition of &
third director command for direct lift comtral or thrust control which re-
quires a separate foveal {ixation, Unless the flight director presentation
can be contrived te convey three dirdctor commends la one fixation through
foveal and parafovesl channels of awareness, the switching of attention be-
twaen the two-command flight directer and a third director command may
produce considerably more remnant in all three directer commands.

In order that we may more clearly appreciste thess sffects, one pur-
pose in this investigation has been to improve the models for predicting the
partition of the pilot's time and the number of fixations betwesn the monitoring

be sampled foveally.
averages about one -half secend.

on the same instrument,
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margin and the {raction of time required for control using the director com-
mands. We shall begin here with a review of key experimental results
from Ref. }, supported by a companion paper, Ref. 2, in order to intro-
duce a new, simpler, direct method for partitioning scanning workload with
a flight director. We will then show how the properties of the pilot's ecan-
ning remnant and properties of the partition of scanning workload may con-
spire to compromise the pilot's confidence in his situation, to compromise
his performance, or both, so that his subjective impression of the overall
task workload will be high. The presentaticn has beon subdivided for con-

venence into the following topics, the laet of which is a summary.

- Review of Eye Scanning Data
-Summary of the Revised Model for Partitioning S8canning Workload

- A Saumplified Partitioning Procedure for a Single Director Control
Display

A Cause of Low Error Coherence
. Estimation of Error Coherence and Variance

. Modification of the Input -Correlated Predictions of Average
Threshold Exceedence Frequency

-Summary of the Simplified Direct Procedure for Partitioning
Scanning Workload with a Flight Director

REVIEW OF EYE SCANNING DATA

A Model for Display Monitoring

In order to maimain confidence in a flight director for closed-locp
tracking, the pilot must also attend to the open-loop monitoring of situation
or status displays to pe-ceive exceedonce of tolerances or specified values
related to th. task. Most of the pilot's status dispisys present the flight mo-
tion variables which are constituents of the flight diructor commands. Other
status displays are comiaon to engine or radar instrument monitoring, where

effects of manual control are not displayed.
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We shall include time for menitoring the status displays appropriate to
the {light director loops and the relatively open-loop displays such as engine,
fus]l management, navigation, and communication displays by estimating an
average dwell interval of 0,4 sec (Ref, 3) and a scanning frequency equal to
an appropriate threshold excesdence frequency for the display. The average
threshold excesdence fregquency, '-I nl {Ref. 4) for Gaussian randem signals
is

mt®w A
where x; is the threshold of excesdence, 0; is the variance of the displayed
aignal, and 0; , the variance of the rate of change of the displayed signal.

The resulting fracticnal scanning workload for monitoring (that is, the preduct
of 0.4 sec with the sum of the scanning frequenciss for the monitored displays)
is then compared with that for the tracking control tasks to determine whether
or not bath tracking comtrol and monitoring tasks can be performed within the
available time constraint. This comparison and determination is called the
"partition' of scanning werklosd for menitoring and control.

Each average monitored display scanning frequency, T.‘. ie8, is ae-
sumed to be equal to the expected frequency, l-'m |’ with which a certain level,
x|, of the displayed variable, x, is exceeded

'? o,

T.i- 5 ()
(]

where K is the ratio of an excesdence threshold level, x|, to o,
o“ is the standarzd deviation of the displayed signal

U* is the standard deviation of the time rate of change of the
displayed signal

i is an index which denotas the particular display
S denates the set of monitured displaye
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We have expressed the level of excesdence in terms of le in Eq. 1. We have
determined that K ranges from 1.4 to 3.0 for the data in Ref, ] with a value of
2.0 being representative overall. Presumably the lower the value of K the
lower the pilot's threshold of indifference to the displayed situstion which he

is monitoring, and the greater his confidence in the task performance.

Results of Dwell Fraction Analyeis

Using the subject -averaged scanning statistics of Ref. 1, a correlation
of scanning workload (dwell fraction) and flight director system bandwidth (i.e.,
crossover frequency) has been made. This correlation in Ref. | shows that the
higher the crossover frequency the higher the dwell fraction and the lower the
corresponding scanning rate on the flight directer. The conclusion is that the
most efficient scanning policy is to fixate as infrequently as possible. This
minimizes the 0.2 sec latency effect associated with each fixation required for
monitoring or control. In other words, the instrument monitoring requirements
place a lower bound on the flight director scanning rate. Since the sum of the
flight director and monitoring foveal dwell fractions cannot exceed unity (less
an allowance, M.. for saccades and blinks), we can write Eq. 2 for the parti-
tion of dwell {raction between director displays and monitored displays.

I -=1-M -04ZLTf,
jeP J s ies i

2)

In Eq. 2, P 1s the set of {primary) director command displays and 8 is the
set of (secondary) monitored displays. Other symbols are defined in Table I.

Rosults of Look Fraction Analysis

Reforence 2 has further examined the eye -movement data summarized
in Ref. 1. This was for the purpose of discerning the effects of the number
of primary displays and the degree of display integration upon scanning be-
havior. Scans among secondary {monitored) instruments were found to be
exceadingly rare, and scans which begin and end at the same instrument were
also found to be rare, Examination of the eye movement data for svidence of

P-134

P-134

-5Y4°

TABLE }
Definitions of Bymbels

emtad]hm opezator, {; 4., the transposed matriz of cofactors
of

Naperian base, 2.71828...
sverage scanning frequency (1/ T ) (Hs)

average threshold excesdence frequency for the absolute
threshold %, (Me)

index | ranges over the set P
indices designating instruments or points of fization
the pilot'e remnant injected at the j”' axis of the flight director

number of primary control displays, instruments, or points of
{ixation

link valus or probability eof fixatien transition frem | to J
threshold of excesdence for o displayed variable x
attitude director indicator

foveal

flight director

fxy | o,

dwell {raction margin for saccades and blinke

total numbser of fixations or “looks” in & time interval
set of primary (divector control) displays or instyuments
set of secondary (monitored) displays or instruments
average foveal dwell interval (nT') (aec)

average effective dwell interval (n .?.) (sec)

an arbitrary time interval (sec)

average scanaing interval {1/ T.) (sse)
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TABLE [ (cont'd)

Definitions of Symbole

Kronecker delta
error with respect to the trimmed value of a displayed variable
input -correlated error

average foveal dwell {raction (T‘I T. = (. ?d)
average effective dwell fraction (Td. N T' s T. T‘.)

independent external input or [orcing function acting on the
director control system

average look fractien, l3]!_1.'1'4. N‘I N = (T.‘Il-.l
3,141599. ..

input -correlated variance of x

input -correlated variance of dx/dt
uncorrelated variance of x

uncorrelated variance of dx/dt

variance of x

veriance of dx/dt

coherence determinant

summation operater

power spectral density of sampling (or scanning) remnant
(units/ rad/ sec)

parafoveal -to-foveal gain ratio

=392

scans within an instrument face also has showa that sich scane are rare. Thie
being the case, the scanning workload imposed by the need for mouuoﬁng‘ will
be reduced by the degree of integration of the informatiou for monitoring within

the primary displays. Thi: i: because it (s an obeerved fact that when inte -
grated in this mannez, information for monitoring does not contribute to the
scanning workload,

Viewed in ancther way, the monitering workioad will increase as the
{requency of scans to secondary instruments invreases. This is because the
average dwell time, ?d,' for each gepprate monitoring fiustion is 0.4 sec
with little varfability. The sum of the average scanning frequencise for the
separated secondary ntrumente is the average frequency of scans for moni-

tozing, uts l-.‘. where the summation is over the set, 8, of secondary instru-

ments.

The average fraction of scans employed for monitoring is called the
monitoring look fraction, ’fs vi®, 5 T"IT. whaere 7. is the overall average
scanning frequency defined for the total number, N, of pr.mary and second-
ary looks (i.e., fixstions) Ir an intezval of time Ty by :'. s #_:.. NI TR)
8ince the sum of the primary and secondary look fractions cannot exceed
unity, we can write Tq. 3 for the partition of Jook fraction between primary
displaye and monitered displays.

’EP VJ 5] . (‘f' ‘.‘I‘.’

where v’ io the look fraction for sach primary display,

‘ll should be neted that pilots vefer to the instrument monitoring function ae
"cross -checking, "
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SUMMARY OF THE REVISED MODEL FOR
PARTITIONING SCANNING WORKLOAD

The results of the dwell and look fraction analyses can be used in com-
Linatior to simplify considerably the display theory computations for the single
commanud display case. The simplification is such that iterative computations
which are ordinarily required are replaced by direct computation of the aver-
age scanning frequencies for the flight director and secondary instrumants.
As a resnlt, the scanning workload margin required for monitoring given pre-

viously 0.4 ES F’i' is eanily evaluated.

Equalil:nl 1, 2, and 3, introduced previously, provide the basis for
the partition of scanning workload for monitoring and control. The results
of the partition provide estimates of tho average scanning frequencies and
dwell fractions for contre) as well as monitering. The dwell {ractions also
represent the temporal probabilities of fixation, whereas the look fractions
represint the ensemble probabilities of fixation. From these predictions,
one can estimate the dwell intervals, look intervals, link values, and other
scanning parameters desired. A revised model for the prediction of link
values «'n a {light director 18 given in a companion paper, Rel, 2.

The detailed development of a simplified approximate method for
partitioning the scanning workload required for monitoring and control*‘; 7
a task with a single primary director display is given in the next topic. The
simplif ed approximate method will be increasingly more accurate as the
pilot's tracking error coherence approaches unity. Following the presenta-
tion of the simplified method we shall show how to test for multiloop error
cohererce, and how to correct the partition of scanning workload in case of

low erior coherence caused by the pilot's injection of scanning remnant,
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A SIMPLIFIED PARTITIONING PROCEDURE FOR
A BINCLE DIRECTOR CONTROL DIEPLAY

By way of convenience in what follows, we shall define the director
control display as "primary’ and the situation displays for monitoring as
“secondary.”

A special case of the revised pilot meds] for scanning descrided in
Ref. 2 appliss when a single dizactor conmtzol display is used. In this case,
the average scanning frequency for the flight director, (-.”, is equal to
the sum of the average scanning frequencies for the secondary displays.
That is

"rn -“2. fo, (4)
where 8 is the sat of secondary displays and the ‘.'l are given by Eq. 1.
By virtue of the fundamental requirement that all of the pilot's fixations be
accounted for, £q. 4 is also equal to l-'l 2, where l-. is the average scan-
ning frequency.

The event of this simple relationship suggests the following basis for
the prediction of the scanning workload margin required for monitoring the
situation. Equation 4 may be interpreted as giving the frequency with which
fixation of the primary display is interrupted in termas of the individual situa-
tion display monitoring scanning frequencies. If we add to this the assumption
that the pilot scans for the purpose of mowitoring only as frequently as s re-
quired to maintain & personal confidence level in the situation, we have suffi-
cisnt conditions for the existence of an optimum monitoring policy.

A partition of scanning workload (or dwell fraction) between the flight
director and the set of secondary displays leads to Eq. 5, Equation 5 {s for
the foveal dwell fraction on the flighn disactor under the assumption that the
dwells for saccades and blinks are negligible (M. = 0), It is a special case
of Eq. 2.

npp * - 0.4 2T, (5)
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Equation 5 indeed shows that monitoring is accomplished at the expense of the
flight director dwell fraction. Thus, the dwell fraction on the flight director
becomres, by virtue of Eqs. 4 and 5:

{6)

N =1 -0,41,
FD D

The effective dwell fraction on the flight director is defined (Ref. 6) by

[}
’,GFD 3 "FD + nFD (l hd "FD) (7)
where nFD 18 the parafoveal-to-foveal gain ratio. The effective dwell frac~
tion on the fiig it direcsor will be greater than or equal to the actual dwell
fraction as nFD is varied {rom 1.0 to 0. An alternate expression for Eq. 7
.» obtained upon substitution of Eq. 6.

sl -o.u'.lr (8)

"epp D (- “rn’
The coraplement of the effective dwell fraction is the effective interrupt {rac-
tion, This is obtained by rearranging Eq. 8,

=041,

Y W

1 - ng FD (8a)
“he flight director average scanning interval is the reciprocal of the

opp ° lll.rD.

The average foveal dwell interval on the flight director can be obtained
by multislying Eq. 6 through by T,m and using the definition (Ref. 3) of dwell
IT

average scanning frequency, T

. 4=
fraction, L TdFD *rp’

T, T

-0.4
b °rp

(3}
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The effective dwsll interval on the flight director is greater than the foveal
dwell interval f parafoves) perception is not inhibited. The sffective dwell
interval can be cbtained by multiplying Eq. 8 by Ty p since

Taepp * "rp Torp

T"rn . T'rn -0.4(1 -Qpp) (10)
Equation 9 can be substituted into £q. 10 for an alternate expression for the
effective dwell {raction on the flight director
Tepp ° ?‘rp +0.40., {10s)

Bince Tdrp < ?'rn and 05 Q, 81, Eqo. _1-0 and lo.:m that upper and
lower bounds upon ¥‘°FD are respectively Typ and Tgypp. PFurthermors,
the difference betwesn the two bounds is only the 0.4 sec average monitoring
Thie latter fact is evident from Eq. 9.

?‘eyp and ng FD 27 theoretical constructs and are not directly ob-
servabls, However, T'FD and ?drn are ocbeervable. Experimental values
for Tgpp reported in Ref. | are approximately 2.0 sec. Tapp and Tepp
(which are the lower and uppsr bounds, respectively, on ?deyn’ are both
weak functions of the parafcveal -to -foveal gain ratio, nPD' for conetant
effoctive dwell Interval because the average monitoring dwell interval, 0.4
sec, is much less than E‘!'D 2.0 00c. Consequently, G, can be treated
88 an arbitrary constant in this simplified method. This is a useful property
of £q. 10 which makes it pra.ble to establish reasonable bounds on ?.”.
(Recall that 'r.” i» equal to the reciprocal of "l‘D determined in Eq. 4 as
8 function of the threshold-to-standard deviation ratic, K, in Eq. 1 and the
error rate -to -displacement variance ratio (9*1 Ox)‘. ic8.) ?'FD will, in
effect, be bounded from sbove by the lazgest value of K in Eq. | which is
acceptable to the pilot, because increasing values of K represent decreasing
levels of the pilot's confidence in his situsticn, ‘i‘.” will be bounded from

dwell ‘nterval,
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below by ?deFD In effect, i:deFD represents a lower bound on error rate
and displacement coherencies.

The precision of this simple direct procedure for partitioning scanning
workload on a single primary director control display depends on the error
rate and displacement coherencies. When these coherencies are fairly high,
as they usually are with a praperly designed flight director, the (Okl Ox)‘, ie8,
in q. | are virtually equal to their input-ccrrelated values. Thus one may
start the partitioning procedure with only input-correlated error rate and dis-
placement standard deviations determined independently by system perform-
ance calculations and without regard for the pilot’s scanaing remuant.

We shall next turn our attention to the effects of the pilot's scanning

remrant.

A CAUSE OF LOW ERROR COHERENCE

The scanning activity required for monitoring causes the pilot to inject
nois~ 1nto the flight director control loops. This noise is called scanning rem-~
nant It 1a the chief source of noise, because, in flight director control tasks,
ther* .8 no need ¢ pilut lead equalization in following the director commands,
and ience remnant attendant to pilot lead equalization is not present.

The scanning remnant power speciral density for the “switched gain”
modd] (Refs. 5-7) appropriate for application to the flight director is defined
in Ref. 8. If we use Eq. Ba for the effective interrupt fraction, (1 - "QFD)'
and assume a sampling variability ratio {01,/ T,) of 0.5, the scanning rem-

nant .ower spectral density for the flight director is

2
o (o - 0201 -Q.p)9p  (unita an’®
an_ w'l'd {rad/ sec)
e
]! + 3 ED
®
Onn’(w) is defined such that G;S = Io oan’ {(w)dw
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where i”rb is given by Eq. 10 in terms of :E.!‘D and QFD' it is clear from
Eqs. 9 and 10 that Tgpp € Tdepp © Tapp: in applying Eq. 11 to predictiag the
efiects of scanning on system tracking error, we find it convenient to use Tagp
the lowsr bound on i“!'b‘ because this places an upper bound on the half -power
frequency of the scanning noise and helps to make the error coherence predic-
tions conservative. Experimental values for id!‘D reportad in Ref. | are ap-
proximately 2.0 eec. This places the hali-power frequency, 2/ Tq.rn, at or
below 1.0 rad/ sec. In order to complete the connection between the scanning
remnant power spectral density (Eq. 11) and the average monitoring scanning
frequency (Eq. 1), it is necessary to digress to compute the total displayed
error variance vector. In this case, "error® refers to the deviations of the
displayed variables with respect to their trimmed values.

ESTIMATION OF ERROR COHERENCE AND VARIANCE

The total error variance vector, {-l?). is related to the coherem error
variance vector, { cf]. by the equation

ta,] (€} = {ef} 112)
where [A.] is a square coherence matrix containing elements
0.2(1 - Rp) elo) |
b, =y~ —7 i L:u-) - (s
°1° [} b d
J e,
1N\ =

with { components in the variance vector and § displayed axes in the flight
director; and &, = { “,' : 3‘] i8 the Kronecker dehta, ¢ (jo) is the Fourier
transform of the ith displayed ~rror in response to ng (), the Fourier trans-
form of the pilot's remnant injected at the jﬂ‘ axis of the flight director. The
determinant of {4 'J is called the characteristic determinant of stability in
the mean-equare sense, or the coherence detarminent. Each component of

the coherent error variance vector has the form
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h i I b (100 He
where, for example, tx = dc. u , w_, the ind pendent longitudinal inpute and

disturt nces: glide slope beam noise. and longitudinal and normal guet veloci-
Thus, the vector [¢*] will, in general, be a column mati ix

The fo.mal

ties; and N = 3.
of linear combinations of input-correlited mean-squared errors.

result for the total variance vector is:

ad) fa_ ] —

(e}=—rﬂ’—f¢f]

la, 1.

mean -square sense; therefore, it must be greater than zero,

(15)
The coherence determinant, governs multiloop stability in tle
A value for the
determinant which is much less tLan unity means that incoherent error power
due t> sranning remi ant will be much greater than the coherent error power
due t> inputs and distirbances. As the coherence determinant approaches
unity (its upper bount ), the error power will become increasingly coharent.
One of the purposes ¢f an integrated flight director is, of course, to mnke
the :asherence detern.inant approach vnity.

The coherence determinant depends on the display scanning statistics

as well as the closec -loop freq y resp s to scanning remnant. There-
fore, it is desirable to cbtain the coherence determinant in analytic form
first, so that the average scanning statietice can be eatimated in conjunction
with their intiuence on the partition of scanning workioad and mean-squared
errHrs.

Some savings in labor will result because preliminary coherence tests
on [A.] (ro ascertain whether or not it is greater than 0,4, for example) nped
For a flight director,

L'AHZ is an upper trisngular matrix; thus, the value of its deferminant is equal

be based on only the principal diagonal elements of I'A'].
to the product of it principal diagosal elements. The non-zero off-diagonal
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elsments are, of course, required to verify the partition of ecanning workload
and to verify that approach performance requirements are satisfied.

MODIFICATION OF THE INPUT-CORRELATED PREDICTIONS
OF AVERAGE THRESHOLD EXCEEDENCE FREQUENCY

The standard deviation, C,‘i. of the signal, x, on dieplay i will consist
of one component, 00,‘,- which arises from the physical inputs and éisturbances
forcing the pilot-vehicle system, and a second component, € xg0 which arises
from the pilot's scanning remnant. Then d‘,’q & ™ + G':x‘. The O, x; component
will scale linearly with the level of the injected remnant.

K* (o3

Exceedences of a certain absolute signal level, |z, | = xp * Ol

will occur at an average frequency:

cok‘,l ”0""1”% e
i o (K72}

1 4o /a F

S‘ 8

If we assume that the absolute level, |x ) 4?(;%‘ , x‘). defines the pilot's

threshold of indifference to the status variable %, L., the minimum change in
the signal which is sig.ificant to the pilot, then we are justified in equating

f-‘i = ?bq' in Eq. 16, 28 boi:re in the case of £q. 1. Here, ‘Gi is the average
scanning frequency for the i secondary display. The experimental results in
Ref. 1 indicate that 1.4 £ K S 3,0,

Presumably, the pilot’s threshold of indifference will bear some con-
sistent relationship (e.g., Ix. | = 20) to criteria for the accepiability of task
errors and attitude, beading, and sideslip excursions in each portion of the
flight profile. If all other contributions to the average threshold axceedence

frequency are invariant, the pilot’s average monitoring scanning frequency

s 1
= 6
‘) =7 (e

must fncrease to provide a lower value of the threshold-to-rms ratio, K.
Therefore, his monitoring scaaning workload, that {s, monitoring dwell
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fraction must actually increase at the expense of the fligkt director dwell frac-
tion to provide a lower value of K. If the flight director dwell fraction must be
80 compromised that the pilot's scanning remnant causes low error coherence,
task performance may be compromised, and the pilot's subjective impression
of overall task workload will be high.

Conversely, if the flight director demands too much of the scanning
workload, that is, too large a dwell fraction for control, because its sensi-
tivity is too low or because the external disturbances are broadband, the pilot
may have to compromise his monitoring dwell fraction to the point where K is
80 large that he has little confidence in the acceptability of the situation and in
the satisiaction of task performance criteria. Again his subjective impression
of task workload will be high. Evidently, the pilot then attempts to partition
his scanning workload so that 1.4 < K 5 3,0 for reascnable confidence in the
situation with acceptable error coherence, |As| z 0.4,

Assumed values for K and TdeFD are necessary to determine each
14; as a function of 0 p Ueing Zq. 16 and the equality f’i = ‘lx I ieS8. The
required 103 x; + c, x; ) are the componente of the total variance vector, [¢? ]
given by Eq. 15, in which only the 0‘ x; depend on n p and TdGFD' The re-
quired (v' + 01 ) are the components of the total r_at_e_variancc vector,
which can be denved in 2 manner comgletely analogous to that described for
the total variance vector by defining a rate coherence deturminant. Again
only the O,a._l depend on “rn and idepp The partition of scanning work-
load is completed after the set of secoudary f, is summed, and Eq. 4 is
satisfied. A direct graphical procedure for satisfying Eq. 4 is recommended
in Ref. " (reproduced here in Fig. 1) using aFD as th+ abscissa, T‘FD as
the ordinate, and Tde 2s a third variable parameter. Equation 10 provides
a conveniently exphcnt t‘orm for verifying the simultanecus satisfaction of
FD and T'FD’

When the error coherence is fairly high, ar * usual'. ‘s with a property
designed flight director, the ratios (c,,.‘il co,.q)’ and (v, / °°xf in Eq. 16 are

Eq. 4 in terms of ?‘FD {or ”‘—’FD,' Q
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much less than unity., Hence, the secondary ‘-'i depend primarily on the
coherent error rate and displacement variances, and only weakly on the para-
foveal-to-foveal gain ratio, “rn (Recall that ng is already closely
bounded, i.e., Td!‘b = T"°!‘D s T'FD' where both bounds, T‘FD

T'FD' are also weak functions of 0 in E£q. 10 as discuseed previously. )
As a consequence, the partition of ncmu:g workload by simultaneous solution
of Eqs. 4, 10, and 16 with the secondary f-’! = f-lxl | can usually be simplified
and approximated by ignoring the explicit dependence of the solution on n!‘D'
as® long as the error and error rate coherencies are sufficiently high. In this
case aB‘D hecomes an arbitrary conetant. When this simplification is pos-

sible, Eq. 16 can be replaced by the form of Eq. 1 in which (O*I cx’t & (OQ’.‘I °°x)i'

the ratio of input -correlated standard deviations, and ?s,.n and Ed‘rn will
covary only with K as deecribed previously in the simple direct procedure.

SU*SMARY OF THE SIMPLIFIED DIRECT PROCEDURE
FOR PAL . ITIONING SCANNING WORKLOAD ON A FLIGHT DIRECTOR

The procedure for partitioning scanning workload using Eqs. 1, 4, and
10 will be accurate provided the error displacement and error rate coherencies
are reasonably high. Although the value of K, the ratio of the exceedence
threshold, ng I. to O, %4 (ieS), may be elightly different for each secondary
displayed variable %0 the restricted bounds on K inferred from Ref. ! sug-
gest that a common value of K may be adequate for use in this simplified par-
titioning procedury.

When Eq. | is used for each t?.’ {ie8) in the summation in Eq. 4, a
common value of K makes it possible to write Eq. 4 as

- ] [-]
T =2 sl= (17)
*zp 7 ie8\°9,
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Since :E'FD = ”?'FD' Eq. 17 can be substituted in Eg. 10 to express

x
2
- Te
1 S <0408 -8}
d%’n wio FD
Pl SN
8t 9,
o

where nE‘D is treated as an axbitrary constant

K is the common ratic af sach exceed
o, ik
¢ #
'« 18 the coherent standard deviation of the monitored varianie
x., el
3

threshold jx, 'i ta

o, is the cobennt' standard deviation of the time rate of change
0; of the monitored variable X ieS

Equation 17 dermonstrates that ?;!‘D wiil in effect, be bounded from
helow by the fargest value of K which is acceptable tu the pilot, lln reciprocal
Yerms, “f‘, D will be likewise bounded from above.) Increasing values of K
represent decrearing levels of the pilot’s confidence in his situation. We have
determined that 1.4 S K = 3,0 for the data in Ref. } with a value of X = 2.0
being representative overall.

Tspp will be bousded from below by rdepn in Eq. {8 In effect

Td 5D represents 3 lowur bound on error cohereace and is iteelf bounded
from below by ?dﬂ). whics, is given in terms of Ty, by Eq. 9 ua
T, =T, -o0.4
D D

where 0.4 sec is the average dwell interval for monitoring. Experimental

values for :f"i‘ o Teported in Ref. | are approximately 2.0 ses.

E-3
i.e, . inpu-correlated
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{18)

A method of testing far multiloop error cobsrence besed on Ref. 9
hae been presesed in ordcr to shuw how to correct the partition of scanning
workload in case of low error coherence caused by the pilot's injection of
aganning remnpast into the comtroef Joops, The method is illustrated with
wamerical axamplee and extended to the case involvinsg two primazy direc-
tor comtrol displeys in Ref, 9,

»389=.
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