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I. INTRODUCTION

One of the missions of the Aerospace Medical Research Laboratory (AMRL)
is to define the effects of stress encountered in Alr Force missions upon man, and to use
this understanding to develop means to alleviate the harmfut effects of the stresses or to
advise aircraft designers of the limits of man's capacity to withstand these stresses, A
second mission of the Laboratory is to develop an understanding of how a man achieves
control of a complex, dynamic system, such as an aircraft, in order that aircraft designers
cnn use this unders’anding to build work space environments, display system. , and control
¢ ~<.cms which optimize man's control capability,

Until recently, accomplishment of both of these mission goals has been achieved
through the classic disciplines of environmental medicine and physiology on the one hand
and performance and engineering psych logy on the other hand. Both of these approaches
have contributed a substantial amount of information and data to the aerospace vehicle
designer and have also sdvanced the state of our understanding of man as a subsystem of
a larger, complex system. Neither of these spproaches, however, provides dataor infor-
mation concerning man as a subsystem of a larger system which can be directly equated
to the t pe of (nformation which an engineer uses in the design avd development of an
airframe,

To desfgn a control system for an aircraft, an engineer needs to know the per-
formance specific=tons of the aircraft, the variables available to him for controt of the
airframe, the equations of motion to the aircraft and the associated stability coefficients,
and the characteristics of the signals which will be used to provide inputs to the controller,
For example, counsider bullding a control system with ane or m-re of these pleces of in-
formation unspecified or unavailable., Consider furtr :he pot - 0'lity of not having accurate
Information about the effects of the flying environment u; i the integrity or stabil'ty of the
components which must be used in building the controller or the components of the afr-
frame.

Man, as a subsystem in a large: system, is usually a controller. He uses in-
form.tion available to him to effect changes in the controls svaliable to him in order to
achieve some level of performance of the whole system, He must cope with both dynamic
changes in the characteristics of the controlled system due to environmental effects and
with -hanges in himself due to the effects of the environment and the motion of hie vehicle.
The primary hypothesis recently advanced by the AMRL is that adequate descriptions of
man as a controller, expressed in equations ucable by the design engineer, can be used to
unde ratand how man is affected by stress and how man achiaves control of complex, dynamic
systems. Further, these equations can be used to optimize the performance capability of
the entire system by lessening the stress effects and creating & more efficient men-machine
division of labor.
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In an attempt to describe man as a subsyatem in manned Weapon systems,
several approaches to the modeling of the human operator have been tried, This paper
preaents the results of an effort performed by Sperry Systems Management Division
(S3MD) for AMRL 1n applying time series analysis as a tool for modeling the human
operutor. In addition, it indicates how this technique can be utilized for determining the
variation of the human transfer function under various levels of stress. The approach is
useful as ft does not require the postulation of a model and then checking its adequacy
or inadequacy with actual performance. Instead, the method determines the human
operator’s model based on actual fnput and output data from a tracking experiment.

I, HUMAN OPERATOR PERFORMANCE MODELING
a) Previous Human Modeling Efforts

A multitude of ‘nathematical models exist to describe human rator per-
formance[?]a "though a study of these models leads one to conclude thatogl.;ey h'ml‘:e at the
problem fr« ., relatively narrow viewpointe, previous modell. , efforts served to provide
knowledge and greater understanding of this complex problem. The approach of theee
previous models has been to postulate models, and then to check their predictive capa-
bility against actual data, Analysis of these previous efforts has resulted in the use of
"remnant components'’ which represent those portions of the actual data which the model
cannot account for, The remaant represents primarily the components due to nonstation-
arity, nonlinearities, and time variability of the human response. In meny cases, the

b) AMRL Modeling Efforts

AMRL hrs been tnvolved in human operator modeling efforts for the e
years, The Crossover :nodel (AFFDL 66~15) and its ldjust;gem rules have b:::texie‘glsed
by several divisions fn the Laboratory and at the School of Aerospace Medicine at Brooks
AFB, Texas, to measure the effects of motion and drugs upon humans, Further, as an
indirect measure of the parameters of a model for a human controller, the first and
second order Unstable Tracking Task has been widely used. The development efforts of
the laboratory have included regearch into analog parameter trackers, frequency and
time domain methods for identification of human opera‘ars, Specific models of anti-air-
craft gunners have also been developed under sponsorship of AMRL based upon the Op-~
timal Control Mode! representation of human operators. The Laboratory has, therefore,
participated in the entire range of human Operator modeling, from the basic research
into identification techniques to the development of models to be used by the design and

The major resson for such a broad involvement in human operator model!
AMRL is that the existing state-of-the-art in modeling capability is on the edge ot‘:gm:yid—
ing significant broakthrough: in achieving the goals identified previously, In the lasbora-
tory sefting, existing modeling approaches appear to be adequate, In the operational
environment, however, the existing methodologies account for an insufficient amount of
the output power of the human operator or do not effective’ . <1 with the complex mixture
of muitiple discrete and continuous control paths used by R,
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¢) Effects of Stress on the Human Controller

Stress (an ill-defined word but a usable cuncept) can affect man physically,
such as by acceleration forces; physiologically, such as by altered central nervous
system function in response to drugs; and psychologically, by anxiety and feur. The
modeling of human transfer functions which can account for stress is of great interest.
Physical stresses can have a direct effect upon manual control capabflity. Physiologic
and psychologic stress, however, can indirectly affect man's control capability. The
manifestation of these indirect effects in changes in the human operator can be extremely

subtle, There are tests, which can be given to a stressed man, which aie more sensitive

in exposing altered human performance due to the stress than can be currently developed
by the 1 control unity. Rather than being an affront to the methodologies
used by the manual control community, this fact i8 au accolade to man's capability to
compensate for the indirect effects of the stresses, Total system performance may not
measurably change until the phystologic and psychologic structure of the man cannot sus-
tain intelligent responses on his part,

That man, as a controller, is changing under mild physiologic stress is assumed

to be true; and the fault with existing methodologies for human operator idemification is
assumed to be their lack of sensitivity in elucidating -hese changes. The study which is
reported upon here was designed to expose the veracity of the above statement.

d) The Experiment Analyzed

AMRL has the facilities to expose man to a number of differing kinds of stress
and ~ombinations of stress, Acceleraticn stress, as one of its effects upon man, causes
both iocal t{asue and system c hypoxia. In order to separate the physical effects of
acceleration stress from the hypoxic effects, a short study waa run using three subjects
and breathing mixtures representative of sea level and 15,000 feet altitude
(PAgy = 607 saturation). The subjects were instructed to perform a single axis com-
pensatory tracking task consisting of a random forcing function and a third order repre-
sentation ~¢ the pitch axis dynamics of a high perfcrmance aircraft. Randomization of

the sequance of altitude exposures and multiple replications of the runs were accomplished
to maximize the accuracy of the measurement of the error variance, The study concluded

with the observation that the variance and mea o tracking error for the two minute task

was not affected by the changes in altitude. The aata acquired during the two minute runs
consisted of the forcing function, the tracking error, and the cortrol stick output sampled
at 20 msec intevvals. This data was subsequently analyzed using time series analysis.

Figrre 1 illustrates the experimental compensatory tracking configuration utflized,

The forcing function, nit), represented the resultant of a noise generator, The

= . coe
transfer function of the plant, H,was set at 1,1/s, and 1/8°. The human operator was attempt- IR RS N T T RALLRE (T B e ' “th-p*

irg to track the input of a compensatory tracking display in a simulated F-4 cockpit.

For purposes of this report, the three subjects utilized for this study will be
referred to as subjects A, B, and C. In order to gain flexibility in analy:ing the experi-
ments, several runs were repeated the same day and oa other days in order to dete.' nb
variations Jic *n time, learning, adaptability, etc,
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. DATA REDUCTION USING TIME SERIES ANALYSIS

a) Time Sevies Representation

Time series representation of discrete linear random procesees consists of
linear diiference operations which relate the time series data %, to & white ncis2 pro-
cees, z,. A purely white noise process is represented by

R a
An autoregressive (AR) model of order p is represented by

2 @)

where O‘brlr: 1y..0¢ p are the model coefficients. By defining the backward shift operator

B't =z, (3)

then the generel AR equation can be given by
. 2 i
(-9, B-#,B°-...-6, B -...- 6, BP % =2, @)
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A moving average (MA) process of order q is represented by

R A T BT S R L ®

In terms of the backward shift operator B, this equation is given by

xt-u-ols-ozsz-----ois'--u-oqs“) 7, ®
A genera! mixed AR/MA procegs is given by
. . @

L L RIS PRI P Y]

"lzt-l"zzt-z"""q % _q

In terms of the B operator, this eqnation il given by

2 £ ... P, (1o - P i

(1-9, B~ ‘23"""18 - OpB) xt—(l 98 028 OlB
=8 BYz

o® V% ®

Differencing of the data is necessary to induce stationarity, if the data is
comprised of nonstationary processes such as a ramp or random walk in addition to
a stationary process. The repre«entation of one difference oi data is given by

X =X
[ 9

L1 a-Bx,

9
The representa.ion of d differences ot data is given by

d
{1 -8By x 10)

b) Model Building Approach

Data reduction ucing time series analvsis prriuces a mathematical model by
reducing a wave form to white noise while identifyinrg the correlated portion of the time
series. The mathematical model is obtained by 2 ree stage iterative procedure based
on identification, estimation, and diagnostic check.ng. The identificatio . >rocess is
concerned with the generation of the series in crder to determine a class of models that
should be investigated, The estimation phase uses the data to make infercnces about
parameters conditioned 2n the sufficiency i the model chosen, Diagnostic checking
analy” s the fitted mode' with the data in order to determine any model inadequacies
and obtaining modei improvements.

c) Identification

In the identification stage of model building, the observations x, are differenced
as man;, times as required % induce stationarity. The resulting AR/MA Brocess is then
fdentified by analyzing the autocovariance on (ACVF), the autocorrelation function
{ACF), and the partial correlation function (PCF\"! These functions are also useful for
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obtaining approximate estimatesof the parameters whick are useful in the estimation stage
for providing initial values needed by the iterative est'mation procedures. Ag shown in
Figure 2, the pure AR and MA processes are duals of one another, and opposite behavior
of ACF and CF indicates a pure AR or MA process,

d) Estimatiop

'l‘l;f estimation technique for determining the ¢ and @ parameters used Marquardt's
Algorithm‘ - This nonlinear estimation upproa- h performs an optimum interpolation between
two traditional nonlirear estimation techniques - the Gauss (Tavior Series) method and the
method of steepest descent. The algorithm combines the advantages of the ability of the
steepest descent to converge from an initial guess which may be far from the final value,
and the ability of the Gauss method to close in on the converged values quickly once the
vicinity of the final value has beea reached. In addition, Marquardi's algorithm overcomes
the disadventages of the slow final convergence of the steepest descent ard the possible
divergence of the successive iteration with the Gauss method.

e) stic Check

The disgnostic checking step te concerned with examining the white noise residuals,
2, from the fitted models in order to detarmine any luck of randomuess. Analysis of z;
can indicate whether the model jo adeq.  or inadequate, and yield informatfon on how to
better describe the series. Modiled muucis would then be refitted and resubjocted to
diagnostic checking.

AR PROCESS MA PROCESS
ACF ACF
Py ™ N
k k
PCF PCF
] k

Figure 2. Comparison of ACF and PCF for Pure AR and MA Processes
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) Transfer Function Development

Time series analysis techniques oan be extended to obtain discrete linear trans-
fer functions of systems having an input time sesies x, and an output time series y,, For
the system {llustrated in Figure 3, it "» assumed that system oan be ndequaulf
represented by the impulse response parvmeters, v , V., Vee Voe V., 8l v,, There-
fore, Y, is related to X, by o’ 1" '3 s

. 2, .3 5
Y 2,0 B*vza VSB vv4B‘+v°B)x' (11)

In general, (or a dynamic system containing input obeervations % and output observations
Yy
¥ 'I

Y = v B x an

where v (B) represents the impulse response function of the system,

The Input/output relationship of the tyne of system represented by Pigure 3 can
also be represented by the following general lincar difference squation: i

=3 B--"-IRBR)y‘ lw, -%, B-,o, - usas)x‘_,,

or a3
[4:)) ¥, 2w (B X ob ae

Solving fnr Yy the following expression is obtained:

-1 -
WU ® e® x, =t ®me® B x s
d'——ﬁ':. I | Ve eevee?

LN > -—.'_. I I I D
Yo vy vy vy v‘ v Y

[ A PUNCT

Pigure 3. Tae Input/Output Model
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By defining
2 ® -om B° ae
Equation 15 can be written as
vt @me® an

Comparing Equation 17 with 12, we find that
ve -t T mam

Using the definition of Equation 12 for the disorete transfer funotion of the system
and substituting this into the diffevence Equation 13, the following identity is obtained:

(1= 6 Baver =g B v, vy BavgBie ) - (wpew B-reo-wgBh 2

The following et of equations is obtained by equating ke powsrs of B:

v’-o, i<h an

Vl“f‘vi_l’fsv,_"-oc’fnvl_n’uoo,'b 20

V’ - {l V’_‘ ’f’V’_s"lo' ’fnvi-n'u’_b"'b“c l--ob". (1:21]

vl.;iv"l"’vs'z*.'..?BV,_R ,”b" 82)

The relationship of the v, parametors from the impulas response function to the § snd @
parameters of th difterduce squation representation ave llustrated in Equ’ ‘lons 19
through 22,

The transfer function mode! {dentification process is ty simplified If the
mto&o-mhwbhmno-wthomlmmm fon between 2 whits
noise ixput and the system output mmmmummmmumm.
1t the input is some other stochastio ss, simplifioating is possible by performing
an operation denoted as 'prewhitening".”' This approach was used in thia etudy.

The eatimation technigue sasd for chiatning the § andw parameters for difference
Equation 181e analogous to that given fer the one dimensional modeling csse. After spplying
Marguardt's Algorithm, the resulting modsl {8 of the form

netl ®em 2°% R a3
whers R represents the residual signal not correlated with the fapt, Solying squatier
23 for a:. the following expressicn §¢ obtained:

a‘-[v.-r"(m w® B %, ] (24)
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The procedure determines the { andwparameters by attempting to minimize tho following
sum of squares function:
N 2
Sthey -z Ry 28)

dure {s analog to that given for the one dimensionnl

The diagnostic checking pr
case.

&) Transfer Function Develop ¢t In a Feedback Loop

This at was concerned with modeling the human operator in a compensatory
tracking systemtll?lyas shown in Figure 1. The Fuman transfer function G cannot be ob-
tained directly by only considering th. time series et and uy, since the residusl Rt must
be independently distributed of €. For example, Its cross correlation function must be
zero for all lags:

e [m -® €, e | o (26)

If this is violated, then the parameter vstimates obtalned are not consistent. Unfortunately,
when a dynamical system as the human transfer function, s located within » feedback loop,
the independence assumption between oy und Ry does not hold.!4] In order to overcome the
problem, the sufnals e1 and w must he anulyzed with respect to the input signal Ry. Since
Ry i3 an externally generated random noise series, it is uncorrelated with any nolse gone-
rated within the system and present ut the output or error signal,

Based on classical control Technigue!>®! the following equations oan be defined
relating uy to ny, and ey to ny:

@n
G'B n oz
YW T &E(E) H(B) 't 1, t
e ‘—l~—- n -z (28)
1t 1:GE®HMB) "t “2,t
where
G (81  Human transfer function
H (By  Plant transfer function
Lv %l e Nolse comnanents on the output
» *
signals uncorrelated with the Input signai n,
By redefining the control ratios
. G/
W e (29
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Tq (B) "'H-am, Y (30)

the human transfer function G(B) can be obtained using the following equation:

[

Therefore, the pilot tranafer function in this experiment was obtained fro.n transfer
functions relating output/input and error/input,

IV, HUMAN OPERATOR PERFORMANCE MODELS

The human operator trassfer functions and residual charaeteristics for the
various experiments analyzed in which H = 1 are shown In Pigure 4, Based on te1c
results, the following general conclusions can be made concerning the oxperiments;

@ All of the pliots exhibited a time delav of 0,2 second with u second order
denominator,

® Two of the three models had a xero In the numerstor,

¢ The controlling -ctions for all of the operators modeied resulted in aver-
dampaed systems,

An imporiant result obtnined from anslyzing the residusl terms of theae models was that
the human (s h:dcmnhr of seascnality charscteristios, This is a very significant con-
clusion reached on this study whioh (s not cbtinable by means of conventiona) mathods,

Seasonality characteristios indicate that an chservation at a particular time is
related to cbservations from previous times in some periodic manver, In order to slimin-
ate the seasonality characteristios from the chesrvations, it Is neceasary to difference
the data by the periods of the seasonslity, This operation nulliflep the sensonality pattern
and emphasizes the aotual response, Therefore, the operation B* & - 2, __ played & par-
ticularly important role fn the analysia of w sessonality time seried A was found
that the simplifying operation /A L 1-B") E, WAS very useful,

Bas:.d on an analysis of the residuals for the three experiments shown in Figure
4, it was conoluded that Ssasonaiities werr present, Pigure 5 summarizes the reeplts of
the analyais of thess seasonalities, Note that the asssenmlity periods determined, 0, 4,
1,8, and 3,4 seconds, l?ur to be closely related to some multiple having & fundamenm|
period of 0,4 seconds, It was conoluded that the result is due to some "rhymic" motion
of the subject operators attempting to track the random inputs, X appears that the
subjects were generating seamuality variation which they were superimposing on their
responae in tracking the random inputs, This may be anaiogous to some of the “dither'"
ipputs used by previous investigators who have poetulated varioue madels!?), verification
of this vhymio effect is a very impertamt result of this study and its origin needs to be

The multivariate proyrum was also applied o model exporiments in which the
piant's tranafer function v.* o yen by

N a2
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NOTE B8 = DELAY OF 0.2 SEC IN TIME (1, Bu, = % o)

Figure 4. Modeling Results for H = 1

in order to determine the change in the human trans(er function when the plans changes

in order (0 COMPATE e i foPManoY, the expeTiment that subject C performed in Record i‘o.

00014, Run No, 00001, was acalyzed and oompared with Ys performance when H = 1,
Record No, 05004, Run No, 000 11, using the time sariss method, The results oi the

models obtained are compared in ° igure 6, Anslyels of these twe models indioates that the
mnst signifiant difference with H = 1/a la that a transportation Iag doss not exist in the
numerator, leading one to conclusds that the imegrator, H = 1/s, provides memory to the
system from which the operator fa better able to anticipate and predict future actiens ueing
the two numertor lead factors of (1-0,986B) and (1+8, 76B), Howsver, #ince the coeffi-
alent ofthe B teria, 8,78, (# very much greater than the cosfflcient of 1 in the term

Q1 + 8,78B), it is interpreted tn mean that although there is a small instantansous responss,
the predominant response is delayed by 0.2 sec. Therefore, the numersor doss appro-
ximate a transportation lag with the following roeult:

=3,02(1 - 0
+

G- s, . an

The interpretation of the incresse in operstor gain from 0,68 in the original transfer func-
tion with H = 1, to 3,02 in the approximated new transfer funetion with H = 1/s is attributed
1o the decrease In open-1ocp gain oaused by the H = 1/s, Thua, when the cperater is oon~
rolling the piant H = 1/, it 18 necessary that he increase his gain to compensate for the
attenuation caused by the pisnt n order to achisve a desirable bandwidth, This problem
was not present with H = 3. Thersfore, # ia seen that the change (n the plant from M = 1
to 1/s suppliea the cperator with memory from which he is better able to amicipate future
action, and also decryeases the opsn-loop gain osusing the operator to inorense his gain 1]
order t0 achieve a deeirable bandwidth,

RUN
RECORD NO. RUNNO. | SUBJECT | LENGTH (88C8.) PLANT M RESIOVAL (58CS.)

SEASONALITY
PERIOD PRESENT IN

00000 00001 A 0.7 1 E X
00007 000C) ] 1808 U 04
00004 00001 [ 2032 \ 18

Figure 5. Seasonmality Periods Genarated by the Human Operator

v
Humn @ s -
by

Medal with W = 1 Q-

A Ne. 08004, Aun No. 00001 11-0.3808) (1 0.979)

(]
Mods! with M = Vs 0= 10.8728) (1 + 0848)
Revcrd Ne. 00014, Run No. 00009

Pigure 8, Modols of Subject C with Plants «f He=l and 1/s
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Examination of the variability of the human tranafer function was studieg by It ls obssrved from Pigure 7 thac the mouel of subject A has changed cansiderably

analyzing experiments similar to those considered In Pigures 4 and 8, where the three by having subject A immedintely repeat the experiment, It is signifioant 1o note that .
subjects A, B, and C repested the tompenaatory Jracking tasks. The program was also transportation lag does not exist in the numerstor, |eading one to inkially conclude that
applied to examine 30-second "'windows' (300 points Spaced at 0,1 sscond intervals) over the subject has learned the experiment very well and the Rumerator factor, (-0, 032 -
the duration of the three original experiments analyzed in Figures 4 and 8, 0,33B), ia behaving as an anticipation time constant, However, since the coefficient of
the B term, -0, 33, g very much greater thag the coafliclent -0, 033, thep it (s conoluded
To check the repeatability of the human transfer function, the transfer functions that the numerator Approximates a (ranspartation Iag with the following result;

‘ - subject A repeating Record No, 00000, Run No, 00001, immedintely, and for subject

C repeating Record No. 00004, Run Neo, 00001, sleven days later were obtained, Figure .

7 compares the two models obtained for subject A; Figure 8 compares the two models G = s 3 )
obtained for subject C, .

Note that the denominster for the repasted Xperiment only contalns one smoothing delay
time constant, as compared to the original model, In addition, note the variance of the

RESIDUAL white notee residual was reduced from 0,167 1, 0,108, R was therefers concluded that
DURA. the subjact A had learned the experimen; very well and was trying tn behave withowt a
G TIoN ronm|  Panamerans mi' ACONALITY transportation log ang required only ong Smoothing time constant,
[ 13§CS)
ORIGINAL, : 6 022 For the repstition of the experiment by subject C, whose reaults are analyzed in
... N Figure 8, it 1s observed that the form of both the origingl and repented models were the
IRODkL {1oseaiaeen | 10872 | (20,0 %0082 |orm 343 same when the experiment was repsased sloven days + His gain 1s down and the
00000, Run 2 -09 variance of the white pojse reaidual s up, which could be due 1o severn) factora, The
M only revealing factor concerned with hig ROW Mmodel I8 that the numerator factor (1-0,974B)
prmp— noarly cancels the denominator factor (1=0, 99B) vesulting In
MOC . | G .0032.0308 03| 110 ¢, <086 |00 1430 ﬁfﬁﬂ
on [ 5. 1) g- (36)
s '
No A ‘
YVan ] Therefore, it was ooncluded that there iz Aome learning evidence here, since the subject
now only m:dod one -moothlug tlmohooumu. m'mcnr. due : the :u time delay ‘:o-
- tween experiments, there isn much evidence of oaTRing In the set sxperiments for
Figure 7. Repeatability of Subject A with H = 1 subject C, an for the set of exaeriments for subject A,
Varisbility of the human transfor function over ap ontire run was also analyzed,
E* mrimental dats concerned with thy tracking performance of aubjet B in Record Neo,
r RESOUAL 00007, Run No, 0000} » Was chosen fov analysia (see Pigure 4), Windows located over the
vy Dusa v firat and last 30 neconds of the experiment were modeled and compared with that previ-
HUMAN » G o ..'t’&, FORM |  PanamaTens| xnet SEASONALITY | o % ously ob‘t:l:nd ov:r &e lu.on:l". o:w;:lmn:c wlhlch':a:‘t:'d' 183.6 moud-.mruun 9 comp-“ res
——t the originnl mode over the entire lengt oXperiment with those mode
[ OMIGmAL = obtained by Investigating the 30 seaond windows located as the beginning and at the ¢ .4 of
MODEL | G~ n88¢1gaa 37 { (oo ¢ -0%2 {106 1.8 Socs 2] the expetiment, Nots from this table that for the Modai Number 1, the pole at (1-0, 94B)
(Racord o " roeh 010w 2, is tairly closs to the sare Tl TB) and could be canoelied 1o ohealn the appronte
00004 Aun medel shown, [n the oase of models numbered 3 and 3, howsver, notice that thers are
Na oo, * g poles and zeroe which are oXaotly equal, or oxtremely olose, and oan be oanoelled very
— o "o precisely resulting in vory good, approximate modsis a8 shown,
REPEATED
S
. 081 (1.0974m)8 . Based on theas results, it Was concluded that the modsls for the 30 second win-
...:2'3‘“‘. ¢ 1.0 7118) 11.0 998y e | noo el )6 dee G2 dows can be Appraximated very 'wcll be first order iransfer Amotions, I addition, the
e um 3 model for the entire run can by Spproximated as  fivat order tranefer funotion with
sy | lesser acouracy, Amalysis of the reauits for the continuous time equivalent of the approx|-
a mate model Is quite interesting, I indicates that the gain of the human operator i3 con-

stant over the entire sxperiment, However, the time constant changes over 2 wide range:
Figure 8, Repeatability of Subject C with H = 1 0, 5 ssconds for the first 50 Second mm.'.a seconds for the final 30 second window;
an average of ,3 seconds over the sntire oxperiment, This would Appesr to indicate thet
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the human operator (s applying much more smoothing during the earlier part of the ex-
periment than at the end, Therefore, his response time in faster towards the later part
of the exporiment indicating that he has learned and can anticipate changes, with the re-
ault that he can reapond faster,

-

Equivalents of the
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fa+ 3)
50
s+

Continuuus Time

Time series analysis has the capabtlity of modeling human operator transfer
functions under task and/or environmenta! stress conditions, As an {liustration of its
application (n this manner, consider a human operator In 2 compensatory tracking situ-
ation, It is desired to detormins the variations of his model’s parameters under hypoxis
strésa and he {a required to parform the trucking task under simulated oxygen leve's
corresponding (o sea lovel, 12,000 feet and 22,000 fvet, For each of these three exper-
Imm't'.' the program can determine the human transfer function dirvectly from the dat-
vary ¢firicnlly,

Se 0_?)
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1t might also be desired to determine the parameter variation of the human trans-
fer function under combinations of stress, For example, the program could be extended
and applied for detsrmining the human operator modet while he Is tracking a target on =
compensatory dieplay with various combinations of streses including hypoxia, roll, pitch,
vibration, heat, ete. The program could be further applied for determining the effect of
these streases on such physiological parameters as blood pressure, heart rate, ete,
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(10688°1(1 0988°)
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Due to budget 1imitations the program was nol extended to model etreas data,
For the snme reason, the program was not applied to model pilot enmpensatory tracking
data for areas where the element H was changed to 1/4%,

CONCLUSIONS

€ 64(1.0908°)8°
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This pionesring sffort for applying time series snalysis to modsl the human
operator represents the first time that time series theory' has been applied to this problem

LR Y
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B

Detinition

and its results have bacon most flluminating, The foremost conclusion found on this study
is that the time series method is a very efficient, effective, and powerful method for
modeling any dynamical process having an input and outpit which contains nofsy observa-
tiona, Application of the time seriea technique to modeling the human operator in a
compensatory tracking situstion indicated that he can be adequately represented in the B
domain by the B-transfer function having the following form,
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Figure 3. Window Sampl * Analysis of Subject B itk
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plus a rusidual containing a completely modeled mixed AR/MA structure snd white noise.

It wu? also concluded that when the plant’s transfer function was changed from
1 to 1/, tho integrator, H - 1/s, provided memory w© the svetem, and the operator was
batter able to anticipate and predict future actions, The resuitant modesl, therefore,
did not contain a transportation lag, Howsver, s good approximation to this transfer
function contained a tranportation lag and it was found that the operator also had to in-
crease his gain significantly, The interpretation of hin increase in gain was caused by
his compensation for the decrease in the open-locop gain due to the integrator H = 1/s,
The operator basically increasad his gain in order to achieve a desirable handwidth,
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It was also {ound that when an operator immediately repeated an expsriment, he
attempted to eliminate the tranaportation lag and one of the smoothing tirae constants,

Modet Mode! for Window Located

No 3
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This is a very significant result and is anticipated based on his ability to learn. However,
due to the magnitude of the coefficient, the model stiil 1ad an effective transportation lag
from a practicul viewpoint. K was also found that having an operator repeating an experiment
several days later indicated very little learning abitity.

Analysis of the variability of the human transfer function over the length of the
experiment by means of analyzing a small number of points (window) indloated that the
human operator is applying much less smoothing during the later part of the experi -
ment. This was interpreted to mean that he has learned and can anticipate changes, with
the result that he can respond faster,

A very significant result of this effurt was measurements of a seasonality being
genarated by the operator, Thede seasonalities are interpreted as a rhymic effect that
the operator ia generating in order to track random noise,
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