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ARSTRACT

In support of & theory for menuel control displays, and, in particuler,
for integreted displeys, a series of twc pilot experiments vere performed to
enlarge the dste base for the theory. A single-axis trecking experiment wes
perforzed with twe different controlied elements and four different display
formats. The effects of display furmat were seperetely evaluates from task
difficuity ard task verformance with & particulsr view toward quantificstiorn
of the piicts’' parafoveal perce~‘uel ability. Ir the second experiment
four different integraied displays were tested in e precision trecking tesk
with a view towerd guantifying the effect of integratiop in the display.
Different furms ¢f integretion of the Gisplay were found to strongly influ-
ence the pilois' ercess controul capacity which is the comiement of workioced.
Describing fuactions, remment, eye-movements, er. pilot op'nic~ dete were
also recorded in these experiments. Interpictation end .he conclusions 1o
bte drewn fror- a2l these~ data erz presented in the report.
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8y Displayed ersrcr of iiem a azong several displayed
quentities

AFCS Avtomatic Flight Control System

AT® Attitude displey

Ai Amplitude of the ith sinusoidal component in the

quasi-random ccmmend velocity input

b a Displayed error of item b among several dispiayed
quantities
3 { B, Longitudinal cyciic pitching momert control displece-
ggf‘ozsg ment in rad (see elso 8y s 86)
f‘ 5% c Pilect's control action
1;£§§
L% e, Pilot's control action in resrsnse to displayed
ﬁé error of item a
‘ ey Pilot's control action in response to displayed
*?% ercor of item b
Eg’éﬁ?
o 5 CRT Cathode Ray Tube
s
r%:} ¢(s) Laplace trarzform of control displacement
o
(&) _.g
o a Glide slope displscement guidance beam commsnd

& L
et
0

b
D Director display formst without any confidence-
ER inaplring situation iuformation
LF¥ Degcribing function
DFA Describing function analyzer
e Displayed error signal; also Naperian base 2.71828..,
2
€ Mean-squared error or time variance of error
(¢ 2 Square of the mean error or sqiuare of the time-
avereged error
e, Error criteriou
€4 Displayed error
efy Effective value
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HSI

Hz

Im

Ivsl

Th 103-2

Eye~-Point-of -Regard

Scanned and sampled (displayed) error

Laplace transform of displayed error signal

Flight Director
Mean fixation (scanning) frequency in Hz.

Mean fixation frequency on the displayed airspeed
uigual

Gravitational acceleration
Glide Slope Deviation display
Altitude

Vertical velocity

Altitude error

Horizontael Situation Indicator

Abbreviation for Hertz, a unit of frequency measure
equivalent to one cycle per sec.

Command input signal or forcing function symbol;
summation index

Laplace transform of cocmmand input
Indicated Air Speed

Time integral of error

Time integral of error-squared
Instrument Flight Rules

Instru.ent Landing System

Imaginary part of ...

Instantaneous Vertical Speed Indicator

Pitching ﬁgment of inertia of controlled element
in slug=fy

Ja j summation index

aiv
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Opereticrel argument of the Pourier trexsrirm;
alse imagirary part of the cczmplex arguzernt of
the Laplace trepsfuro

Suzmraticon index

Gain of a transfer Zunction or of a describing
function

Controllzd element gain in the roll axis
Controlled element gsin In the collective saxis

Velocity controlled element transfer function;
an integrater of corntrol input with gain K

Acceleration controlled element transfer function;
a double integrator of control input with gain K

Pilot's foveal describing function gain
Pilot's perceptual gain or ctienuation factor

Pilot's gain in response to motion cues, used
Tor lead equalization ~ TL

Pilot's adaptive gein in general; parafovea' gain
Pilot's compensatory gain

Pilot's gain in response to the dispiayed
longitudinal error signral

Longitudinal cyclic pitch control stick gain
Pilot's or flight director gain in regponse to
pitch attitude deviaticns from trimmed attitude

Pilot's guin ir resyonse to roll attitude devistions
from trimmed attitude

Controlled element state variables or output
motion gignsis; mass of the helicopter in slugs

Pitching mpﬁent spplied to controlled element;
integer !

Laplace transform of controlled element motion

(1/T,)(315/38,) in sec -
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rms, RMS

=2

3+ R

™ 185.2

(1/;Y)(3MVBQ) in gec”’

Scanning workload margin
(1/%Y)(BM/au) in ot gec™!

Equivalent "observation" remnant associated with
displayed error of item a

Equivalent "observation" remnant associated with
displayed error of item d

Pilot's remnant associated with control action, ¢

"Processing" remnant, i.e., portion of pilot's
remnant dependent on error level

Constant residual level of pilo%'s remnant

"Scanning" remnant, a special type of processing
remnant, n,

Integer

Crossover period, 2n/wb, in sec

Pitching angular velocity in rad/sec

Fixation transition probabilities {1in% values)

in the direction L + J and § -~ i, respectively ;
14

Pilot's perceptual rate weighting coefficient

Real part of ...

Root -Mean-Equared value

Complex argument of the Laplace transform

"State" display format without rate (no longitudinal

error rate symbol); also a dimensionless scanning
frequency ratio, wg/me(1 =~ %) = P, /'I’A

8ignal-to-noise power ratic

"State and Rate" display format (longitudinal
error rate symbol added to 8)

xvi



t Time

Ta Eye fixation dwell interval in sec
EB Mean value of P?ixation dwell interval in sec
T Mean fixation dwell interval on cathode ray
CRT
tube display
'I‘D Effective display lag time constant in sec
Td fuman operator's effective internal dwell
e interval given by product ﬂeTQ
Eﬁe Effective average dwell interval in sec
fh f Mean fixation dwell intervel on altitude and
! vertical speed displays
TI Lag equalization time constant in sec
TL Lead equalization time constant in sec
Ty, Value of T, sdopted for longitudinal (x=) position
* regulation in sec
TN Effective neuromuscular lag time constant in sec
T, Lower bound on the domain of Ts in sec
TR Rolling subsldence time constant for the helicopter
Ty Pixation (scanning) interval {n sec
T Mean fixation (scanning or sampling) interval
in sec
Tp EA Mean fixation interrupt interval, 1, - ﬁa
u Deviation in the longitudinal component of inertial
velocity from trimmed value in ft/sec
u, Command velocity in ft/sec
Ug Velocity error in ft/sec

TR 1832 xvii
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Random longitudinal gust velocity in ft/sec

Visual Fliguat Rules

Random normal (vertical) gust velocity in ft/sec

Displayed position error in ft

Longitudinal force applied to the controlled
element

(1/m)(0X/3B;) in f£t/sec®

(1/m)(3%/3dq) in ft/sec

(1/m)(3%/3u) 1n sec™

Controlled element dJdesecrihing function
Display describing fun-cion

Pilot's perceptual describing function,
representing operations such as cbservation,
scanning, sampling and reconstruction

Open loop frequency response function

Pilot's adaptive describing function, representing
operations such as equalization and summing

Pilot's describing function in operating on
displayed error of item a

Pilot's describing Minction in operating on
displayed error of itemd

Pilot's compengsatory descridbing function in general
Pilot's pitch attitude describing function
Pilot's roll attitude descridbing function

Mean fixation interrupt fractiod

Mean effective interrupt fraction

Mean foveal interrupt fraction

xvild
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Effective low frequency phase coefficient in the
extended crossover model;

M .
a = X %r'- %—) ; M, an integer which reflects
i=1\"L °I N the number of lower frequency
leads and lags

Value of a computed near unit-gain crossover from
describing function measurements

Normalized lower bound on the domain of Ts’ TO/EQ

Jateral cyclic rolling moment control displacement in
rad

Same as 8,
Collective 1lift control displacement in rad

Longitudinal cyclic pitching moment control
displacement in rad '

Incremental low frequency phase coefficient, e.g.,
such as that caused hy parafoveal perception

Incremental time delay which is a function of (...)

Pilot's incremental time delay caused by scanning,
sampling and reconstruction

Pilot's incremental time delay caused by low frequency
lead equalization

Damping ratio of a second order dynamic system
Damping ratio of a second ordevr lag
Demping ratio of a second order lead

Mean fixation dwell fraction, i&/ﬁ;, fractional
scanning workload, probability of fixation

Value of 1 for CRT Aisplay

Mean cffective dwell fraction = TL /T.
e

Maan foveal dwell fraction

xix



"D Mean fixaticn dwell fraction on flight director

LI Mean fixation dwell fraction on altitude and
Y vertical speed displays
N Mean fixation dwell fraction on airspezd
AS display
0 Pitch attitude angle ,
eC Pitch attitude command ‘
0, Pitch attitud~ error
A In/erse time constant of the first crder

divergence in the controlled element of the
(unstable) subcritical tracking task oo

A : Critical limiting value of A i

XCA’ XB Cross-adaptive or subcritical value of A, when
the suberitical tracking task is employed to
measure excess control capacity by adapting A '
as & function of primary task error ‘ '

) My, Altitude divergence parameter . -
M Roll attitude (spiral) Aivergence parameter ' '
Hy? kh Altitude divergence parameter : v
' i
v Fixation or look fraction
VeRT Fixation or look fraction on Cathode Ray Tube L .
display - '
Vi Fixetion or look fraction on altitude and '
’ vertical speed displays
Vu Fixation or look fraction on airspeed display
A3 !
n 3.14159.44; also umed for look fraction in sorme
of the original literature
(4] [}
. E
Pp rror coherence, agi/oﬁ |
pﬁ Velocity error coherence’
e
2 Bignal variance in time ,

TR 18%-2 x%
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zant and its first 2erivetive o waich ike rzan

operaetor ic respouding

Ipput-corve.ated error veriapce

Iwoorrelated error variance {caused by re=nent)

Ccxmard input or forcing function veriarcce

Buman operetor's IS fixation dwell intervail or

gstarndard deviation in Td

Human operator's R fixaticn scenning or
sampling intervail or standard deviatiosn
in T

]

velocity error variance

Comrand velocity input variance

3%asdard deviation (RMS value) of longitudinal

gust velocity in 7t/sec

Standard deviation {RMS value) cf normal (vertical)

gust velocity in ft/sec

Pilot's time delay, sec, due to laten~ies in

perception, neural conduction, and coding

Effective time deliy iu the crossover mofel,
N[22,
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froo descriting function rmeasivrerents

Effective tize deley for response to motitn vwel

Yelue T, for ze¢ro forcing function bendwidih
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Roll attitude angle

Roll sttitude error

Phese acgle of the 1Y% simusoidal component in
the quasi-rendom command velocity input; also
used Tor probability of fixation in some of the
originsl litersture

Phase margin

Compuied value of the phase margin at unit-gain
crossover from desc~'bing function measurements

Pover spectral density in (units)? per rad/sec

Total coutrol ocutput power syectral density ia
(unis)? per rai/sec

Error power spectral density in (units)® per
red/sec

Portion of Qee whicl is input-correlated
Portion of Qee which iz uncorreiated wiili input
Input powes spectral denzity in (units)® per
rad/sec

Powe, spectral density of aural trackirng remnsnt
in (units)2 per rad/sec

Pemnant  pover spectral density referred ¢ the
operator's input

Normalizco vpower spectral density of processing
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Power spectral density of motion cue remnent in
(units)a per rad/sec

Powver spectral density of residual remnant in
(units)® per red/se-

Power spectral density of processing remnan.

in (units)2 per rad/sec

Power spectral density of scanning or sampling
remnent in (units)e per rad/sec

Rormalized power rvectral density of scanning or
sempling remnant, ans/ﬁi

Circula~ frequency in rad/sec

Unit-gain crossover frequency; crossover gain
Computed value of w, from describing function
measurements

Crossover frequewcy with coninuous foveal
attention

Crossover frequency with co .inucu: prov.lovesl
attention

Forcirg function bandwidtl 'n rsdSsec; alsc
circular frequency ol the 1! alnusoias' wompcrant
in the quasi-random commend w L:icily foput

Undamped natural frequency of a sucend order les
in rad/sec

Undamped natural frequancy of a second sviev loaw
in 1ad/sec

Unstable frequency in rad/sec
Computed value ¢° W,
Cicculer fixstion { soanning) frequency in rad/sec

¥ixation scamning frequency m ohe flight “irector
in cad/sec
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Q Effective parafoveal-to-foveal gain ratio,
Te = 1

Y - T

Mathematical Symbols

< Less than
> Grester than
< Tess than or equal tc

22 > Greater than or equal to
o \_‘:;“ Land
¥ e

oA << Much less then
Eﬁég >> Muck greater than

St

1 CRNE

£ Not equail 1
:1;, = Approaches; epproximately equal to
:ii = Identically equal to
gnq - Fed to; approaches
*E‘_‘;‘:&

Identified with

M

PO
P
1]
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(raised bar) everege value
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O
PP

(raised period) a/dt
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NDifferential operator
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Partial differential operator
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j‘ Integration operator
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Summation operator

0 Location of & transfer functlion zerc in the
complex s-plarne

]

X Location of a transfer function pole in the
complex g~plane

+ Addits m oporstor

(hjbhen) subtructlon opcrator; negative value
vretix
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EECTION I
INTRCDUCTION

The ability to describe in & predictive model the various weys in
which & human pilot can function as & coutroller and instrument monitor
will achieve direct end important savings in the design ani evalustion of
displays. Figure T-~1 shows a framework for such & description. The entire
display~-piloteconirol-vehicle combination is consiiered as a multiloop
feedback control system. One or more controlled eler=nts correspond to
the Jdynamizs of vehicle response to control. Jontrc.led elements are sub-
Jected tc environmental ard internal disturbances, d, such as wind gusts
and hydraulic pover supply fluctuetions. A human operator will pilot the
contrclled elements through control actions, ¢, by perceiving seversl
loop closure possibilities. These possibilities muy be both directly-
controlled outputs, m, snd displayed inputs, commands, or implicit environmental
functions, i, such es intruding sirccaft or terrain height along the intended
flight path (pursuit displays); or the possibvilities for display may represent
only differences between i and m called errors (compensatory displays).

The displﬂy/control system for the vehicle is to be synthesized so :s
to improve piloted system performence to a point where a sei (or subset)
of missinn requirements cean be satisfied. In system engineering terms, the
improvement of jerformance implies greater frequency btundwidihs and cor espond-
ingly reduced clouwed-loop system legs and errors in following commsnds and
suppressing disturbances. 1In terms of pilot behavior, the improvement of
performance implies reduced effective time deluy, reduced pi ot-generated
noise; increased alloweble range of pilot-gain variation consistent with
closed~loop system stebility; and reduced workload to & level where hLe is
efficlently and gainfully occupied, yet sble ‘o cope to a prescrived degree
vith the unexpected while he obtains and maintalns the system periurmance
vequired by the tagk,

In previous reports in this series (Refs. | and 2) 11 was shown, in
connection with both fixed wing uud rotery wing alrvers™,, how a displuy/control
systom uight be syntheeiz~d for the zonventioral case of geparated instrumen*s.

In particular, calevlactions wore wmsde of .

PLERREL A !
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© the quantities which, of neceszity, had to be displayed
to enable the specified missiorn phase (instrument approach)
to be performed

® +the pilot's appropriate dynamic behavior in acting on the
displayed quantities

® gystem perfoirmance neasures, such as rms errors and pilot
workload dats including fixation times end frequencies on

each instrument

ARTRREEL
AN
Y BTN et N

&1
4

© the preferred arrangement of displays

Considering the relatively undeveloped state of theoretical kanwledge on
which the calculations were predicated, the dwell fractions and link
prcbebilities resemble later measurements in the case in which there has
veen & direct comparison to be made between the predictions and the results
of experiment. (See, for example, Fig. 3, Ref. 3 which is incorporated
here as Appendix A.)

The prediction of system performance, workload, and preferred display
arrangement for geparsted displays dces not, however, address a contemporary
guestion of practical interest. 'fhere exists a conviction, supported by
both theoretical and exrerimental evidence, that for high precision tracking,
such as in landing approech under instrument flight rules (IFR), it is

fgl neceasary to combine or "integrate" displays. While the conviction is

Wai commonly held; there does not seem to be any commonly understood definition
E;%é of an integrated display, nor any accepted ansver to ilhe question: "How is
E%Eg the display properly integrated?” A brief survey (Ref. 4) shows a tremendous
G§§§ veriety of "integrated" displays even for the single mission phase of instru-

ment low approach. Thisg trewmendous variety is very likely, in part, the result
of a technique in experimental display research. For example, system performance

g
24!

<
i

g,
O.f.s%,{,
M{%mf:é.w;wé’

measures such as mean square iracking errors and pilot workload measures such
28 nesn square coutrol deflections are often used to evaluate the relative
merit of displays. Yet these seme measures do not necessarily vary appreclebly
with large vsriations in the qualities of the display. On the other hang,
there may be at the same time & strong preference on the pexrt of the suJl jects
of an experiment for one form of display uver snother. An aaslogy to the

fizld of aircraft randling quelitier vesearch siruongly suggests that such

chenges in plle! preference or opinion are correlated with changes in bennvior

RS

requirad ©o malntain the cpecified performsnce by working to control in upite

3y

| of seriavionz in difficolty. Qulte appereuily we shovld Llook for gugch changes
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in the pilot's behavior when using varfstions in the information which is
displayed.

Bkt b

Curiously, perhaps, in view of the large amount of experimental work on

sy
:

3
¥
£y
E
G4
.

displays, our ability to postulate perceptual dbehcvioral models far exceeds
our abllity to generate believable experimental evidence which would tend
to validate them. Thles incongruity is for the reeson, described &bove,

thet very of'ten the only measurements which are made concern meen squared
tracking errors and control displacements. Such measurements are, of course,
necessary (but not sufficient) for determining whether a particular system
is, in fact, satisfactory. Mean squared error and controcl measurements

alone leave muchk to be desired in determining the cduses of and corrections
for difficulties; except vy ad hoc adjustments which may in themselves

be influenced by some artificial characteristics of the simuletion.
Therefcre, no improvement in the display design process; nor indeed 1n the
more genersl problem of cockpit layout, is to be expected until we have in
hand a validated theory for cause end eftect in percep-ual behavior in

Eigx . particular, and workload in general.

R
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Such a theory of perceptual behavior, if it exicted, would never
completely replece expeiimentation in displuy design, development and
evaluation but it would enhance the efficacy of these processes by helping

Z
T
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e
5, !
S

s

» 4 onz to:
o)
‘2%% e Predict experimental possibilities which, in turn, help
%{g one to:
P8 (1) suggest relatively critical experiments
Eéé% (2) guide the experimental design
8 ‘F:v(‘
g # ® Interpret experimental findings
P
ngﬁ ® Discover limitations on experimental results by
,:»g;,

-dentifying tesk variables which would chenge the
results
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Provide a basis for extrapolating experimental findings
to dlfferent appricetions
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It was to the elshorstion of such a theory of the effects of format
and cortent on perceptual behavior in using "integrated” displays and to

the acqulzition of a sulteble dats base that the research renorted here
was asddressed.

TR O184.2 b




In particular, it was hoped to:

© Angwer four gquestions posed by the JAHAIR Committee
in 1986 when research on the theory of manuei control
displayz was first initiated, viz.,

1) What ic an integrated display?

2) How may the proper signals for manual cozmtrel
of a task be predicted and verified?

3) How is the display properly integrated?

L) How can the display be evaluuted?

P~ P~

Seperate the controllebility and precision of the task
from the attentional worklcad in using the &isplsy by
using special measures, such a3:

(1) pilot‘s deseribing function gain
(2) effective time delay

(3) error coherence {relative remnant)
(%) excess control capacity

(5) aisplay ratings

(6} eye-point-of-regerd

| il ) <R
R | R TR <
APV | N 2 L B
A 3 e o 1 9
o = >

Quantify measures of attentional workload as functions cof:

;gé (1) aisplay size, subtended field of view, and
. 3 density of symbols

‘b (2) form of the aymbois

& (3) display content (e.g. "quickeued" commend,
5% situation, etc.)

i&bf‘(

, S
PO I C

® (Codify .he empirical results in a theory having predictive
value for new tasks and integrated displey designs.

i

RS
2
T
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e s BBt S

More specifically, we note that in performing precise compensatory
tracking tasks such as, for exemple, in landing approach under instrument
flight ruies (IFR), pilots should be provided with prefersbly only one but

not more than two distinctly separate displays for the purpose of flight
control,

It has been shown by theor-+iral reasoning (Refs. 1 and 5) and

T
TR, %,
é{‘
v L Y

TS
#4749

B experimental measurement (Refu. 6, 7 and 8) that in a landlng approach under
L;it IFR there is sufficient time to fixate on not more than two separate displays
-;E% with sufficient probability or dwell fraction to suitably suppress scaming

remnant. More than one gymbolic signal may, however, be presenteé on each of

two displays to take advantage of pilots' parafoveal perceptuail ability.
Each display may then be called a "combined" or “integrated" display.

<
ot

C aatn

Inte .
grated displsvs have necessarily =volved from the pilot's inner control loop

displays, such es the gyvro horizon and compess, becauge the pilot must mon-

itor a half-dozen or move multiloop situation varlaiblcs evep e majntain

TR 1032
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confidence in using & two-axis Tiight director display. In reality, of
course, especially in V/STOL approaches, tiere are three exes which require
rrecision control, viz , longitudinal, e3 well as vertical end latersl, so
that an integrated displsy for precise approech control under IFR is then
most esseutial to xneintaining e tolerably unsaturated level of pilot worklesd.
Provided that it does not tecomr. "cluttered”, the cozbined presentstion of
sigpais in a single display w!li allow the pilot to increase nhis effective
dw=]ll fraction on sny perticular displayed signal by using purafovesl per-
ception. By helping the nilot to increase his effective dwell fraction,
integrated displays cax have s profound influence in reducing pilots' men-
itoiing workload, and this may possibly be weassured in terms of & reduction

in the tagk-related scanning remnant.

Reference 9 shows that relative scanning remmant power or reletive
incoherent error power is directly proportionzl to the effective fraction
of time between "looks" at the given displayed error. It is desirsble to
keep the tracking error coherence as high as possible (or to xeep the error
incoherence as low as possible) to achieve the best task performance within
the constraint of attentional workload, of which scanning workload is one
measure. One way is to increase the foveal dwell fraction on sach object
of fixatior, but this is limit=d by the physical upper bound on scanning
workload, which cannot exceed unity. The other way for a pilot to increase
tracking error coherence is to increase his average parafoveal tracking
gain up to a level vwhere the closed-loop rewnent is not amplified. This
con be successful if the display format allows the pilot to maintain an
average parafoveal tracking gain which is a large fraction of his foveal
gain.

It was with a view toward e better understanding of interactions among
parafoveal perception, error coherence, display format and attentional

workload that the experiments reported here were conducted.
The balance of the report is divided into three techinical sections.

The first of these reviews the tentative meithematical models and some
nev definitions of terms which provide the framework within which the
experiments were pianneé end yorformed. Bere the reader, perhaps unfemiliar

with the previous results of rcescarch spomscred by the Joint Army Navy

TR 'H 'r) ,‘7)



iireraft Izstruwentstion Secearch (JANAIR) Progrem st Systems Teckzmcligy,
Izo. {SZX}, zay ecquire & kmowledge toth of the state-cf-tle-zrs percepeual

zodels for integrated displeys es well ss the older zodels £or mstor rasgpoose.
e models ere sum=srized in compact esalyticel form for tie resder
¥ao is elrezdy zogueinted with plioct models for sirgle-axis comperssatory

traczing control tesks, The review of zatre—sticel =odels in Secticn IX

iz not interded a5 & substituie for the rcore thorcugh descriptica axd

rakhs

= ; velidetion of tke rodels presented in Ref. 9--14, o valch tke dedicaied
= prectitioner ard interested reeder should refer.

=

An expositicn of the ~orplete array of models reguired for control
%}: displsy snelysis is given ir Ref. 1, and & narretive of the systemstic
,{_ control displey design procedure irnecluding the multiexis scanning models
f‘ié (Ref. 3) ie included herein as Appexdix A- Terms which ere used in the

balance of this report, especially the ones which are used to descrite
the measuremenie which were mede end the results which wure ootained, are

defined in Section II ard in the Glossary of Technicel Terms.

As will be pointed out subsequently, two sets of experiments were per-
formed. The first set of experiments, which is the subject of Section IiI,
were coilcerned with single-tixis tracking with the use of peratoveal vlewing

qﬂ
e

of displays. The second set of experiments, were concerned with the effects

3

o 73

>0»’a; of display content and format in an integrated displsy. The lstter experi-
@:; ments themselves and the results obtained are described in Section IV.

°: A brief final Section summarizes the report and presents the conclusions
;;3 to be drawn from the research results.

D; We have already mentioned the first eppendix which narrates the possibilities
;%; for systematic manusl control displsy design. A second appendix presenta the
§° pre-experimental analyses for the set of experiments which addressed the

;:; effects of display content and format in an integ ted display. A third

6:’;3 appendix presents the derivation of sgome new subjective rating scaies pro-
«;j‘ posed f¢ - use in the experimental evaluation of control displays.
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SECTION II
MATHEMATICAL MODELS AND DEFINITIONS

A. MODELS FOR HUMAN PILOT DYNAMICS

The human attributes of perception, response, judgment, and adeptability
lead to & great number of possible loop structures for a given control task.
To cope with this variety of possibdilities in advance of any experiment, the
theory of manual control displays (Ref. 1) first postulat ‘s possible interpreta-
tions and organizations of the input data available to the pilot. Then the
theory postulates that the pilot will establish appropriate orgenization and
adaptation of his behavior so that the data may be used for effective control.

In preliminary design, manual control display theory can serve as a tool
for the pilot-vehicle system analyst by providing the set of rules for select-
ing the mathematical pilot model appropriate to a particular situation.
However, in the application which concerns us here, the theory is being tested
for its ability to predict and explain attributes of human behavior observed
in controlled experiments. As a result of these tests, we may be able to
extend or improve the characterization of a sample of pilot behavior in terms
of task varisbles, operator-centered variables, and/or procedural varisbles

in these specific experiments.

Manual control theory characterizes human behavior in terms of 1) mathe-
matical models which express the dynamic motor response of the pilot to
various sensory stimuli and 2) verbal-analytical models which express the
adaptation of the pilot population to the task variables. Not all of these
models, however, are based on sufficient experimental data to be definitive.
This do=s not mean that these models lack usefulness. In all cases, the
models are sufficiently developed to permit relative dynamic performance and
workload estimates to be made. In these experiments, we are simply trying
to characterize more definitely the dependence (or independence) of pilot
behavior on properties of display format. Pilot models are described and
reviewed in Refs. 1, 10, 11, 12 and 13. Only a synopsis of the simplest
of models for compensatory slngle-loop control will be given here so as to
introduce the reader to the form of the models and to some of the terminology
used in describing the models.

TR 183%-2 3



In a :losed-loop compensitory control task (Fig. II-1) the pilot responds
to the displayed error, e, Detween a desired command input, 1, and the comparable
vehicle output motion, m, and produces a control action, c. The control
servo actuator, vehicle, motion sensor, and display dynamics are combined
and represented by the "controlled element" transfer function, Y.(s), which
expresses the Laplace transform M(s) in terms of C(s). Compengatory single=
loop pilot models comprise both a describing function*, Ype(dw), and an
additive "remnant" power spectral density, ®nne» 88 shown in Fig. II-1.

The portion of the pilot's control action which is liasearly correlated with
the input is represented by the quasi-linear describing function Ype(Jw)
operating on the error signal, e. It also includes the effects of the
control manipulator "feel" characteristics. The remnant is defined as the
portion of the pilot's control output power which is not linearly correlated
with the system input. As shown in Fig. II-1, the remnant can be repre-
sented by an additive noige, characterized by a power spectral density,
onne, in the quasi-linear pilot model. The total control output power
spectral density, ®cc(®), is thus the sum of two linearly uncorrelated

Quagi-Linear Pilot Model

°nne 18 the power spectral density of the remnant

referred to the operator's input

Figure TI-1, Block Diagram for the Compensatory
Quagi-Linear Pilot Model

*The term describing function is applied to emphasize that this is not
a "human transfer function". The remnant must be added to complete the model,
and the describing function is appropriate only for continuous random-appear-
ing signals of relatively low bandwidth. It is strictly valid only in the

frequency domain and should not be used, without appropriate modification, to
compute the system response to a deterministic input.

TR 1832 9
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powr ypecires dezsities:

Sented = (L J0 + TR ougta) + -
ere €.; = tbe imput pover spectrel dersity
Spr, = the rexxant puwer gpeciral dens!ty referred

{0 tke operstor’s !mpui

Tre rermnant hes been zeasured es a continucus and szooth power spectri
in tresking experizents of e tire duretion sufficient to define the
cperator's dzscridipg function sver a broed trequency band. Sources of
rermant msy not Le uniguely determined usiag only two-terminal reasure-
rents. However, one can infer the dominanit scurces of remnant from coatrived
experiments wivh perticular tesk veriedbles such as coutinuous attention,
gcanned end ssmplel attention, displayed signal thresholds and quantization,
low-fregrency lewd equalizetion, unsteble controlled elements, and aon-
staticnary shelum pilots. Inferred sources of tne remnant in agcerding order
of importance for single-axis tasks are believed to be: pure noise

injection, nonlinear a~tinn, and non-stead erator behavior.
) 2

For examp.es of jure noise injection, Ref. 30 suggests two models for
genereting low fregusney lead equelizatior within the human operator which
inherently produce noise, although the subject may appear to devoie continuous
attenticn to his single-axis Yracking tack. In some multiaxis tasks, as we
shall subgequentiy discuss, pure noise injection caused by scanned and sampled
attention can become dominant.

A model for the remnant can satisfactorily be taken to be a signal with

a power spectral density which is a function of the pilot's lead equalization,
the error verisnce, and the "difficulty"” of the cuntrolled element. Reference
22 hag shown that the power syectral density of the humen operator's remnant
for certain (single-axis) tracking situstions can be represented simply by
injecting white noise processes at the operator‘s'innui whete each state
variahle 1s perceived. The power spectr-). density of each injected whlte '
nolse process is proportional to the varisnce of the (error) signal belng
perceived. As explained in Ref. 33 o number of quasi-random sampling, recon-
struction, and derived-rate processes as .11 as Weber-Law errors in tracking
control. sction all Jead to wide-band remnent whoge power spectral density io

unifcrm at low :r2quencies and propuriional to the variance of the error

1
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s_.gna) displayed to ike Imcen operatcor. Therefore, the =3t consisient
resuits seex to be sbtainad if the rermapt i3 taxen 4o v injecied at the
pilot's inrut {see Fig. II-1), althcugh in special cases diccussed next it
is preferable to injevt the rezment at the pilot's sutput.

If all sources of rermmart power were proportionel to the displeved error
varience, the recnant should diseppeer when nu external input (2pd, hence,
no input-correleted error) is presert. However, the experiments reported %
Ref. 31 show that goze output remmnant is present in the sbsence of any
externel input. The cause is the cumilative effect of the "residual" scurces
decceribed in Ref. 19. Hence, the name "residual remnant" is given co that
noige whrich ig presgent in the human operator’s ccntrci output even without
sry external input and without the need for low-frequency lesd equalization.
I% is preferable to model the residual remnant by injecting a noise process
et the pllot’s output. (Vide Ref. 15,)

The describing fimction comprises two parts:

(1) a generalized mathematical operational form

(2) a set of rules which sp2c’fy how to select the

parameters in the generalized form so that it

becomes an appropriate, albeil approximate,

model of human behavior for the particular

task Of interest.

The linear theory; of servomechanisms suggests that, for reasons expleined

in Ref. 12, the describing function of the pilot ought to be adjusted in such
a way that the open-loop frequency response function, YOL(Jw), of tte gingle~

lcop compensatory system in Fig. II-1 will be

Q
| R =J(r o+ 3
YOL(JUQI = Ype(Jw)Yc(Jm) = —=e ; @ near (y

This is called the “extended crossover mndel" (See Refa. 10, 11, 12 and 13).
The unit-gain croasover frequency, ., is equivalent to the loop gain product

Kbech‘Te is the cffective tine delay, and @ is the effectlve low frequency

phase 2oeffisient, all in the open-loop deseribing functiovn Yp YC {See Fig IT-1).

‘ e
The difference between 180° and the phese angle of the (complex) iescribing

tunction at ine crossover frequency, o, 1s the phase margin, VR The frequency,

Hi 18 A= 1
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@, at which the rhese angle of the describing function is —180% is called
the unsteble frequewnny. When the controlled element demands lead equeliza~
tion by the pilot below the crossover fraquency, @@ = 1/TL,

where TL is the leed egqualization time constant. Ouncsvise, o represents
the iafluence near the ~rcssover frequency of very-low frequency l-ad-lag
dynamics with emplitude racio brzak points which ace below the measurement
bandwidth in many experiments.

The display designer will rarely need a model more precige than the
extended crossover model, even for anelyzing multiloop tesks. With the
extended crossove- model and the set of rules for adjusting its paraneters,
the designer can meke valid forecasts ¢f pilot equalization, effective time
delay, crecssover frequency, stebility marging, tracking performance, and
pilot opinion rating, in menual, compensatory, single-loop tracking tasks.
Before we proceed to show how the extended crossover model can be applied
ip multiloop control tasks, we shall digress for a moment to define some
new lerminology which arises to describe the pilot's visual scanning and
sampling vohavior among the various sources uf displayed inputs required in

a typicel multiuvis control task.

B. MNLTIAXIS SCANNING BEhAVIOR
1+ Scanning Pnenomena to ve Degerived

Several examples of pilots' scenning pheun-mena are shown on the eye-
point-cf-regard time traces in Flg. TI-2 for varicis experimental conditions
to be discusged subsequently. ka~h trace records a pilot's eye saccade
between the central cathode way tube wttitude director displey (CRT) and the
altitude display (left of center), or the alrvapeed display (right of certer).
After a saccade, denoted by the abrupt steps in cach trace, the eye fi.ates
or dwells on the *isplay of concern for a birief interval before the next
caccade. We often speak of the pattern of saccades and fixations as
generating e pattern of ncauning "traffic" or fixation tranaitions among
iagtruments or displays. Tue circled enlargements of portions of the tiaces

show tuat secondary flvation trunsitions also occur between symbols withi~

rl‘ﬁ 3! G .
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the central, integrated CRT and between the altitude and altitude rate
meters left of center. Reference 3 also presents several examples of
prilot's scanning patterns on different panel arvengements. Obvicusly,
however, one mugt sreak of & foveal scanning patiern among "symbols" in
the case of an integrated display, rather than among “instruments" as we
shell do in most of what fcllows.

Furthermore, an observable foveal* scanning pattern may be accompanied
by a parafoveal scanning pattern which is not directly observable by measur-
ing eye movements. However, the presence of parafouveal awareness is indirectly
observable by its infiuence on the pilot's describing function. We shsll
return to discuss this effect subsequently.

Although we shall be speaking primarily about the visual modality, the

pilot can also choose to use or ignore motion and sural cues. While this

. is not quite like sampling, cile more or less continuous use of the vestibular

) :';

.

=
ook
59 3

gg or aural mcdality is akin to a process of selection when thege cues reinforce
f§§ the visual modality.

1%%% Scavuing of an instrument panel permits the displayed information to be
g%% ) sampled foveally during a variable foveal fixation dwell time interval on
1%2% the order of one~half seccal cor more. Between fixations the information

ié% may perhaps be ouserved paraloveally. Each saccade in FPig. 1I-2 describes
%?% the direction of a foveal fixation transition between two instruments, after
% é vhich the visual axis of fixaclon will pause or dwell on ar informative part

of the instrument {(e.g., the tip of a pointer) before beginning the next

fS . 4
« VS
o L

3
<
N

transition. Measurements have shown varisbility in the time interval which

9§%

ifg elapses between succegsive fixstions on the same instrument. This time
yfi interval is called the scan interval or sampling interval. It will, in gen-
A S

o eral, exhibit a different enscmble average value for easch instrw.ent.

Besides instrument to ilnstrument scens, scanning occurs among the

ool

&,

elements of combined dicvlays. For instance, secondary fixation transl-

&N
%o

tions within the two-axis wttitude director un veriovs symbols, indices, and

acales have be. observed, bur not yet wnalyzed, .u the experiments of Ret. 6.
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*Foveal nerception ta “scelig vhere , u are Fixatdog." Colioquislly,
purafevent perception ts “eeefng aithoul Tooktoyg,” Lutl worce formally, 1o ts
“seelng withoul rixeiioes.”

Py
355

S = )

‘;\;~‘ '\ .
e &

AY

3y

=5

<

il
AN
h
v
A

3

PR

M

“?

i
|



[

C e et

.

Thus, the eddition of a third exis to & flight director for direct 1lift

¢ mtrol which rejuires o separste foveal fixetion may deprive the pilot

of time waich would otherwize be spent monitoring the situetion information,
unless a three-axis director presentation can be contrived to convey three
comuande irn one fixation thrcugh foveel and psrefovesl chamnels of
SHATENSRS .

The aversge number of fixations in a unit of time which fall uron a
porticuler instrument is called the everege fixetion frequency, scan rate,
or sampiing frequency. The arithmetic average scen rate will be reclpro-
cally related %o the harmonic mean gcan interval.

The proportion of the total numbar of fixations which fail upon a
particular instrument is called the average look fraction for the instru-
ment. Its upper bound is one=half, which implies thet every other fixation

or look is om the instrumeat with a look fraction equal to one-helf.

The proportion cof the totsl time during which fixetions dwell on @
particular instrument is called the average dwell fraction for that insiiu-
ment. Since the cumulative sum of all dwell fractions, including blinks
and dis*ractions, mv- ., equal unity, by definition, the dwell fraclion is

also termed "fractionel scanning workloed" or "probebility of fixation".

The proportion of all fixation transitions which go in the same direction
between & pair of instrumewts is called the "one~way link-value" in the
specified direction. The sum of the two one-way link values between a pair
of iastruments ig called the "two-way" link value.

Since the scanning statistics are quite stationary over measurement
intervals as chort ss 100 sec, differert one-way link values between the
same pair of instruments would be indicative of determinism in scan patierns.
The results in Ref. 6 snow no evidence of determinism in one-way link values.
Thus, it seems that p«lots' scanning behavior can be cheracterized as a
zero~ovder Markovien p.ocess, i.e., that, given a Jixstion on cne instru-
ment, the conditional probability of cransition to & particular different
ingtrument is independent of the present (and psst) fixation. This

simplification proves useiul in making predictiona of scamning bebavio -.

TR 1690 1)



A summary of properties of fuveal and parafoveal scanning behavior,
most of which we have just dlscussed and some of which are not yet
observable, except in contrived experiments, is presented in Table II-1,
Symbols, nomenclature, and some of the interrelationships which follow
by definition are also given in Table II-1, together with a qualitative
indication of ways in which scanning affects the pilot's multiloop
describing function.

2. Describing Function and Remmant Phenomena Accompanying Soanning.

As far as we can tell currently, we have not discovered a unique rela-
tionship between observable foveal scanning statistics and the accompanying
pilot's describing function and remnant. Instead, as we shall describe in
the next topic, two different limiting forms have been discovered for multi-
loop pilot models in control tasks {Refs.1 and 14).

In experiments in Refs. 9 and 14 the foveal input information samples
are obtained from a finite dwell period, with an average minimum dwell
time of sbout O.l sec. The pilot's effective time é¢ .ays in closing
several loops increase only slightly (on the order of 0.05 to 0.15 sec)
because of the necessity for scamning, although the pilot gainsg are
reduced from thoce that would be expected on a single=-loop basis. This
is not what one would obtain with a simple zero-order~-hold sampled-data
system, so the sampling and scanning theory required to describe the
pilot's eye movements has been quite elaborate.

On the other hand, among flight test results from Gemini X during retro-
fire in Ref. 15, the pilot is controlling the attitude of the vehicle about
three axe:.; and the measured yaw axis describing function exhibits the

rather large time delay predicted in Ref. 1 from an intersample "reconstruction-
hold" mod. 1.

With the empiricel facts as starting points, two likely mental processes
have been proposed, called the "switched gain" model (Ref. 14) and the
"reconstruction~hold" model (Ref. 1). For the switched gain vrocess the
quasi-linear describing functions in the several loops incur no time delay
because of the scanning and sampling processes, although the gain switching
(multiplexing) {rom loop to loop reduces the effective gain in each. In the
reconstruction-hold model a sampling delay is incurred, but may be largely

offset by lead equalization as part of the signal reconstruction process.
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The principal performance penalty caused by the scanning, nampling, and
reconstruction (or switching) behavior is an increased "remnant." This
remnant depends on the sampling frequency, fixation dwell time, and sampling
frequency veriations, as well as the signel variance. The remnant acts like
an injected noise, and is the real zause of saluration in multi-instrument
displays. So, as we said at the outset, measur-ment of eye fixation is cer~
tainly connected with pilot inputs and workload but the connection is by no
means simple.

Remnant is so important in both scanning and workload considerations
and has so many different sources that, before presenting analytical models
of data for simplified situations, we shell summarize below the diverse
physical sources of remnant. First off, remnant sources in general are those
items which cont:ibute, under varying circumstances, to pilot control movements
vhich are not linearly correleted (vie the describing function) with the
externally imposed forcing functions. The remnant sources are:

Observation Remnant due to poor coupling between the displayed

gignal and th~ eye. Resolution, retinal refe thresholds,

saturation le.els, and refractory delay are of key rele-
vance to instrument design.

o¥ Scanning Remnant due to scanning and sampling of multiple

s instrument displeys or symbols. To the extent that para-
§$§ foveal information can be used for nonfixated instruments
S in an array or for symbols within a display, the parafoveal
gé dispiay perception is of interest because it can reduce
0! scanning remnant.
Qﬁf Equalization Remnant due %o asynchronous, discrete mental data

processing to derive rate (leal equalization), time and
amplitude variations in gain, and intentional dither.

Except in properly designed flight directors, these are
deminent remnent sources, and can affect the remnant result-
ing from use of a given instrument design (e.g., if low
frequency lead generaticn is required, the instrument must
provide smooth data in the low frequency range)-

¥otion-Cue Remnant due to vestilLular feedback noise.

Crosstalk Remnant due to neuromuscular commands for other sasxes
in a given control action (e.g., some aileron control
showing up in elevator coatrel inputs).

Neuromusculaer Remnan', due to neural and muscular nonlinearit’es
and tension (gein) variations. An import-nt remnsat source
is residual neural noise and tremor whica remnip ~ven when
no command is belny followved.

TR 18- 19




In 8 particuler two-terminal man~-machine measurement it is impossible
to separate out most of these sources of remnant because they dc not have

narrowbend spectral "signatures," and any distirct waveform effects are
blurred by the limited neuromuscular response. Furthermore, the central-
limit-theorem principle, coupled with tie feedback around the lcop, acts
t0 blend the diverse remnant contributions into a fairly wideband sta~
stionary random process. This has the important implication that a simple
nover spectral representation is well suited c¢o represent most remnant

(aither excepted), while attempts to mcdel it with an ensemble of nonlinear,

TR, et —— rm—— — ————

time-varying determinintic elements will never be efficient; however,
"snalog" models may be useful to check out 2omplex aspects of power spectral
models,

-

Rather than attempt a deta'led buildup of remnant contributions from
each of the sources listed above, we will take a more practical

- L T

%ié ; approach. ccent analyses have suggested that the observed remnant

j;g ; in the error signal is fairly smooth, broadband, and can be considered as
é;% f resulting from an injected error-remnant source (ane). In turn, the

'ﬁg, } measured injected error spectra are remarkably similar for a given-crder
3% ‘ controlled element. &np, seems to consist of twe basic components: &

"residuel remnant," &pn,, which exists and orces the system even without

YR

external forcing functions, and a "processing remnant," Onny = ogoﬂhe,
which scales with the displayed error variance. Thus:

®me = Omng * Py = Omng ¥ 0&0rin,

where Qﬂne

displayed error veriance. (See Fig. IT-1.)

1s defined as that part of &y  which can be normalized by the

Scanning remnant is a particular form of processsing remnant., It is
given the symbal dnng to dlstinguish its unique spectral bandwidth, which
depends on the effective fixation dwell interval rsther than the lead
equalization time constant (See Table II.1.)

As it now stands, the theory of multiexis scanning can be used to
estimate fixation probabllities snd instrument-to-instruent link proba-
biiities fairly sccurately As an exsample, Fig. I1-3 shows some predic-

tions made with the reconstruction-held verstion of the theory (Ret. 1 )

G TR 18 5-2 DY
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for a landirg spproach using Eoeing 707 aircraft dynamics, as compared
with measurements (Ref. 6) made using the DC-8 landing spproach simulator
at the Ames Research Center. The resemblance is quite gcod, especially
considering thz infant state of the theory at the tainme.

This coneludes a review of the inspirations for eye movement studies
in flight control and monitoring tesks, a description of scanning phencmena,
and & summary of the reletionship to pilot describing functions and remnant.
In the next topic we shall discuss two limiting forms of multiaxis scanning
models.

3. Multiexls Scaraing Models for Control Tasks
In this subarticle we first review the basic concepts of scanning during

multiloop control tasks and then give an overview of twe limiting forms of

our andel for the scanning, sampling, and perceptual reconstruction process.

a. Review

1) Scanrdng During Multiloop Control Tasks. We are concerned with
the class of pilot/vehicle situations characterized by a closed-

loop piloted multiloop regulation or tracking task, having more
than one displey, and requiring manipulation of one or more con-
trols. The pilot's selection of preferred display feedbacks from
the presented array has beeu found to be governed by a set of
"Multiloop Feedback Selection Rules" which have been evolved pre-
viously end verified experimentslly for integrated displays (!}gg
Refs. 1, 11, among others).

Past work shows that in the process of extracting the feed-
back information from the displays: 1) a fairly stationary
scanning and sampling strategy evolves for a given task and
instrument array, and 2) the control motions are much more
continuous than the discrete sampling would seem to imply from
a pure stimlus~-response sequence. Furthermecre, most of the
informetion used in aircraft meseuvering is of an analog nature,
diasplayed as the motion uf a moving pointer or scale. These
facts indicate tnat a form of sampled data feedback theory isg

aporcpriste 1o model this process. The fects Turther imply that the

ler 1] H i “)



display feedbacks ultimetely selected would be affected not only
by vehicle and task criteria (as with the integrated display
cage), but also by penalties fram the required scanning and
sempling operations. )

Bafore proceeding let us clarify scme terms that nre used
- frequently below:

Scanning is defined here as the process of selecting
and Tixating each instrument in an arrvey of, or specitic
portions of, & complex display field. For the meiual
control tasks a "scanning traffic psiiesn" e evolved,
causing a given instrument to be exanined from time to
time.

Sampling covers the perceptual acts of: focusing cn
& display; interpreting thiz as an appropriate commend
or error signal; snd perceiving its displacement, rate
(or direction), and, possibly, acceleratior during =
sequence of fixatione. In the present context, the
sempling does not have to be impulsive or periodic.

Reconstruction covers the process of exirupcleting a
hypothetical continuous signal usirg the gseries of
samples avallable from each display, plus prrafoveal
(nonfixated) information which may be perceived
between samples, Reconstruction provides the mental
signal -apon which the subsequent piiot equalization
operations are assumed to operate,

s — = e

2) Description of the Model. The development or a display scanning
and sampling model fer multiloop manual control tasks is reported

in Ref. 1. Basically, it treats the complex processes involved
in scanning, selecting, sarpling, and reconstructing internal

]

signals from an acrey of dials as an added "perceptual" functional
‘ bicck in a quasi-linear description of the pilot. Figure II-le ghows
the assumed basic model and Fig, II-Ub its simplified equivalent.

The latter represents the simplest form that can be measured fraom

inputs and ocutputs external to the human operator,

E?; Lat us review the key elements in the basic model before

%;g presenting its two limiting forms. 'The buman display contrcl

%ﬁ% benevior is represented by a series of functionsl blocks, loosely
g@é labeled "Per tual," "Adaptive,” and "Newrcewocular" in Fig. IX-ha.
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b) Equivalert simplified Model (Parallel, continucus)

Figure II-L, Assumed Form of Pilot Models
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The;signals shown connecting the blocks are unmeasuratle practi-
cally (being located in the central nervous system), and, in fact,
the functioné may overlap., It is ;usef‘ul to conslder the percep-
tual block as an' additional serial element, and to define the

. sca.nning and sampling effects as the ratio between behavior under
[ ‘ . continuous, fwll-foveal tracking and the actusl sampled tracking,
in gach of the multiple loops. We will not dvell further on the
adéptivé block (feedback selection, equelization, summing, ete.)
or neummsc{:lar block (marixipulator interfacing and actuation),

n‘? N SEL. SO e b RS TN kR SRR G
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o LR 20 et Lo

2 ey
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limitations in consequence:

5 These have been well documented in recent years (e.g., Refs. 1, and
z: l 10 through 13). |
’%’E H , At this time the conceptual model is still quite general, and
wg any of several mathematical or physical models could be used to
;‘é ) : describe the above p’i’ocesses. ‘Because of cur interest in the
;,j } overall, closed-loop performance of display-pilot-vehicle systems,
b | ve need & fom of enalytical model compatible with feedback analy-
>§ f | ' sis. After much investigation (much of it based on the background
}? ! lint‘orma.tion reviewed, previcusly), wé have made the following
i :t} ' ‘ assumptions and choices of mode’. form, and have accepted certain

%

RS-
AN

[

® The basic anaiytical models are extensions of the quasi.

ﬁ ' linear descriptions presently used for nonscsnned multi-
P loop cases (i.e., adjustable, random-input describing
314; ‘ functions, plus a remnant for the incoherent effects).
bl Although the' fine-grain scanning end sampling processes
2.4 are dlfficult to model this way, the resulting pilot

O : output is sufficlently continuous so that describing
»‘;}t' ; functions can £till account for the major clused-loop
L | . ef'fects.

R ‘ © It is assumed that the pilot's learning process has

b } stabilized so that scanning behavior is staticnary (in

the statistical sense). Sempling of a given displey is
assumed to be "almost periodic,” with apprecisble sta-
tistical fluctuations which randomize the data, The
model then treats the average properties of tris scanning
during vypical tssk iotervals, Although sampling effects
% on loop closuras and scanning statistics are well repre-
SHA sented this way, it is not possible to sccount for the

: particular ordar in which th- displays are sceoned,
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© The detalled high frequency effects of the scanning,
sampling, and reconstructicn are circulated arcund the
ciosed-loop system, giving rise to a broadband “sempling"
remnent, This is modeled as an injected noise at the
rllot's input (i.e., "observation noise"). The sempling
remnant is a function of the scanning, sempling, and
reconstruction processes, and may strongly affect which
physical loops are closed, the choice of egqualization,
and clesed-loop merformance,

@ The resulting model for scanming, sampling, and recon-
struction comprises:

a) A quasi-linear, rendom-input "perceptusal
deseribing function," denoted as Yy (Jjw)
which multiplies the human opsrator's
continuove describing function, and

b) A brosdband sampling remnent, ng, which
adds to the basic remnent, and is des~
cribed a8 a spectrum Opng of wideband
observation noise injected at the pilot's
perceptual input.

Examples of two limiting forms of these sempling and recon-
struction models will be introduced for compensatory tracking loops.
Either limiting form of the multiaxis scanning modcl is ccapatible
with the existing multiloop pilot model for integrated displays.
For clarity in presentation we shell use the modified crossover
model (Yg¥p¥pYe), to represent the display describing function
(Yq), the perceptual describing fraciion (Yy), the pllot's des-
cribing function (Yp,, Ypy, +++) from Fig. II-#b, and the controlled
element describing function (Y.). We shall ask the reader to
visualize wlthout benefit of repetitious illustration the several
additionel {sometimes coupled) Loops among which the pilot must
scan hig nttention in the relevant modalities.

We shall now iliustrate one of the 1imiting forms of the

muitiaxts scanning model by incorporating a single-~axis model in
each of two (among several) sensory channels: a foveal channel

and a parafovesl chsunel,
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b, A "Switched-Gein" Modei fei Multimxis Scenning. This form of the
model is termad "switched-gain" because it incorporates a quasi-random
finite dwell sampling or switching process between the pilotis foveal gain
and his effective parafoveal gain on each of the geveral displays involved.
Figure IT-5 {liuvstrates the model with a block diagram. The foveal peth is
closed {iuring the Toveal dwell interval, and the parafoveal path is closed
during the foveal interrupt interval. Each of these paths will, in general,
exhibit different gains, equalization and effective time deleys before the
peths are combined in the higher neural centers to send a signal to the

actuation describing function.

The conceptual block diagvam in Fig. IT-5 can be remarksbly simplified
by recalling (Ref. 16) that any quasi-random’y sampled and processed signal
can be modelled by 1) replacing the samplirg or switching process by a
continuous transmission path and 2) adding an uncorrelated wide band noise
process whese power spectral density is proportionesl to the varience of the
(aispleyed) sigral before sampling. Since the quasi-random samplirg process
has & finite foveal dwell interval, the wide band unoise process will exhibit
a low-pess wower spectrum with a first-order break frequency which is Inversely
proportioual to the average foveal dwell interval (Ref. 9). The power
gpectral density of this foveal-parafovesnl switched-gain sampling remnant is
descrived in Table II-2. Measurements of this switched-gain remnant in Ref. §
hgve shown that it so predominates over the other sources of remnant Zhat the
other sources cannot even be identified. This makes for great simplification

of the remnant in the equivaleni switched-gain model shown :n Fig. IT-A.

Represencation of the pilot's describing functien in the switched-gain
model can also be greatly simplified. The foveal gain exceeds the para~
foveal gain in all measurer -uts which have been made (Refs. 9, i and 17).
This is prchably becsuse of the large displacemen% and increased rate thres-
holds in parafoveal perception by comparison with foveal perception. The
switched-gain model is represented simply by multiplying the ratio {(u) of
parafoveal gain io foveal gain by the interrupt fraction (i = n) and sdding
the product to the dwell fraction (n) to obtain the effective dwell fraction,

viz.,
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= perceptusl describing function (Yy =

Norralized Power Spectral Density of Sampling Remnant,
org(1 — Te) units®

[y + (wmde/2)2] rad/sgz

q’nns (o)

Standard Deviation of Scenning Juterval op 2 0.5 Ty
Mean Scanning Interval Tﬁ ,y fec

Effective Dwell Interval ﬁae = “efe , sec

Effective Dwell Fraction 0, =1 + 8(1 - n)

wqpﬂncf = ratlio of crossover gains for continuous perafoveal
relative to continuoua foveal tracking (0 < Q< 1)

- foveal dwell fraction

incremental effective scanning time delsy, normally negligible,
except if Q ~0, 0.05 < At < 0.15 sec

display descvibing function

neea)
pilot's describing function

sontrolled element describing th.ction
Croasover ge.i

effective time delay

wow frequency phase approximation porameter

Slwplifi: 1 Pondvalent "Switched-Guin" Multiexis Scanning
and Tr« -king Model for Coapensatory Tesks

)



TABLE II-2
SAMPLING REMNANT POWER SPECTFAL DERSITY

0 =f@(w)dm
3

Definition of sampling remnant power spectral density:

]

(w) = To(1-Te)(1-8)0° ('unitse)
nn} ARG J red/sec
a1+ (——-"i)

2

is mean sampling interval
fle 18 effective dwell fract:on The/Tg

Ta, 48 effective dwell interval

‘where o 1s mean-squared signal to be sampled
Ti‘s

8 is normalized lower bound on the domain of Tg: To/Tg
(1-6) is approximately O [Ty, the sempling variability ratio
8

On 18 standard deviation in Ts

Assure sampling variability ratio (oTs/'Ts) < 0.5 for skilled pilots.
Effective dvell fraction is related to foveal dwell fraction, Ngs if para-
foverl perception is possible during interrupt fraction, i-'ﬁ'f 5 by the

expression ©
- - - c
Te = Mg + (1-7p) a;p' = Ne + (1 = g0
£
where ‘”cp is crosaover frequéncy with continuwous parafoveal
attention and
me is cressover frequency with continuouvs foveal attention
Q = u)c /wa
We P
Typically, ;f- < %- for K/s controlled elenent wi*h seperated displays
by

(Refer to Ref.18 for complete theory of sampling remnsnt applied to
crosgover model of human operator tracking.)
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e = N+ a(1=n)

vhere Q1 = wbp/wa = ratic of crossover gains for continuous parafoveal

tracking relative to continuous foveal tracking. (o <0< 1)

The effective crossover gain for the equivalent awitched-gain medel in
Fig. I1-6 is Nelcp, Where Ugp is the foveal crossover gein in continuous
single~axig tracking of the same display and controlled element constrained
by the same task variables. The low frequency phase approximation parameter,
@, will, in generel, account for differences between foveal and parafoveal
equalization. There are no apparent phase penelties ascsocieted with switched-
gain scanning as long as parafoveal perception is not completely inhibited.
Inhibition cen occur either by requiring a multitude of different widely
separated Tixetions with a time constraint or by inducing "tunnel vision"
on one or two displays. Even so, measurements reported in Ref. 9, where
parafoveal perception was inhibited by blanking tne parafcoveally viewed
display, show only snell effective time delay increments (Aas) on the
order of 0.05 to 0.15 sec attributable to scenning as the parafoveal-to-

foveal gain ratio (Q) approacined zero.

The switched~-gain model has been quite successful in modeling behrgvior
cn a mein task in laboratory experiments with induced nastural scanning
between a primary tracking task and a secondary suberitical tracking task
(Ref. @), and on foveal and parafoveally viewed displays (Refs. 14 and 17).

c. A "Reconstruction-Hold' odel for Multiexis Scanning. Considar
next an alternate form of the model for the effects of perception in scan-
ning and sampling. The notion of intersample extrapolation or reconstriction
of the displayed signals and their rates of chonge from primarily foveally-
derived samples (still with possibie help from parafoveel visisn) is emphesized

in this model., Scanning and sempling remsins & quesi-random finite-dwell
process with the additional hypothesis Lhat somevhere in the mental proces-
sing of perceived signals during the foveal interrupt fraction there is an
intersample extrspolation process acting on retained foveal samples. The

extrapolation process serves to attenuate the scinning remnant at the expense

of a small incremental time de’ay.
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One unique festure of the "reconstruction-hold" model is that it can
account for much larger effective time delays thar can the “switched-gain"
iwdel. These deleys, still compatible with scanning behavior, erise in
connection with extrapolatic of samples of displayed error. The "recon-
struction-hold" model incorporas*es first-order extrapolation based on
veighted digplayed error rate which may largely offset the effective
incremental time delay accompanying & zero-order-hold. The effective
incremental gcanning time delay for the zero-order-hold is equal to
(i%—ih)/e, or one~half the average foveal interrupt interval on the
particular display of concern. In counirast, the effective incremental
scanning time delay for the first-order extrapolation process with a
partisl rate-weighting coefficient, R, (0 <R < 1) is equal to
(1 — R){Tg — T3)/2, vhich can be msde very smell as R ==~ 1. Since R
cannot be measured directly, there iz only inferential evidence that the
pilot mey increase his foveal dwell interval above 0.4 sec in some direct
P~ ~ortion vo the desired partiasl rate-weighting coefficient for recon-

struction between fovesl fixations (Refs. 1 and 9).

Another unique feature of the "reconstruction-hold" model for multiloop
scanning is that it can explain a greatly reduced sampling remnant level
below the one appropriate for the "switched-gain" model. This fact is
portrayed graphically for a single sinusoidal component in Fig. II-7
(from Kef. 9). This shows the relative remnant contributions by the
shaded differences betwcen the original and reconstructed sinusoids. In
the case of purely finite dwell sampling shown in pert ¢ of Fig. II-T,
there is no intersample reccustruction, no incremental scanning time delsy,
and the remnant is the largest sg we would expect. The gain 1s low as is
evidenced by the small amplitude of the describing function approximation
ginusoid. With the zero-order-hold (psrt dL remnant, is reduced, en in.re-
mental time delay, ATy, is Incurred; and gain is increased. Remnent ic
further reduced and gzain is further increaseéd by a first-order-hold, and
the incremental time delay is reduced (part e¢). The remnant here ic called
vrocessing noise. The obgserved half-puwer frequency of the normalized
procegsing noise referred to tha operator's input will be inversely propor-

tional to the ratio of rate-to-displacement gain in the lirst-order
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extrepolator. The rate-to-displacement gsin ratio is the human operator's
lead equalization time constant, TL' The power gpectral density of

processing noise can be represented as shown in Teble II-3,

Table II-3

PRCCESSING NOISE POWER SPECTRAL DENSITY

0

@ = [ o(w) dw

©

Definition of processing remnant power spectral density for single-~axis
compensatory tracking:

( opg(1-ne) (og 4 ch) (units)?

0 w = -

e n (1 + T%??) red/sez

where Orp is the square roct of the operator's sampling

interval variance. It is about 0.1 sec

Ne 1s the human operator's effective dwell fraction
on the order of 0.1 or 0.2 in single-loop tracking
tesks

are the variances of the (displayed error) dis-
and placement and its first derivative to which the
gg humsn operator is responding

T 1s the lead equalization time constant in sec

& Au-wi .:" he

R ’

Y
NS b S vt

S ae G
L

s
1




A limiting form of the "reconstruction-hold" model for multiloop
scanning is shown in Fig. II-8 for the case without a parafoveal input.
In Fig. II-8, the quasi-random finite-dwell foveal sampling process is
replaced by its continuous equivalent plus additive sampling and/or
processing noise whose power spectrel density scales with displayed error
varlance. A simplified equivelent modified crossover model is shown in
the accompanying Fig. II-9. 1In both figures an additional “residusl”
remnant is also shown, Thac sempling-arnd-reconstruction describing func-
tion (Yh) precedes the pilot's equelization-and-actuation describing
function (Yp) in Fig. 1I-9, Yh consists merely of an attentuation factor,

Kp and an effective incremental sampling-and-reconstruction time delay Atg:

e-jd)Aas

v\\Sa.mplinguzamd--
Reconstrucsion Signal Attenuation Reconstruction Delay
Displayed Signal

The values of Ky and ATy depend on the average scanning intervsl, 5;, the
foveal dwell fraction, %, the rate-weighting couefficient, R, and the type
of intersample reconstruction weighting function.

The "reconstruction-hold" model was used in early 1967 to make the pre-
dictions (shown in Fig. II-3) of scanning behavior for a precision instrument
approach in & jet transport (Ref. 1). Although some evidence for this model
is offered in Refs. 15 and 35, this model remains to be more fully validaved,

This concludes the discussion of the two limiting forms of a multiaxis
scanning model for the trecking «ontrol-display tasks.

C. DISFILAY LEFINITIONS

In sddition to the background in the mathemstical models which has been
pregsented in the previous subgections, it is necessary for an understanding
of the subsequent sections for us to offer some new definitions. Thus, we
vish to define the elements of a display, the display content, and the display
format.
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The elements of a display (not all of which are necessarily presented)

comprise:

Ferl ol )

ATNCATE
A DAl

LR
T TR S
LA g b T el
L 3 AL

S

6 forcing functions or commend-input signals, i

% controlled element state variablez or output
motion signals, m

5,
e Bl

® error signals, e = (i — m)

@ references or background |

The display content represents the gpecific elements which are present
and which are either required for guildance and control of & task or are

required for monitoring task performance.

The display format is the symbolic code by which each member of the content
can be identified. It can be characterized by describing the display in '
such terms as separate or integrated, symboli: or pictorial, quickened or
"deadensd", as a flight director and so forth. It can also be characterized
by describing the nuwber, size, type, color, contrast & 4 separation of the

symbols.
It was with the primary intent of investigating the most prominent
' effects of display format in integrated displays that the experihents

described in the next two SBections were performed.
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! SECTION IIT
THE STNGELE-AXTS EXPERTMENT

A. PURPOSE OF THE SINGLE-AXTS EXPERIMENT

The purpose of this set of "pilot experiments" wis to establish
baseline describiﬁg functions and levels of remnant snd intern . atten-
tional. workload under foveal and parafovesl viewing conditinng for
each of four different practical tracking display formats appearing
individuelly in & single-display single-axis cockpil. scenario. A plan

of the experimental design is presented in Table III-1.
i

Four display formats were used in the first set of vertical speed
tracking experipeuts. yThe four formets were 1) a thin moving luminous
line with a fixed scale on a cathode-ray tube (CRT), 2) continuous
moving vertical bar with a fixed scale on the CRT, 3) quantized verticslly
moving tar with fixed scale on the CRT, 4) moving pointer, rotary disl
flight instrument. In presernting results here, we shall abbreviate ref-
erence to each format as Line (L), Bar (B), Quantized (Q), and Dial (D),
rcepectlvely. The four formats are illustrated in Fig. IiI-1. The
display formats were selected from the survey in Ref. U4 to include stereo-
types from past, present and proposed examples of instiruments and integrated
dispiays.

The iufluence qf display quantization was inrestigated with the RMS
error comparasble to the displayed quantum. The influence of parafovesal
viewirvg anglé was investigated with all four formats. Two parafoveal
viewing angles, 10 and 20 deg, were employed during the training sessions
with the two pilot subjects. Eye-point-of-regard messurements were taken
to ingure that the subjeéts maintalinad parafoveal viewing angles of 10 deg
and 20 deg. These two angles were representat . ve of conditicons under which
a pllot might view an integrated display formst.

The controlled element, K/s(s - 2) was selected for the extensive
investigations of format because its baseline attentlonael workload is
reacongbly high; heace, either wncresses or decireassegghould be mesaurable

wvithout ~xtrewe overlosding or urderloading v the experiments, ond
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TABLE III-}

EXPERTMENTAL DESIGN FOR SINGLE-AXTS DISPLAY FbRMNI EXPERTMENTS

Yiewing Angle
Parafoveal
Independent Variables 0° Foveal 10° 20°
S CRT Line J { {
LINE (Standard)
" " Vertical ‘J ‘J ) 14
3AR Bar
" " Rotary J J J
DIAL Dial-Pointer
, . Quantized
" QUANT (14<Bars)
with displayed quantum on J J 4
the order of RM3 displayed
error. .

In Each Tested Cell!

2 Repli-ations
2 Pilot Subjects

TRACKING TASK SCENARIO - vide Fig. ITI-2(p. 15)

MEASUREMENTS :

Pilot Describing Functlons (e.g., gain, effective time

delay, equal.ization)

Serial Segment Rermant Power Spectra

Error Coherence and Signal/Noige Ratio in Error

Error and Error Rate Variance

Mean Error

SPECIAL MEASUREMENT APPARATUS:

Describing Function Analyzer (STI/NASA Mark II)
Eye-Point-of-Regard Instrumentation (STI/NASA Mark I)

TR 183-2
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because it induces pilot lead qualization at 2 red/sec, which 1is well
within the spectrum of remnant power measurement.

Since the first set of experiments was Planned and executed jointly
with an experimental investigation for the U. S. Air Force Aerogpace
Medicel Resesarch Leboratory (AMRL) of the effect of single display format
on the character of single-axis tracking remnant, the reader interested
in the full details of the experimental design may refer to Ref. 19. We

shall summarize here only those results which have a bearing upon a theory
for integrated display format.

B. SCERARIO

A single-axis tracking task was both necessary and desirable in order
to keep the experiment simple and economical, but we wanted to create an
aircraft plloting scenario having more face validity than the usual
laboratory tracking task in an arm chair. To achieve some degree of
validity, we employed actual experienced pilots as subjects in a fixed-
base aircraft cockpit with a center stick for pitch-axis tracking.

C. SIMULATION

The epparatus included:

1. A modified fighter ailrcraft cockpit, with center stick
and instrument panel.

2. An analog computer to provide the controlled element

dyramics, display signal processing, and some perform-
ance measurement capability.

3. A Describing Function Analyzer that provided the input
disturbance to the simulation while simultaneously pro=

cessing data from which dynamic response and remnant
measurements were obtained.

4, The Eye-Point-Of-Regard measurement apparatus.
These are described in more detail below.

1. Cockpit
The STI fixed-bagse fighter cockpit facility was used. It included
the atandard seat and center stick and a special-purpose instrument panel,

described later. The stick had negligible friction and viscouws damping,
and a force gradient of approximately 15 Newtons/em (8.6 1b/in.). The
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instrument panel was approximately 57 cm (23 in.) from the pilot's eye,

g0 that 1 cm of display travel on the panel equallcd 1 deg of visual arc.
The stick grip center position was 17 cm aft of the instrument panel plane
and 25 cm below the pilot's horizoancal line of sight.

2. Displays and Viewing Conditions

Two basic djsplay devices were used: (a) a low persistence 5 in.
CRT, and (b) a rotary dial meter. The CRT was used to present the three
vertical movement display formats shown in Fig. III-1. These included:

a. A thin horizontal LINE, 10 cm in length &« O.1 cm thick.
There were no dynamic lags in this displa. .

b. A VERTICAL BAR format 0.5 cm in width extending from
the bottom edge of the CRT as shown in Fig. III-ib. The
height of the bar relative to the CRT reference line
represented the tracking error.

c. A QUANTIZED format consisting of a luminous horizontal
bar 1.5 cm long and 0.25 cm thick that moved in 0.25 cm
vertical steps. Fourteen segments (seven above and below
null) were availsble but were seldom used. The quantiza-
tion logic for this display was mechanized using comparators
with millisecond switching times.

To eliminate subjective brightness of the various formats as a con-
founding experimental varliable, each pilot was asked to adjust the CRT
brightness control such that a particular CRT format gave the same "apparent
brightness" as the adjacent rotary dial's mechanical pcinter.

The CRT display/stick relationship was such that moving the stick
forward caused the CRT mark to move up. This relationship is consistent
with aircraft gunnery tracking and with conventional artifical horizon
instruments ("inside out" view).

The rotary DIAL meter shown in Fig. III-1d was an aircraft instrument
quality voltmeter (galvanometric movement drive). The pointer was 3 cm
in length and 0.25 cm thick. The basic response of the meter was second-
order with a natural frequency of 1 Hz and a damping ratio of 0.35. This
regsponse was too sluggish for the purposes of this experiment, so the
meter was compensated to provide a flat response over the input bandwidth.
For small angles, the meter sensitivity was scaled to give arc length

TR 183~2 43
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deflections at the needle point equal to vertical deflections on the CRT
for corresponding error signals.

3. Controlled Element Dynamics and Input

The controlled element dynamics, K/s(~ + 2) were sclected as being
intermediate in leed equalization required of the pilot (TL = 0.5 to 1.0 gec).
The dynamics were mechanized on an EAI 231R computer.

The input was a sum of five randomly phased sine waves with amplitudes
inversely proportional to frequency. To produce roughly equal RMS displayed
signals, the input RMS amplitude was set at 0.75 cm. This resulted in RMS
errors on the order of 0.3-0.5 cm. The input frequencies were approximately
equally spaced logarithmically and span the frequency range important for
human operator dynamic response measurements (i.e., 0.5-10 rad/sec). The
sine waves were genersted by the Describing Function Analyzer. The input
spectral shaping and frequency spread was designed to give display
motions subjectively equivalent to gust disturbances in an airplane, to
allow accurate measurement of pilot dynamic response and remnant behavior,
and to avold excessively high displayed signal peaks during adverse display
viewing conditions.

L. The Describing Function Analyzer

An electromechanical Fourier analyzer, STI/NASA Mk II Describing
Function Analyzer (DFA), was used to obtain dynamic response measurements.
A thorough description of the measurement technique and functional mech-
anization is given in Ref. 20. Basically, the analyzer generates a sum-of-
sinusoids input which is provided to the tracking loop as shown in Fig. III-2,
and computes the Fourier transform of the system error signal at each of the

input sine wave frequencies, referred to each component sinusoid.

5. Eye~Point-of-Regard (EPR)

The EPR equipment consisted of three units: 1) spectacle frame-mounted
transducers and associated electronica for measuring eye angle with resgpect

to the ihead; 2) a goniometer gripped in the mouth for measuring head angles
with respect to the display panel; 3) a special purpose analog computer for
combining the head and eye angles to give voltage signals proportional to

™ 10832 bl
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the eye-point-of-regard on the display panel. This system is more fully

described in Ref. 21,

D, MSASUREMERTS

The feshion irn which the performence meesures end describing function

parazeters were obtteined is iliustreted in Fig. III-2. The des~ribirg
functicn anelyzer generates a sum of sine weves which is the ipput to the
tracking locp. Fror the loop tracking error signel, it :omputes the
Pourier coefficients at each frequency present in the input. The corres-
vording irput-referenced Fourier transform of the input is known g priori,
go that the error-to-input transform retio or dascribing function,

E( jo)/I( o), can be computed. Given this describing function, it is =
simple matter to compute the open-loop and closed-loop descriping functions

using the vector reletionships:

gg J,’gg) - [ﬁ(g_%] - 1 (open-loop D)

Q« 3 a =

2 MR DT U B
MR R n

< ! N g

% M%Jm! + - B\ Jju

3 = 1 - closed-~loop DF
o I( jw) I{ jw ( p DF)
&%

el
R

Since the controlled element, Yc(jw), is knowr (and calibreted), the pilot

PR
NN

describing function cen be computed as well:

Yo( o) = %‘%ﬁ-} Y gw)

% A time shared compater system (Tymshare) was used to reduce the analyzer

3 % data. In addition to des~ribing function and performance measure calcula-

"
4

e 41

8.4

l'\lilﬂ‘

K tions, the program also included .nterpolaticn and curve fitting routines
to interpolate (between adjacent frequency poiants) the extended crossover

modzl properties s *h as open-loop gain and phase crosgover frequencies

B

(weqs Wy,), Phase margin (®rm,), and equivelent operator time delay (Ten)
See Ref. 19, Appendix B, for the mathematical details. The other important
parameter, ithe parafoveal to foveal gain ratio, Q, was computed from the

describing functioa parameters as descerived egbove in Section IT.

O EL N T
<
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In addition to E( jo) the DFA computes th. integral squared value of

':;i‘)o N
%ﬁy;’ system ecror and ihe mean valve of errcr. Trese data were used to calculate
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the varience of error, o% = e¢ — (e)°, Most relevant to tracking iestis
is tbe normaiized tracking erxzor, og/af. Brror rate varience was also

zeasured. The NFA further yielded data giving the input-coherent error
warience, Ue%: and this permitted computetion of the important remnant

error power, ﬂc% =

2

e

- “e%' A final measure of overall error performance

was the error coherence, p%, vhich is the ratic of input-conerent error

variance to totel error variance.

nere are:

Error coherence:

Relative remnant power Iraction in error:

Signal/noise ratio in error signal:

E. BUBJECTS

9% = °e§/°%

The various relationships of interest

f
{

Two piiots weie selacted to participate in this study. Both pilots

had extengive flight experience.

A resume »f tleir experience is given in

Table III-2.
TABLE III=-?
PIIOT BACKGROURD
Pilot 1 (RH) © Pilot 2 {DH) (]
Aeronautical Airline transport pilot Military transport pilct
Ratings Flight instructor
Total F.ight 3150 2130
Hours
Hours By Student, 150 Student, 260
Duty ®irat Pilot, 1000 Copilot, 570
Instructor, 2000 First Pilot, 1260
Instractor, 90
Hours By 2650 Single Engine; 550 High Perf. Jet;
Aircraft 500 Mulii-Bngine (A1l 920 Piston Engine Trans -
| Light Alrcraft) port, /i Misc.
Ingtrumen: 200 275
Hours L
S st Ao - -
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F. IgPORTANT RESULTS OF THE SINGLE-AXIS EXPERIMENTS WITH DIFFERENT DISPLAY
FORMATS

The principal reduced experimental results are summarized concisely in
Figg. TIII-3, % and 5. Each graph presents foveal regults on the left side
and parafoveal results in the center and on the right side. Euch figure
includus results for the Line, Bar, Dial and Quant(ized) format in that order
from left to right. The results for each pilot's tracking run are coded
symbolically in the legend on each figure. Replications are tagged. The
20 deg parafoveal results are training data.

In Fig. ITI-3 both pilot-subjects in these single-axis experiments
exhibited an incremental effective time delay with the Quantized format
on the order of 1,10 sec more than that delay (about 1/4 gec) with the other
formats under foveal viewing conditions. Since quantization alone will not
produce the increase in delay, whereas internal reconstruction or extra-
polation and smoothing among quanta to derive rates of change can produce
the cbgerved increase in delay, the effect would seem to be perceptual.
Thig result is relevant for raster-gscanned displays.

Smaller average increages in effective time delay on the order of 1/20
gec regulted for the Line, odr and Dial formats between foveal and para-
foveal viewing. This small time delay increment is consistent with values
obgerved while tracking with the Line format in previous experiments. It
may be "explained" by association with the differential differcnce extra-
polation model for higher frequency lead generation (Ref. 22). One pilot
subJjcct exhibited a further increment in time delay of between 0.'5 and
0.20 pec under 20° parafoveal viewing conditions.

The results under parafoveal viewing conditions are particularly
relevont to a theory of integrated display format. Thoae formats which
induce marked changes in behavioral properties, cocherence, or errcr scores
“between foveal and parafoveal viewing conditions would meom to be inferior

candidntes for an integrated display application with reapect o those
formats which induce few and/or lesser changes.

Thrae ningle-axis bageline results offer no clear distinction in measures
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of behavior, coherence, or error scores between foveal and perafoveal track-
ing with the Lire and Dial formats. With both Line and Dial formets,
however, measures of behavior, coherence and exror scores deteriorated
relutively more at 20 deg than at a 10 deg parafoveal’viewiﬁg angle. For
example, a display designer might be impelled to increase the field of view
of an integrated displey format to improve the pilot'sd basis for monitoring
the situation. Alterratively, tne designer might want {0 increase the |
displayed field of view to reduce foveal clutter among symbols in a dense
format, if the content must be preserved and the field of view scaling does
nct otherwise have to be in the ratio 1:1 with the real world. However, the
results of the single-axis experiment imply that incressing the field of |
view of an integrated display format greater then about 10 deg will produce
diminishing returns through the relatively greater deteriorationlof para-
foveal tracking ability.

The only format for which the single-axis baseline results offer éonsiétent
evidence of infevior suitability is the Bar. This is exemplified bty a rather
large reduction in average parafoveal gain at 10 deg in Fig. III-4 and by
consistent increases in relative and absolute remnant power and totai errof
variance. The results for relative remnant and error coherence are shown
in Fig. II1-5. The Bar format was found to be unusable for tracking at a
20 deg parafoveal viewing angle. It should be emphasized that these prélimin-
ary results suggest inferiority of the Bar format under parafoveal viewing

conditions only in a closed-loop tracking context.

Quelitative analysis of these single-axis experiments and several pagt
experiments shows that many of the perafoveal viewing effects (e.g., relatively
greater higher frequency gain, relatively less low frequency phase lag,
increased normalized injected remnant power, etc. could be "evrl.ined" by an
increase in the displacement perception threshold relative to the rate
perception threshold under parafoveel viewing conditions. A model of this

effect, however, remains to be velidated.
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' SECTION IV

AN EXPLORATORY MULATAXIS INTEGRATED
DISPLAY EXPERIMERT

!
1 !

j
A. PURPOSE 'OF THE WULTIAXIS EXPERIMENTS WITH DIFFERENT DIYSPLAY FORMATS

'As indicateé in Appendix A, the arrangement of iﬂformation displayed to
a pilot cen have majgr effgctu on the pilot-vehicle system performance (in
, terms of dynamic response and injected noise} and on pilot workload, in
' terms 'of the pilot's excess available cépacity for handling other tagks such

)

; as emergency situations as well as the psychologicsl stréess level assoclated
?‘% ! with the task. %The preliminary:experiment AIscussed here is an attempt to
;§ ; develdp and test a variety of quantitative techniques for messuring the
f;g j ' above effects in conjunction with integrated display formats. In addition,
%% ! we hoped to aquant!fy some of the characteristics of display integration to
?g' . guide future displuy research, development and design. We wished to quantify
E;% a definition for an "integrated"' display in terms of measurable (and pre-

e;; dictseble) properties of format and content, which sre rélated to the pilot's

workloed in a reslistic cockpit ecensrio, Teble IV-1 outlines the experimental
design. The plen and procedure for the multiaxis experiment will be presented

7
o 4 .
L KXy e

55
2 B Pt
© e e e oy < e

o next. This is followed by & dizcussgion of the results which were obteined.
sl B, ucwmro
EE- 3

#% In thig experiment, we attemptcd “o set up as simple a sumulaetion ms pos«
fﬁ sible and yet achleve an operational reievance that wounld be metiveting to

w%

pilots and which would provide results that could be extrapolated to more
complex simulations and operational situations. A helicopter formation

i
AR

%m‘ i flying task ﬁas chosen that required both cyclic and collective control.

52‘ ‘ Tﬁe pilof's primary task wes to contrcl the longitudinal displacement errors

é % § of his ship from & commonded positi~n behind a meouevering lead eircraft.

F;£< g It was in this task that the different displey formets described below were
A evaluated.

7

V"- f The laterai cyclic and collective control tagsks were somevwhat abatract

Q%; i in that they were uncoupled from each other and the primary task (so as to sim-
%gi ! plify the measurement of desciibing functions). The vehicle response to

Efg control ioputs, however, waa Judged to be realisti.., The latersl task wos

)

3
2
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R

%% to maintain a level roll attitude with slightly unsteble rcll response, and
4

-g the collective task wags to maintain e command eltituce, again with slightly
(0.

% divergent dynamics.

¢ The lateral ard collective control tasks were used to represeat the

i@ comb:ined workload a pilot might encounter in an operational situation when
) ,

g? combined with the longitudinal task. Trz lateral cyclic and collective

; control tasks might be viewed in the terms of experimental psychology as

o

classical subsidiary or secondary tasks. See Knowles (Ref. 23). Then the
worklcad demsnd is a direct function of the level of instability of the dynamics

s G

4 (Ref. 24) This technique hss been used very successfully in the past (Refs. 9, 25).
;% It is relevant tc vehicle control simulations which malnly involve coutlnuous
“5; control tasks.

%3 C. SIMULATION

;% The simulation consisted of s cockpit witl display penel and ccntrol to-
gg gether with an analog computer which was used to mechanize the control task
fg dynamics. Additional measurement equipment included a Describing Function

3 Analyzer (FA) which was used for dynamic response measurements, and an

%ﬁ Eye-Point-of-Regard (EPR) system for measuring the pilot's eye movements.

?ﬁ:

2 1. Control Tasks snd Dynemics

W

a. Primary Tesk. The pilot-subjects' primary task was to cormtiol longi-

e sayedr

tudinal position deviations of his alrcraft from a commanded position behind
a manvevering lead aircraft. A compensatory display was used so that the
pilot was aware only of his deviation from the commanded position. Th2 simu-
lated formetion was moving at an average forward speed of 60 knots, which

set the flight condition for the longitudinal control dynamics, but random
conmanded speed variations occurred in the control loop because of the pre-

sumed manuevering of the lead aircrafi.

S A pn, nnein o e mAa

A block diagram of the above described task is shown ia Fig. IV-1. The
Describing Function Anelyzer (DFA)# was used to y.nerste the commanded velocity (uc)

o e a e - e

*An Ele. tromechanical Fourier Analyzer developed for the NASA-Ames Researth
Center. The measurement theory upcen vhich this device is baged is given in
Ref. 0.
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input to the control loop, as well as to analyze the resulting veloclty error
(ue) 80 a3 to give measures of system stability and bandwidth.

The command velocity input was a sum of sinusoids as described in
Table IV~ 2. The ilaput appeared random to the pilot and allowed dynamic
response measurements to be made at each of the input frequencies which
spanned the range from 0.2 to 6.3 rad/sec.

The pilot was displayed information on pitch attitude and combinations
of pésition and velocity error (xe, “e) ag explained belbw in connection
with the description of the actual display formats which were employed in
the experiments.

The pilot controlled longitudinal vehicle motions by commanding pitch
attitude changes with fore-aft motions of & center-mounted cyclic stick.
The displacement and force gradients are described in Figure IV-2.
The longitudinal control dynamics were mechanized as a linear, two degree
of freedom set of motion equations given in Table IV-3%. Stability deriva-
tives which were used corresponded to the dynamics of the CH-53 single rotor
helicopter as analyzed in Ref. 2, The basic vehicle dynamics are unstable,
and a simulated automatic flight control system (AFCS) was provided to
stabilize vehicle attitude.

The AFCS was employed in two different modes so as to give the two sets
of dynemics shown in Fig. IV-3. In the first case, velocity feedback was
employed in addition to pitch attitude. In the frequency range belov ! rad/sec,
pitch attitude response was approximately the derivative of the stick input,
and longitudinal position response was approximately the integral of stick
inputs. These dynamics amount to the rate dynamics used in classical tracking
research {(Ref. 26). Appropriate pilot behavior in this case (as shown in
Ref. 10) is to maske control defections proportional to displayed position
errors (xe). Some iead equalization might be helpful for these dynamlcs in
the neighborhood of one rad/sec but no 1low frequency lead is required within
the practical closed-loop bandwidth of the system (less than 1 rad/sec).

The second AFCS mode included pitch rate along with pitch attitude feedback.
This is equivalent to the CH-53 operational configuration. This system gives
a pitch response comparable to a first order lag (low pass filter) with a break
frequency at sbout 2 rad/sec. It amounts to a "pitch command" system where
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pitch attitude is proportional to stick deflection. The resulting position
response to stick inputs is equivalent to acceleration dynamics used in
classical tracking research (Ref.26). They require the pilot to make stick
deflections proportional to the derivative or rate of change of the displayed
position error (xe).(Vide Ref. 10,) In this case it was very helpful to
provide displayed lead equalization such as with a flight director, or to
display velocity exror (u,) explicitly.

b. Secoudary Tasks. The pilot was required to maintain a level roll
attitude and a commanded altitude with the dynamics shown in Fig. IV- L as
secondary tasks. The roll dynamics included & roll time constant TR of 0.2
sec and a small spiral divergence or instability. The collective control
wvas used to maintain a commanded altitude through dynamics which included a
flight path response time constant of 1.4 sec and a slow divergence. Both
altitude error (from the commanded altitude) and rate of climb were displayed
to the pilot on vertical meter movements placed side by side.

Pilot induced noise or remnant was sufficient to excite the unstable
dynamics, so disturbance inputs were not required for the secondary tasks.
The level of instability was used to control the attentional demand or workload
on the pilot. As shown in Fig. IV =3 two levels of instability were selected
vhich respectively corresponded to low and high workload demands on the basis
of the pilot's subjective opinions. Previous research (Refg. 2% 27, and 28)
hes shown that high workload demands on the pilot teud to accentuate observeble
effects of differences in primary task variables. This was also found to be
the case in the present research and the phenomenon was used very effectively
in evaluating different display formats.

c. Cross adaptive Workload Task. A scheme employed by McDonnell (Ref.2%)
was used here to quantify the workload demands of various display formats.
This technique involved a variation of the above described tasks where the
pilot was only controlling the longitudinal axis and stabilizing roll attitude.
The variation was such that the divergence time constant of the rnll axis
dynamics was adaptively adjusted as a function of primary task performance.
The adaptive adjustment scheme is shown in Flg. IV -5.

The ﬁerformance measure was the absolute value of the sum of position and

velocity errors (xe, Ue). When this messure exceeds the error criterion, the
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r0ll task divergence decreases, and when the performance is below the criterion
value the divergence increases. The error criterion was adjusted to be
nominally 25$ above the performance achieved during & preceeding period of
steady state tracking. (The same DFA input was used in both cases.)

The amount by which the roll divergence parameter, k@, increases over
the steady state trial is directly related to the increased workload which
the pilot can tolerate on the side task for a 25% increaze in error on the
primary task. Presumably this increased workload will vary according to the
experimental condition in the main task, such as, for example, the display
format. Thus, the adapted k¢ will give a quantitative measure of the allow-
able exces:s workload a pilot can tolerate for a given display format. The
optimum displsy format is the one which yields the most excess capacity.

2. Displays

The configuration of the cockpit display panel is shown in Fig. IV -5.
The viewing distance to the panel was approximately 31 in. The CRT presented
an artificial horizon for pitch and roll attitude information as well as the
longitudinal display formats described below. The collective control (altitude
hold) task utilized the two vertical edge meters mounted to the left of the
CRT. The altimeter and alrspeed indicator were provided for status information,
but they did not provide useful control information because of their relatively
insensitive scaling.

The primary task display formats presented on the CRT are shown in Fig. V- 6.
The state format gave longitudinal position error only. Velocity error infor-
mation was added in the state + rate format so ass to aid in the rate or lead
- equilization required of the pilot in the primary task. As noted'in Fig. -6
the u, scaling was proportioned to the lead required. Finally, the flight direc-
tor configuration gave a stick command signal which the pilot could track with
stick deflections proportional to display deflections. The flight director
equation took into account the equalization ‘equired for the longitudinal

dynamics. Figure IV-6 gives the display gains which were used including
the various flight director equations tested.

D. MEASUREMENTS AND PROCEDURES

A variety of meusurements were performed both to investigate various
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DISPLAY SCALING

he = Altitude Error <
133 f1/in. J

h = Vertical Speed
667 t/min/in.

1.2 i—— v cI:aT d i
Collective | Airspeed
Tosk
; Indicator

E

Altimeter

State
(S)

xg * Longitudinal
Position Error

CATHODE RAY
DISPLAY

State + Rate

(S+R)

Artificial Horizon for
Pitch and Roll Attitude
Regulation Tasks

Pitch Attitude 5.7deg/in. .
Roll Attitude Ideg/geg

Flight Director
(FD)
ug * Longitudinal Velocity FD = Director Commond
Error .
CATHODE RAY DISPLAY FORMATS

t

'

Display Scaling Flight Director Equations
Velocity AFCS M = .25(xe + Tpue) f4/in.
Position | Velocity Pitch Rate D = ,125(xg + Tpue + 200) ft/in.
Error, X | Error, ue and Attitude D1 = ,025(xy + Tpue + 1008) ft/in.
Figure IV-6. Cockpit Display Panel Configuration,
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techniques for evaluating displays, as well as to .obtain comprehensive data

- on a range of display formats. The measurements are divided into performance
and descr}bing function meaaureé obtained during steady tracking tasks, eye-
point-of-regard obtained during.these same tasks, pilot opinion ratings
obtained at the end of fhe tracking runs, and excess workloed capaclty as
measured by the instability score obtained during the cross adaptive task.

1. Performance and Describing Function Measurements

During %he steady state tracking tasks the pilots were ingtructed to
| minimize 'longitudinal position deviations caused by the command velocity
| generated by thé DFA (Fig., IV -1). After a warm up period to ellow the pilot
w to reach steady staté, data were measured over a 100 second period. Mean and
‘ : mean-sqpared measures of a variety of variables associated with both the
primary and secondary tasks were obtained on the analog computer. These data
were then further reduced off line to give RMS values. The DFA computed
, Fourier coefficients and 'additional performs.ace measures during the measure-
ment perlod, and thege data were also furthe; reduced off line to yleld the
' pilots' describing fuuutions, remnant, and describing ‘function fitting para-
neters related to primary task ‘bandwidth. (These vere crossover frequency,

! ; 0., and stability in the gense of the phase margin, P )
|

2. _EyebPoint-of-Resafd (EER)

! | The display arrangement (Fig. IV -6) required scenning between the CRT
land the collective control task displays. It was desired to measure the
. amount‘of time spenf viewing each display and the rate of scanning between
\ ' displays as well as'to see if the different longitudinal display formats
‘ ' cauaed'différencés in thege statistics. It was also desired to see if the
' different display formats might cause scanning among the elements of the display
on the CRT. :

!

T?e EPR eqnipment.conais%ed of three units: ' 1) spectacle frame-mounted
. transducers and associated electronigs for measuring eye angle with respect
| .to the head; 2) a goniometer gripped in the mouth for measuring head angles
with'respect to'the displey panel; 3) a special purpose analog computer for
combining the head apd eye angles to give voltage signals proportional to
thg eye-point-of-regard on the display panel. 'This.system is more fully

[ I,
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described in Ref, 31, In the experiment described here we only measured
horizontal eye movements. This was because we were primarily interested in
scanning between *he collective side task displays and the CRT.

3. FPilot Opinion Ratings

At the end of each tracking run the pilot was asked to record his sub-
Jective opinion of various display qualities on the questionnaires given in
Table IV -4, The pilot recorded his opinion by meking & mark on the rignt

hand edge of the scele asguming it to be a continuum.

The scales were designed according to recent ideas on psychophysical scal-
ing of aircraft handling qualities. (Y;gg Appendix C and Ref. 25.) The scales
vere designed tc measure a broader range of effects than were tested in these
multiaxis experiments. The avproacl. here was to pertition display factors into
several dimensions, in order to obtain a more comprehensive measure of display

acceptability than might have been obtained from a single rating.
L, Cross Adaptive Excess Control Capacity Measurement

Tne cross adaptive task described above was performed on esch display
format after the steady tracking run. The roll divergence paramcter (k¢) was
started at 0.1 rad/sec end was held steady at the begimning of the run to
obtain a steady state meassure of performsn:e. 'The error criterion was then
reset 25% greater and the adeptive adjustment of k¢ cormenced. The adaptive
rate Xp (see Fig, IV-5) wa~ set to obtain a repid, steble adaptation. The
rur: vas allowed to continue either until the pilot lost control or until A

¢

settled out at a steble level. The x@ cccurring at losg of conirol or the
firal, stable level were then recorded as a measure of the pilot's excess

control cspacity for a given display format.
E. SUBJECTS

two expericnced Air Force test pillots, one with considersble helicopter
egpcriencs, were employed as subjects. Their background and flying experience
are sunmarized in Table IV,

TR 1dy-2
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Table IV-5. Pilot Background and Experience

Pilot Background Flight Time

and Age Total Instruments V/STOL
PB Experimental 5900 650 Looo
38 Yr. Helicopter Flight Test;

Opinion Rating of
Flying Qualities

FP Aerospace Research and 3600 300 100
22 Yr. Experimental Flight Test;
Opinior Rating of

Flying Qualities

F. TRAINING AND TEST AGENDAS

Both pilot subjects were given a preliminary orientation session in which
they were told the nackground and objectiven of the research and allowed to
familizcrize themecives with the simulator aad tasks. This was followed by a
“raining session during which preliminary data were collected. The formal
data collection then occurred during two further sessions. Tre first session
invoived working with the velocity AFCS longitudinal task dynsmics, and
included cross adaptive workload measurements. During the second test session,
the pitch rate feedback AFCS was employed, and the side task instabilities
were varied as indicated in Fig. IV-l4 to give both low anZ high workload con-
ditions for the EFR measurements. The run logs for the formal data sessions
are given in Tables IV -6 and IV-T7.

Each test session was conducted over an 8 hour period with the pilots
taking turns in the simulator at nominally 1 to 1 1/2 hour intervals. As
mentioned previously the test sessions were conducted on a shoot-look=shoot
basis and do not reflect formal experimental design pracilce. The order of
presentation, however, was randomized. The main emphasis was on obtaining
data that were valid from both the experimenters' and pilots' points of view,
and that would demonstrate the usefulness of the various measurement techniques
employed here for display evaluation.

G. ORGANIZATION OF THE RESULTS

In the previous subsection, we discussed four different classes of

TR 1832 T0



TARLE IV-6. RUN LOG FOR THE FIRST FORMAL EXPERIMENTAL STSSION
3 WITH THE VELOCITY AFCS CONTROLIED ELEMENT

Lead Time
Pilot M;;gpfj;k Constant, T,
y (sec)
a PB State -0-
% State + Rete Y]
2 Flight Director 1.5
.8 FP State + Rate 1.5
§ State -0-
5 Lunch
N
';éi l State + Rate 3.0
2% State “0-
o PB Flight Director 1.5
s State + Rate 1.5
3 2 Fit. Dir. (no State) 1.5
Flight Director 3.0
Flight Director 3.0
State + Rate 1.5
FP State -0«
R L Flt. Dir. (no state) 1.5
Lo Flight Director 1.5
) . : State + Rate 3.0
5, O . L
) o i
o:)i
4
o, 1
Sy, - ‘(
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TABIE IV-7. RU§ LOG 70R TRE SECOND FORMAL ZXPERINEF TAL
SELSION WITH THE FITCE AFCS CCHIROLLED ELZNGHT

) Main Task "Lead Tinme EFR Side
P1lot Displa Songtant, Ty, Measurement Task
pray (sec) as 81 Worklosd
State wQa
State D ]
B State + Rate 3.0 No
Stete + Rate 1.0
FP Flt. Dir., FD* 1.0
FB F.t. Dir., FT 1.0 Low
imnch
PB Flt. Dir., FD 3.0
Akl Flt. Dir., Fme 5.0
L § -
,.'_1 ‘ I"P F.Ltc ?ifs, Fm 3.0
Y i w8ee Qs
SR State + Rate 3,0
A A
Wit State + Rate 3.0
et B State By
X Flto Diro, FD1 300
gl Yes
3‘;»"?% F? Flto Diroy FD] 390
e Flt. Dir., FDi 3.0
X FB Stete -0-
; ;%3 State 4 Rate 3.0
U State + Rate 3.0 High
£ dﬁ"qi;??’; e State «Q-
}\' :v“% Flt- Diro, FT)] 3.0 v
@’\“;} Flto Dlro, FD] 1.0
Fegad PB Fit. Lir., FDI 1.0 No
Yed .
L4 *Flight Director equations given in Figure IV-6.
l
‘s
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mcagurements which were made during the course of these pilot experiments

for a theory of integrated display format. These four classes of measurements
are repcated below with a list of the specific forms in which the results ot
each class of measurement will be discussed.

1. Performance and Describing Functioas

a. Tracking errors, coherence, relative
remnant, control and motion variablec

b. Describing Functions
2. Eye-Point-of-Regard (EPR)
3. Cross Adaptive Excess Control Capacity
4, Pilot Opinion Ratings

Recause of the extraordinary volume of results which has been obtained from
these experiments, we have chosen to call attention to specific observations
awbout each type of measurement in & terse illistrated review rather than to
attempt to present all the results in detail. Ffollowing each review, we
shall endeavor to relate key results to the pre-experiment analysis which
wag performed and to the theory of manual control displays.

Since we have also six display configurations and two controlled elements
to discuss, we have ebbreviated the notation for each in the following ways.
The primary display configurations are denoted by alphabetical letters and by
o number which represents the lead equalization time constant, Ty (sec), used
to scale the error rate display or the error rate signal in the flight director.
These primary display configuration codes are repeated below with their
definitions.

8 "State" without rate {(no longitudinal error rate symbol)

& + R "gtate-and~Rate" (longitudinal error rats symbol added to S)
with Tp specified in aec.

FD "Flight Director" with Ty specified in sec for Yo = K/s and

including pitch attitude feedback scaled at Ko/Ke, = =20 ft
for Yc n K/!e

' "Flight Director" with Ty spccified in sec and Ko/Ky, = =100 ft
for Y, = K/e®

FD? “Flight Director" with T; specified in sec and Kb/Kxe = =50 ft
for Y, = K/o2

n "Director" diaplay without longitudinal error symbol and with

Ty, specified in sec for Y, = K/s.

™ 183.2 T%
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The primary controlled element with a velocity AFCS is denoted by Y. = K/s.

Similarly, with & pitch AFCS, the primary controlled element is denoted by
I’/B .

H. TRACKING ERRORS, COHERENCE, CONTROL AND MOTION VARTABLES

This cluegs of measurements is often termed "performance", because it
degcribes the pilots' control activity and vehicle motions as well as the task
error. Three types of error measurements were obtained in these experiments
1) average errors and 2) mean-squered errors (variances) over each 100 sec
run length, and 3) error-to-input describing functions at each of the five
input frequencies. Both coherent and incoherent error spectra were computed
at the five input frequencies by our on-line serial segment technigue (Ref. 29).
These spectra revealed that the signal-to-remnant power ratio at each of the
measurement frequencles was on the order of 10:1, even though the average
~oherence might have been only about 0.5. This was because all of the input
power wag concentrated at the five frequencies.

The ratio of the incoherent error variance to the total error variance is
called the relative remnant over each 100 sec run length. Since the computed
remnant error spectra have offered no new insight for display evaluation based
on the frequency distribution of uncorrelated error power, we shall not 1llus-
trate the remnant error spectra here. Instead, we shall show some effects of
display configuration on the more compact average metric: relative remnant.

Figure IV-T shows the velocity error coherence, pﬁe, the relative remnant,
1 - pﬁe, and the variance ratio, o%e/o%i, as a function of display configura-
tion with ¥, = K/s. The variance ratio is normalized with respect to the
leader's (input) variance, cﬁi. The recults for each run by each subject are
presented at the left when averaged over the entire 100 sec run duration.
Selected runs are presented at the right when averaged over the 100 sec run
duration in four serial segments of 25 sec each. Differences between the
coherence and variance averaged in these two ways for the same run by each
subject are indicative of non-stationarity in pllot tracking behavior. There
are evidences of slight differences in this regard in Fig. IV-7, primarily
with the flight director display.

Both subjects' velucity error coherence was less in using the flight

TR 183.2 T4
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Pilots: OPB, [JFP ; Replications Tagged ; Y. = K/s ; (710527)

1.0 8 @' o 1.0 + -0
Error - g oy
0.8 , 08~ 0.2 Relative
Cohe{ence o 8 © Pug R Remnant
06 0.6 - - F04 (-2
Pug 0 0 0] o} (1-pue)
04 na{ B U 06
s 0O
0.2 o 0.2- O tos
o 1 Ef 1 1 | ¥ 1 O T T T |.O
S S+RS+R FD FD D S S+R FC
T isec)=15 3 3 15 T (sec) = 1.5 1.5
1.0 1O -
Normalized
Error 08+ o2 081
Varionce - 38
o
o, os1{l & o i 061 -
p O O o) 5
uj 044 o 0) 04 - O
0.2 1 0.2 4
' ! v ! LI | 0 T T T Y
S S+tRS+R FD FD D S S+R FD
Tdsec)=15 3 3 15 Tsec)= 1.5 1.5
Display Contfiguration Display Configuration
Averaged over the entire Selected runs averaged
100 sec run duration over the 100 sec run in

serlal segments of 25 sec

Figure IV-T. Velocity Error Performance
with Velocity AFCS
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director with Y, = K/s, and both subjects achieved lower velocity error
variance with the flight director (Fig. IV-7), because both adopted higher
galn eyualization with the flight director.

Subject FP's velocity error coherence was always less than subject PB's ¢
coherence with Y, = K/s (Fig. IV-T), because of FP's higher gain equalization

technique. (Recall that subject FP had the muchsmaller amount of helicopter
time.)

Figure IV-8 shows the corresponding velocity ccherence and variance ratio
with the controlled element Y, = K/32= At least for the three runs analyzed
in serial segments, there is strong evidence for non-stationarity in FP's
coherence with the S and 8 + R formats. PB's coherence tended to increase
glightly on the statc-and-rate format and on the better director format
(TL = 3 gec) with ¥, = K/sz. His coherence dropped markedly on the off-
design director format (Ty = 1 sec) with Yo = K/s2 and on the off-design
director formet (Ty = 3 sec) with Y, = K/s.

I e A R e

For corresponding display configurations, the normalized velocity error
variance is alvays greater with Y. = K/s2 (Fig. IV-8) than with Y, = K/s
(Fig. IV-7). Furthermore, both subjects amplified the leader's velocity
variance with the S format and Y. = K/s2 (Fig. IV-2).

There 18 no ccnsistent evidence of the influence of low and high side

task workload on subject PB's velocity error coherence and variance with
Y, = K/s2 (Fig., IV-8).

Likewise, there 1s no consistent evidence of the influence of low and high
side task workload on subject FP's velocity error variance with Y. = K/sg
(Fig. IV-8). With the exception, however, of the preferred flight director
(TL.n 3 pec) configuration, FP's velocity error coherence was about 0.2 point

lower in replications of the primary task with the higher secondary task
workload.

Subject FF's tracking error variance and coherence (or relative remnant)

are more sencitlve to display configuration with controlled element Y. = K/a2
(Fig. IV-8) than with Y, = K/s (Fig. IV-T). |

Relative remnant, although sensitive to display content with Y, = K/52
(Fig. IV-8) where lead equalization is required, is more sensitive to change
in the pilots' gain equalization technique than to display format (Figs. IV-T7, 8).
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Pilots: ©OPB , LJFP ; Replications Tagged ; Y, = K/s2 ; (710528)
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\

The lowest tracking error varisnce and the lowest relative remnant with

Y. = K/s2 were achicved with a properly equalized flight director ﬁaving
= 3 gec (Fig. IV-8). This value of Ty agreed closely with the predicted
best value, T = 3.3 sec. !

The lowest tracking error variance with Y, = K/s was achieved with a
flight director display by both subJectsthig..IV—7); however, the lewest
relative remnant with Y, = K/s was achieved without a flight director by
subject PB, because his describing function shows that he chose to adopt a
lover gain equelization technique with S and S + R. (Fig. IV-12). |

The mean errors and root-mean-square errors from trimmed values ‘of cther
motion variables and control displacements,shown for selected runs in Figs.
IV-9 and 10,are more sensitive to piloting technique than to display config-

uration. The FD, however, does help to achieve the lowest RMS longitudinal
displacenment error.

The secondary task errors shown for selected runs in Fig.'IV-11 are not
sensitive to primary display configuration with'either controlled element.

Since most of the trends in the meesures of perforﬁance presented here can
be "explained" by the trends in the subjJects' adopted describing function gains,

we shall defer the discussion of perfoimance until the describing functions
themselves have been presented. :

I. DESCRIBING FUNCTIONS

The amplitude and phase angle of both open-and closed-loop describing '’
functions were computed from the measurements by the Fourier anslyzer (DFA)

at each of the five input frequeucies. The extended crossover model (Ref. 10)

provided a good representation of the open-loop describing functions (¥b!§)
in the neighborhood of the unit-gain crogsover freqnency W+ This parameter
determines the effective closed-loop tracking vandwidth. Therefore, we, have
ugsed an automatic computer-interpolation progrem to select abproprlate values
of the effective time delay, e’ and the low frequency lead lag phase co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>