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technique for spplying this model where there is but s single primsry
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The results are an anslytical pre-

diction of pilot-control-display-vshicle system performance and pilot
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instrumenc scenning statistics.
£7I's control-display analysis technique (Refs, 3 and k), dut the computa~

The computations required are based upon

tions are rendered non-iterative as the result of incorporation of the model

ABETRACT

of instrument scanning bshevior developed herein,

The statistical model of the pilot's primary and crosscheck instrument

Examination of pilot instrument scanning date collsctad during simulated

. transport instrument landing approaches has confirmed the existence of two
deterministic features of otherwise random pilot instrument scanning behavior,
These are: transitions in point of eye fixation “hich originate and terminate
on the same i{nstrument are rare; and transitions in point of eye fixation which
originate on one accondary instrument and terminate on snothsr secondary
instrument are rare., Link value (the probtability that a transition in point
of eye fixation is from instrument i to instrument j) estimators are developed
using stetistics and these two experimental facts. This result has special
significance when there 13 but a single primary instrument, i.e.,, a flight
direztor, This result can be used %o simplify the iterative computational
procedure of STI's display theory to a non-iterative procedure for the flight
director case.
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Further examination of the pilot instrument scanning data calleated during 2 b
simulated transport instrument landing approachas {Ref. 1) is motivated by 3
interest in the pilot's crosscnecking (i.e., instrument monitoring) bshavier,

The date in Ref. 1 offer the opportunity to exc ..mm this behavicr for a single
primary integrated flight instrument case, the flight director/ettitude indicator,
and for a two primary flight instrument case, the attitude indicetor sand hori-
zontel situation indicator. The result of this izproved understanding of pilot
crosscheck’/ng behavior is a model which can b~ applied in conjunction with

other procedures to predict overall performance of the pilotecontrol-display-
vehicle system as a function of certain display (and other) system parameters.

This paper provides a statistical model of the pllot's primary and croese

c.ock instrument scanning behavior. A companion papss, Ref. 2, shows tha ]
> s
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scanning behavior is based upon several observed axperimental fuats. These

There is no gross determinism (e.g., & circulatory
scanning pattern) in the pilot's scanning bvehavior
(Rers. 5, 6, 7, and more recently, Ref, 1),

Scanning within the face of & single instrument is
rare (Ref. 8),

Scanning bshavior throughout the instrument landing
approach appears to be easentislly stationary (Ref, 8),

Transitions in point of eys fixation which originate end
terminate on the same instrument are ravre,

Trensitions in point of eys fixation which originate on
ons secondary instrument ard terminate on snother secon-
davy instrussnt are rarve,

The following section will define the ayubols and conventions used
throughout the paper. Next, an existing body of eye fixation data is tested
for consistency with the latter two assertions above. This is followed by
davelopont of the tew link value estimators,
are then compared with the old link value estimators and the eye fixation data,

The nev link value estimators

DEPINITIONG OF SBB0LS AND CONVENTIONS
Definitions of Bysbode

Set of primary instruments
B8at of secondary .astrunents
Indices designating instruments
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N Total number cf "looks” (i.e,, eye fixations) in a data
interval
Ny Number of looks 4. instrument i in a data iaterval
Ny J Morber of transitions in point of eye fixation which originate
from instrument i and terminate upon instrument J
vy Look fraction for ith instrument, determined as vy =  lim Ny /N*
4 Link value (i.e., transition rrobability) for transitions Lrog
instrument i to inst-ument j, 'etermined by qiy = N 2¢ !IU/N
TR Length of date interval in sec
Ty Length of time in data interval spent looking at instrument i,
in sec
s Average scanning frequency, determined by Tg = yii®, §/Tg, in
looks/sec
?51 Average sns{mi.ng frequency for tae ith instrument, determined
by faq = N }.‘“. Ni/TR, in looks/sec
Ny Dwell fractior; the fraction of time which is spent_looking at
instrument 1, determined ty n; = N2, Ty/TR = Tdyt'sy
i € B Inde i ranges over the set B
AUB Union of sets A and B
ANB Difference of sets A and B where B is a subset of A
Identities
E q 2 v
tepus J
2 q v
j€pus M
vi B 2 qy = 1
1€ PUS 1,j€PUS
T, = T,

1€PUS

*When values of v{ are determined from experimental data, vi is calculated
bv vy = Ni/N. A similar comment applies for qijy, fa, fgq, 804 n4.
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Distinguishing Betweezn Primary and
Becondary Instrumente

Y snstr ts include those which must merely de monit>red
(1.e,, crosschacked). Instruments in this category are consistently found
to have mean dwell times, Ta;, of approximately 0.4 sec. Of this mean
dwell time, approximately 0.2 ssc 1s recognized as the mean occular refrac-
tory period, Consequently, secondary instruments are eesily identifisd
fron experimsntal date by their characteristic meen dwell tims, Secondary
instruments may be identified in analyticel applications of control-display
theory (Refs. 3 and L) by virtue of their not being required for the purpose
of control and, in addition, by ng & 0.4 Ty for those instruments when
control-display system performance is optimized,

For the purpose of this paper, any instrument for which Tdi ® 0L sec
will be treated as a dary instrument. For example, the indicated air-
spsed instrument for an aircraft executing a landing spproach on the "front-
side” of the power required versus trim airspeed performance curve, is a
primary instrument by virtue of its being required for the purpose of control
for high performance in the absence of strong speed stability for tne augmented
aircraft. Howsver, since !dms & 0.4 sec in this situation, we shali here
regard the indicated airspeed instrument as effectively being a seconda»y
instrument,

Primary instruments will nere be regarded as those for which the mean
dvell time consistently exceeds approximately 0.6 sec.

TRETING FOR DETERMINISM IN EVE SCANNING DATA

Table 1 liets the one-way link value dats, CIRD in matrix form for the
experimental configurations described in Table 2. Additional experiuental
ays scanning data, averaged for each comfiguration-subject pair, is given
in Table 3,

Ssls.Transitions
Examination of Table 1 reveals that no self-transitions exist for any
secondary instrument. Tnat is, qy4 = O for 4 € 8, Or, more spacifically,

for configurations B, C, D, q44 = O for 1 =1, 3, b, 6; end for configura-
tions E, F, qq4 O for i =1, 3, 4, 5, 6. Furthermore, the self-transition

Pe132 -664~



ORE-WAY LINK TRANSITION MATRICES (From Ref. 1)

TABLE 1.
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1ink values for ths }rimary instruments are very small ia comparison to the
look fraction for the respective primary instruments. Ths uumerical comperi-

TABLE 3 sons are made in terms of qqi/v4 with respect to unity. The largest value
AVERAGE SCANNING STATISTIuS® cscurs for Instrument No. 2 (flight director/attitude indicator) for configura-
{From Ref. 1) tion .-2 for which:
7 ; » D [T 2 A A v s 0,029/0.454 = 0,064 << 1
il -4 A N N I N ? v | 9z2/vee /
o8 o [ & 29 | A6 | w6 | 3
013, 6, de | .36 | .01 | b | M The next largest value of this ratio occurring in the data is less than 0.0%6,
a2 ) I ™ 7w lan > | o
Q02 24 7 33 irall 83 M3
orm A 1 T e T aince the values of thie ratio are very much less than unity, we shall
03§ B 1 » A 4 a3 | e |37 draw the idealized conclusion thet, in effect, there are no self-tranaitions,
KIE [ 1.73 1.72 A28 19 38
0% [HECREL a6 | 0% | Mathematically, this is expressed by:
RTs) 187 1.5 1.% Kt an 53
073 n 2.3 1.80 366 .80 8T
TETRMDY , W1/ g4y 8 0 i€ PUS (1)
*3 W] % ||t ) )
[53 " 1.08 K 87 967 e
oo b o1} @ | @ | 7 | ) | A% Scans Between Secondary Instruments
067 E=2) 1.09 5 508 S5 Ky}
L0 i 98 o A6 RS B3
Y] % K N3 | s | e | M8 To test the hypothesis that the pilot's eye fixation transitions to a
?;’ : :: : ::: ::: ::: primary instrument after fixating e sucondery instrument, we will compute
'z :' ﬁ ‘: :: ‘: F_;J the conditional probability, 7o, taat, given & fixation on an instrument in
B F) . o . K .
3 o 5 o | w1 | ow | the secondary group, the next f'xation will be upon an instrument in the
ALL DTV secondary group.
LW g w (2 ?,
3 ” RS NN RN R G = . Let Ng be the total musber of transitions from all secondery instruments.
N . . ® » _
R : .:, :',, :: : ;,, ;:; :.., let Ngg be the total number of transitions from all secondary instruments
. . 2 a7 23 00 002 00 61 M7 143
=] A_:,T.M R T T — T - which terainate on any secondary instrument. Then the probability that
SRS SO S NN SNE. -3 SLUNS B g . AL W 119 pilot's eye fixation transitions to a primary instrument after fixating a
. o T o 018 O 50 00 K.
: 2, Ny .:; <] o | Lom3 07; » | W | secondary instrument is given by (1 -'P) vhere:
AR E 2 ST Tew oz | o8 % | %0 | 1.0
L L 3oy ‘J v ,ng'L ) K .00 013 % 101 ™e
N > T My Z X ay
p_ 1n =22 . _1m i€s je€s . Li€8 J€s (2)
. . Neww g = Newo u P
“There were transitions to and from, but no dwells on instrument k&, the 13 Vi
Mach meter.” ‘Ref, 1) 1€8 JEPUS i€8

Computations of (1 — 77) on the basis of the experimental date in
Tables 1| and 3 ere summarized in Teble L, The computations ere based upon
using 1 - 1§pv1 jn place of its theoretical equivalent, igs vi. (See Eq. €.)

P-132 -667-
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TAR'E L

EXPERIMENTAL VALUES OF (1 - 1°)

CONFIGURATION-PILOT (1 - 19)
Bet 0.868
B-2 1,000
C-13 0.893
C-2 1 000
D=1 0,88
D-3 0.922
E-1 0.876
E-2 0,900
Fa1 0.934
F-3 0.973

The values of "1 = 72) are neasly unity for all configurations, On
+his basis, we shall draw the idealized conclvsion that, in eftect, there
are no transitions which origirate on one secondary instrument and terminate
on a secondary instrument. Mathematically, tais is expressed by:

= 0 1,5 € S (3)

NBW LINK VALUE ESTDATOR

Tue several cbserved experimental facts listed in the introductory
sextion tan be used as the busis for development of & link value estimator,

We shall use the following assumptions:

® Stationacity: (t) = const, for all t

qu
® o self-transitions: qqy =0, 1€EPUS

® No transitions between secondary instruments:
344 =03 i,J€S

@® 3cans from a secondary instrument to a primary
instrument are made at random according to distri-
butlons given by the relative look fractions for
the instruments.

P-1%22
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® BScans from a primary instrument to a secondary
instrument ere made at random according to dis-
tributions given by the relative look fractions
for the instrumenta,

® Scans within the primary group are a random Selection
from among the other primary instruments according
to distributions given by the relative look fractions
for the instruments.

The first four assumptions are used to develop an estimator of the link
values for transitions from a secondary instrument to a primary instrument.

vi 2 vy vivs
93 = —é—_( vk) = ()
v, \KE€S 1 - v 1 - v
xe€s * xze:s k kze:s k

1 €8 J€ 2

Consider the intermediate expression for %y- kE‘S v is the probability
that a transition is from the secondary instrument group to the primary
instrument group. vi/kgs v, is the probability that e transition from

the secondary instrument group originates from the ith secondary instrument,
vy/(1 = kg's v,) i8 the probability that a traisition to the primary instru-
ment group terminates upon the jth primary instrument.

The next assump’.ion {8 used in developing an estimator of the link
values for transitione from a primary inetrument ¢o a secondary instrument.

Vi vy vivy
Y5 7 3 T v (k%svk) b ) )
- v 1 - v
Kes ¥ K€s X kgs k

1€P J€8

Consider tie intermediate expression for Qy- x§8 Y is the probability
that a transition is from the primary instrument group to the secondury
instrument group. v4/(1 = RES ve) 18 the probebllity that a transition
from & primary group instrument originates from the ith primary

P-132 =670~
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ingirusent. vy 'ké:s"k i3 the probability that a *-ansition to the secondary
instrument group terminates upon the Jth secondary instrument.

Ir the Q4 ure considered as elements of a matrix, it must also be
true that the jth secondary instrument column elements must sum to the look
fraction, vje Similarly, the ith secondary instrument row elements must sum
tc vi. This leads directly to the requirement that:

Zv1=1-2vk (%)

i€p k€S

which is merely a statement of one of the basic identities given above.
Furthermore, i' must te true that:

Q4 (7}
1€Pus J€pys 9

J
Howe'er, since 1y = O for 1,j€S, it is evident that:

2 Xy = 1-2 X (8)
{€p jep M K€s ©

It is also evident that {} ~ ekg s Vk) 18 the probability that e tramsition
origlnates and terminates on primary instruments.

These results, 3y = O, and the last assumptior are used to develop an

e. “tor of the link values for transition from one primary instrument to
anot ~rinary instrument.
v
A 2 em——t—— 1~ 2 é: —_— (9)
iy ( Yk
- z v k€S 1= v - Z
k€S k t kESvk

1€PNji, JEP

L= k;‘ v, ) 1s the prooat .lity taat a transition from a primary group
TS
iustrument originates from the ith primary instrument. vJ/(l -vy - ka)

is the pobability that the transition originating from the ith primary

P.r22 =671-
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instrument and terminating in the primary group, terminates upon the jth
primary instrument.

It can be verified that all row summations for the resultant qi.1 matrix
are equal to their respective row instrument look f'rections when the restric-
tion given by Bq. 6 is observed, However, when the mmber of primary instru-
ments, p, exceeds one, the summation of column clements for the resultant
9y matrix requires the additional restriction:

T
vy o= ———p— i€P (10)

in order that the summations be equal to their respective column instrument
look fractions.

a1l of the above equations are readily expressed in terwms of average
scenning frequencies by the simple expedient of replacing v( ) by the
quantity 'f"g( )/? . The link values are most conveniently expressed in terms
of average scanning frequencies when the results are to be used as part of
a contral-display analysis model, e.g., Refs. 5 and L,

To summarize, the new link velue estimators given by Egs. 1, 3, 4, 5,
and 9, subject to the requirements imposed by Eqs. 6 and 10, may be written
in terms of the average scanning frequencies and the mmber of primary
instruments as:

qy = O i€pPUs (11)

Qgy = =—————=m—  L1EPNJ, JEP (12)
Plp = 1)1,

Uy = 0 ,3€8 (13)
%,

ay =§_a:- 1€P J€E8 (14)

ay =;?.- 1€8, Jer (15)

F-132 =672=



COMPARIBON ~F LINK VALUE ESTIMATORS
Wlid EXPSRIMENTAL DATA

The link value estimators given in Ref. 3 are:

—£J—— (]6)

?1'1 =
J 7 - g ')E
k€PUS

1,]€EPUS; 143

We shall -c-pare the estimates given by Hij and the estimat.s given by qyy
in the previous section with experimentally measured link velnues. The experi-
mental data is Jor configurations which have one and two primary instruments.

The comparisons will be made on the basis of Eu computed : ~‘ng experi-

mental values cf the dwell fra.tions, 7y, for all instrumen e qq4 used

“sr comparison pu ~poses will be computed ualng the experir aluea of the
fractions, vy, for the secondary instruments only. . >n values

for onfiguration-pilo* combinations C-1 and F-3 are given ir - S and 6,

respectively. Numerical valuzs for 4 in these tables shoulu .. .uilar to
the corresponding entries for configuration-pilot combinations C-1 and F-3 in
Table !'. The look fractions should correspond to entries in Table 3. The
sum ~f the look fractirns should be unity.

The numerical values commted using either the new link value estimator
or the Ref. * link value .. ator, generally have about the same degree of
sinilarity to the experimentai values., However, the new link value estimator
appears to be somewhat more accurate for the link values involving secondary
irstruments. The look fractions for the secondary instruments determined by
the new link value estimator appear to be superior, but this is because that
astinmator is merely parroting the experimental values which were used in that
~omputation.

In every case, the sum of the look fractions in Tables % and € is less
than unity. This arises because the look fractions and dwell fractions in
Table * do not each sum to unity. In other words, there were extraneocus
looks abt places otner than the instruments during the experiment. This

-
Ve -673-
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TABLE 5

COMPARISON LINK VALUES FOR C-1
(Instruments 2 and 5 are Primary)

&) New Link Value Estimator

1 2 3 b 5
1 0 .019 o o .022
2 .019 0 .03%1 .002 363
3 o .03 0 o LO34
b o .002 0 0 o
5 .022 .363 .03k .003 o
0 012 o 0 .01k

b) Ref. 3 Link Value Estimator

1 2 3 4 5
1 o .021 .002 ~0 .033
2 o1 [¢] 021 .001 .342
3 .02 .o21 0 ~0 .033
L ~0 .001 ~0 0 .002
5 033 32 033 002 o
6 .001 .007 .00 ~0 012

Pormets

_ Proa Instrument
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a) New Link Value Ertimator

ny

\n

1

0
o77

0

o}

COMPARISON LINK VALUES FOR F-3

TABLE 6

(Instrument 2 is Primary)

2 3
077 o]
n .05
052 o]
(¢} 0
e 4]
012 o

© © o o ©O o

b} Ref. 3 Link Value Estimator

v

P-132

.01

.00

Frem lostrussst

R

2 3
o83 001
¢ .03
on )
o o
343 .006
.02 -0

To lostrument

v 2385 6
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.0

L4348
052
.000
346

013
976
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makes entirely consistsnt comparison of the date and the link value estimators
impossible, but the effects of the inconsistencies would appear to be small
because the sums of the look fractions end dwell fractions approaclr. unity.

A npew link velue estimator has been developed which is based upon two
deterministic features found in actusl pilot eye scanning data. T..e new link
value estimator is developed in terms of event-related quantities (i.e.,
looks) whereas the previous link value esiimator is in terms of time-related
quantities (i.e., dwell times). Since the link values ere event-related
statistics, it is inappropriate that the previous link valie estimators
should be in terms of time-related guantitias,

The new link value estimator appears to adequately omulate experimentel
data for cases wherein there are one or two priasary instruments. However,
the date base used for comparison is admittedly small.

When there is but one primary instrment (designated here e: a flight
director, FD), then the new link value estimator cen be used to siow thei:

= v = 12 (an
YFD &k /

If this result is expressed in terms of average scanning frequencies, thus:

Tap = xgs?sk = fg/2 (18)

In other words, the flight director scanning frequency and the sum of seccndar:
instrument scanning frequencies are equal. This feature is shown in Ref, 2

to considerably simplify gpplication of the control-display theory of Refs, 5
and 4 for this case., This is by virtue of eliminuting iteration in the
computational procedure.

For the more general case wherein there are multiple primary instruments,
a8 modest simplification of the control-diiplay theory computations results.

P-132 -676-



This simplification is thet the average scanning frequencies for all primary
instrunents are equal. That is:

T, - (T _kgs?sk) p LE€P (19)

The effect, in this case, is to ~cduce by (p = 1) the number of parsmeters
over which the pilot-control-diaplay-vehicle system must be optimized.
Experimental data for the two primary instrument case confirms Eq. 19.
tiowever, no experimental data based upon the use of contemporary flight
instruments has been found for cases involving three or more prir.ry
jnsiruments.,
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