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PREFACE

This note provides information concerning the. effects of
delays of visual feedback on human control performance during
simulations of flight, and its purpose is to present 3ota tJ-iot
may be useful for the development of specifications for
simulators using visual systems. Hopefully such specifica-
tions will be able to relate the amount of time delay that
pilots can tolerate to the sorts of aircraft usually siji~ulai ’-dor f lying tasks performed.

We have tried to make the note serve two purpc sc . .
it reviews the literature of the control of both si~ ”lt ’ s’~~.’~.sF and flight simulators incorporating display delays , ~~~ s~ ccr ~i ,
it describes t~~ approaches for contending with time r~e ~~~~~ ~~~

simulation systems. A number of the more relevant paners h.. “e
been annotated in an appendix , and a glossary r :  man .’ C~ ‘.~~~~

terms of this area has been included.

Several people associated with the Naval Training Equipment
Center have proofread this note , and we thank them. They are :
Stanley Collyer, William Harris, Melvin Montemerlo, Don Norman,
Vincent Sharkey, and Richard Webster.
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SECTION I

BACKGROUND AND LITERATURE REVIEW

Interest in the temporal accuracy of human performance
extends to the beginnings of experimental psychology . Reaction
time experiments, for instance , can be traced back to 1795 when
it was discovered that astronomers could be characterized by
individual differences of their observation times of stellar
passages (Boring, 1929) . Since that time , a great deal of
effor t  has been expended on defining the psychological and
physiological variables that determine a human being ’s response
timing, and tasks have been used that require either discrete or
continuous performance. Of current interest are the effects
created by the transmission—type delays inherent in those
research and training simulators that use computer generated
imagery ( C G I )  visual display systems. Generally speaking, those
delays of visual feedback produce decreased accuracy of contro l
and reduced fidelity for the simulation (Chalk and Wasserman ,
1976) . As a result , there have been several attempts to improve
those devices for flying situations where precise control is
essential .

CONTROL SYSTEM TIME DELAYS

Lags between control inpu t and system output are an integral
part of mechanical devices , and simulations of such systems
will include these sorts of delays . In addition , however ,
simulators often introduce delays of their own that act to
reduce fidelity. These delays come from sources such as the
sampling rates of digital controllers, the inertia of compon-
ents of visual and motion systems , and the processing time
required by CGI system display processors.

Communication systems often involve delays where the output
of the system is a faithful representation of its input , only
it appears after a fixed amount of time . This form of delay
is referred to as a dead—tim e , or transmission, or t ransport
delay, and the response of a system incorporating suc h a time
delay is shown in Figure la. Here we can see that a step input
is reproduced as a step outpu t (after the delay) ; its form is
not affected , and only the phase of its components would be
changed. Transport delays, even when extremely small (e . c .

C. 0.06 second) , tend to degrade human control performance
when compensatory displays are used , and their presence can
usually be detected by the controller (Beil and Warrick , 1949).
The phase shift  intrQduced by a transport delay is linear with
frequency, small for low-frequency components and large for
high—frequency ones , and this limit s the frequency with which
an irregular track can be followed. A problem is created
when the delay becomes long enough that the phase of compon-
ents that the pilot is trying to control approaches — 180° , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .—-=~~ —--.=. .——-— —
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Figure 1. Responses of first- and second—orde r systems to a
unit step input. A indicates the measured delay or
time constant. For the first—order system ,’~ 1/2,
1, and 2 seconds. The second—order system ? = 1/2
second and responses for clamping ratios of 0.3, 0.7,
1.0, and 2.0 are depicted .
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so that control inputs aimed at correctinc a displa”ed error
will only add to it. Thus, the only way an operator can
compensate for the presence of such a delay is by knowing
where the track will be a corresponding time ahead and then
by respond ing accordingly. To an extent , this is p~-ss ih1ewith pursuit displays or predictable forcing functions
(Poulton , 1969)

First— and second—order systems display exponential and
sigmoid responses respectively to step inputs , and the delays
that they produc e are frecruencv—dependent.  In this sense , suc h
systems act as low—pass filters by not affecting 1o~—f~ e~ uen:v
inputs and by attenuating high-frequency ones. For a first-
order system , the measure of the time delay it produces is its
time constant (r) — the time taken by the system to reach about
63 percent (l—l/e) of its final value. ~~can he related to the
filtering action of the system as, in the frequency dor~ain , input
frequencies above 1/’,’ Hz are attenuated at a rate asym ptoting
to —6 dB per octave, and this attenuation rate is accompanied by
a phase lag that approaches —90°. In Figure lb , we have pre-
sented responses of first—order systems with ~~set to 1/2 , 1,
and 2 seconds to show the effect of varying the system ’s time
constant.

when another integration is added to a fir st—order system
to produce a second—order system , the first—order attenuation
rate and phase lag are doubled , but the exact resoonse nf the
second—order system depend s on two parameters , i~ t irr e constant
and damping ratio . A damping ratio is the prese~~ ctem damp-
ing over a “critical” value that does not allow the ~c~~~~~se to
overshoot , and in Figure lc , we sho~’ the effect ~~
values of this ratio. Here we have set ? =  l~~2 second , arH
responses for dampincT ratios between 0.3 ari d 2.0 are shown .
Damping ratios less than 1.0 allow the svster tr att~a~ n i~~:f ina l  valve quickly,  but they also allow the resr~ rse to
overshoot that value. The form of the response for such ~~~ rD~~n~~ S

is a damped oscillation that ~ina1ly settles at the value of the
input. Critical damping provides a system that approaches its
input value as fast as possible with no overshoot , and values  of
damping greater than 1.0 produce system responses that become
orogressively more sic’~1.

The phase lags produced by first— and second—order systerrs
can either improve or degrade uerformance , deoendir,c iu~~n t.~~oi  r
interact ions with other aspects of the s i m u l a t i o n  system dynam-
ics. For example , Rockway (l~~5 4 )  showed that when the system q a ir .
is opt imal ly  set , a f ir s t — o ’.der  l a g  placed be fore  the machine
outpu t wi l l  degrade cont ro l  per formance , but tha t  when the gain
is set too hig h (cau sin g cont inua l  overshoot ing)  , the lao w i l l
reduce the ampl i tude  of  the  system output and thu s serve to
improve the system ’s co n t r ol l ab i l i ty .  The bene~ ic~al ef f e c t of
a f i r s t —  or second—order lao u s u a l l y  is a r e su lt  of the accorr -
n r l n v i n q  a t t e n u a t i o n  of the SV S t C r ’ S re suonr ~e ove r t .h ~t~~c~~ral 
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region of the lag . When a system is optimally (or real is t ical ly)
set and the trade-off of response attenuation vs. phase lag is
less favorable , an added time delay between system input and
output would only make the system more difficult to control.

• LIMITATIONS OF MANUAL CONTROL

Considerable data exist on the temporal accuracy of human
performance, and these data have been obtained with the tech-
niques of both experimental psychology and control engineering.
The time to respond to a signal - the simple reaction time - has
been defined in a variety of contexts, and quasi—linear engi-
neering models have developed analogous measures for the cases
of continuous dynamic control. Both types of data have been
used to estimate the frequency limits of human control .

Although there is wide moment-to-moment variation , the
average time to respond is about 250 milliseconds if a choice
is required and , if no choice is involved , about 150 milli-
seconds. Ongoing behavior can be envisioned as a series
of responses to discrete stimuli , and in test situations where
signals have been quickly repeated , the reaction time can go as
high as 500 milliseconds. Birmingham and Taylor (1961, p. 73)
have effectiveicr presented the use of such measurements for
the estimation of the human bandpass:

“If the evidence on human response intermittency
is accepted , it is possible to infer the highest
input frequency which the man can successfully
follow. Practical experience indicates that at
least four samples per cycle are required to
reproduce the waveform of the input with reason-
able fidelity. If this is taken as a minimal
figure, it follows that the human , responding
on an average of twice per second , will 4be able
~o follow with some success, frequencies no
h~gher than 0.5 cycle per second . Of course,
the lower the input frequency, the more samples
per cycle will be obtained , with the result
that the fidelity of reproduction will increase
as the input frequencies drop.

Translating cycles per second into radians per
second , our inferences lead to the specification
of the human bandpass as the region between zero
and three radians per second.”

Usual ly ,  human control performance is a bit more flexible
than such an analysis suggests. Even when random forcing
functions are tracked , enough information is available for
short—term prediction so that significant control energy can
extend to above 1 ~~~~~ 2 Hz.

8
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Pew (1974) has suogested that whether ~;ne describes control
behavior usinq differential equations or reaction t i oe  extrap-
olations is more a matter of ccnvenience than anythir .c else , so
that whether human controi behavinr is basically int.ernitter.t or
not need not necessarily concern us here.

The main advantage of th~. ~ontro1 systems On~~ineer1ne
approach to describira human control performance is the con-
pat ab i l i ty  of i ts measures to the needs of equi~ rceot designers.
Frost (1972) and Young (1073) provide introductions to these
techniques arid to McRuer ’n crossover model (NcRuer , Grah~ rr ,
Krendel , and Reisener , 1915; t~cRuer and Jex , 1967 ; a~ d !~cR.:crand Krendel , 197 4 )  , one o~ uhe more widely used models of pi lot-
ing control because it provides a n’.miber of measu res cf the
pilot ’s characteristics and of pilot—plus—system performance.
This model , developed to provide a frequency—domain des~ r i ot ion
of pilot behavior , regards the pilot as composed of a r.~T.h2~ of
simple elements : a gain , an indi f ference  thre shold , a transport
delay , a sourc e of no ise , and lead/lag terms that can be adjust-
ed for the task at hand . More simply , he can be regarded as an
amplifier (gain) with the lead/lag and transport delay elements
combined into an effective time delay.

Measurements of pilots ’ gain show it can vary over a 20 dB
range, and estimates of their transport delay usually approach a
minimum of about 200 millisaconds. It is this delay along with
the lead/lag adjustments a pilot can make that will determine
how well he will control a aiven system. The model’s use fu lness
lies in the success with which it can rel ate measures of sys tem
performance such as crossover frequency and phase ri~rgin to
changes of task variables. Generally , pilots try to fo rce the
system to crossover somewhere between three to five radians per
second with a phase margir. of 25° to 45°~ The se values  arc
affected cost strongly by the dynamics of the syster. being con-
trolled and the bandwidth of the forc ing function used , hut
they are typical for the control of high perfor~ anco aircraft.

It should be noted that this is an engine .~ nin ci ‘~y ~el an d
does not take into account the difficult—to-cr~cn~~~fv hur.ar
factors common in flying simulations. The informati~~ process-

• ing requ irements of various side tasks , ~iffercnces of ~~~iOt
personality and per forma nce style, and the requirements of
different flying tasks — al~ will determinr’ hov much time the

• pilot can devote to controllir,c his aircraft .m.3 , th ou~ h him ,
will affec t measures of system performance , pa r~~i cu l a r ’y its
phase margin. Some recent wori~ has recorded piiotir .c control
measu res during tasks with different attent ierial rec:uire-
merits (Wichins , 1976 and Gopher and W ickins , l~ 7~~) , and the
results showed pilots modified t.heir control activity in re-
sponse to these different requirements. The work is irnortait
here since a transport dela~ inserted in to a s~ ruilation can also
require information nrocessine on the pilot ’s part by making it

9
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necessary for him to project aircraft position ahead of that
which is displayed.

CONTROL OF SYSTEMS WITH DELAYS

A number of studies have measured the e f fec t  that time de-
lays have on tracking performance . Initially these were Air
Force-sponsored laboratory studies designed to obtain informa-
tion for aircraft control requirements . Later the National
Aeronautics and Space Administration (NASA) sponsored work where
the transmission delays involved in the remote control of lunar
vehicles were simulated , and recently the processing delays of
computer generated visual displays for flight simulators have
been studied .

Much of the early work used rather elementary tracking tasks.
Usually a pointer had to be centered by manipulating a control
stick or knob. A forcing function was applied to the pointer,
most often this was a sinusoid or the sum of two or three
sinusoids, and performance was scored as the time within a
tolerance. Warrick (1949) first placed a transport delay be-
tween the output of a system and its display, and he was soon
followed by several reports of the effects of display lags
(Levine , 1953a , b; Senders and Levine , 1953; Rockway, 1954;

Warrick, 1955; Conklin, 1957; Garvey, Sweeney, and Birmingham,
1958; and Levine, Senders, Morgan , and Doxtater , 1964). All of
these studies have shown delays to be harmful to skilled per-
formance. Levine (l953a, b) and Senders and Levine (1953)
placed a first-order lag before their subjects ’ display and
showed that as the time constant of the lag increased , accuracy
of control decreased , but it was Rockway (1954) who showed that
the filtering aspects of a lag could have beneficial effects
depending upon other parameters of the control system . The rest
of these papers are fairly similar to the Warrick (1949) and
Levine (l953a, b) reports, and this literature has been nicely
suinmarized by Muckler and Obermayer (1964). One exception is
Garvey, Sweeney, and Birmingham (1958) who placed first-order
filters before either the input to their system or the subject’s
display. While the displayed signal was the same in either
case , they showed that the effect of such manipulations on the
scored tracking error depend s upon where the filter was placed.
As the subject can be regarded as injecting noise into the con-
trol system , if a filter is placed after this process (before
the display) , scored error is much larger than if the subject
produced noise is removed .

A stud y of the long transmission delays encountered during
the remote control of spacecraft is that of Leslie (1966) where
transport delays as long as 10 seconds were investigated . His
results, predictable from pilot modeling theory, argued that
a delay limits the allowable bandwidth of the forcing function
or , given a constant bandwidth for the disturbance , forces the
operator to lower his crossover frequency. Gain crossover

10
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regression has been observed before , but Leslie c~:t~~ .ied
observations to very long delays where even this ~~~~~~~~~ ic ~ j . :_
integrates into a move—and-;r..it strat:qy.

These tracking studt~~s became relevant to ~~ d
flight simulato r visual systems when it became cTh’ ious ~~~~u t

calculation time of the display processor intrc ’
~.~:e ~.i ~ •

t ransport delays into flight simu l ations. O’C :r~~r , flh~ rn ,
and Bunker (1973) reported :.ha~ pilot induced r~~~i- ..xLs oscil a-
tions appeared during some flying tasks when a CCI 

~~
‘:‘

~~~~ 
er

was added to Device 2F90, and Healy and Cooper ( l~~7~~) an~
Harris (1975) have attempted to measure and red~ °o t:. ~~~~~~
of that delay which is ~n exce ss of ~0C1 mil1isecond~~. ~~~~~~
and Terry (1975) mentioned that the Advanced Simuldt~ r for
Pilot Tra in in g (ASPT) at  W i ll i~ims Air Force Rase .~~~~1a\’ed
s imi lar  problems , especially for such pilotino ta3k~~, •a~formation f l y in c , where accurate control of the dev .oe ~~
necessary. in. their report, Larson and Terry descr :~.ec tho T.~~PP
CGI system delay as between 126 to 193 millisecond s, depending
upon when aircraft position information was made available to
the display processor. We might note that the ASPT visual dis-
plays are a prototype system and that their delay wi~~ be reduc ed
somewhat by newer and faster aircraft dynamics proces’~°rs. How-
ever that CCI system delays are a continuing problem for simula-
tions of responsive aircraft is indicated in the Paval 1\ir Test
Center (197 6) report on the S—3A trainer fitted with the VIThL
III visual system. The preliminary tests indicate tha t this
system mac also display controllability problems du r i n g  certain
maneuvers. Although disturbing, these results ur. net very
surprising qiven that automobile simulators hav~ d isel a v t ’ i
similar control problems when their displays have b~cn ~e1avt d
(Smith and Kaplan , 1970)

We know that control problems are encountered when there
a re display delays  in the range found in current  CCI s i-er ~~ .
and several s tudies have tried to see how de1a~’s w i l l  ‘rd er~ic t
with other aspects of a simulation or have measured p l ot . ocr-
t r O l  in p u t s  to obtain quan t i t a t i ve  data  for the development  of
compensations.  Weene r (1974) inserted , before a display , dynamics
with different natural frequencies to simulate the z—axis
translai~iona1 servo motor response of a modelboard visual.
system . Two aircraft with di.fferent short—period character-
i s t i cs  w e ’ :  s i m u l a t e d  so th~~t int.eractions be t wccc the simc—
l at .eJ ai r f r a m e , the clisturi~ tn ce ir nut , and the d i sp la y d~’nar,i cs
could he examined . Weener found that for his higher performance
simula ted ai r c ra f t ( h a v i n g a higher fr equ ency an d l e~:s damped
~,hcr t--een iod response~ , the  more the display dynamics  w ou l d
I im i • he nilot- ‘s performance. Increasinc t h e  d i ’~j ’Thy ’ s na tu ral
fr iency ~ie1 p~ .~~ , but for his more sensit i.ve a~~r f n ~~m & , ;~ t tino

h~ na t- : r l  ~re • : e p cv  to five ime s the airframe ’ , she r 4 —period
rcse( nse ~Y i l l  n~ oduced manw~ 1 ,-‘orJ- rd nerfnrm:~~c. w r~ e that.
hu no—d~~ep1av-d vnarnic s comparisor condition.

1.1
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Queijo and Riley ( 1975) have approached the problem of dis-
play delays by varying the handling qualities of simulated air-
cra f t  when transport delays were inserted before their pilots ’
te levision display. Seventeen combinations of short—period and
damping were used to vary the aircraft ’s longitudinal axis
hand l ing quali t ies and a mea sure of pilot workload was used to
assess performance. They found that as the handling qualities
were made poorer, the acceptable delay decreased and that even
rather small delays - on the order of 47 miliiseconds — could
af fec t  pilot performance for some aircraft  configurations.
Variables that increased the task complexity also decreased
the acceptable delay. Miller and Riley (1976, 1977) extended
this work by activating the NA SA Langley simulator ’s moti on base
and finding that providing these cues extended the range of
delays a pilot could tolerate when f lying a given aircraft
configuration.

These studies measured the success of the p ilot ’s control
performance at the output of the system , but a clear picture
of the differences of pilot input under delay and no—delay con-
ditions is presented by Cooper, Harris, and Sharkey (1975) who
measured pilot control inputs during the presence and absence
of a 100 milliseconds display delay. Amplitude spectra for
each control axis , as well as difference spectra of the d i f f e r —
ences (across frequency) of pilot inputs under the delayed and
non—delayed conditions, were presented . Such data are useful
as they show where in the frequency domain adjustments riust be
made in order to aid control in the presence of display delays.

12
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t
~3ECTION II

TI~.T~ FOR SPECIFICAT IONS

One approach to fcrming specifications for visual display
system delays would be to ci~ fine  a max imum to~~a1 tra’s~~o r t
delay that the entire simulator plus visual system should not
exceed . This would set a requirement that ecmipmei;t designers
can translate into cost. As th e hardware and sof w&:e of visual
systems undergoes development , we would expect these costs to
be reduced . A cecond approach would be to take the character-
istics of available equipment into account and to develop
computer software that will make the disnlays accedtabio . At
the present time, this has taken the form of dev~ 1oRix~

c pre-
dict ive algor i thms to predict fu tu re  a ir c r a f t  s tit c~ ar.d then
limiting the spectrum of the signals that infiL1€2 n~ c the di~ —
played translationa l and ro ta t iona l  parameters  of th ~ ~ irc :~~f t .

ALLOWABLE DELAYS

From pilot modeling theory (the McRuer  re f c r e n c es) ,  we
know that pilots will adjust their crossover frequency and phase
margin so that the system they are :ontrolling will remain
stable and so that a quantity like root—mean—square error will
be minimized . ~ io variables have been found tha t strongl y a f f e ct
pilots ’ control actions: the dynamics of the system they control
and the characterist ics of the forcing function . These findings
come from laboratory experiments, and McDonnell (1968) has aided
the generalization of these data by equating the conditions of
those experiments to the Cooper and Harper (J9E ~’) scale of air-
craft handling qualities. By ; :nowirc ~ the characteristics U t

the airframe and the p~1ot.. rating of ther:, coo car. ~~~:e an
educated guess about how the aircra~ t will be control~ ed and
how an added transport delay will affect performance in a
simulator . Some of the figures from the McDonnell report will
illustrate this extrapolation.

Figures 2 and 3 display the effects of vary ine ‘he ar~~Ii—
tude and eandwidth of a system ’s forc in g func t ion ~nr 1)0th a

rate control (K/s) and an acceleration control (K(s 2) s~’ster’.In Figure 2 , the Cooper—Harpe r rat ing is given for the tw sets
of dynamics for several amelitude s of the d i s tur b a n c e  i n i u t
Here the inpu t dis turba nce is scaled in erris o’ ‘he sr~~rdard
deviation ( ~~ i )  of the deflection of the OSCillO~ CC hear that
fo rmed the sub jec t ’s d isp lay .  Highe r numbers on th c  Cooper-
Harper scale indicate poorer h indlire miali tie~’

, , ir ir the
f igure  it can be seen that as the flying task is r~a~ e more
diff icult by (a) forcing the pu nt t o  contend w i t h  h ;~~h
amplitude turbulence, (h) :~avi~-~ hin control second—erder
rather than first—order dynamics, or (c) inserting h~~ft. frequency
components into the turhuleroc , his vco’c’ricai t~~~t i n c ~s c ’ the • ask
increase , refl oct ing his r~~n r - ,r performarv-e. rin’,

~ 3 ; rnvides
some ind ication why th 1:; occ~~rr  . 3cm Lit a ‘te r the m a i n  h • ~~ 
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report are included for comparison. Conditions that were rated
low (as the acceleration control ones were ) required more
integrations on the part of the pilot than the higher—rated ones
and this forced his effective time delay to be longer. More
e f fo r t  is required to maintain system stability under these
conditions, and one would expect that an added delay would only
increase the pilot ’s control problem .

2 —j —C —C ~~~~~~- a 
~~
= . 5cm rms

O Y  =K /s

o = K:/52

_

JDM

~~~

I

~~~~~~~~~~~~~~~

C

~~~~~~~~~~

0 1 2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Forc ing Functio,i Bandwidth (radians/se cond )

Figure 2. Effect of disturbance bandwidth and system dynamics on
pilot ratings (Data from McDonnell , 1968).
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b
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~~K/s from McR~er (5) ,o= 1/2” rms

H 0K
b
/s2

0.5 VK/s 2 from McRuer (5), a= 1/2” rms —

Note: The points at~~~= 0
are extra pola tions

0.2 _

0.1

0
0 1 2 3 4 5

Forcing Function Bandwidth (radians/second )

Figure 3. Var iat ion of effect ive time delay with forcinq
function bandwidth (Data from McDonnell , 1968).
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Along with parameters of disturbance input , the dynamics
of the system the pilot controls is a source of variables
that will affect piloting control behavior , mostly the pilot ’s
effect ive time delay. In Figure 4 are presented measurements
of the pilot ’s time delay taken as a subject “ flew ” a variet y
of systems that forced him to adopt different delays. Cooper-
Harper ratings of the different configurations were taken, and
the figure displays the relation of these ratings to the pilot ’s
effective delay. Those configuration s that were easy to fly
( that allowed him to approach his minimum delay of about 200
milliseconds) were rated high, and were the ones least affected
by change s of turbulence. For a set disturbance input , the
relation of a pilot ’s delay to his rating is quite linear , allow-
ing one to use rating data to estimate pilots’ effective time
delays. The dotted functions in the figure show the effect of
increasing the forcing function bandwidth, and should a set of
these da ta become available, the flying conditions of a simu-
lation could be used to estimate the time delay the pilot would
adopt.

When the same sort of measurements are made for the pilot-
plus-system, as are presented in Figure 5 , we can see that the
ratings are almost linear with phase margin . Most of the
system dynamics listed in Figure 4 were used in order to gener-
ate the different phase margins , and the results clearly show
that the more phase margin that the pilot can produce , the
better he will like the task. Notice that for the rate control
(K/s) condition of Figure 4, the pilot was able to produce his
shortest effective time delay, and it was for this condition
that he was able to produce the largest system phase margin in
Figure 5, and that this situation is reversed for acceleration

control (K/s 2). This function , as the one in Figure 4,
presumably could be related to the characteristics of the
turbulence to allow one to relate parameters of a simulation
to pilot pre ferences and control performance .

As a step in that direction , and to indicate the control
options open to pilots, we have translated different phase
margins into milliseconds for components within the pilot cross-
over region , and these data are shown in Figure 6. The abcissa
gives the phase margin between the pilot ’s control and system
instabil i ty for various crossover frequencies so that  when a
transport delay equals this phase margin , the pilct—plus—systern
will be unstable. The pilot will then have to generate a
larger phase margin or regress to a lower crossover frequency .

• For instance, suppose that a high performance aircraft
was being simulated under conditions that forced the turbu-
lence to be relatively wide-band , and the pilot controlled

• the simulator such that the system crossed over at six radians
per second . Now if a 150 mi l l i second  tota l t ransport  d e l a y
were incorporated into the device , it would be u n l i k e l y  that

16
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Figure 4. Variation of pilot rating with effective time delay
(Da ta from McDonnel l, 1968).
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Phase Margin (deg.)
Figure 5. Variation of Cooper rating with phase margin (Data

from McDonnell , 1968).

the pilot could adjust his lead to produce a phase margin  in
excess of 45°, so he would have to crossover at a lower fre-
quency. If he chose four radians per second, he would have
to produce better than 330 phase margin in order to remain
stable.

The problem with using these data is that it is difficult
to predict where the pi].ot will cause a system to crossover.
On tasks where subjects control simple systems with constant
bandwidth disturbances, the crossover point can probably be
related to parameters of the simulation. Presently, for the
complications of actual flying with its ancillary tasks, pilot
behavior can only be approximated.

Along with the problem of predicting the pilots control
activity, more of the difficulty of specifying a maximum allow-
able delay for flight simulator CGI systems can be seen in
Figure 7. From Queijo and Miller ’s (1975) data , we have extracted
an iso—error curve for variations of the airframe ’s short-
period response over the range of frequencies found in modern

18
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_ _
_ /300

3 rad/sec

_ / 7
200 4 rad/sec

7
~~~~0~~~

, ,
.,. 6 rad/sec

_  _  -~~~

20 25 30 35 40 45

Phase Margin (deg.)
Figure 6. Translation of phase margin into milliseconds forseveral crossover frequencies.

aircraft (Tepe r, 1969, and Heff ley  and Jewell, 1 9 7 2) .  The
function depicts the total transport delay required to produce
a 10 percent increase of tracking error for short—period fre-
quencies of 1.5 to 5.5 radians per second . Here we have tried
to select data representative of simulations of demanding air-
craft in that configurations were chosen so that L~ = 2.0 arid
the short-period damping was ~ 1.0. The nuniber of observations
per combination of short-period and damping ratio varied and
was not large, so the relation might well be regarded as tenta-
tive. When averaging over damping ratios could be done, it was
and the solid line represents these results. Open circles iridi-
cate the individual data with the damping ratio along side.

19 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-- 

I
NAVTRAEQUIPCEN TN-56

200

0.3

150 

0.3 

7l  
~~

!~ 
l00 __7t~~~ 

~~4 
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AIRCRAFT LONGITUDINAL-A XIS SHORT-PERIOD RESPONSE

Figure 7. Relation of transport delay and airframe short-neriod
response for a 10 percent increase of tracking error.
Numbers indicate short—period damping ratio. Data
extracted from Queijo and Miller (1975).

Two trends related to the current problem are evident.
First, the iso—error curve represents the tolerable delay for
a constant performance criterion, arid this curve appears to
have a maximum at about four radians per second. For low-f re-
quency short—period responses, the aircraft is sluggish and
the tolerable delay is ~nall; for high—frequency responses(above four radians per second), the aircraft is too sensitive
to allow long delays. Apparently about four radians per second
is an opt imal short—period roll—off point for control in the
presence of a delay. Since the choice of a 10 percent increase-
of—error  criterion was arbitrary, it is the form of this
function that is important, not the absolute amounts of time
delay allowable. Second , for those short—period frequencies
where several data points were available (representing
different amounts of damping) , there is a reversal of their
order as the four radians per second point is passed. Below
that point , s imulat ions  involving more responsive , less damped

20
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longitudinal axis responses can tolerate longer delays than can
the more damped conditions. This trend seems to reverse above
four radians per second , as there the added responsiveness of
a small short-period damping ratio only adds to the pilot ’s
control problem and only shorter delays can be tolerated . Pre-
sumably if iso—error curves could be plotted over short—period
frequencies for different damping ratios , the curves for the
less damped conditions would have their maxima at lower fre-
quencies than the ones for the more heavily damped conditions.
These findings should be explored as it would allow aircraft
parameters to be related to total system delays for acceptable
levels of control error.

Clearly aircraft dynamics and piloting control are compli-
cated , and the specification of an allowable delay is dependent
upon parameters of the airframe being simulated as well as on
the pilot ’s skill. In the face of the paucity of data that would
allow us to trade—off system cost vs performance , some decision
must be made, and informal opinion , for instance, has it that
simulation system delays should not exceed phase lags of 30° to
450 at one Hertz (83 to 125 milliseconds). Evidence that the
maximal acceptable time delay is within this range can be found
in several of the reports annotated in Appendix A.

SIGNAL SPECTRUM LIMITS

A related approach is to compensate systems for the pre-
sence of display delays by changing the driving software to
take the delay ’s presence into account. Much like the idea of
a predictor display (Smith and Kennedy, 1976), the problem here
is to predict over the short time intervals involved in the
computer processing of visual scenes without adding significantly
to the total processing time. This approach first started as
attempts to adjust motion base drive signals for actuator lags ,
and Parrish, Dieudorine , Martin , and Copeland (1973) used a
simple linear projection of aircraft rotational axis values to
compensate their actuator. Ashworth and Parrish (197E) then
followed this development by designing a filter to compensate
for nonlinearities in the Langley simulator ’s washout of motion
cues.

Attempt s to compensate for CGI system de lays  s t a r t ed  w i t h
O’Conner, Shinn , and Bunker ’s (1973) description of softwa re
changes to reduce the roll—axis sensitivity of Device 2F90.
Various aileron—response—to—stick-deflect ion relations were
tried without much success , and f i n a l l y  a dead—band about the
centered position of the control stick was chosen as a temp-
orary adjustment . When the ASFT simulator became operational,
Larson and Terry (1975) described the use of Taylor ’s series to
predict aircraft position values either one half or one iter-
ation of the dynamics processor and CGT sy stem. Late r
the compensation scheme developed for the ASPT was a second-
order Adams integration using a variable integration interval

21
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(Gum and Albery, 1976). At first this was coupled to the Taylor
series extrapolation, bet the CGI system still displayed an
objectional lack of ~noothness, leading to the present use of
just the Adams integration technique.

At the Naval Training Equipment Center , Ricard , Norman ,
and Collyer (1976) have reduced the noise inherent in prediction
schemes by adding a single—pole Butterworth filter after the
prediction sequence bet before the pilot ’s display. Their
experiments indicated that setting that filter ’s break point
just above one half Hertz (four to five radians per second)
was optimal for the reduction of tracking error. Hopefully,
this technique will allow for the compensation of transport
delays across different simulators, by preventing high—frequency
noise in the control system ’s feedback signal from reaching
the visual display . The technique has been extended by Cyru s
(1977) who integrated this filter and ASPT ’s Adams integration
into a general technique for compensating for CGI system delays ,
and this development is currently under test.

22
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SECTION III

SUMMARY

An ever-present danger for the design of a i r c ra f t  s i m u l a t o rs
is the tendency to focus on hardware requirements. ~1ost of c:en ,
human controllers dynamically interact with the machines they
control , and the timeliness of responses, on the part of both
the man and the machine , can affect the quality of that inter-
action.

A lack of appreciation of the importance of t ime delays can
produce simulators poorly suited for training. The need exists
to define more precisely the limits for time delays, especially
for flight simulators, as these limits can affect the design
of visual displays, of motion bases ( inc luding seat cushion
dynamics), or of any sensor display that requires dyn amic
interaction of crew members with the system . Limits for ti~e
delays not only have a significant impact on operator perform-
ance , but on requirements for computer size and iteration rate
as well. This paper presented data that should help equipment
designers , especially those working with visual displays, to
take into account likely performance of the human being who
will operate or be trained by a machine.

;~ 3
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APPENDIX A

Several of the more u se2ul  references of this note have been
annotated to give the reader the flavor of the work . Son~ of
them are grouped according to the s imulat ion f a c il i ty  or tyoe of
apparatus and procedures used in the s tudy ,  and occasionally
important observat ions are underlined .

Reference Cooper, Harris, and Sharkey (1975)

Delay 100 milliseconds

Task Subjects “flew ” carrier approaches with ~~~ without
a delay inserted before the visual scene . In the
first experiment , the number of trials needed to
complete three successive arrestnents w~s measured.In experiment 2 , pilot control inputs were rec -’ rded
and their spectra compared for the delay ~~d no-
delay cond i t ions.

Apparatus The Naval Training Equipment Center ’ s TRADEC F-4
flight simulator was used . It is ecuipped wi th a
four degre2-of-freedom motion base and is driven by
a Xerox Data System Sioma 7 computer . An Evans and
Southerland line drawing system cathode ray tube
formed the pilots’ 19° by 19° field—of--view display.

Comments No differences were seen in the mean number of
trials needed to reach criterion , but the pilo~~
exercised their skills differently under delayed
conditions. Their lateral axis control inputs
differed significantly for the delayed ~nd non-
delayed pre senta t ions .

References Larson and Terry ( 1q 7 5 )  , Gum :tnd A Horv (i17
and Cyrus (1~ 7~~).

Delay ASPT visual system delay ranqes fror 12 to 193
milliseconds.

Task A wide variety of tasks are f ly a H ~ in ~~~ ASPT ,
but the greatest control problcr~; r a t J to s-
play delays are seen durinq formation f l y i : q .

Apparatus The Advanced Simulator for Pilot T r a i n i n g  it

Wil lians APH . A General Electric r r~r~~~o~ ima o~
• generation sys~ en drives seven cathode ray tu ) c~

equipped with infinity optics for each of ~~~ T-37D
cockpits, ~inc ;x th sirwiators hi’~’e (~~~‘at s an~ s~ x
deqree~~ f—freedor~ ~vi~crqist ic uot jo: bases .
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Continents Attempts to compensate the delay significantly
improve the pilots’ ability to perform formation
flying in the simulator. Pilots preferred to have
the display delay minimized as much as possible,
and much of this work has been aimed at removing
the “jitter or flutter ” from the displays. The
greatest impact of the transport delay was on the
control of the aircraft ’s roll an9le. Currently
the ASPT displays are being smoothed by an Adams
integration technique followed by a first-order,
low—pass filter.

References Queijo and Riley (1975), Miller and Riley (1976),
and Miller and Riley (1977).

Delays Delays of 47 to 547 milliseconds in increments of
31 milliseconds were used .

Task Subjects pursued a target aircraft that was per-
forming sinusoidal oscillations of altitude , and
a side task was used to maintain a constant work-
load for the pilot.

Apparatus The NASA Langley Research Center Visual-Motion simu-
lator with a six degree—of—freedom motion base and
closed—circuit television display was employed . For
son~ studies, the motion base was inactive . Lateral
axis handling qualities were kept constant , and 17
combinations of short—period and damping were chosen
to vary the aircraft longitudinal axis handling
qualities.

Comments Either increasing the task complexity or degrading
the aircraft handling qualities reduced the accept-
able display delay. Adding relatively complete
motion cues extended the delay that could be toler-
ated for a given aircraft configuration. Usually
longer delays could be tolerated for configuration s
receiving better pilot ratings.

Reference Ricard , Norman , and Collyer (1976).

Delays Delays of 17.5 to 1400 milliseconds in imiltinles of
50 milliseconds were included .

Task Subjects controlled an a r t i f i c i a l  hor izon  d i sp lay
where t~~ sets of aircraft dynamics could be insert-ed. The task was straight-and—level flight in the
face of mild turbulence.

30
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Apparatus An oscilloscope configured to represent an artif i-
cial horizon formed a compensatory track~ ro display ,
and subjects entered their control inputs v:a a
two—axis, spring—centered , side—arm 03rtrol stick.
System controllability was assessed with trained
operators , and t ra in ing ef fec ts  were oe~ sured wi th
naive subjects.

Comments Almost no differences were seen bct’~~en delay ar~dno—delay conditions for the cont rol of a i r c r a f t
pitch angle , but roll—axis control became proqres-
sively worse as the display delay 1engr ~ er.ed . Good
control was harder for the higher—performance air-
craf t , and large and consistent individ’~a~ differ-
ences of performance were obtained . Roll errors
and control st~.ck deflections tended to increase
when the delay exceeded 100 mi11i~ eccrA s.

Reference Warrick (1949).

Delays Delays of 0 to 320 millisecond s were used.

Task Subjects maintained a fixed position for a pointer
by rotating a control knob.

Apparatus An indicator consisting of a DC recording oscillo-
graph wired to a Wheatstone bridge produced an
inked trace whose position the subject controlled .
The subjec t ’s control knob served as one arm of
the bridge and could be used to nu l l  vol tage
changes in the other arm. Disturbances of 6 and 3C
Hz were used , and display delays were introduced by
covering the pen and the paper immediate ly  drawn
upon. Scoring was accomplished by an electric clock
driven by a relay closed by zero voltaqe acro~ s thebridge.

Comments Lags as short as 40 milliseconds could affect per-
formance, although for a single 6 :~z sine wa’:e
input, little deterioration in control was fn~ndwith a delay of 80 milliseconds. Generall y, for
transport delay,~~ a lthear deterioration ef r~ nt r o 1
performance was found as delay increased.

References Levine (1053a ,b), Senders and levine (l953~~, Warrick(1955) , and Levine , Senders , Morgan , ani Pnxtater
(1964)

Delays Exponential 1:i~ s ~an ~~i n q  from 0 ~o 3000 m i l l i s ec o n d s
were ti~t d
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Tasks These studies used compensatory tracking tasks; most
often this meant centering a blip on an oscilloscope
face, but for one study , the indicator of a D—C
meter was the target. Usually the subject was pro-
vided a rotory control knob to control the cursor ’s
movement.

Apparatus The D—C meter indicator or oscilloscope blip was
driven by sine wave voltage changes produced by
rotating cams. Voltage from the subject’s control
was used to null the disturbance and keep the
pointer centered. Different control/display ratios
were used over these studies , and the usual n~ asure
of performance was the time that the indicator was
within a tolerance.

Comments The Levine papers report linear decreases of time
on target as the delay lengthened , but they fit
their data with two line segments. For delays less
than 150 milliseconds , the slope of the fitted seg-
ment was much greater than for the longer delays.
Warrick found a similar appearing relation and
expressed it as a negative exponential function.
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GLOSSARY

Here we have defined many of the technical terms used in this
note and in the literature of piloting control . Often we avoid-
ed the rigor of a technical definition in favor of r~ore informa l
information; hopefully this will increase the note ’s usefulness.

ACCELERATION CONTROL SYSTEM - Control system with dynamics such
that a displacement of the input produces a pro-
portional change of the acceleration of die syster,
output. In Laplace notation , such dynamics are
represented as a gain (K) and two integrations
(1/s . l/ s) or K/ s 2 .

ADAMS INTEGRATION — The integration scheme most widely used in
flight simulation . Only a function ’s value and
first derivative are needed , and the digital ~cco u_
tation of a new value is fast, recruiring oc.ly two
additions, one multiplication , and one riqht shift.

AID ING — A technique of feed-forward system compensation
where derivatives of the system output are added to
that output to force the system to be more respon-
sive.

ATTENUATION RATE — The rate at which a filter attenuates accord-
ing to frequency. If a test signal of frequency (f)
is passed through a filter with a -6 dB/octave
attenuation rate, the signal amplitude at frequency
(2f) would be reduced by 6 dB relative to its
amplitude at (f).

BODE PLOT — A figure clepictino, across frequency, the apiplitude
ratios and phase relations of the output of a s ster’
relative to its input. A straight—line approximation
to the amplitude and ohase plots is often used to
determine the system ’s transfer function .

BREAK FREQUENCY - The frequency at which a filter changes its
rate of attenuation .

CONT ROL ORDER — The highest power of the Laplace operator ( s )
that appears in the denominator of a syster ’s
t r ans fe r  func t ion .

COMPENSATORY DISPLAY - A display with a movable indicator and
a reference point for that. indicator. The diff er-
ence between system output and inroit (erroi) forr~
the signal for the movable element , and the oi’orator
uses the display to null that signal.
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COMPUTER GENERATED IMAGERY SYSTEM - A sys t em for presenting
digitally greated visual scenes. Usually a three
dimensional model is reduced into its component
edges that form vectors in a defined soace. The
model is then transformed into a true perspective
picture for a given point of view. Movement can be
created by changing either the position of sets of
vectors or the point of view. Both require recom-
putation of the true perspective image .

CROSSOVER FREQUENC Y — The frequency at which the open-loop ampli-
tude ratio is unity, i.e., at which the system ’s
output crosse s over from greater—than to less-than
unity gain.

CRO SSOVER REGION - The spectral region of the crossover point.
For systems with aircraft dynamics, this is usually
the region between two and six radians per second .

DAMPING RATIO — For a second—order system, it is the ratio of
the present system damping to a “ cr i t ica l”  value .
Damping ratios from 1.0 to 0 provide systems that
are increasingly unstable , and values above 1.0
produce systems that are more and more sluggish .
Critical damping (damping ratio = 1.0) just allows
the system to respond to an input without over—
shooting its final value.

EFFECTIV E TIME DELAY - A measure of the delay associated with a
pilot’s contro l inputs . It is a measurement that
could be regarded as the sum of his t ransport  delay
and what lead/lag adjustments the pilot can make.

FILTER — A device that attenuates components of a time series
according to frequency.  The rate of at tenuation
changes at the break or natural frequency of the
filter, with attenuation increasing with frequency
above the break for low—pass filters and decreasing
for high—pass filters. These elements can be com-
bined to produce band—pass filters , with attenuation
increasing on both sides of a spectral band , or a
band—reject filter with attenuation increasing
within a band . The rate of attenuation increases
with the order of the filter , with perhaps the
commonest configuration — a Butterworth filter -
producing —6 dB/octave attenuation and a —~0° phase
lag for each inteqration the filter perforns.

FIRST—ORDER LAG - The phase lag created by passinq a signal
through a first—order filter. This is probably the
commonest sort of delay in electronic equipment
where the response to a step input is a sinpie
exponential curve .
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FORCING FUNCTION — An external disturbance app l ied to a system ,
usually requ ir ing action on the part of the oper-
ator. For simulations of flying, this could be a
random disturbance designed to mimic atmospheric
turbulence or an indication of the flight path
required of the aircraft.

FREQUENC Y — Cycles per unit of time of a periodic waveform ,
measured as radians per second or cycles per second
(Hz)

GAIN CROSSOVER REGRESSION - The controller ’s lowering of the
system crossover frequency (regressing to a lower
crossover p o i n t ) ,  usua l ly  seen as a technique for
maintaining system stability.

HANDLING QUALITIES RATIN GS - Ratings of the flying qualities o~
aircraft usually obtained from pilots. These
ratings are a function of several parameters of the
airframe , but can usually be interpreted as a
measure of how easy it is to fly a given aircraft.
Cooper—Harper ratings form a 10-point scale from a
rating of 1 for an excellent , undemanding aircraft ,
to a rating of 10 for an unflyable one.

INDIFFERENCE THRESHOLD - A threshold for control action below
which the displayed error is ignored . In pilot
model ing theory, it is used to indicate that small
components of displayed signal are often not
responded to.

L~ - The nondimensional value of CL,~ , the rate of
change of aircraft lift with angle of attack.

PHASE LAG/LEAD — For systems subjected to cyclic inputs, the
temporal relation of output to inpu t can be ex-
pressed as a phase angle. If the correspondinc
portion of the output waveform appears later than
the input , it is a ohase lag ; the reverse is a
phase lead .

PHASE MARGIN — The difference between the phase anqie of the
crossover frequency and —180°. For controllable
systems, the phase angle of the crossover frequency
f a l l s  short of ~1800 , and the magn itude of this
difference is a measure of the relative s t a b i l i t y
of the system . Most process control s”r ;t cr r~ ~~uldbe acceptable with a 3Q0 phase margin , but the
system would be easier to control with a larger
margin. A system with a (1° phase marqin , for
instance , would oscillate continuously.
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PILOT INDUCED OSCILLATIONS - Oscillation s often seen in the
airc ra ft  roll angle, but occasionally in the pitch
angle, that are produced by the pilot’s input lag’—
ging the state of the aircraft. These are seen in
simulators where there is a significant delay in
the presentation of visual information.

PHUGOID FREQUENCY — A long-period aircraft pitch angle oscilla-
tion on the order of one cycle per minute .

POWER OR AMPLITUDE SPECTRUM - The function relating power or
amplitude per unit frequency for the components of

time—varying signal. It gives the relative con-
centration of energy in the signal , and can be used
to estimate the order and break frequency of a
system through which the signal has been passed.

PREDICTIVE OR PREDICTOR DISPLAY - Such a display shows a future
state of a system given its present state and
inputs .  This is usually accomplished by havin g a
model of a system operating para l le l  to the real
system .

PURSU IT DISPLAY — A display with two movable element s, one driven
by the forc ing function and one driven by the system
output. The positions of the indicators give the
values for the input and output functions, and the
difference between them is the error. A slight
advantage is gained by using such a display as the
operator can observe the input waveform .

QUICKENING — A technique of feedback compensation for a control
system where the derivatives of the signal sent to
the system ’s (Thisplay are added to the displayed
signal. The machine’s dynamics are not changed ,
only the display ’s.

RATE CONTROL SYSTEM - Control system dynamics where a displace-
ment of the inpu t produces a proportional change o~the rate of change of the system output. The
Laplace representation of this would be a gain (F~
times an integration (1/s ) or K/s.

REACTION TIME — The time required to respond - often moasured to
the beginning of an overt response , but sometimes
includes the response execution time. Reaction
time measurements can represent the simple time to
react , to make a choice , or to perform a recognition.

SECOND—ORDER LAG — The phase lag created by passion a signal
through a second—order filter. Such a system
responds to a stei input with an S-shaped , sicTmo i d
response .
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SHORT-PERIOD - An aircraft pitch angle oscillation on the order
of one cycle per second .

STEP Th~PUT — A common signal waveform used to evaluate the
response characteristic s of systems. The waveform
consists of an instantaneous change of input ainmli—
tude created at a given time. Another signal used
for analytic purposes, for instance , is a sinusoid .

TAYLOR SERIES - An infinite series that can be fit to continuous
functions. If the value of a function f(t) is
known at (t) , Taylor ’s series can be used to cal-
culate the function ’s value at (t+h). Higher order
derivatives are used to weigh successive terms in
the series, so that usually the first three terms
(the value of f(t’ and the first two derivatives)
are used to approximate f(t+h).

TIM E CONSTANT — The time required after a step input for a first-
order system to reach 63 percent of its staady
state value. The reciprocal of the time constant
would be the break frequency for an equivalent
fil ter.

TRANSPORT, TRANSMISSION , OR DEAD-TIME DELA Y - A delay between
the input to a system and the appearance of its
output where the output waveform is delayed a fixed
time interval . This form of delay is created by
the time taken to transmit signals vast distances
or the processing t ime needed to create s ignals .

TRANSFER FUNCTION - The ratio of output to input for a system ,
general ly  expressed in terms of the complex Lap lace
operator (s)  . Term s in the numerator (s )  d i f f e ren -
tiate ( provide lead ) and denominator terms (1/s )
integrate ( provide lag ) . A free (s) acts as a pure
integration or differentiation , otherwise a term
acts as a filter. (
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ABBREVIATIONS PIND SYMBOLS

ASPT Advanced Simulator for Pilot Training

CGI Computer Generated Imagery

CL~ Dimensional valve of the lift curve slope

dB Dec ibel — a logarithmic scale of power ratios.

h Integration or sampl ing interval

Hz Hertz — the unit of cycles per second

KB 
Best gain (K) for a given set of system dynamics
(from McDonnell , 1968).

L~ Nond imensional valve for the lift curve slope

s Complex Laplace operator

t Time

Time constant

W~ Bandwidth of the system distur ..~ input

x,y,z A~:is system to locate aircraft in space, usuallywith reference to the earth.

Y Transfer function of the controlled element (system
C plus display) .
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