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Proface

This study is an attempt to determine human oporator rodels used
in predicting tho performance of humen trockers vhen overating control
systems with Gaussion noise plus step inputs, Performance neaswrements

= mmman trackers operating control systems cun be used o establish
the parameters of the describing fuaction r-del, Therefore, a major
voriion of this thesis decls with the collection and anelysis of data

from tracer controlled systexs with Geussian inputs, with stop inputs,

and with ccnbined sizp and Gaussian inmuts,
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A3STRACT

A study was nade of describdng Dunciion models of human trccizers
vnile operating control systems with Gaussian plus step inputs. The :
parzmeters in the describing fimetion model were adjusted usinz
existing parameter adjustment rules and experimental data, Fowr
performance measures were determined fram the experimental date to
assese their usefulness in adjusting the parameters of mmen pilot
deseribing function nodels,

The experiments were run using three subjects with varied levels

of flyinz experience, Zcch subject wes given the single task of
controlling a system with one of three different contrclled elemenis;
%, K/S, X/s%, Data were collected an each subject for each syste:
with & single step input, Gaussian input, and Gaussian plus step input,

. Comparisons of the output of the plloted systems and the nodel sysiems
were made, and suggestions for applications to the controlled elenent
dynazics were offered,
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ETSION OF FRsaM DESCRI-LNG
FURCTICH MODELS TO STEF PLUS
RANDO} APPEARIHG INPUTS
I, Introduction
Sack-round

In the past several years, interest has been generated in ncn-
nachine systems with particular emphasis on determining the rolc und
response of rion in the system, Methematiczl models, vwhich imttate
mmar behevior durinz a perticular task, have becn develomed, XMex
such as 3lkind, MNcRuer, and Graham have gained distinction in the
Srowing arez of mcn resoponse wwodelirz, The United States Air Force
hzs an obvious interest in tuls area becaus: of the relationship

tween man, the pilot, and Uhe machine, the airmlane,

The iir Force Flist Dynomics Leboratory at Rrignt-Patierson if=
Force Base has beea conducting in-house studies and comirzcting for
resec>ch in the erea of lman response, OF particulzr interest et
present is the develomment of a model that would precict the resdonse
o a rilot in a one-step landing system. A one-step landing system
would allow a piiot, Ilyiny 2longz a glide path towards a runway, to
neke one major chanse in his flizht oveth before touchdowm, A
prediction of the proper alilitude at which to meke this chanye is
depende:rt on the characierisiics of the aircraft and the response of
<he pilot, The rathaaatical equations representing the aircraft
caaracterisiics are known, since the formulation of appropricte
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transfor functions is normally accomplished durin~s the desi~n ond
construction of the aireraft. The mathematical equations representing
the responses of the pilot in particular tasks are being devcloped as
data is accumilzted from the experinents of many individuel in this
field, Accurate models, which could predict pilot response, would te
of benefit in perflorming handling cualities and manuzl control analysis
during aircraft develomment, construction, and modificction. Pilot
models would also be useful for determining the feasibility of
verforning a particular aircrafi menuver such as 2 ore-step landinz,
wvithout actually flying the aircraft,

In & one~step landing, although only one m2jor ciange in fliznd
path is needed, minor adjusiments must be nade to prevent the aircrafi
fron beinz tlown off the glide peth by wind gusis, Humsn pilot
describing function models have been developed for predicting pilot
perfornance in cuntrolling a sinzle loop system in the presence of
Geussien input simncls, representing wind gusts, (Ref 9). Adjustment
rules for settinz the parameters of the model are well definad and
gnd extensively, (Re? 11). Application of the deseribinz funciion
nodel has been applied to nonlinear systems (Ref 6), and to systeas
with step inputs (Ref 14). However, few data are presently available
for delernining pilot performance in a situation such as the one-siep
landing system where the invut to the systex is a Geussian raandon
disturbance plus a camzend step sigmal, A preliminary siudy wos done
at the Air Force Flisht Dyaamics Laboratory (Ref 1 & 3). Also, a ducl
mode pilot model (surse model) has beon proposed (Ref 5) and sowe
results for rendam inputs nlus ®step-like discontimdties® are
availablo, Howsver, only the pure gain controlled elament was
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ccasidored, and the model is fairly complicated.

The Problem

in evaluation of the exdsting numan pilot describing function .
nodel is necessary to dstermina how well, if at all, the model predicts
the periormance of a pilot in a system which has Gaussian plus step
inputs, 4 determination of the best verformance criteria to use in
adiusting the model parameters is also necessary, The relationship
between the verforn.nce measures and adjustment ruies us.d for a system
with Gaussian inpul 2nd the measures and rules used for & system with
step inputs should be determined, Therefore, the mupose of this
thesis is to collect verformance data by observing and mcielinz mwman
subjects operating single axis conirol systems., The collection and
analysis of these data will provide for a betler understanding of
periormance and necessary model adjustments in systems which have
Gzussian plus step signals applied,

Toe Objectives
The objectives of this thesis ere: (1) to collect, analyze, and

correlate performance measure data of threce subjects operating systems
with Gaussian inputs, step inputs, and combined Gaussian vplus step
inouts, (2) to study the existing human 9ilot describing function
nocdel and deternine a method of adjusting its parameieres fram
aceuwmilated datz on actual pilot performance, (3) to develop
‘Yecanigues for combining the performance measure for a system with

Gaussian input with the performance measure for a system with a step
input to oblain the performance measure for a system with Geussian plus
step inputs, and (4) o evaluate the usefulness of the existing pilot
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nocel ond adjusitment rules for predicting the output of a mxned systen

vhen Gaussion vlus step signals are applied,

Aooroach

The first stop was to collect data on the verformeonce of taree
subjects operating a sinmple single axls compensatory tracking task,
Each subject has a differant level of flying proficiency, but each was
iven the same operating instructions. The experiments were sequenced
from easy to difficult, lMeasurements were “alien for three systems,
excited first with step signals, then Gaussian sismals, and then step
and Gaussian signals.

The second step was to program the pilot describinz funciion
nodsl on the anzloz computer so that cata for determining the model
cheracteristics could be collected, Graphs were prepared to show the
effect of varameter variation on model performnce.. Root locus
analysis was conducted to show trends in modeles system dynamics.

The determination of model characteristics wes accamplished so that
a comparison with actusl vilot performance would be possibla,

The third step was the correlation of data. An attempt was made
‘o0 natch human performance with model verformance by using approvriate
nodel adjustments, The final step was to compare the system output of
the adjusted model with the system output of the piloted wodel when
ooercted simultaneously., Real time recordings were taken.

Seome

4+ should be exphasized that this thesis is not 2 study of the
devclopment of a new pilot model, The study is limited to the
collection and anclysis of data, the evaluation of the exisiinz human

RN bl
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cescribing function nodel with parameter varlatioa, and the comperison
of piloted and nodel systems with Gaussian plus step inputs, A1
exveriments with human subjects and the model will be conducted for
systens with one of three controlled eclements and a singie unity
foedback loop, The analog commuter is used in the sirulation of both
systens, A block diagram of the piloted and model systems is shown

in Fimure 1. Taree controlled elements; X, X/S, and K/S% are used.

5o attempt was pade to use aircraft dynamic equations,

Four performance measurerents were studied: (1) the tine intesrel

of error squared, (2) the time incezral of time weighted error
souared, (3) the tine intezral of absolute error, and (4) the time
intesral of time weighted absolute error. A performance measurement
is an evaluation of how well a system operates; how well the output
follows the input, or how small ihe error can be maintained over a
7iven time period. The time integral of error squered has been used
successfully to evaluate the performance of lmman trackers in syztems
vith Goussion inputs, The purnose of studying additional performance
recsures ves to evaluate their -wefulness for systems with step, and
Gaussien nlus step inpuis,
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Il. Experimental Avuroach
Goaercd

The erperinents were conducted in three vhases, The same three
subjects were useC in each phase, Thoir flying experiencs is listed
in Appendix F. The subjects were Wriofed on the purposes of the
experinents, Their cooperation and interest throuzh many hours of
tests spread over severzl months was extremely high, All experizents
were conducted in a sinzle roum with the subject seated in o student's
chair, A4 force siick firily alizached to the chzir armrest was the
instrument which the subject used to affect chenzes on the system.

Tre force stick is explained in Appendix A and it was used by the
subject to correct for the system error. The error was displayed as a
vervically céisvieced horizontal trace on a Tektronics oszcilloscore.
The suvjects were told that the horizontal trace represented the

pitch steering bar of an sircralt. They were instructed {o keep the
traca level with & jquide line taped to the scope display, The force
appiied to the stick wes elecirically coupled to the controlled
eienent of the system, The polarity of {the stick control was set
similia> to an aircraft stick; i.e. force applied awey fram the subject
eaused the horizontel trace on the score to nove up, and visa verss,
It wes exphasized to the subjecis, especiclly tue experienced pilots,
that they should control the stick in a manner similier to the method
in which they bandled an actual aircraft contaol.

For ocach set of experiments, the subjects were allowed three
oractice runs. During these runs, the sensitivity of the stick was
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sot for comforicble control and the brishtness and focus of the
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norizontal oscilloscope trace were sel for easy viewing, Dintonce
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botweon the subject and the scope display was set at five feet,

The oscilloscope sensitivity was set for best utilization, It should

be noted thet chanzes ol scope sensitivity within reasonavle linits

hos very little effect on performance (Ref 14). The noise level in

erirabirh il

the room was approxinately half of that widch would be experienced in

Rl

the cockpit of an aircraft, Subject 1 mentioned that he frequently

talks during actual flyirg ranuvers, and he asked if hs would be
pernitted to talk dwring the exveriments, To provide as much realisn

as possivle, it was agreed that all subjects would be allowed to talic
during the experiments if they wished, However, their performence was

not discussed until 211 tesis wore compleied on a particular systiexm,

On severzl occasions, superior performance by subject 1 was noted 1
during tests in which he was talkinz frecuently.
In each phase, three systems were tested. The Jirst sysiem
tested had a pure gain controlled eleent, the second system had a
sinzle intezrator with gein, and the third systes included 2 double

intesrator with zain. The subjects cumpletec the loop of the unity
feodback conirol system by sensingz the error oz the scone and apolying k
a correction ¥o the controlled element with the force stick.

Phese I - Steo Input

During Phase I, tests were made on each of the three systems with
a single one volt step input applied, The application of the step
caused a two centimeter trace displacement on the oscilloscope when

set at 0,5 volts/centimeter; therefore, the scope was set at -
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0.5 volts/centimeter for ell runs, The subjects were given warning to
weteh tho scope display preceding the application of the step, The
step was randomly epplied within s time interval of thirty seconds.

A nadsnn tine of twenty seconds was given for the subjects to zero
the error. The analoz computer was then placed in hold and the
readinzs were ta:en from the digital woltmeter, Also, rezl tine
recordings of the input, output, error, and force voltages wero made.
Fron these recordings, measurements were taksn of the stetic time
delzy between the inmut of the step and the application of force to
the stick, Twenty-five runs were made with each controlled elexent,
Tor the X/S2 controlled element, additionel runs were occasionally
necesszry when the subject lost comtrol due to over-reaction and
oscilloscope display limitetions, It was necessary to blas tie sticlk
voltzze as shown in Appendix B due to a slizsht mechanical hystoresise

Phoss JI - Gaussisn Inout

Duaring this phase of experimentation, the subjects were ziven
a tracking task with Gaussien input applied to the system, Three,
second order-filtered Geussian signals (Appendix C) were used, one
wita a dresk frecuency of 0.5 radians/second, another with a break
frecuency of 1.0 radians/second, and the third with a breck fregueacy
of 1.5 redians/second, To ensure that each run was of equal lensih,
the automatic hold circuit of the anelog camputer was employed at
exzctly sixty seconds from the start of the run. Reuse of each of the
taree signals was accomplished by employing the Sanzemo mammetis tape
recorder/reproducer in loop operation. The production of the Gaussian
siznels is discussed in Appendix C, To avoid criticiam that the
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subjects would learn ihe nature of the threc simels, the input

2o
-

switched afler ocach sixty second trial. Occasionally, first order-

. cns {
filiered sisnals were avplied fran the tape to prevent over familioriiy

s e bR AR Ao b e

with the three, second order-filiored sisnels used for the data
collection,
Por the simmrl with ihe 1.5 radians/second brexi: freguency and

the signal with the 0.5 redians/seccad oreak freguency, nine one-

ninute testes were made for each of the three controlled elements, For

the signal with & 1.0 radian/second tresk frequency, only four one-
. i minute tests were eccomplished,

Phese III ~ Gaussien Plus Step Invuis

Eé ‘ The third phase of the experiment was completed usinz two of the

% | three Gaussizn signals used in Phase IX; the 1.5 radians/second simal é
[

and the 0.5 radians/second signale A 1, 3, or 5 volt step was applied ;

i

at some randon time within the fir.t twenty seconds of the run. Five
é tests for each sigmal applied to each of the three systers were
4

accamplished, Thorefore, each subject performed a total of ninty

BRI AR Y o

tesis during this phase, A4is mentioned before, the subjects worled ;
: the easiest system first and progressed to the rore difficult systes,
i A1l runs were sixty seconds long. The time lapse beiwecn the

begzinning of tae run and the applicaticn of the step was mecsured with

a hand stop watch.
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Perfornance jeasures

The foliowing performance measures were used to cvaluate each

exporiment:
(1) f e? dt
(2) ;’ te? dat
3 fror &
(4) ]ﬂal at

The measures were programmed on the analog computer as discussed in
4ppendix B, One difficulty occwrred with the multipliers used on

the analog; non-linearity of ths diodes when operated near zero volts,
resulted in erroneous readings for [te? dt during same experiments in
Phase T and Phase III, Time was represented by volts, so it wus
necessary to start the time at ten rather than zero., This was
accomplished by applying an initial condition of ten volts to the
timing intesrator. The timing problem made it impossihle to

read fte? at and (t1e} at directly, The following development
indicates how these measures were determined. Since

4 U 1’2
J(t+10) 0% at = fre? at +1ofe a ,
o © -

tharelore -

? 'y v
/‘b e at =[(t+ 10) ezdt-‘lO/ez at.
(] (-4 <

T T ¥
/t te} &t = (% + 10) Je} dt - 10[!3] at.
(3 (] ©

One objective of this study was to determine if a linear
reletionship existed between the measures recorded for the piloted
sysivems with separate step and Gaussian inputs, and the measures

1
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recorded for the piloted systems with combined Gaussian plus siep
inputs, The following hypothesis was formulated for each verformance
MOQSUCCe

128

" v
s} (-]

-

y T i
[esz at + Izeseg at + [egz at

bod

if the tem [ 20gey dt is small enough to ignore, then the additive
relationship f (eg + «ag)2 dat [ -2t + eg2 dt results.
iIs

T T
2
jot(es teg)  dt = /at(asz + 2eg07 + eg)2 dt

7 T F

= /tesz at + /mseg it + /‘tenz at
If the assuuption is made that / 2tegeg &t is very small, then
ﬁ(es + eg) dt will approximately equal/tes at + /te,.
However, knowledse of the time when the step input is epplied, is
required to deterninc the value / :esz dt. Tt appears that the
complications irvolved in determining this value would eliminate
the use of this performance measure for determining model
parameter values in a system with Gaussian plus step inputs,

12
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[;3 +opt a6 = [(Tesl + legl) dt

T2 tho asswiption is made that the error due to the step input
is romzlly of the zame polarily as the error due to the Geussian
si~nal then the absolute valus of the sum willi equal the sum of the
absolute values, IZ the sudbject was maintaining the error at an
extrenely low level when the step was applied, then equality of the
avove night be possivle, Although the essurptions for equality were
doubted vefore experimentation, the measurements were tzken to clarify

the issus,

DAY
rY:

T r T
/tlss + egl 4t é/tlesl at + [bleql at
s (3 (J hd
The sere assuzption must be made for this measwre as made for
“he JAT, The time-warying aspect of this relatianship fuarther
increases the comrutational difficulties in using this measure to
dotermine the porzmeters of a model system forced with Gaussisn plus
sied simnals, XHowever, the ITAE 1s vossihly a good performance
neasure for a system with step inputs,
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III. QDescribing Function }odel and Analog Simulation

The Distinz liodel
The human pilot acts, in gensral, as a nonlinear and time~varyinz

device in a control system, To develop a model to respond in a manner
similar to that of a pilot, is a diffioult task, However, a human
describing function model has been doveloped which simulates pilot
responses in a control system when random Gaussian signals are applied,
(Ref 11). The general quasi-linear model appears as a LaPlace
transformed equation,
_ Epd¥S(ms+ 1)

(TyS + IN(TyS + 1)
with S = jw since this is a describing function. The pure itime delay
is represented by €~T'S, the gain by Kpy the seneral lead term as Tj,
the general lag term as Ty, and the first-order lag time coun'tant
approxination of the neurcmmscular system as Tye The neurcrmuscular
lag approximation is often eliminated and the pure time delay texm, TV
is nmodified to include the newramuscular tine constant. The result is
an effective time delsy verm €TS, where ¥ = 7! + Ty, The simplified
version of the pilot describing function model, represented in LaPlace
transform, is

!P(s) )

- Fpe B (ys+1)
!p(s) (1ys + 1)

The model parameters, T, T, T, andxpmappmpﬂ.ateh adjusted for
the type of system being controlled. In a control system, where the
controlled elament is pure gain, the lead time constant, if any, is
extremely amall in relationship to the lag term, and thus can be

14
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clirdnated, ‘/hen the com.olled element is K/S, the lead and lag time
constants are equal or zero, and with a X./S2 controlled element, the
lag, il any, is amall in relation to the lead time constant and can be
elininated, The specific model form is shown with the corresponding
controlled elemen* in Table 1,

Table 1
The Simplified Models
Controlled Element Model
=Ys
. Y-
. b (145 + 1)
K/s Ip = Kp é-‘m
x/s? Yp = .p (S + 1) €18

The nodel perameters not only depend on the type of sysiem, tud
the type of input and on the existance of puysical nonlinearities.
adjusiment rules governing the model operstion have been desveloped.
(Ref 11:18), Since the first consideration of the mman operator is
to naintein stability, the model parameters must be set for stable
operation, The second consideration of the hwian operator is the
naintenance of good low frequency operation by generating lag, if
necessary, After adjusting for good low frequency operation, the
pilot then gsenerates lead, if necessary, to improve high frequency

15
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response, With the parameters, Ty, Ty, and T, partially adjusted, the
5odn, Xp, is then set tc the optimum operating level, It is thought
that the operator adjusts gain to minimize the mean-squared error. The
formvlated rules also include certain invariance properties. First,
the operator adjusts his gain to compersate for variations of the
controlled element gain, thus over-all system gain remains relatively
constant, Second, system cross-over frequency is invariant with
chenges of input bandwidth, provided the input bandwidth is less than
the cross~over frequency. Third, when the bandwidth increaser “o, and
goes beyond, the cross-over frequency, the operetor, varle:

overation to maintain stabillty and good low frequency response. This
appears es a reduction in operator gain &nd lead, and is lmown as

regression,

¥odel S tion

Assuming that the existing model was applicable to the experiments
performed in this study, a method f v identifying the epovropriate model
velues was necessary. To facilitate matching the model with the
subjects, the model was simulated on the analog computer, and a series
of tests were run to determine chenges in the mean-squared exror, as
the parmmeter settings were varied, To progran the analog camputer, it
was necesgsary to use an approximation to the pure time delay. The
first order Pade' approximation was chosen, because of its constant
amplitude characteristice for all frequencies, However, the phase
difference between the Pade! approximation, and the actual time delsy,
becomes pronounced as frequency is increased. The LaPlace transform

of the Pade! approximation is (1 - 0,978) .,
(1 + 0.578)

16
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A root locus study was conducted to determine the appropriate
parateter settings for the analog simulated model, Settings causing
unstable oporation were identified, The root loci of boih the model

th Pade! approximation and the human describing function with pure
4ine delay were computed, lLoci diagrams ere shown in Fipgures 2-=33,
The plots were prograrmed on the IZi 7094 Digital Computer and drawvn
on the Cal-Comp plotter, The parameter settings used for each plot
wera chosen fram a range of values considered in previous studies
(Ref 11), and are listed in Table 2, The titls for the human
descriving function model plots with pure time delay was shortened to
waman Deseribing Model.® The title for the simulated model plots
using the Pade' approxinmation is "Analog Sirmulated iodel.®

The gain for optimm operation of the model, minimm mv.an error-
squcred of the simulated model with a second ovaer filtered Gaussian
input having a break frequency of 1,5 radi-ns per second, is identified
on both the anaiog similated plots and the hsan describing tion
plots, The following observatione were made from the root locus study:
At the gain setting for minimm mean error-squared of the simulated model,

1) the undamped natural angular frequency of the human describding
function was less than that of the similatsd model,

2) the damping factor of the human ¢escribinz funciion was less
then the demping factor of the pure gain controlled elerenl model with
siizll laz constants, and greater than the damping factor of the model
vith larzer lag constants,

3} for large lead constants in the system with the K/32 controlled
element, the damping factor was greater for the simulated model, and for
snall lead constants, the damping factor was greater, and

17
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¥ Table 2

A List of The Root Locus Figures

i 4 Fioures Type System | Time Delay Lead Laz

h 283 K 0.2 0.C 5.0

Las K 02 0.0 3.0

2 6817 X 0.2 0.0 1.0

? | 8&9 | K 0.3 0.0 540

{f 10 & 11 K 0.3 | 0.0 3.0

ik 12 & 13 K 0.3 0.0 1.0

4 14 & 15 K/s 0.2 0.0 0.0

E“ 16 & 17 K/s 0.3 0.0 0.0
18 & 19 K/52 0.2 0.5 0.0
20 & 21 K/s2 0.2 1.0 0.0

! 28&23 K/s? 0.2 3.0 0.0

2, & 25 K/s2 0.2 5.0 0.0
2 & 27 K/s? 0.3 0.5 0.0
282829 K/s2 0.3 1.0 0.0
30 & 31 K/52 0.3 3.0 0.0
32833 K/s?2 0.3 P 5.0 0.0

[}

4) at low frequencies, the model is a good representation of
 the man describing function model.
; These results nmay be of scme value to investigators who have
used, or are using, the Pade? approximation,

18
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4 set of characteristic curves was developed to shov the effects
of paraneter variations on the performance of the analog simmlated model.
Tas input si-nal used was Gaussian wnite noise {hrouch a second order
filter (Appendix C) with a breax frequency of 1.5 radians por second.
The mean sgucred error (calied error sguered in the followins) divided
oy the input variance wzs plotted azainst the model oystem 7zin. The
axta used to plot the curves were obtained on the anzlogz couputer,

The system with a pure gain controlled element was vrepered I{irst,
Five curves, represanting gain variations for five different laz time
constonts are shown in Maure 34, The values of lag selected are
consistent with values necessary for zood low frecuency responsee If
the time delgy and l2z time constant are known, the 7ain necessary for
ninizum error squared can bo easily determined from the appropriate
charccteristic curve, The 72in winich causes =wdel instability is also
found easily by observing the rapid rise in the error souared as 72in
is increased, In Fimwe 34, the delay time is 0,2 seconds, Similar
curves were plovied in Fizure 35, bul the time delay was increased to
0.3 scconis, is the time delay is inereased, the gzin for minimum error
scuared decrezses and tne minimm error scvared increzses, The gain for
unstable operation varies inversely with the time delzy. FHowever, it
was obgerved that the zain for minimm error squared and the gain for
unstable overation vary directly with the las time constant, Therefora,
an increase in the time delay Aand an increase in the lag time coastant
would nave 2 balaneing effect mn the gain for ninimm error squared but
an acditive effect on the value of minimum error squared,
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Thre- ecurves, showing error squared versus sain, were plotted
in Fizure 35, Three different time delays were used, 0.2 soconds,
0.25 seconds, and 0.3 seconds. As the time delay was increcsed, the
gain for minimum error squared and the gain for unstahle operation
decreased, Aas expected, tha minimm error squared incressed with an
increase in the time delay.

Tae characteristic curves for the analog simulction of the model
used with a %/52 controlled element are shown in Figure 36 and
Taure 37, The gain for minimm error squared varies inversely with
the lead time constant and the delay time. The minimm error
squared increases with an increase in the time delay, but decreases
with an increase in the lead time constant,

Use of the existing adjustnent rules, the rool locus dizyrams,
and the model characteristic curves reduces the suess-work resuired
in predicting the model parameters for proper system resvonse with
random aprearing inputs, To determine model parameters for step and
random inputs, the piloted system outvut and aporopriate performance
neasures must be obtained through experimentation, The necessary
experimontal results are discussed in the next chapter.
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IV, Egerizental Resulte

In this cnapier, the data vollected from each experimental phase
are analyzed, and observations and results are msgnted. The details
of the exper:mental procedures were proviously presented in Crapter II.
The use of the performance measures for sctting model parameters is
discussad at the »nd of this chapter,

Phose I - Steo Imout

Pour performance mensures were taicen for each step input. A time
recording of the output, the error, and the force stick movement was
necée for each trial run, The average static delay time, the time
between the apviicetion of the step and the first movement of the
force stick, was camputed for all tests, ill data are listed in
Appendix D, The averaye delay time for the three subjects was
aprroximately 0,28 seconds, which approximately agrees with the results
of Reference 14. The low individual cverage delzy time of 0,23 seconds
was noted for subfect 1 while operating the K/S2 controiled system.
The high averaze of 0,32 seconids was computed for subject 3 on the
%/s? contrclled system. The cbsence of any irends in the static time
delay values, incicates thxt the rezction time of the individual
sudbject was nore related to his alertness on the d y of the test than
on the controlled element used, fThe only conclusion that can be nade
froz the camputed date, is that flyinz experience and a small staiic
delay time arperently are related,

Correlation ocefficients for each performance messure, ont for
the static delay time were camputed from the data collected on the
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Correlation Coefficients of BExperimental Data rFor
Systems Vith K Contrclled Elements and Step Inputs

Table 3

Subject 1
IES ITES ‘ IABE ITAE Time Delay
IES 1,000 0935 o796 173 0934
1738 14000 «800 0237 924
IAS 1000 728 o753
ITAE 1.000 o171
Subject 2
IES ITES JAE ITAE Time Delay
o
I8 1,000 748 o721 000 yalA
38 14000 639 ity 623
AT 1,000 676 o284
ITAS 14000 =332
Subject 3
I8 I1TES IAE ITAE Tine Delay
I5S 14000 «389 +436 «119 813
ITES 10«” C9L3 .m1 .m
JAB 1,000 <941 o143
ITAR 1,000 =164
9
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Table 4

Correlation Coofficients of Experimental Data For
Systems With X/S Controlled klements and Step Inputs

Subject 1
IES ITES { IAE ITAE } Time Delay
IES 1.000 +904 «829 «000 «507
ITES 1,000 0831 0083 523
158 1,000 o545 «326
ITAE 1.000 ~.183
Subject 2
IES ITES l IAE ITAE Time Delay
IES 1 om 0959 0714 "0085 0455
ITES 1.000 «827 o122 473
IA® 1,000 634 o423
ITAS 1,000 076
Subject 3
IES ITES IAE ITAE Time Delay
1ES 1.000 o9m 09‘0 0783 0303
ITes 1,000 -‘i76 QS'B .260
IAE 1000 947 o241
ITAE 1,000 «157
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Correlation G
Systens With K,

Tuble 5
fliclents of Bxrarimental Data For

Controlled ilements and Step Inputs

| Subjec: 1
| IES ITES IAE ITAE Time Delay
i 1.000 929 +880 639 394
ITsS 1,000 955 M1 534
1A= 1,000 <894 514
ITAS 1,000 o474
Subject 2
IES ITES IAE ITAE Time Delay
IES 10“ o@‘ .779 0388 0038
ITES 1.000 <960 7D o147
IAE 1,000 875 «205
ITAE 1.000 251
Subject 3
IES ITES IAE ITAS Time Delay
I=s 1,000 «690 «798 370 107
ITES 1,000 o720 «638 =015
IAE 1,000 99 =094
ITAE 1.@ -0078
61
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{wenty-five runs mode by each subject operating each of tho controlled
olements, The coefficients were computed by using the dcta from Tables

D=1 through D=6 of Appendix D in the equation,
Efx] - %%,
YE[(xy - X1)2E[(x; - X)2)

The computed coefficients are presented in Tebles 3 through 5. 4

Correlation Coefficient =

decroase in the correiation between the time delay and the performaonce
measures was noted as itne order of the controlled element was increased.
Of the four performance measures tsken, the IES and the ITES werse
better correlated to the stetic delay time, In general, the
correlations were hishest for the subjects with flying experience.

It should be noted that »dinimum tinme has also been suzgested as a
performence nieasure (Ref 12:68). However, observed pilot®conservatisn®
(Ref 1) seems to rule out this measure.

Tne correlation between sach of the performance measures was
ecaputed and also shown in Tables 3 throush 5. If hish correlation
existed between any two performance measures, the more difficult to
campute could be eliminated fyom the useful list of measures, The
correlations between the IES and the ITES, between the IES and IAZ,
and betweea the ITES and th: IAE were 211 found Yo be relatively hirsh,
Since zininizing the IES is included 28 an ad;ustment rule of <the
exsting human describing function model with random inputs, and
beccuse the IES is relatively easy to campute and measure, this
perforrance neasure was Jiven priority consideration over the other
neasures, Therefore, the ITES and the IAE were eliminated as practical
performance measures for a system with step inputs,
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The correlation between the IES and the ITAE was found to be
relatively low, even nezative in same cases., An investigction of
the nodel system with step inputs was undertsken to determine whether
the gain should be set for the minimm ITAE or for minimum IES, From
a study of time recordings of the system outpats, the following
observations were made:

1) The experienced pilots were conservative in operating the
force stick, The result is an overdamped system output,

2) Setting the gain of the human describing function model for

ninimm error squared, results in an underdamped system output,

3) Setting the gain of the human describing function model for
ninimm ITAE results in a slightly overdamped sysiem output.

4) Therefors, setting the gain of the nodel for minivam ITAR
resulied in a betier match of the model system output with the
experienced piloted system ontput,

5) Setting the gain of the model below the value necessary for
minimum IES, gave the same results as setting the gzain of the model
for nminimm ITAE (Approximately 859 of gain for minimm IES),

6) Ssubject 3, who had no flying experience, was less conservative
than the other two subjects, The output fram systems operated by
Subject 3 showed less dumpening than the experienced pilet system
output,

7) Setting the gain uf the model with a pure gain controlled
elxent sii{ghtly below the gain for minimmm IES resulted in &

tively zuvad match of the unexperienced piloted sywtem and the
model system output.
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8) Subject 3 had difficulty mrintaining control of the system
with :. K/5% controlled clement, His erratic behavior made comparison
with the model difficult,

It should be remembered that human respense is, in general, time
varying, 2nd therefora a perfect match between the output of the
model system and the output of the piloted system is impossible,
Regression (Ref 11:19) due to the high frequency components of a step
input is offered as a possible reason why the human subjects operate
the system at & zain below the value nocessary for minimm error
souared, The damped effects of a reduced gein can be observed in the
real time recordings shown in Appendix E, Operating a model system
at the zain setting for mininum ITAE results in a greater d=mpening
effect than operating at the gain setting for minimua IES (Ref 19:48),
and provides a close match between tne model system output and tre
riloted sysiem output, Therefore, the ITAE is proposed as a useful
verfornance measure for systems with step inputs,

Phase I - Gaussian Inout

The experiments conducted during this phase were accomplished to
establish a set of values to be used in Phase III, However,
correlation coefificients were computed to compare performance measures.
In almost all cases, the correlation amoag the four performance

measwres was extremely high, avsrazing above 0,85, As mizht ve

-expecied, the two suojects with flying experience performed beiter

than the subject with no flying experience, In several cases, the
error squared was so small that invalid readings, resulting from
noniinear operation of the multiplier used to ottain the IT=S, were
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recorded. Therefore, the ITES was eliminated as a useful performance
measure,

In an attempt to match the model system and the experienced
piloted system outputs, the gain of the model was adjusted very
slirhtly below the valus of gain necessary for minimm error squcred,
vhen the Gaussian with a nigh filtered Wreak freouency was used, a
smoothing tendency was noted in the outpuis of the systems controlied
by the experienced pilots., (Appendix E). Also, the more experienced
pilots ampesred to introduce more lead intc the system with the K/S°
controllec element, A lead time constant of four was assumed for the
experienced pilois, whereas a lead time constant of about one was
assuzed for the subject with no flying experience. Sumariszing the
results of this phase, the existing adjustment rules were verified
vith the small exception that the experienced piiots appeared to
overzte with 2 ~ain very slizhtly below the gain necessary for rinimm
error sauared, See the real time recordings in Appendix B,

Phase II] - Geussian Plus Step Inmuts

The Gata collected durinz this phase were snalyzed and compared
with the data from previous phases. z2ach performance mezsure wes
analyzed separately. It should be noted thal the step time in Tables
D-16 through D-33 was the time interval between the beginning of the
run and the apolication of the step,

1B

The values of IES were averaged and the veriance was computed lor
each set of five, onv minute runs. The IES for the 3 v-lt step was
deternined by multiplying the IES for the 1 volt step in Tables D-1
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through D=6 by 9. A multiplisr of 25 was used to obtain the 133 for
the 5 volt step, To verify these values, several sannle measurexnents
were taken with 3 and 5 volt steps actually applied to the system,
The averazed f 8g< & for each of the 1, 3, and 5 wolt step inputs
was added to the averaged Jeg? dt for the Gaussian inputs; then, tue
SR was conpered with the averaged /02 dét computed duriny this phase,.
The restlts for each subject operating each of the three controlied
elezents are shown in Table 6, The absolute (ifference beiween the
sumed valux and the combined value of the system with Geussian plus
step inputs was compared with the combined standard deviation of the
three orror measures, ror the cases where the absolute dirference
vas less than the combined standard deviation, the assumption, that
the /Zsseg dt temm was snall enough to be nezlected; was considered
velid, Values satisfying this validity test are mariked with an
asterick in Table 6, From the calculations and compcorisoas, the
folloving obsarvations were made:

1) For most of the cases tested, the [e 2 dt + [eg2 at was
vithin one standard deviation of the [e? dt.

2) 1In genersl, the /e2dtm slightly more thontha/egz at +
Jos? &t cue to the amission of J2egeg dt.

3) Because the experienced pilots were able to maintain a smali
error {or the Gaussian input, the continuous time multiplication of
the errar due to the Gaussian input with the error due to the step
'inp\rtwasmainta:hodata.m'ylwlmlo
From the above observations, the assumption that ths sum of the
/e,zdtnndthe egzdtwﬂltairlvwllmdicttho/ozdtfora
aystem with Gaussisn plus step inputs, is validated,
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Tatle 6

Comparison of IES For The Step Input and IES For The Gaussian
Input ¥ith IES For The Combined Step and Gaussian Input

System] a Sub[?or 1 volt step | For 3 wolt step § For 5 wolt step
(073}

Surmed !Combined] Summed jCombined] Summed jCombined
x los |1l 3.212] 3.5521 6.0 | 9.042 | 12.301 | 12.725 }
(1440 2 § 4e221 | 4o421%] 8,061 | 7,604%] 15,741 | 16,265+

3 § 13.262 | 17.011%} 17.000 | 34,964*§ 23.294 | 51.032

K | 1.5 J1 5,268 | 6,486%7 8,276 | 10,248 § 15.177 | 18.987
(0.56) 2 § 6,848 | 7.604%] 10.688 | 11.707%] 18.368 | 18,752%

3§ 9.049 | 10.400%) 12,193 | 19.112 § 18.481 | 39.55¢

K/S | 065 113 5,324 | 5.592%] 9.804 | 7.752 § 18.764 | 15.720
(1.48)] 2 § 60472 | 7.684%] 12,232 | 14.286%} 23,752 | 27.328%

3 | 12.605 | 12.787%] 21.583 | 20.141%] 39.35 | 45.514%

K/5] 1.5 [ 1] 64005 | 5.979%] 10.485 | 9.196% | 19.445 | 18,082+
(0.56)] 2 § 11.201 | 13,0843} 16,961 | 17.918%} 28,481 | 34,722

3 | 15.465 | 15.640%] 244353 | 25.975%] 42,129 | 43.568%

K/5%] 0.5 |1 ] 39.357 | 41.918%] 44,929 | 51,8840 ] 55.673 | €3.261+
(1.44)] 2 | 360291 | 41575 45.147 | 43.T75% | 62,865 | 61.719%

3§ 42,406 | 50.859%] 54.310 | 66.821%] 78.118 | £7.768%

K/S?| 1.5 |1 ] 45.924 | 51.646%] 51,296 | 55,8320 ] 62,340 | 71.250%
(0.50) 2 42,234 50,309%] 51,090 50863' 68.332 82,943%

3 § 58.709 | 65.600%] 70,613 | 89,966% | 94.421 | 96.966*

# Indicates that the two wvalues are within one standard deviation
of the computed data.
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It should be noted that the ¥additive resulis® appear to work
over a wide rante for / o2 dt®feg2 dt. A general range of vaiues
is indicated from the data collscted for Subject 1. Cases r .azed froams
0.245 (K,1v) € /932 at £ (0.913)(25) (&/9%,5v)
and

2,450 (%,a70.5} € [og? at £ 51.3 (K/8%,821.5)

IAZ

The values of JAZ were averaged ard the varlance was cormputed for
ezch set of five, one minute runs, To obtain the IAE for a 3 voll step,
the IAE for 2 1 volt step was multiplied by 3, and to obtein the IAZ for
a 5 volt slep, the JAS for a 1 volt step was muitiplied by 5. The
mmd/le,l it for each of the 1, 3, and 5 volt step imputs was
addodtotheaveraged/legl dt for the Gaussian inputs; then, the sum
wes compered with the averaged Jlel dt camputed during this phase,
The results for each subject operating eacsh of the three controlled
eslasents are shown in Table 7. The absoluie cifference between the
sued vaiue and the combined value of the system with Gaussian plus
step inputs was compared with the combined standard deviation of the
three error measures, ZFor the cases where the absolute dif’ereat was
less than the conbined standard deviation, the assumvtion, that /lel at
apxroxinciely equsls / legl ¢t + / legl dt, was considered velid,
Values satisfying this validily test are merked with an asterick in
Tadle 7. Froa the caiculations and comperisons, tae following
observations were mede:

1) For most of the cases tested, the /legl at + /le,l dt was
within one standard deviztion of the Jlel dt.
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.
Table 7
: Camparison of JAE For The Step Input and IAE For The Gaussian
Inout With JAE For The Comiined Step and Gaussian Input
Systen (021) Subj For 1 valt step § For 3 volt step § For 5 volt step

Swumed |Canbined] Swmed |Combined| sumec [Combined
x 104511111319 | 13.695 | 12.660 | 15.448 | 13.955 | 16.828 |
(1.44] 2 | 11,602 | 11.722%F 13.264 | 12,531%] 14,926 | 14.720%
3 m0914 21.762* 2207& 279434* %Mb 340065 -
x| 1511815313 | 15.343%] 16.631 | 16.937%) 17.949 | 17.844*]
(0.56] 2 | 15.608 | 16,091} 17.270 | 18.036%] 18.932 | 18.709*
3 180497 190295 83.263 23.442' 22018 27.082.
k/s { 0.5 1 1] 12.195 | 12.947%) 14.997 | 12.676 | 16.799 | 12.501
(1.44) 2 | 15.250 | 15.880% 17.364 | 18.322%) 19.478 | 19.836%}
3 | 23.177 | 23.208%} 26.575 | 23.126%] 20.573 | 27.503%]
K/S | 1.5 | 1] 15.049 | 14.594%] 16.851 | 15.821%f 18.653 | 17.019%
(0.56) 2 | 20,505 | 21.206%] 22,619 | 22.522%] 24.733 | 25,688*%
3 | 24,022 | 23.625% 27.400 | 28.366*] 30.818 | 31.040*%
k/s2] 0.5 | 1 | 37.753 | 39.221%) 20.265 | 42.865%) 42.777 | 42,008%]
(1.44] 2 | 35.963 | 37.316% 39.367 | 39.512% 42.751 | 42.811%]
3§ 40017 | 42.542%F 45.491 | 4O.411%F 50,965 | 49.402%
/2| 1.5 | 1§ 40.329 | 21,918 42.801 | 42.733%] 45.353 | 44.232%
(056 2 | 36207 | 414493 | 39.785 | 44.651 | 43,169 | 48.421%;
3 1 47.612 | 48.383% 53,086 | 56,603% 58,560 55.084"

# Indicates that the two values are within one stundurd deviation

of th3 camputed data.
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2) 1In zoneral, the }lel dt was aligntly less than the /legl at +
j lesl Gt as would be exvected from the mathematical relationship,
/les ¥ el @ $/(lesl ¥ legl) dt.

3) If the error due 1o the Gaussian iaput was raintzined at a
low level when the step was apnlied, the sum of the individuai JAZs
would equal the combined IAE. However, the same relationshi» would be
true if the step error was of the same polarity as the error ol the
Saussian was vhen the step was applied,

Froa the 2bove observations, the assumpiion that the sum of [lesl ac
and/legl &tm.lfairlywenpredict/!el dt for a syster with
Gaussian plus step inpuis, is validated.

A study of the correlation coefficients between the IAZ and the
IES of a gystem with step plus Geassian inputs deronsirated that the
two measures perform the same evaluation of the subject's periormance.
In almost all cases, the correlation coefficient was above 0,85,
Therefore, it was determined that the IES was a betler performance
neasure 1o use because of its acceplance as a2 measure of verformance

for sysien with Gaussian inpuis,.

IES
4s zentioned before, the ITES was impossible to determine for some

Tuns, because the arror squered was maintzined at a very low ievel
causinz nonlinoar operation ol the analogz multiplier circuii. Taerefars,
the ITES was eliminated firom consideration as a useful performance
neasure of viloted systems with Gaussisn plus step inputs,

ATAZ
Computational difficulties .n determining the effects of time on

n
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this perforncnce measwse prohibdit its useifulness,

Tron the analysis of all data, the conclusion is madc that the
IZ3 is the best performance measure to use in evaluating the oparation
of the piloted system with Gaussian pluas step inputs,

Adjusting the }odel Parameters

The final step in this atudy was to adjust the perameters of the
analor simulated model, and record the outpute of the model and piloted
systems vhen both were operated simultansously, One najor difficulty
in properly matchinz the piloted and model system oatputs for step
inputs wes the distortion caused by the uese of tha Pade! approximation
of the real tine delay. The vhase differencs at hih frequencies
between the Pade! approximation and the real time delay resulted in a
dip in the model output when there should have been none, This
distortion *.2s esvecially apvarmit {oxr the model system with the pure
zzin controlled element,

Despite the iifficulties associated with the Pade' approximation
in the asnaloz simlated system, the following pareameter setiing were
ceternineds

1) The lag time constant was set at 3 seconds for the model with
a pwre zain coniroiled elexent, This value was previously determined
by others (Rel 11:46), and was founa to provide the proper las for the
e-verinents of this stugy,

2) The tize delsy vas determined from data collected during
rhase I Lo b2 aporoximately 0.3 seconds for all nodels with step inputs.
Froaw ear- er studies (Ref 11), the time delay for the K and K/S systeus
with randen inputs is 0.2 seconds, and the tinme delsy for the K/s?
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system with random inputs is 0.4 seconds, An overall camprazise for
the step pvlus Gaussian case is the selection of a time delay of 0.3
seconds,

3) The lead time constant for the model with the K/S? controiled
elenent vas selected botween 1 and 5 seconds, For a model used to
predict the response of an experienced pilot, the lead time constant
was set at 4 seconds, and for the response prediction of the subject
with no flyinz experience, the lead time constant was set at 1 second.

4) The best gain setting for a system with stop inputs was found
to be for minimm ITAZ or approxinately 85% below the setting for
minimm IES, For Geussian plus small step inputs, the gain setting
saould be slizhtly below the value for minimun error squared, As the
step is increased in relationship to the Geussian input, the gain
should be decreased toward the walue which would provide rinimm ITAR
for a single step input, This technique for setting the zain of a
syste with step plus Gaussian inputs is more apvlicahle for predictingz
the response of an experienced pilot than for predictinz tze response
of an unexperienced pilot, The subject with no flying experience
appeared to always operate clise to the gein setting necessary for
minimm IZS in respect to time history responses.

Real tize recordings of the piloted system and model system
outputs and errors are shown in Appendix E,
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V. Swmary and Conclusions

The conclusions, supported by the anslysis of data collected
Guring the experimental study, are swmarized in th?.s chapter, First,
2t was found that the existing mman describing function model is
useful in predicting the response of a pilot in systems with Gaussian
plus one step inputs, ‘he use of the existing adjustment rules, model
characteristic curves, and performance data on human trackers was
necessary to adjust the model parameters for vroper wodel prediction
of the actual pilot response.

Second, the adjustment rule, stating that human subjects attempt
to mininize their mean souvered error, should be modified slighily to
account for the conservative response of an experienced pilot when he
is operating 2 control device in a manner sixmilar to the wey he operates
an aircra’™t conitrol. The gain of a model representingz an experienced
vilot in a systam with step inputs, should be set to a value that is
aprroxinztely 853 of the value necessary for minimm mean squared
error. The decrease in gain of the model will provide increased
dempening, thus, indicating the conservative nature of pilot response.

Taird, it was found that operating a gystam with step inputs at
ninimo ITAS was similar to operating a system with tke gain set at
855 of the value necessary for minimum IES, Therefore, use of the
ninimm ITAE is recormiended for 2djusting the gain of a model in a
gystaa with step inputs.

A technique suggested fur the adjustment of mods) gain 4in &
system with step plus Gaussian inputs is to reduce the gain below the

Rt
ey




relationship with the Geussian input, For a small step in relation

B
5
g
3 i value necessary Sor minimum IES as the step it is increased in

to the random input, the gain skould be set between 907 and 957 of

the value necessary for minimum IES. For a large step in relation .
to the random input, the gain should be set between 85% and 90% of

the value necessay for minimuz IES, This technique is especially

.
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useful for predicting the response of an experienced pilot,

ey

Finelly, the mmmed values of the IES found from
the system with step inputs ard the IES found from the system with

Gaussian inputs is a relatively close approximation of the IES of
a systen with step plus Gaussian inputs. There is every reason

SRR

to believe that the results of this study could be applied to

+ oo rbervien® ety il L
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systens camposed of aircraft-like dynanics,

v
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Vi. Recormmendations

The following recamendations are suggested for expanding the
results of tnis study.

1) Verify that the same technique of reducing gain can be used

Cichid g id

s for systems having controlled elements representing actual aircraft
E Gynamics, and step plus randum signels applied,

2) Study the effects of applying randmm sigmii.s vlus other
determinigtic signsls such as ramps or sine waves,

3) Study the effects of applying an additional Gaussian signal,
simulating pilot remnant, directly to the controlled element, Perhaps,

a piloc remnant input with the step pius random input pilot model
could be used to predict repeatability aspects of the resronses,

4) Investigate the use of delay tapes to replace the Pade!
approximation of the pure time delay in the analog model simulation
of a pystem with step inputs,

5) Conduct furcher statistical studies to determine the response
differences between experienced pilots and non-pilots, when performing
specialized tasks related to aireraft control,

%
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Appendix A
Eouipment Description
Anaios Computer
Use of an Applied Dynamics Analog Computer, Model AD=-2-64 PB,
vas made throughout this investigation. This is a precision
electronics differentizl analyzer capable of solving both linear
end nonlinear ordinary differential equations., It contains 64
operational amplifiers, 24 of vwhich may be used as integrators,
The unit also contains 80 coefficient pots, 16 electronic multipliers,
8 diode function generators, and 20 special diode networks. {Ref 2).

Digital Voltmeter

A Nonlinear System, Model 4206 Digital Voltmeter was used.
This unit was installed as a part of the AD-%4PB computer and
featured automatic range and polarity control. The meter has a
10 megohm input impedance and an accuracy of % 0,02 percent of
full scale and a resolution of ¥ 0,01 percent of full scale on
each range. (Ref 16).

Hend Gontrol

A Measurements Systems, Model 435 Hand Control, mounted in
a studont's chair, was used for the pilot tracking portion of this
investigation, This is an a.c. powered force-stick tranducer which
produces phase raversing a.c. voltages converted to d.c. proportional
to applied force in two axes. Its essential features are zero back-
lash, iow hysteresis, and drift, and linear ovtput vs. force applied.
(Ref 13).
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}zometic Tape Recordsr/Roproducer

A Sangsmo Hlectric Company, Model 478/ Magnetic Tape Recorder/
Reproducer vas used to reproduce several 60 second gaussian noise
sionals for input to the analog computer. The Recorder/Reproducer
is a seven channel, eight speed magnetic tape device with the
capability of reel to reel or loop operation, The system consists of
six major assembiies: A control panel, an a.c. control hox, a power
supply drawer, & tape transport panel, a vacuum panel, and a plug-in
nodule chasis. An important feature is the employment of a unique
vacuum tensioning and cleaning system to maintain precise tape

tension at the head while cleaning the tape to reduce drop outs and
oxide buildup. (Ref 17).

Hcise Generator

An Elgenco Folal 311A Noise Generator was used to produce the
siznels which were stored on magnetic tape for rsuse throughout the
experiment, This unit is a stable source of random noise of mean
less than 50 mil ivolts, Its output has en amplitude probability
distribution that is Gaussian to leas than plus or minus one percent
and the oulput spectrum is uniform to plus or wimus 0.1 db from
0 to 35 cycles per second. (Ref 7).

Oscilloscove

In this investigation a Tektronics Type R{35A Oscilloscope was
used to present itracking error. This oscilloscorve together with a
type CA plug-in preamplifier provided rise time capability of
0.023 microseconds with a band pass from d.c. to 15 megacycles per
second, The oscilloscope has a usable viewing area of 6x10

»
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centimeters with a range of 0.05 volts per centimeter to 20 volts per
centimeter, (Ref 18).

Recorder
Real time recordings were made with a Beckman, Type SC-2
Dynograph, Direct Uriting Recorder, This is an eight channel unit
capable of recording bi-polar signals on rectilinear paper with

a sensitivity of 50 millivoltis per division to 10 volts per
division, Input impedance is 1 megohm and frequency resvonse is
flat from d.ce to 42 cycles per second. (Ref 4).

TRy R

PR




RN AN U R A

e e

XAV MY EATE TEUI AN MG VT AN | WM 1y eV

GE/53/605~2

Appendix B
Analos Computer Prozram

The analog conputer was used for all experiments. Both the
piloted system and the model syste., along with all performance
measures, were programed on one analog board. The analog schematic
for both trhe niloted systems and the model systems is shown in Figure
B~1. The input circuit, the timing circuit, and the automatic sixty
second hold circuit, are shown in Figure B-2, Figure B-3 is the
schematic of all performance measura circuitry. Switches availsble
on the cazruter were used extensively to change controlled elements,
and the signals applied.

Systens

The schematic of the piloted system is pictured in the top half
of Figure B~1. The schematic for the model system is shown in the
botton half of Figure B~1. Since a pure time delay in the form €~T8
is impossible to program, a first order Pade' approximation was
selected because it presents zaro db gain at all frequencies.

(Ref 15:218)

Seperate prozranm sections were prepared for each comtrolled
elexent and conbined with the pilot model. The controlled element
revreseated by X is programed together with the lag ter: of the
pilot riodel. In all cases the controlled element gain was chosen to
be urity. The cambined term is Ko/(TyS + 1). TPor the controlled
element K/S, vhe combined tern is Kp/S, and for the controlled
elanent, K /8% the coxbined term 1s Ky(nyS + 1)/5%,
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Table 1 indicates the potentiameter settinms for both systems. The

rumbers inclosed in the triangles indicate the line connections on
the strip recorder,

Timing, Hold, and Input
The timing circuit is set for linear operation by the applica~

tion of a 10 volt initial coidition to the integrator. One volt
represents one second. The sixty second hold circuit is also a tim-
ing circuit. Both the hold circuit ar4 the timing circuit were
checked often during experimentation to insure synchronous, accurate
overation. The input circuit was designed so that circuit changes

tween experiments were minimized. The potentiometer settings are
shown in Table B-2.

- Pzrformance Measures

Performance data were collected from the circuitry rermresented
by the schematic in Figure B~3. The diode multipliers with the most

lirear characteristics were selectecd for the experiments.

Known voltages were input into each performance measure circuit for
a one minute interval, and the circuits were calibrated by using
potentiometers,
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Table B-1
Potentiometer Values for Figure B-1
Quantity Potentiometer Sample S~tting
Stick Gain 141 1,000
Stick Bias 1A2 003
1/57 246 667
/71 2c1 «333
7/10 22 «300
K,/100 Eay) 120
Xp/10 22 o450
Ep/10 203 130
8,
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Table B=2
Potentiometer Values for Figure B-2
Quantity Potenticmeter Setting
t/10 1A3 .100
t/10 144 «100
10/100 1410 .100
+/100 207 .010
/100 ) 600
re/10 186 »100
r¢/10 1C6 «300
re/10 1D6 «500
rg/10 1B1 «100
ng/w 182 Variatle
o272 or .562
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Table B-2

Potentiometer Values for Figure B-3

Quantity Potentiometer Approximate Setting
IA%,/10 146 «100
IAE,/10 147 +100
ITESy/100 1B4 «160
ITESp/100 1B5 +100
ITAER/100 241 »100
ITAEp/100 23 +100
1ESR/10 244, 100
TESp/10 245 +100
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Appendix C
Analog Gaussiar Input Tape Recordinms

S ——————

The sisnal recordings used in the Phase II and III experiments
are shown in Figure C-1. The folliowing procedure was used to obtain
these signals. First, white noise from the Elgenco Model 311A Noise
Generator was fed to a second order filter, vhich was programmed cn
the analog computer, Then, the filtered Gaussian signal was
processed through a fader and reproduced on the appropriate tape
channel of the Sangamo Model 4784 Magnetic Tape meMm.
Fading was accumplished to eliminate step signals at the beginning
of the input tape.

The equation used to program the second order filter is

K x(s8)

yie) = (s + a.)2

vhere y(s) represents the Gaussian output, and x(s) represents the
vhite noise irnput, The analog schematic of the filter is shown in
Figure C-2, and the potenticmeter settings acre shown in Table C-1,
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Table C-1

Potentiometer Settings for Figure C=2

T

Quantity Pot, Settings For The Following Break Frequencies
05 rad/sec 1.0 rad/sec 1.5 rad/sec

X/10a2 1 Gain/10 Gain/10 Gain/10

2a/10 3 «100 «200 «300

32/ 10 2 25 »100 225
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Appendix D
Sperinental pata

A 1listing of 2ll data is presented hsre to save those wao wish to
continue research on this topic many tecious hours of laboratory tinme,
The data also provide model designers with a first step comparison of
their model system performance with piloted system performance,

The mean, veriance, and standard deviation were camputed, and
these valaes are vreseated with the experirentzl measurements.

Tables D~1 tharough D=6 list data gathered and analyzed during Phase I
of the study., The first colum is measured in volts?-seconds, the
second colwm in volts2-seconds?, the third colum in volts-seconds,
the fourth colmmn in volts-seconds?, and the last column, the delay
tizme, is mezsured in tenths of a sacond, Tables D=7 throush D-24 list
data gathered and analyzed éduring Phase II, and Tables D-25 through
D-33 1ist date gathered and analyzed during Phase ITI. The step time,
the interval between the beginning of the rum and the aygslication of
the step in the Phase III experiments, is measured in seconds., The
sane four units of measwre are used for the first four colwms in
Tables D=7 through D-33 as were used in Tables D-1 throush D-6,

A %04 appearing in any of the tables, indicates that no
measurement was taken, or that the measurement was invalid due to
mltiplier nonlinearity.
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Table D~1

SUSJECT 1 - PERFORMANCE MEASURES FOR N CONTROLLER
INPUT = & VOLT STEP

1€S 1TES J&E 1TAE Y TIME
0,740 0.540 t1e112 - .
0.319 0.239 0.535 1.430 2.9
0.430 0.372 0.63% 1.270 3,2
Co.341 0.253 0.592 1.580 2.5
0.402 0.324 0.653 1.590 2.7
0,662 0.356 0.5686 1430 3,8
0.448 0.372 0.796 2.120 3.8
0.300 0.141 0463 1.070 2.2
0.400 0.240 0.631 1.%20 2.9
0.255 0.149 0.51% 1.580 2.3
0.245 i 0.062 2.603 2,270 2.2
OAT A Q334 0.146 0.546 1.470 24
0.307 0.182 0.560 1.560 2%
0.299 0.102 0. 767 2.6%9 2.2
0.295 0.198 0.675 1.080 3.0
0.333 0.239 0.756 2.530 2.5
0.318 0.22% 0.62% 1.870 2~9
0,362 0,222 0.778 2,450 3.0
0.407 0.389 0.783 2.210 3.5
0.281 0.19¢ 0.632 2.060 22
0.300 0.212 Q.672 2.160 2.2
0.340 C.083 0.532 1.320 2.6
0.427 0.393 0.75% 1.920 6.0
0.454 0.373 0.792 2.070 3.8
0,229 0.180 0.600 2,260 2.2
HEAN 0.361 0.25%9 0.6%9 2.8641 2.9
VARIANCE 0.010 0.024 0.018 0.217 0.7
$T0. OEV. 0.102 0.1%54 0.136 0.46% 0.8
SUBJECT 1 - PERFORMANCE MEASURES FOR /S CONTROLLER
INPUT - 1 VOLT STEP
1ES ITES 1AE ITAE ¥ TINE
.57 | . 0.924% . .
0.612 0.582 1.105 3.390 26
G.684 0.637 0,969 2.1%0 2.3
0.583 0,553 1.0%9 2.810 21
0.645 0.6%96¢ 1.040 2.550 2.0
0.785 0.982 1.200 2.740 3.2
0,693 0.747 0.906 1940 2.9
0.658 0.674 1.022 2360 2.1
0.716 0.723 1.032 2.080 2.3
0.695 0.706 0.956 1.790 2.9
0.675 0. 740 0.924% 1.660 2.5
[+ R 0.662 0.612 0.906 1.740 2%
0.614% 0.562% 0.8%9 1.900 2.8
0.%26 0.488 Q.750 1.420 2.0
0.571 0.693 0.866 1.660 2.3
G.613 0.580 0.876 1.650 3.3
0.532 0.896 0.979 2550 é.3
0.378 0,413 0,800 24440 2.1
0.41% 0.372 0.75%2 19220 2.2
0.35¢ 0.395 0.822 2.700 2.0
0.615 0.472 0.800 2.270 2.1
D426 0.48% 0.766 2.030 2.2
0,396 0. 444 0.73% 2.020 2.4
0.367 0.388 0.6%8 1.920 2.3
0.425 0.501 0. 752 1.930 2.4
HNEAN 0.560 0.m 0.»901 2-146 2.4
VARTANCE 0.016 0.020 0.01e 0.216 0.1
$ST0. O&V. 0.12% %.140 0.127 0.0, 0.4
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] Table D=2
# SUBJECT 1| - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
3 INPUT - 1 VOLT STEP
L 1.3 ITES 1A€E 1TAE DELAY TIME
3 0.688 0.896 1.176 3.120 2%
3 0.56> 0.651 1.145 3.760 2.1
; 0.89 1.322 1.672 5.240 2.0
{ 0.7i6 1.295 1.608 5.580 2.7
; 0.801 1.195 1.396 4.040 2.2
- 0.593 0.80C 1.109 3.120 2.1 |
. 0.787 1.048 1.260 3.120 2.1
3 0.739 .17 1.298 3.520 2.5
, 0.879 1.451 1.5%6 5.020 27
; 0.659 1.107 1.404 4,710 2.5
! 0.534 0.687 1.021 2.910 z.1
4 DATA 0.791 1.053 1.229 2.920 2.3
i 0.500 0.729 1.103 3.650 2.6
; 0.668 1.128 1.282 3.740 2.8
: 0.785 1.081 1.520 ©.960 2.6
! 0.872 1.221 1.439 3.930 2.2
0.913 1.524 1.635 $.110 2.4
P 0.300 1.620 1.864 6.280 2.5
| 0.709 0.867 1.066 2.120 2.6
; 0.456 0.474 0.920 2.700 2.1
. 0.602 9.303 1.059 2.830 2.0
| 0.526 0.614 0.999 2.600 2.2
: 0.509 0.590 0.908 %.160 2.1
- 0.530 0.681 0.960 2.330 2.0
i 0.441 0.516 0.781 1.990 1.8
; MEAN 0.684 0.979 1.256 3.738 2.3
i VARIANCE 0.021 0.101 ;  0.075 1.2712 0.1
i STO. DEV. 0.146 o.37 | 0.273 1.128 0.3
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Table D=3

P T R AT T ST T T

SUBJECT 2 ~ PERFORMANCE MEASURES FIR K CONTROLLER
INPUT = | VOLT STEP

1£$ 1TES IAE ITAE OELAY TINE
0.456 0.674 0.786 24120 28
0.471 0.3517 0.792 2.110 2.9
0.475 0.391 0.769 1.920 3,0
0.624 d.710 0.929 1.710 3.2
0.430 0.337 0.760 2.210 2.2
0.509 0.495 0.860 2.190 3.2
0.421 0.356 0.809 2.420 2.2
0.400 0.367 0,750 2.130 2.4
0.382 0.380 0.603 2.600 2.3
0.465 0.410 0.822 2.140 2.3
0.476 0.477 0.877 2.350 2.7
DATA 0.507 0.474 0.828 1.920 2.9
0.540 .56 0.868 1.960 3.2
0.632 00"" 0..06 2.220 205
0.508 0. 549 0.873 2.180 2.6
0.596 0.632 0.866 1.670 4.5
0.587 0.643 0.9%3 2.260 3.2
0.516 0.514 0.866 2.1%0 3.0
0.50% 0.921 0.233 1.750 34
0.443 0.361 0.633 1.110 2.8
0.413 0.415 0.722 1.820 2.7
0.3567 0.342 0.656 1.690 2.9
0.572 0.729 1.071 3.080 3.1
9.405 0. 444 0.832 2.470 2.4
0.506 0.519 1.004 2.980 2.8
MEAN 0.480 0.492 0.831 2.126 2.9
VARIANCE 0.004 0.020 0.009 0.166 0.2
STD. DEV. 0.067 0.161 0.09% 0.406 0.5
SUBJECT 2 - PERFORMANCE WEASURES FOR X/$ CONTROLLER
INPUT = | VOLT STEP
1ES ITES 1AE ITAE DELAY _TIME
6.,,; * !.‘ﬁ ;.i“ z.
0.816 0.972 1.1%1 2.210 2.6
0.763 0.840 1.090 2.030 2.5
0.675 0.682 0.956 1.760 2.5
0.631 0.702 1.031 2.370 2.6
0.815 0.942 1.090 1.800 3.0
0.651 0.657 0.875 1.370 2.9
0.739 0.798 1.084 2.140 3.0
0.691 0.769 “e949 1.570 2.1
0.551 0.514 0.930 2.090 2.8
0.720 0.837 1.082 2.160 3.8
DATA 0.718 0.809 0.983 1.600 3.0
0.411 0.534 1.038 3.470 2.9
0.75¢ 0.862 1.128 2.300 3.3
0.65" C.688 1.092 2.440 2.6
0.622 €.590 0.852 1.370 2.9
0.67% 0.721 0.941 1.610 3.1
0.745 0.80C 1.0% 2.130 3.0
0.70% 0. 746 0.966 1.630 2.8
0.841 0.969 1.148 1.980 4.2
0.728 0.816 1.176 2.740 4.6
0.897 1.074 1.165 1.840 4ok
0.656 0.773 i.118 2.780 2.2
0.611 0,602 0.834 1360 2.1
0.951 319 34214 1.760 3.8
HEAN 0.720 0,005 1.057 2.064 3.0
VARIANCE 0.016 e-032 0.017 0.283 0.6
$TD. DEV. 9.120 0179 0s129 0.932 0.7
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' Table D-/
3 SUBJECT 2 - PERFORMAUCE MEASURES FIR K/S2 CCNTROLLER
# INPUT - 1 VOLT STEP
E:
3 1ES ITES JAE I TAE DELAY TIME
% T. 164 T.590 1-659 3:637 Y 7% 2
,5‘ loZOb 10773 i-779 6.!70 ?.2
: 0.944 1.240 1.492 3.770 2.9
2 1.244 2.04¢ 1.962 5.280 2.5
i 1.03% 1.35C 1.396 2.790 2.1
0.968 1.280 1.430 3.336 2.2
1.358 2.470 2.220 50700 2.3
1.212 1.86¢ 1.826 £.460 2.0
1.138 1.740 1.712 4,140 2.1
0.923 1.310 1,662 4,780 2.2
OATA 0.928 1.270 1.530 4,040 2.6
. 1.246 1.76C 1.720 3.610 2.5
s 0.934 1260 1.490 3.790 2.2 -
1.181 1.670 1.708 3.860 3.5
1.118 1.720 1.762 4.380 2.7
1.282 1.860 1.786 3.940 2.0
0.899 1.250 1.52¢ 4,170 2.6 .
. 1.132 1.550 1.562 3.220 3.0
1.009 1.330 1.486 3.960 2.0
1.223 1.780 1.802 4.200 2.5
1.180 2.230 2.112 6.660 3.5
0.985 1.38C 1.552 3.920 2.6
1.210 1.820 1.782 4.130 2.6
1.086 1.500 1.586 3.570 2.1
REAN 1.107 1.626 1.692 4.1 2.5
VARIANCE 0.017 0.100 0.639 0.516 0.2
$T0. OEV. 0.129 0.316 0.198 0.903 0.6
|
|
§
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SUBJECT 3 -~ PERFORMANCE MEASURFS FOR K CONTROLLER
INPUT - | VOLT STEP

1€S 17€S _IAF ITAE Jgg;gg_;;ggJ
0.367 0.168 0.626 1.860 3.
0.382 0.279 0.621 $.500 3.5
0.280 0.170 0.58¢ 1.940 2.8
0.35¢ 0.28¢ 0.584 1.590 2.9
0.552 0.492 0.853 2.990 5.0
0.613 0.506 0.969 2.390 4.0
0.626 0.751 1.036 2.800 5.5
0.389 0.450 0.880 3.100 3.0
0.47¢ 0.590 1.007 3.450 3.8
0.361 0.370 0.703 2.206 2.8
0.433 0.516 0.880 2.880 3.6
OATA 0.377 0.28C 0.639 1.710 2.8
0.371 0.370 9.767 2.380 2.6
0.390 0.480 0.992 3.830 2.3
0.365 0.712 0.963 3.850 2.2
0.366 0.821 0.968 3.920 2.2
0.374 1.164 1.376 60240 2.4
0.461 1.038 1.508 6.280 3.8
0.298 0.644 0.986 3.740 3.0
0.302 0.280 0.688 2.420 2.5
0.303 0.267 0.810 3.160 2.5
0.331 0.552 0.91 3.830 2.2
0.468 0.944 1.328 5.570 2.6
0.33¢ 0.512 0.86¢ 3.300 2.5
HEAN 0.393 0.514 0.283 3.111 3.0
VARIANCE 0.009 0.659 0.060 1.75¢ 0.7
STD. O€v. 0.093 0.262 0.245 1.325 0.8
SUBJECT 3 - PERFORMANCE NEASURES FOR K/S CONYROLLER
INPUT - 1 VOLT STEP
I€s 17ES 1€ 1A Ay Tix
1.457 2.970 2.690 9.640 3.0
1.535 2.700 2.280 6.160 4.0
1.613 2.40C 2.089 5,470 2.2
1.200 1.890 1.956 5.520 3.1
0.817 1.C07 1.332 3.370 3.4
1.388 2.247 1.943 4.510 6.3
1.076 1.420 1.577 3.790 %l
1.330 2.230 2.072 5.800 2.8
0.944 1.239 1.373 3.010 2.7
1.311 2.140 1.956 3,000 2.7
1.072 1.58¢C 1.666 4,230 2.5
DATA 0.887 1.126 1.411 3.690 2.8
0.867 1.224 1.603 ©.910 2.9
1.136 1.760 1,826 4.950 3.0
1.289 2.110 1.945 5.150 3.3
1,464 2.480 2.138 S.570 3.0
1.128 1.63¢ 1.613 3,750 2.6
1.355 2.140 1.878 4.210 2.8
0.323 0.934 1.189 2.440 3qi
0.887 1.159 1.372 3.350 .
0.895 1.108 1.355 3.210 2.7
1.012 1.380 1.534 3.740 2.4
0.839 1.065 1.29 3.050 2.9
1.072 1.50C 1.545 3.470 3.0
0.599 0.649 0.87¢ 1.740 2.5
HEAN 1.111 1.62¢ 10699 4,391 3.1
VARTANCE 0.C6]1 0:364 0154 20344 0.2
T0. DEV. 0.247 0.604 0,392 190 0.9




aaniRadhihg * Zhaintdaaiic s buctehiniinic i dinii A S N

Cai My

6=/z3/695-2

Teble D-6

SUBJECT 3 -~ PERFORMANCE MEASURES FOR -X/7S2 CCNTROLLER

INPUT = 1 VOLY STEP

1€3 1TES 1a£ 1TAE DELAY TIME
1.489 2.630 22670 7.330 3.3
1.558 3.51C 3.050 10.95¢0 3.4
2.092 6.920 3.799 13.510 3.1
1.524 2.470 2.169 5.120 2.%
1.385 2.80C 2.680 9.249 3.3
1.492 2.72C 2.438 7.100 3.0
1.122 1.720 2.116 6.92v 2.5
1.229 3.400 2.833 13.810 2.6
1.458 4.81C 3.20:3 19.190 3.3
1.555 2.890 2,758 8.31¢ 2.4
1.323 20290 2.460 8.060 .7
DATA 1.520 2.590 2.736 9.050 4.0
0.904 1.200 1.828 6.209 3.5
1.120 1.650 2.448 7.250 3.2
1.208 1.940 2,276 7.820 3.4
1.130 2.91C 2.161 7.110 3.5
1.564 4.06C 2.506 T.340 3.4
1.879 2.98C 3,438 11.860 3.1
. 1.595 4,560 2.834 7.940 3.6
2.005 3. 7€ 3.320 10.560 2.9
1.803 2.9540 3.310 11.490 3.2
1.626 3.030 2.606 . T.T40 3.3
1.362 3.030 3.129 12.390 3.2
1.642 3.860 3.216 11.990 3.1
1.626 3.530 2.893 9.660 3.0
MEAN 1.488 3.086 2.737 9.534 3.2
VARIANCE 0,076 1.059 0.217 9.172 0.2
$TO. DEV. 0.276 1.029 0,465 3,029 0.6
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Table D=7

SUBJECT 1| = PERFORMANCE MEASURES FOR K CONTROLLER

INPUT = §.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

R

1€S 1YES [AE LYAE
3.396 O. 11.28¢ 392.
3.144 0. 11.320 ©16.480
3.000 0. 10.768 384.720
0ATA 2.928 0. 12,800 368.240
3.816 0. 11.048 39]1.040
2.748 0. 10.352 369.360
2.454 0. 9,280 333.520
3.378 0. 11.568 415.600
2592 O» 9,520 296.160
VEAN 3.051 0. 10.660 374.124
VARIANCE 0.166 =0. 0.569 1235.189
STD. 0€v. 0.408 ~0. 0.755 3605‘0
SUBJECT 1 -~ PERFORMANCE MEASURES FOR K CONTROLLER
INPUT = .86 VOLT R¥S GAUSSIAN WITH 1 RADIAN CUT=OFF
1ES _ITES 1AE ITAE |
5.920 T4.560 13,941 516.240
DATA Se344 52.880 13.590 439.680
5.280 67.680 164.400 503.640
6.920 121.920 15.345 567.540
VEAN 5.865 75260 14,319 521.775%
VARIANCE 0.432 667.992 0.433 135,543
STD. OEV. 0.658 25.846 0.658 27.121
SUBJECT 1 = PERFORMAKRCE MEASURES FOR K CONTROLLER
INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF
1€S ITES IAE 1TAE
4.896 28,650 13.392 487.850
6.680 95,120 15.471 5648.190
6.728 96.560 15.66C $5:.700
CATA Te432 113.920 16.272 $91.930
6.496 §5.600 16.110 569.790
6.928 111.520 15.930 569.790
S5.144 $3.760 13.653 600.030
4.400 T.120 12.674 448.110
4.640 26.160 12.924 475.200
VEAKR $.927 68.489 1£.654 538.060
VARIANCE 1.163 1471.303 2.043 2623.677
STD. OEV. 1.078 38.358 1.429 51.222
>
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Table D=8
SUBJECT 1 - PERFORMANCE MCASURES FOR K/S CONTROLLER
INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF
. 1€S 1TES 1AE 1TAE

5 e300 0. 12.960 446,000
4.540 0. 12.130 416.900
5.200 0. 12.600 429.800

CATA 4,650 0. 12.000 416.100
4,400 0. 12.150 2164600
4,960 0. 12,420 414,000
5.110 0. 12.860 ©306.600
4.160 0. 11.520 399,200
4.580 o. 12,010 ©32.100

FEAN 4,764 0. 12,29 ©20.144

VARTANCE 0.136 -0, 0.187 161.297

STD. OEV. 0.369 ' -0, 0.433 12,700

SUBJECT 1 = PERFORMANGE MEASURES FOR K/S CONTROLLER

INPUT = .86 VOLT RMS GAUSSIAN WITH 1 RADIAN CUT-QFF

j 1ES X ITES 1AE ITAE

11.34% 2444320 18.909 633,150

DATA 10.672 243.040 18.666 630.630
11.208 256.880 19.620 671.310
10.024 219.689 18.576 626,760

FEAN 10.812 263.480 18.943 64C.462

VARTANCE 0.270 278.725 0.268 322.371

STO. DEV. 0.520 16.695 0.410 17.955

SUBJECT 1 - PERFORMANCE MEASURES FOR K/S CONTROLLZR

INPUT - .56 VOLT RMS GAUSSIAN KITH 1.5 RADIAN CUT-OFF
1€S 1TES 1AE ITAE
%.938 70.620 13.696 %66.240 |
5.916 124.140 14.832 525.360
4,728 80.160 13,166 475.280

[DATA 5460 93.420 14.376 502.480
5.934 133.860 14.816 534.880
6.384 143,820 15.224 $38.800
5.676 118,680 13,904 $01.920
5,088 86.640 13.872 490,480
4,884 77.280 13,440 463,120

) 5,445 103,180 1640148 499.840

VARIANCE 0.290 655.796 0.436 730.215

$Y0. DEV. 0.538 25,609 0.660 27.032
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Table D=S

SUBJECT 1\ - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT = 1,44 VOLTY RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

1ES

1TES

LAE

ITAE

%4415 1363.C050 36,140 1176.600 |
47,349 1496.610 42.5C0 1310.000
30.402 1051.380 33,0640 1125.600
CATA 41.220 1297.800 37,290 1220.10C
38,709 1204.110 35,850 1155.500
31.950 1028.700 34.150 1132.500
36.216 1272.240 36.090 1199.100
35,604 1265.760 35.100 1221.000
43.092 1504,08C 38,310 1317.900
VEAN 38,773 1275.970 36,697 1206.478
VARIANCE 29.248 25071.236 6.675 343,153
STD. D%V, 5.408 153.339 2.584 65,903
SUBJEC™ 1 - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT = .86 VOLT RMS GAUSSIAN WITH 1 RADIAN CUT-OFF
1ES ITES 1AE I1TAE
58.860 2313.400 44,050 1574.500
DATA 67.200 2414.,000 49,710 16461.900
62.040 2019.600 45.760 1466.400
61.700 2015.000 46.750 1496,500
FEAN 62.450 2190.500 46.567 1544.825
VARIANCE 9.045 31266.062 40225 4697.500
$TD. DEV. 3.008 176.822 2.055 68.538
SUBJECT 1 - PERFORMANCE MEALURES FOR K/S2 COMTROLLER
INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF
IES ITES 1AE 1TAE
«T.730 1753, [~ 38.950 | N
38.000 1360.000 37.490 1305.100
27.210 887.900 32.800 1121.000
DATA $3.406 1996.000 42.320 1452.800
48.410 2040.900 39,469 16462.400
$1.310 1899.900 39.710 1410.900
44.680 1728.200 38.320 1358.890
50.130 1859.700 42.690 1466.100
464290 1625.100 39.920 1351.800
FEAN 45.240 1683.489 39,073 1364.933
VARIANCE 58.056 116803.860 7.482 10327.875
STD. DEV. 7.619 343.766 2.73% 101.626
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Table D=10

INPUT = 1.44 V

SUBJECT 2 ~ PERFORKANCE MEASURES FOR K CONTROLLER
RMS GAUSSIAN WiTH .5 RADIAN CUT-OFF

. " ot 18 Fors U o Vb Y X

(g AN PRI A A el YRR pctd 3 bl

1€S 1TES 1AE 1TAE
3.256 0. 10.0%2 310.800
4.928 0. 13.398 377.230
3.883 0. 10.633 331.380
OATA 3,536 C. 10.766 313.180
4,713 0. 12.124 339.780
4.367 0. 11.690 338.520
4.070 0. 11.095 328.020
2.486 o. 8.736 264,950
2.431 0. 8.442 267.960
PEAN 3,741 Q. 10.771 319.091
VARIANCE 0.716 ~0. 2.198 1118.416
STDo DEV. 0.866 '00 ‘0‘83 330‘.“3
SUBJECT 2 = PERFORMANCE MEASURES FOR K CONTROLLSR
INPUT « .86 VOLT RFS GAUSSIAN WIvid 1 RADIAN CUT-OFF
1ES ITES 1AE 1TAE |
14.850 282.100 20.490 678.500
OATA 9.180 130.200 18.160 618.900
10.110 100.200 2C. 040 598.609
8.600 T1.200 18.120 566.900
FEAN 10.685 145.925 19,202 615.725
VARI*NCE 6,073 6616.377 1.154 1656.984
STD. DEV. 2.464 81.341 1.074 40.706
SUBJECT 2 ~ PERFORMANCE MEASURES FOR X CONTROLLER
INPUT = ,56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF
1ES ITES 1AE ITAE
5.620 15.900 14.200 512.500
6.720 48.8380 - 14,750 522.700
%.920 15.300 14.48C 501.700
OATA 6.320 36.400 14,950 525.500
6.760 37.600 15.870 524,900
$.260 o. 13.700 465.100
9,040 118.100 16.590 $39.200
6.0640 10.200 14,360 486,400
5.65%50 0. 14.090 471.500
FEAN 6.368 31.367 14.77T7 505.611
VARIANCE 1.119 1200.433 0.749 593.826
STD. DEV, 1.058 34.647 0.%6% 26.369
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Table D~11

SUBJECT 2 - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT = lekh VOLTY RMS GAUSSIAN KITH .5 RADIAN CUT-GFF

[ R Y S S

b pveE 1 v
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B ST ST A SR

1ES ITES 1AE I172€
§.420 0. 14.060 443,100
5.500 0. 14.310 476.100
6.130 0. 14,700 467.800
DATS 5.960 0. 14.330 457.500
7.520 46,200 15.780 505.100
5.680 0. 14,260 466,000
3580 0. 12.610 428.000
5.790 0. 14.120 448,600
5.190 0. 13.570 455,900
VEAN 5.752 4.711 14.193 460,900
VARIANCE 0.%76 192.952 0.637 427.274
STD. DEV. 0.759 13.8¢%1 0.798 20.671
SUBJECT 2 - PERFORMANCE MEASULRES FOR K/S CONTROLLER
INPUT = .86 VOLT RMS GAUSSIAN WITH 1 RADIAN CUT-OFF
1§33 ITES IAE ITAE
18.900 461.700 26950 859.10
CATA 21.860 616.400 28.580 964,200
18.42C 494.000 25.650 890.500
23.140 660.200 29.180 287,200
MEAN 20.580 558,075 27.6C0 925.250
VARIANCE 3.920 6806.266 1.908 2734.578
STD. DEV. 1.980 82.500 1.381 52,293
SUBJECT 2 -~ PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT = .56 VOLT RPS GAUSSIAN WITH 1.5 RADIAN CUT-OFF
13 I1TES IAE ITAE
9.380 176.800 19.4CJ 704.200
9.880 172.900 18.520 643,400
9,650 169.600 18.440 636.900
DATA 9.750 164.800 18,520 642.400
: 10.900 187.000 19.420 648.200
13.090 293.900 21.72¢ 742 .800
12,960 257.000 21.580 704.600
9.260 117.600 18.41C 596.400
9.460 132.300 18.720 $20.000
PEAN 10,432 185.767 19.448 659.878
VARIANCE 2.G51 2802.314 1.51% 1966.865
STD. DEvV. 1432 $2.937 1.251 46.349
§
|
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Tabls D=-12
SUBJECT 2 - PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT = 1.4& VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF
1ES 1TES 1AE 1TAE
37.110 1029.900 36.600 1126.000
46.010 1489.900 38.550 1263.560 :
34.780 974.200 35.080 1131.200 y
CATA 33,470 1007.300 35.099 1154.100 :
36.290 1098.000 33.520 1083.800 §
24.000 6046.700 29.450 935.500 3
39.340 1156.600 35.240 1175.600 \
29.280 732.200 30.530 923.700 :
36.470 1221.300 34.560 1204.400
PEAN 35.186 1034.900 25.291 1110.867
5 YARIANCE 33.768 60192.597 7.098 11696.139
B STO. DEV. 5.811 245,342 2.564 1€8.149 .
3 é
:
| SUBJECT 2 ~ PERFORMANCE MEASURES FOR K/S2 CONTROLLER {
/i INPUT = .86 VOLT RMS GAUSSIAN WITH 1 RADIAN CUT-OFF :
E?f ‘
4 1€S ITES IAE ITAE H
¥ $5.080 1914.200 45,250 1525.500 i
4 DATA 53.480 1600.200 44.950 1406.500 :
| 50.600 1709.000 41.420 1438.800 g
2 50.340 1649.600 %4.010 1455.900 i
9 2
Fg FEAN 52.37% 1718.256 ©3.907 1656.675 ;
£
§ VARTANCE 3.958 14282.687 2.272 1893.656 :
¥ . 2
: STD. DEV. 1.989 119.510 1.507 43.516 i
5 :
3 SUBJECT 2 - PERFORMANCE MEASURES FOR K/S2 CONTROLLER ]
: INPUT = .56 VOLT APS GAUSSIAN WITH 1.5 GADIAN CUT-OFF ’
1ES 1TES _IAF ITAE ’
37.656 1223,040 33,560 1147.400 :
40,416 1230.24C 36,260 1115.400 :
39.792 1337.280 35.380 1216.200 !
DATA 45,660 1629.000 36.19¢C 1278.1€0 :
37.104 1343.760 32.300 1181.000 :
47.520 1792.800 36.640 1343.600 :
41.412 1561.080 3 580 1303.200 ;
37.380 1195.80C 33,760 1147.400 ;
43.200 1690.80C 34.610 1299.900 :
PEAN 1,127 164%.867 34.7C5 1225.803 :
VAR:ANCE 12.262 45339, 444 1.683 6074.958 i
$T0. DEV. 3.502 212.931 1.297 77.942 ]
2
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Table D-13

¥
{SUBJECT 3 - PERFORMANCE MEASURES FOR K CONTROLLER

INPUT = l.44 VCLY RMS GAUSSIAN MITH .5 RADIMN CUT-OFF

1£5 1TES 1AE 1TAE
12.000 796.800 19.416 526,640
20.550 522.500 21.372 679.080
13.530 402.700 21.780 736.200
CATS 14.605 423.950 20.280 €97.800
13.720 4C7.800 18.972 655.880
12.970 357.000 2C.852 689.880
12.390 324.250 19.800 649.800
11.960 324.800 19.862 672.780
9.500 226.000 17.926 579.120
vEAN 13.469 365.089 20.031 664.687
VARIANCE 8.122 6538.587 1.297 1811.056
STO. DEV. 2.850 80.862 1.139 42.556
SUBJECT 3 - PERFORMANCE MEASURES FOR K CONTROLLER
INPUT = .86 VOLT RMS GAUSSIAN WITH 1 RADIAN CUT-OFF
I€S 1TES 1AE 1TAE
7.500 196.450 15.505 570.150
OATA 8.490 261.000 16.314 614.460
9.105 246,150 17.318 610.820
11.690 371.100 19.320 714.000
PEAN 9.196 263.175 17.239 627,357
VARIANCE 2.401 4238.429 1.881 2804.863
STD. DEV. 1.549 65.103 1.372 52.961
SUBJECT 3 - PERFORMANCE MEASURES FOR K CONTROLLER
L INPUT = .56 VOLT RWS GAUSSIAN WITH 1.5 RADIAN CUT-OFF
' 1€s ITES 1AE ITAE |
8.980 244,100 18.060 675.800
7.750 197.700 17.514 £15.860
8.560 192.700 18,284 588.560
OATA 6.960 173.400 15.13¢ 556.260
11.340 343,200 20,510 734300
11.815 370.950 20.685 752.150
; 5530 166.500 15.386 577.640
| 8.430 223.100 16.758 $92.620
- 7.525 182.850 16.198 565.320
VEAN 8.656 232,722 17.614 622.946
VARTANCE ; z.981 6972.711 3.592 593,889
$T0. DEV. 1.726 70.517 1.895 67.778
(8 .
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Table D~14

SUBJECT 3 ~ PERFQKMANCE MEASURES FOR K/S CONTROLLER
INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF

1ES I1TES 1AE 1TAE
14.208 %25.260 24,232 852.080
14.526 314.940 23.440 710.400
9.270 212.580 18.864 642.560
DATA 17.352 404220 26.400 796.0G0
10.368 240.780 2C.688 676.320
8.514 166.5C0 18.776 611.280
11.460 274.800 22.512 743.680
10.37¢ 238.500 19.9G4 665.760
8.184 173.280 18.488 624.720
FEAN 11.586 272.320 21.478 702.533
VARIANCE 8.679 7703.470 6.989 5874.840
$T0. DEV. 2.946 87.769 2.644 76.648
SUBJECT 3 - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT - .86 VOLT R¥S GAUSSIAN WITH 1 RADIAN CUT-OFF
1€$S 1TES 1AE 1TAE
24.216 766.440 29.240 1009.290
CATA 17.628 480.120 25.96C 756.400
24.114 763.860 30.976 1027.040
16.128 455.520 26.840 843.600
FEAX 20.521 616.485 27.754 909.060
VARTANCE 13.558 22177.758 6.075 12884.352
STO. DEV. 3.682 148.922 2.465 113.509
SUBJECT 3 - PERFORMANCE MEASURES FOR K/S CONTROLLER
INPUT ~ .56 VOLT RNS GAUSSIAN WITH 1.5 RADIAN CUT-OFF
1ES ITES IAE 1TAE
13.864 %42.800 21.712 783.375
9.858 280.740 18.007 655.425
13.950 407,220 22.192 744.825
DATA 18.606 596.94C 24.967 851.325
15.348 507.120 23.062 807.375
15.018 405.720 23.227 748.725
17.256 260,440 26.495 764.550
16.746 354.780 26.100 730.500
3.520 218.940 17.145 636.050
FEAA 16.356 407.967 22.323 744.683
VARIANCE 9.809 11586.085 8.130 £4658.396
STD. OEV. 3.132 107.639 2.851 68.252
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Table D-15

e e s

SUBJECY 3 = PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT = 1.44 VCLT RMS GAUSSIAN WITH .5 RADIAN CUT~OFF

1ES { 1TES IAE ITAE
55.168 1535.52C 43,123 [ 807.120
45.744 1395.360 38.214 1296.360
51.072 1407.680 43,632 1277.280
CATA 34.604 1062.960 34.65C 1133.100
42.448 928.320 38.034 1010.160
32.224 106,560 33.858 1065.420
42,440 999.600 37.854 1054.260
32.728 819.120 33.210 958.500
31.776 940,640 32,940 1033.200
VEAN 40.918 1110.640 37.28C 1070.800
VARIANCE 66.507 61466.458 . 14,483 20567.153
STD. DEV. s.161 247.924 3.806 163.343
SUBJECT 3 ~ PERFORMANCE MEASURES FOR K/S2 CONTROLLER
INPUT = .86 VOLT RMS GAUSSIAN WITH 1 RADIAN CUT-OFF
1ES 1TES 1AE 1TAE
95,040 3044.800 55.161 1698.390
DATA 65.968 2267.520 49.473 1568.070
72.872 2432.880 56.313 1771.470
46.384 1484.960 39.582 1236.780
VEAN 70.066 2307.540 56.132 1568.677
VARIANCE 302.301 309375.500 43.808 42026.594
$T0. DEV. 17.387 $56.215 6.619 205.00¢
SUBJECT 3 ~ PERFORPANCE MEASURES FOR X/S2 CONTROLLER
INPUT ~ .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAM CUT-OFF
1ES ITES IAE | TA
37.600 1287.200 37.674 1285.560
45.880 1636.400 40.059 1344.510
44.080 1609.600 39.690 1358.1G0
DATA 40.048 1525.920 36.459 1284.210
77,600 2382.400 55.620 1701.900
©7.226 1790.160 39.438 1396.620
64,000 1321.600 48.330 1439.100
£8.400 1460.800 47.223 1288.°70
100.160 2356.%00 59.382 1511.280
YEAN 57.221 1763.431 44.875 1401.050
VARIANCE 376.394 128211.277 60.631 16544.6%¢
$T0. OEV. 19.401 350.066 T.787 128.62¢
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Table D-.6

SUBJECT 1 - PERFORMANCE MEASURES FOR X CONTROLLER

INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 1 VOLT STEP

STEP TIME;

1€S 1TES 1AE 1TAE
3103 O. 13.916 393,263 6.0
OATA 3.579 0. 13.063 371.05) 1.9
3.495 0. 13.9647 388,105 13.2
3.568 0. 13.737 377.158 8.3
34411 0. 13.811 361.053 88.0
HEAN 3.552 0. 13.695 378.126
STO. OEV. 0.093 ’0. 00325 ‘los“
INPUT = 1.44 VOLT RMS GAUSSIAM WITH .5 RADIAN CUT-DFF PLUS 3 VOLT STEP
1€S 1TES IAE 1TAE SYEP TIME
9. [ 57,895 16.547 %48.316 12.8
OATA 9.705 20,947 15.800 393.158 8.8
8.168 13.053 16.567 391.579 11.0
8.295 39,3568 14.926 416,862 12.0
9.695 264,947 15.421 398.8642 7.0
REAN 9.048 31.262 15.448 409,747
VARIANCE 0.460 250.572 0.483 452,422
$TD. DEV. 0.678 15.829 0.695 21.270

INPUT -~ 1.44 VOLT RNS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 5 VOLT STEP

1€S 1TES I1AE 1TAE STEP TIME
22. . 17.221 433,519 13.8
OATA 16.737 125.263 16.926 460.632 12.0
15.221 93.474 15.768 4462.947 10.0
21.432 128.105 17.789 445,295 8.2
18.526 90.526 16.737 393.789 6.6
REAN 18.785 134.905 16.688 435.368
VARIANCE 6.874 28%56.176 0.440 507.700
STD. DEV. 2.622 $3.443 0.664 22.532

1C8

o e v e ————— =

DA AT, ) b g AN A




o oY A

- httaninnnn i

ke e

aal oo

LR e L e S ER L S

Laion ¥

e R

L b

Lt

c=/=/0s-2

Table D17

SUBJECT 1 = PERFORMANCE MEASURES FOR K CONTROLLER

INPUT = .56 VOLT RMS GAUSSIAM WITH 1.5 RADIAN CUT-OFF PLUS 1 VOLY STEP

1S 1TES 1AE 1ra€ | sver Time |
6611 16.632 15.632 %49.474 9.0
OATA 7,053 21.053 16.316 466.737 6.6
5.558 16,862 15.074 449,895 11.7
6.400 12.000 15.337 470,421 12.3
5.811 0. 14.358 417,579 16.2
HEAN 6.486 13.305 15.343 450.821
VARTANCE G.l61 52,466 0.415 349,044
STD. DEV. 0.401 7.243 0.644 18.663
INPUT = .56 VOLT RMS GCAUSSTIAN WITH 1.5 RADIAK CUT-OFF PLUS 3 VOLT STEP
1€S 11€S IAE 1TAE STep TiMe |
11.747 T17.674 17.537 488,421 12.8
OATA 10.284 75.263 17,411 475.368 12.2
11.495 85.474 18.916 $10.421 4.3
9.367 37.263 15.884 436.316 9.6
8.368 20.316 16.937 429.368 7.6
MEAN 10.248 67.158 16, 37 467.979
VARIANCE 1.630 1204, 364 1.922 953.428
ST0. DEV. 1.217 34,701 1.386 30.873
INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAK CUT-IFF PLUS S VOLT STEP
1€S 1TES 1AE 1TAE STEP TiINE
20.084 140,000 | 19.07% | 76,94 .
CATA 19.705 190.000 18.905 475.263 12.2
19.853 136.105 16.989 443.368 8.4
18.611 81.295 17.611 439,789 5.2
15.684 120.000 16.862 435.579 10.0
NEAN 18.987 133.60C 17.844 453,789
VARTANCE 1.583 1217.319 0.912 309.005
STD. DEV. 1.258 34.990 0.95% 17.579
1C9
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Table D-18

SUBJECT 1 = PERFORMANCE MEASURES FOR K/5 CONTAOLLER
INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUY-OFF PLUS 1 VOLT SYEP

1€S 1VES. JAC I1TAE STEP TIME!
5.600 0. 13.147 368.526 6.5
OATA 5.663 0. 12.832 352.632 6.9
5.3547 0. 13,242 372.842 14.8
$.579 0. 12.800 356.737 8.8
$5.568 0. 12.716 358.000 16.7
MEAN 5.5%2 0. 12.967 361.747
VARIANCE 0.002 =-0. 0.043 58.261
S$TD. DEV. 0.043 «0. G.208 T.633

INPUT ~ L.44 VOLT RMS CAUSSIAN NITH .5 RADIAK CUT-OFF PLUS 3 VOLT STEP

1ES 1158 IAE , ITAE STEP TIME
7.158 0. 12.653 329.476 | 9.7 |
DATA 7.779 0. 13.063 356,947 5.8
7.516 0. 12.221 331.158 13.3
8.000 0. 12.9719 348.316 10.1
8.305 0. 12.463 337,684 7.9
HEAN 752 0. 12.676 340.716
VARIANCE 6.155 | -0, 0.099 109,631
STD. OEV. 0.39 -0. 0.314 10.470

INPUT = 1.44 VOLT KNS GAUSSIAN WITH .5 RACIAXK CUT-OFF PLUS S VOLT STEP

1€S 1YES 1AE ITAE STEP TIME
13.989 64,316 13.3719 332.526 11.%
OATA 14.674 16,842 13,221 335.579 5.2
16.442 Tl. 684 14,232 360.737 T7
17.547 02.212 16.232 349.789 9.0
15.947 100.947 12.442 303.789 13.3
KEAN 15.720 67.200 13.501 336,486
VARIANCE 1.600 785.709 0.456 370.134
$TD. DEV. 1.265 28.031 0.676 19.239
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Table D=19

SUBJECT 1 = PERFORMANCE MEASURES FOR K/S CUNTROLLER
INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-UFF PLUS 1 VOLT STEP

1€5 1T€s 1A€ 1TAE sTEP T1me|
6.232 5. 15.032 50,526 13.5
oATA 5.747 . 14.163 639,474 10.0
5.937 0. 14,411 £09.789 9.2
6,263 2, 16,937 411579 6.3
5.716 0. 14,421 25,895 3.8
MEAK ? 5.979 c. 14,59 428253
1 ?
VARIANCE 0.056 -0, 0.111 288.139
STD. DEV. 0.232 -o. 0.333 16,975
INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 3 VOLT STEP
163 11€s ar | 1TAE STEP TINE|
8.947 75.474 14,968 1 407,057 13,6
DATA 8.926 28,947 16.737 417,368 11.0
s.211 27.263 16.095 449,579 8.8
10.063 31,674 16.505 436,842 .0
$.832 41,158 16.800 456,211 5.1
VARIANCE 0.452 | 30.406 0.581 131,428
!
STD. DEV. 0.673 . 5.514 0.825 18,205
INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 5 VOLT STEP
1€5 17€S TaE 1TAE STEP TINE
18,474 178632 T6.08% 358,532 13.9
DATA 19.821 171.368 18,421 457.895 10.5
16.558 99,789 16.126 451,263 8.2
16,484 82. 842 16.821 482,526 6.8
19.074 100. 000 17,662 469,769 s.6
HEAN 18.082 126,526 17.019 s72.021
VARIANCE 1.807 1610.518 0.813 62.366
STD. DEV. 1.346 40.131 0.902 9,07
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Table D-20

i T h ol S X

SUBJECT 1 ~ PERFORMANCE MEASURES FOR K/$2 CCKRTYROLLER

IRPUT = 1,44 VOLT RMS GAMSSIAN WITH .5 RADIAN CUT-OFF PLUS 1 VOL( STE?

1ES 1TSS 1AE TTAE STEP TIME
$%4.063 1006, 731 41,453 1137.579 9.0
CATA $1.537 1486.737 Ll.642 1324.632 10.3
27.242 680,842 32.211 917.895 12.5
37.926 986.947 39.032 1108.632 S.1
48.821 1347.895 41.768 1267.579 o7
MEAN 41.918 1101.0832 39.221 1161.263
VARIANCE 15.218 81634.537 13.363 20136.637
$TD. OEV. 8.673 285.718 3.647 141.904
INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLY STEP
1ES 1TES 1AE LTAE STEP TIME
66.000 1686.316 47.579 13464.211 12.2
| DATA 46.568 1205.895 40,158 1167.695 8.0
53,589 1504.105 43.789 1298.947 10.0
33,211 756.316 34.168 957.263 8.4
60.053 1622.632 48.632 1385.263 4.8
KEAN 51.884 1355.053 42.865 1230.716
VARIANCE 129.170 116856.899 27.858 24028.875
$TD. DEV. 11.365 241.843 5.278 155.012
INPUY ~ 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS S VOLT STEP
1ES 1TES 1AE ITAE STEP TIME
64,232 1976.632 43.074 1171.368 10.4
DATA 47.305 872.211 34.958 924,105 8.5
63.853 1290.947 43.011 1127.789 605
47.884 808.526 38.347 980,737 4.2
93.032 1962.316 50.653 1308.210 12.9
MEAN 63.261 1382.126 42.008 1102.442
VARTANCE 275.722 257420.225 27.995 13870.075
STD. DEV. 16.605 £07.425% 5.29! 137.368
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Table =21

SUBJECT 1 = PERFCRMANCE MEASURES FOR K752 CONTROLLER

INPUT = .56 VOLT RMS GAUSSTIAN WITH 1.5 RADIAN CUT-OFF PLUS 1 VOLT STEP

€S —mes A ITAE | svEp YINE]
72.021 1736.000 $0.716 1534. 947 13.8
DATA 4$.032 1488.10% 40,926 1260.211 11.0
51.832 1803.789 ©1.695 1378.842 8.5
©3.905 1532.526 30,442 1297.686 rog
©1.642 1521.474 37.811 1285.053 s.8
| MEAN 51,566 1616.379 61.918 1351.347
VARIANCE 124.296 16384.875 21.478 10009.175
STD. OEV. 11.149 128.003 4.634 100.046

INPUT ~ .56 VOLT RMS GAUSSTAN WITH 1.5 RADIAN CUT-GFF PI°'3 3 VOLT STEPF

1€$ 1TES TAE . ITAE | STEP VINE
55,958 1768.842 %3.837 PE¥] Y T %3
OATA 61.979 1654, 421 43,663 1259.158 10.6
45,247 1386.947 39,232 1166.632 8.5
52,337 16564, 526 ©0.916 1224.526 6.2
60,737 1726.316 46.021 1365.053 ron
HEAN 55.832 1660.210 42.733 1267.410
VARIANCE 26.626 17778.800 5.689 4908.687
STD. DEV. 5.160 133.337 2.338 70.062

INPUT = .56 VOLT

RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 5 VOLT STEP

B

IES ! 1TES 1AE ITAE STEP VINE
61.347 ; 1498.105 40.653 | 1171.78) | .
DATA 76,000 2130.526 65.789 1349.47% 7.8
73.137 1492.842 44,211 1130.520 9.2
52,021 990,316 38.166 1035.158 4.5
. 93,789 1847.368 52.337 1285.053 10.8
MEAN H 71.259 1591.832 44,232 1194.400
VARZANCE 200.393 147279.174 23.539 12443.000
STD. DEV. 14.156 383.639 4.852 111.548
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Table D-22

SUBJECT 2 ~ PERFORNANCE MEASURES FOR K CONTROLLER
INPUT = L.44 VOLT RMS GAUSSIAN WITH 5 RADIAN CUT-CFF PLUS 1 vOLY STEP

1€s__ | 1vEs IAE irae | svee ving
4.558 G. 12,126 35%9.15¢ 14.7
OATA 5.032 0. 12.526 363.684 10.2
3,979 0. tl.22! 341.053 9.0
4.263 0. 11.343 365.895 8.0
4.27%¢ Ce. 1i.368 355.158 4.2
NEAN 4.421 0. 11.722 356.989
VARIANCE c.127 =0. 0.262 17.234
ST0. OEV. 0.3%6 -G, 0.512 R.788
i
INPUT = 1.44 VOLT RMS GAUSSIAN N1J/H .5 RADIAN CUT-0FF PLUS 3 VOLT STEP
1€2 R 1+ JAF 1TAE
9.274 Q. 12.947 363.474 9.1
! OATA Te642 0, 13.316 401.47T4 13.6
J 6.400 0. 11.674 350.526 T2
i 6.895 0. 11.895 343.474 4.2
i 7.811 O. 12.821 374.421 9.2
1 v
HEAN 7.604 9. 12.531 366.674
$TO0. DEV. 0.978 =05 0.53% 200397

INPUT = L.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CHT=-CFF PLUS S VOLY 3STEP

LES 1TES JAE 1TAE STEP TIME
20,542 226.000 16442 469. 134 16.1
CATA 15.284 71.368 14.789 400.421 10.8
13.747 3.789 13.642 365.474 6.0
17.642 56.632 15.011 394.31¢ 7.0
14.114 52.737 13.716 362.632 11.9
MEAN 16.286 $2.10% 14.720 398,305
VARIANCE 6.995 $693.15C 1.045 1493.137
STD. OEY. 2.568 75.453 1.022 38.641
|
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Table D23

SUBJECT 2 ~ PERFORMANCE MEASURES FOR K CONTROLLER
INPUT ~ .56 VOLT RMS GAUSSIAN WITH 1.5 RKADIAN CUT-CFF PLUS 1 VOLTY ZTEP

1ES 11ES, . IAE. ITAE | SYEP YIME!
7.326 42,316 15,979 507,769 13.5
DATA 8.505 85.053 17,411 557,263 10.1
8.242 70,000 17,053 534,842 8.8
6,621 12,316 140242 485,000 8.6
74326 $1.579 15.787 507.579 4.5
NEAN 7.604 32,253 16.091 518.69%
VARIANCE 0.448 616,991 1.239 611.944
STD. DEV. 0.684 20683 2.113 24,737
INPUT = .56 VOLT RNS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 3 VOLT ST3P
1ES 1TES JAE | . IYAE ! SVEP TING
11.674 112.211 18.316 565.10% &7
SATA 12.611: 94.316 18,095 $27.684 6.3
10,442 89.368 17.505 541,263 8.4
11,242 112.105 17.905 547,053 10.5
12.768 159.684 18,358 $¢3.579 14.7
MEAN 11.707 113,537 18.036 349,137
VARIANCE 0.763 617,390 0. 097 204,616
STD. DEV. 0.873 24,847 0.311 14,304
INPUT - .56 VOLT RMS GAUSSIAN WITH 1.3 RAODIAN CUT-OFF PLUS $ VOLT STEP
1€S$ , 1TES AE 1TAE | _STEP TINE
14,421 27,389 18.525 | 562.105 | 14.3
DATA 14,400 34,116 19.432 534105 11.7
14.832 22,579 18.663 519.684 8.6
14.800 15.863 17.683 530.10% T2
15.305 16. 705 19.263 543,789 %0
MEAN 14.752 23.331 18.709 $33.958
VARIANCE 0.110 46,604 0.392 332,334
§T0. OEV. 0.331 o827 0.626 18,230
115
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Table D-24

TSI DU T AN, SO S X O T e PO RO T+ oe oo

SUBJECT 2 ~ PERFORMANCE MEASURES FOR X/5 CONTROLLER
INPUT = L.44 VOLT RMS GAUSSIAN WITH .5 RACIAN CUT-OFF #LUS 1 VOLT STEP

1£$ 1T€S 1AE ITAE STEP TIM
T.811 55.189 15.958 477.263 13.7
IDAT A Te411 48.632 16.000 £76.421 10.2
T.463 42.421 15.495 470.947 9.2
8.305 T4.947 16.40C 496.000 Te2
T.432 68,727 15.547 490,332 3.6
- MEAN T.664 58.105 15.880 482.753
VARIANCE o.118 147.559 0.110 89.13%
$TO0. DEV. 0.343 12.147 0.332 9.644%

INPUT = 1.44 VlUu, RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 YOLT STEP

1€S I1TES 1AE 1TAE STEP TIME !
16.600 200,316 19.389 $32.632 15.0
DATA 13.074 125.263 17.516 472.000 tieh
14,505 129.158 18.368 499.474 9.2
15.516 145.895 19.116 526.526 6.2
11.737 62.842 17.221 472.211 5.0
MEAN 14.286 132.695 18.322 500.558
VARIANCE 2.977 1938.795 0.727 664,678
$T0. DEV. 1.72% 44,032 0.853 25,781

INPUT = 1,44 VOLT RMS GAUSSIAN WITH .3 RADIAK CUT-OFF PLUS 5 VOLT

STEP

| 1ES 17€S _ 1AE ITAE STEP YVIME
30.021 238,842 71.168 %95.684 .T._.'__.‘ 1

DATA 23.684 111.053 19.368 467,053 4.2
27.095 226.211 19.358 479.57° 8.4
25.062 256.316 17.863 465,158 1.7
30.800 445.263 21.421 589.263 13.6

NEAN 27.328 255.537 19.836 499.347

VARIANCE 7.572 1:602.225 1.725 2140.187

$TD. DEV. 2.752 107.714 1.314 £6.262
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Table D=25

SUBJELT 2 ~ PERFORMANCE MEASURES FOR K/S COATROLLER
INPUT = .56 VOLT RMS GAUSSIAN NITH 1.5 RADIAN CUT-OFF PLUS 1 VOLT STEP

1ES 1TES 1AE 1TAE STEP VIME
15.147 | 363,789 23147 ToL-4 T4 ~16.0 |

DATA 13.895 247.263 21.895 646,862 11.6
11.716 218,131 20.084 630,947 10.0
13.503 280,08 21.053 646,632 8.6
11.158 194,842 19.853 595,674 3,2

MEAN 13.084¢ 260,947 21.206 6%4.274

VARIANCE 2.13% 3456.483 1.4T1 2712.612

STD. DEV. 1.461 58.792 16212 €2.083

INPUT = .55 VOLY RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 3 VOLT STEP

1€S 17ES 1AE 1TAE STEP TINE
17.684 731,684 23421 719.89% &7
DATA 16.853 231.684 22.168 662.947 $.9
20.211 324,737 22,895 6640316 5.8
18.463 341.684 22,453 655.579 11.6
16.379 277.263 21.67% 617.158 1606
MEAN 17.913 301.411 22,52 659,979
VARIANCE 1.822 1705.489 0.3%9 11504362
$STD. DEV. 1.350 41,298 0.599 33.917
i

INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS S VOLT STee

{3 1TES TAE_ ITAE STEP TIME
2,579 683,263 2T7.495 830.316 4.3
CATA 44,000 683,158 28.547 753.263 11.2
32.000 402.526 24.253 639.579 9.2
33.389 410.737 25.000 674,211 T.0
30.642 251.053 23.147 577.158 4.3
MEAN 34722 486.147 25.688 6 -4e%73
VARJANCE 22.644 29123.315 %.086 7819.081
$TD. OEV. 4.759 170.65¢ 2.021 88.426
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Table D-26

SUBJECT 2 ~ PERFORMANCE MEASURES FIR K/S2 CONTROLLER

INPUT = 1.44 VILT RPS GAUSSIAN KITH .5 RADIAN CUT-OFF PLUS 1 VILY STEP

1ES ITES [AE 1TAE STEP TiIME
47.0811 1671, 368 39.811 1252.421 3e7
OATA 42,842 13564942 37.432 1154.316 5.2
32.842 1303.158 33.558 1046.526 8.3
45,695 1543.053 “0.579 1300.526 il.S
38.684 1145.78% 35.200 10564621 16,4
NEAN 41,573 1344.042 37.316 1162,042
VARIANCE 29.415 60483.525 7.997 10381.137
$T0. JEV. 5.331 245.934 2.664 101.888
INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT SYEP
1€S 1T€S 1AE 1TAE STEP TIME
©2.032 1189.158 38.305 1115.895 1.4
DATA 39.011 934.10% 37.432 1018.316 10.4
49.568 1167.474 40.011 1065.158 8.7
58.084 1337.053 42.547 <1169.263 6.5
464042 1068.00¢ 39,263 1057.89% 5.7
MEAN 66,947 1143.158 39.%512 1085.305
VARIANCE 43.77% 17409.587 3.062 2725.900
$TD. DEV. 6.816 131,945 1.750 52.210
INPUT = L.44 VOLT APFS GAUSSIAN WITH .5 RADIAN CUT-0FF PLUS S VOLT STEP
1€$ 11ES 1AE 13A
49,684 1362.105 38.716 1156.000 1.2
DATA 58.674 1458.526 41,221 1172.000 10.4
S$2.411 1235.89% 49.558 1102.842 9.5
68.453 1403, 395 44,926 1197.053 5.5
75.874 1567.579 6£8.632 1325.263 2.8
MEAN 61.019 1409.600 42.811 1190.632
VARIANCE 96.801 11662.600 12.546 $484,075
$TO. DEV. 9.839 167.99 3.562 74,055
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Table D27

PRSI IS

SUBJECT Z = PEAFORMANCE MEASURES FOR K/S2 CCONTRGOLLER
INPUT = .56 VOLT RMS G/USSIAN WITH 1.5 RADIAN CUT-QFF PLUS 1 VOLT STEP

| 165 1728 1AE 1TAE STEP TINE
I 51.789 1517.695 3,442 1276,000 Tek
OATA 65,547 2003.474 43.78% 1533.68¢ 6.9
44,126 1617.684 19,084 1286.000 9.2
40,989 1409.053 38.663 1261.789 10.0
49.095 1637,684 62.4%4 1346.737 15.5
HEAN $0.309 1797.:.58 41.493 1360442
VARIANCE 72,191 | 259785.57¢ 4,773 10189,375
STD. OEV. 8.497 509.692 2.185 100.942
|

INPUT - .56 VOLT

RMS GAUSSIAN WITH 1.5 RADIAM CUT-CFF PLUS 3 VOLT STEP

1€S 1T€S 1AE 1TAE STEP TIME
56.274 1654, 105 44,3586 1293.263 11.3
CATA 53,611 1482.737 42,537 1223.053 14.2
€6.716 2213.895 43,853 1361.474 9.4
63.947 1876.316 48,147 1624.8642 6.2
58.968 1652.421 &£4.358 1293,263 be8
MEAN 59.863 1775.895 44,651 1319.179
VARIANCE 23.792 63589,725 3,501 4707.435
STD. DEV. 4.878 252.170 1.871 68,611

INPUT =~ .56 VOLT RMS GAUSSIAN MITH 1.5 RADIAKR CUT-OFF PLUS S VOLT STEp

1 1€S 1€ _jae B avag | STEP YIME
98.421 2772.632 55.874 1666.526 10.5
DATA 18.484 26469,368 49,895 1569.474 k3.7
58.358 3300.,632 38,979 1030.211 8.4
T7.326 1769.495 46,484 1303.579 T.0
101.126 1898,21¢C 50.874 1352.316 4.0
MEAN 82.943 24642.147 48.421 1384.42)
VAR IANCE 243,628 318949,.30C 31.327 49371.82%
‘STD. DEV. 15.609 564,756 5.%597 222.198
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Tabls D-28
SUBJECT 3 = PERFORKANCE MEASURES FOR K CONTROLLER
INPUT = 1.4& VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 1 VOLT STEP
1€S 11Es 1€ ITAE STEP TIME
13.811 354,000 32274 5664211 T5.8 |
CATA 18.242 3742211 22.695 716.211 11.8
23.516 476.632 22.926 650.421 3.6
14.116 182.211 19.926 523.263 9.4
15.368 264,731 20.989 572.632 5.7
1 nean 17.011 310.358 21.762 625.747
VARTANCE 13.030 16680.670 1.291 4750.791
$T0. DEV. 3.610 103.347 1.136 68.926
INPUT = 1.44 VOLT RFS GAUSSIAN WITH .5 RACIAN CUT-OFF PLUS 3 VOLT STEP
1€S 1T€S 1AE TTAE STEP TINE
63.968 1415.053 38,221 7644526 14.2
CATA 27.011 4672263 25.905 657.368 10.4
18.032 210.632 20.653 532.947 9.0
33.516 853.263 31.832 975.368 6.9
32.295 624,421 30.558 829.158 3.9
HEAK 34.964 714,126 27.434 751.874
VARTANCE 240.099 | 1666304437 15.608 | 22588.569
{sTD. DEV. 15.495 408.204 3.951 150.295
}
=
INPUT - 1.44 VOLT RPS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS S VOLT STEP
1ES RN 1AF ITAE STEP TIME
56.842 997.895 32.653 TT76.526 9.2
DATA 38.379 566.632 28,074 688.632 10.4
30.789 516.421 33,737 782.105 6.3
62.316 1155. 789 37.874 1011.789 4.2
66.832 1340.105 40.989 942.737 14.2
KEAN 51.032 915.168 34.065 839.958
VARIANCE 196.116 | 105158.137 22.284 16123.512
STD. DEV. 14.006 326.281 4721 118.842
120

[Ppe—y

n teram s

s €

Y aiv Roaestal




o st

an Ty

T RIS TR e T s

wy

TR——————
P P

AT Y e

R RV ST 1 N

O e e tuen
o

et et e W e e\ Ao 8

Table D~29

SUBJECT 3 = PERFORMANCE MEASURES FNR K CONTRCLLER
INPUT = .56 VOLT RMS GAUSSIAN WITit 1.5 RADIAN CUY-CFF PLUS 1 VOLT § &P

1€S ITES [AE I T4E STEP TIME
T 9,811 189,053 11e 741 562. T3¢ | .
DATA 9.263 13644947 17.695% 514,621 T.2
9.368 153.684 20.063 529.158 9.2
13.579 238,862 22,767 634,116 11.0
9.979 161.053 18,221 527.895 13.7
MEAN 1G.400 175.516 19.29% 553,705
VARIANCE 2.597 1305.0:i3 3.724 1678.331
$TD. DEV. 1.6i2 36.12% 1.93¢ 43,340

INPUT -~ .56 VOLT

RMS GAUSSIAN WITH 1.5 RADIAN CSUT-NFF PLUS 3 VOLT STEP

TEsS 1TES 14E 174E STEP TIME
19347 376.632 73.36% 575,053 3.1

GATA 15.90% 181,579 21.305 543.053 10.1
l4.4b2 222.00¢ 21.495 591,298 8.9
20.705 331,268 25.589 657,579 6.3
25.158 354,316 25.537 670.108 6.3

NEAN 19.112 283.179 23.462 517,537

VARIANCE 16,248 4667.246 3.476 2125.747

$TD. DEV. 3.775 68.317 1,365 46,106

INPUT = .56 VOLT

RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS S5 VOLY STZp

1§33 ITES 1AE ITAE STEF TINME
35.663 620.842 2€.926 691.789 . |
DATA 40.337 737.684 28,738 770.310 il.é
34,463 510.737 29.253 702.10% 8.8
47.958 480,947 27.168 5T1.684 7.1
39.368 288.30C 23.305 527.68¢ 4.8
KEAN 39.558 527.642 27.082 652.716
VARIENCE 22.466 22539.6%0 4.363 7998.9469
$TO. dev. 4.740 150.132 2.089 89.437
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Table D~30

SUBJECT 3 ~ PERFURMANCE MEASLRES FOR K/S CONTROLLER
INPUT = l.44 VOLY RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 1 VOLY STEP

; 1ES. 1YES _ A€ ITAE STEP TIME
i 13.484 238,532 22,042 598,947 1ot
i CATA 11,463 240,000 19.979 598.737 10.9
{ 14,021 295,368 21.684 6344421 Teb
i 13,663 254,105 22,411 624,947 9.4
! 11,308 230,737 29,926 457.158 5.2
§ MEAN $12.787 251.768 23,208 584,842
: VARLANCE 1.345 531.96% 11.976 36614622
! $T3. DEV. 1.160 23.064 3,461 60,511
INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP
1€S 1TES TAE 1TAE STEP TIME
22.747 344.526 21.874 544,137 13.5
DATA 20.884 341,895 25.179 629.89% 10.0
18.621 758,947 21.779 568,105 8.5
26,726 290,632 25.432 $81.158 7.0
13.726 173.579 21.368 $46.632 4.3
MEAN 20.141 277.916 23.126 574,105
VARIANCE 14,366 4€219.337 3.200 963,103
STO. OEV. 3.790 64,956 1.780 31.034
i
!
i INPUT = 1.44 VOLT RMS GAUSSIAN WITH .5 RAOIAN CUT~OFF PLUS S VOLT STEP
1
i 1€s | 1T€S IAF ITAE P YIN
34.463 319.474 25.741 607.684 3.9
CATA 43,189 465,789 27.053 648,842 6.2
315.326 450,042 26,411 571.158 9.2
; 54,674 781,684 39,937 667,895 12.1
. 59.916 1050.316 29.368 725.89% 15.0
MEAN £5.514 613.621 27.503 644,295
VARLANCE 104.525 70764.269 $.624 2785.109
ST0. DEV. 10.224 266.016 2.371 $2.77%
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Table D=31

SUBJECT 3 - PERFORMANCE MEASURES FOR K/S COMNTRULLER
INPUT = .56 VOLT RHMS GAUSSIAN WITH 1.5 RADIAN CUT=OFF PLYUS I VOLT STEP

1€S 1TES 1AE 1TAE STEP TINE
16.579 415.263 23,800 768,737 5.8
DATA 16.137 392,862 26.674 720,842 7.2
12,937 300,421 21.10% 656,316 10.3
17179 340,862 25.200 684,009 11.2
15.368 399,474 23,367 711.686 ‘13.0
NEAN 15.640 369,768 23.625 707.916
VARIANCE 2.176 1826.072 2,007 1465.094
STD. DEV. 1.475 42,733 1.417 38.277

INPUT - .56 VCLY

RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 3 VOLT STEP

E
|

1ES ITES 1AE 17A STEP YIME
21442 478.211 25.779 771,789 4.0
OATA 27.589 415.263 28.926 726.316 Ted
26.095 421.579 28.958 707.78% 10.1
28.095 553.78¢ 28,989 771,158 12.0
26.6%3 $66.526 29.17% 790.326 16.1
MEAN 25.97% 487.074 28,366 T53.474
VARTANCE 5.624 4057.719 1.681 966.031
STD. DEV. 24372 63.70C 1.297 31.081

INPUT = .56 VOLY

RMS GAUSSIAN WITH :.5 RADIAMN CUT-OFF PLUS S VOLT STEP

1€S I1TES 1AE 1TAE STEP TIME
41.726 15T7.474 28.737 157.263 13.0
OATA 38.600 608.947 30.832 729,158 1l.1
46,484 653.053 32.653 750.316 8.7
42.821 600,842 32.68¢ M .579 6.2
48,211 751.579 30.29% 746,737 9.8
AEAN 43.568 674,178 31.040 752.611
VARIANCE 11.738 4601.687 2.241 295.631
$TD. DEV. 3.426 6T.93¢ 1.497 17.19%
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Table D=32

SURJECT 3 =~ PERFORMANCE MEASURES FOR K/S2 CCNTROLLER

INPUT = lo44 VOLT RMS GAUSSIAN WITH .5 RADIAN CUT-ORF PLUS 1 VOLY STEP

158 1T€S IAE. ITAE STEP TIME
63.905 1612.526 ©8.168 1312.000 T %e8 |
DATA 49.09% 1455.368 41,747 1270.947 8.6
40.116 1133,579 37.853 1076.211 12.0
$3.032 1886.526 43.505 1367.053 22.5
48.147 1372.21C 41,442 1217.158 6.5
NEAN 50.859 1492.042 42.543 1248.674
VARIANCE 60,161 £2867.000 i1.283 9851.337
STD. OEV. 7.756 250,735 3.35%% 99.254
Lj"'”' « 1.4% VOLT RNS GAUSSIAN WITH .5 RADIAN CUT-OFF PLUS 3 VOLT STEP
o 1ES 17€$ 1AE ITAE STEP TINME
Th442 £356.632 $1.011 1424.632 12.2
paTa 80.126 4366.105 52.274 1348,.842 10.4
45.611 3679.579 41.737 1275.263 8.5
60.989 3644.842 42,547 1049.263 5.3
61.137 3837.053 64,484 1172.002 15.1
NEAN 66.821 3972.842 46,411 1254.000
YARIANCE 176.208 99729.399 19.203 17440.725
STO. DEV. 13.777 315.800 4,382 132.083

INPUT = L1.44 VOLY RPS GAUSSIAN MITH .S “ADIAX CUT-OFF PLUS S VOLT STEP

1€5 I11ES TAE ITAE STEP TIME
93,305 4279 $2.1726 1308.210 .
OATA 90.726 4207.4174 51.147 1244316 8.3
16.284 3715.053 “4.T79 1133,263 9.7
104.379 4295.158 53.289 1575.579 12.3
74.147 381%5.368 45.568 133%.%9% 14.5
KEAN 87.768 4062.526 49.402 1319.453
VARTANCE 126.54T 40813.000 12.487 21261.900
$T0. DEV. 11.249 246.403 3.5936 145.815
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: Table D-33
c SUBJECT 3 - PERFORMANCE MEASURES FOR K/S2 CCNTROLLER
INPUT ~ 56 VOLT RMS GAUSSTAN MITH 1.5 RADIAK CUT=OFF PLUS 1 VOLT STEP
1£5 [IES IAE _ ITAE TEP_TINE |
57.179 26475.579 %6.000 1525.263 17.7
DATA 54.568 2145.658 50.274 1518.316 13,8
r 56.1085 2075, 842 £5.105 16491.579 16.2
g 55,684 2064.211% 44,032 1626.967 7.5
. 82.463 2797.674 $3.£05 16768.632 6ol
3
: NEAK 65.600 2312.000 48.29" 1527.747
3 VARIANCE 88.486 813464445 16ee. 6947.475
STD. DEV. 9.407 28%.213 4.101 83.352
? INPUT ~ .56 VOLT RMS GAUSSIAM KITH 1.5 RADIAN CUT=OFF PLUS 3 VOLT STEP
4 1ES 1T€5 TA€ ITAE STEP TIME
3 71.116 3397.263 $2.30% 1586421 %o
H DATA 23.116 2725.684 $9,737 1719.474 6.8
£ 79.189 2687.053 $2.863 1595.579 9.5
. 2 108.842 2446.316 61.367 1536.000 11.6
. 97.568 3563,263 s7.211 1808.947 18.7
i KEAN 89.966 274 .916 $6.693 1649,286
’ : YARIANCE 179.098 | 192592.198 13.023 10017.72%
b .
; . STO. DEV. 13.383 438,853 3.609 100,089
4 : -
3
g INPUT = .56 VOLT RMS GAUSSIAN WITH 1.5 RADIAN CUT-OFF PLUS 3 VOLY STEP
o 1€S 11€S 1A€ | ITAE STEP TINE
82.000 7051.579 T e S LI Y 1 73 1 JR M T 7Y N
] OATA 102.832 2985.368 58.486 1623.579 10.9
115,053 2338.947 60.179 1438.219 8.0
75.368 1844,211 49.453 13%6.000 7.2
109,579 2393,684 58.126 1511362 $.2
! AEAN 96.966 2322.758 55,084 1660.967
: VARIANCE 262.211 | 1493780199 22,672 9%62,075
$TD. DEV. 15.553 386.4 75 4761 97.786
3
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Appendixz B

Real Tine Recordinss from the Anclo~ Pro~rams

b e TR, AR e ¥ NS SR WIS a6 st R =

&

4

E The following are real time recordings nade with both piloted

xg and model systems operating simuitaneously, The input, output and

Iy error signals are showm, Figures E~1 through B-6 show the ouivut and

error with a step input, Fizures E~7 through E~13 show the outpui

4 £ e

and er—or with a Gaussian, and Flgures E-14 through E-20 show the

i output and error with combined inputs.
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Appendizx & -

List of Tracking Subjects

Subject Ixverience
1 USAF pilot with 9 years experience in tactical

fighter and transport.

2 Private pilot with instruzent training for his

cormexcial license in single engine aircraft.

3 No flying experience.

Note: All subjects had limited task training with only

three practice runs before data was taken.
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