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1. INTRODUCTION

The objective of the study was to develop , implement, and
validate a compensatory tracking task having a wide applicability
and sensitivity to a number of operator stressors present in the
operator ’s environment. The task was to be designed for use with

the type of stressors expected to be utilized in a program
investigating the effects of visual countermeasures , thus serving
as a preliminary screening task for countermeasure assessment.

Task development was to be based on Current human operator modeling
theory , to allow for the isolation of the essential elements of
opera tor performance character iz ing tracking under stressed
conditions.

This report summarizes the task development effort , from
the ini tial design rationale to the experimental validation of the
task’s effectiveness in identifying stressor effects. Chapter

2 provides a brief description of the optimal control model of

the human opera tor , and discusses relevant applications of the
model to understanding operator performance in a variety of
control and decision tasks. Chapter 3 then utilizes the model

in a pred ictive capacity to design the tracking task , and
investigate task sensitivity to simulated operator stressors. The

simulation results presented in this chapter provide the rationale

for the chosen task , and the detailed specifications for task

implementation . An experimental program for task validation
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is then discussed , with chapter 4 devoted to a description
of the experimental design and protocol , and chapter 5 to a

• 
presentation and discussion of the experimental results. This

chapter also describes the results of a post-experimental model

analysis directed at identifying and interpreting stressor

effects. Chapter 6 concludes with a summary of the major

findings of the study , and recommends areas of future task

• development and application.

Three appendices supplement the body of the report.
Appendix A provides a detailed user-oriented description of the

Perf ormance Analyzer  developed and used during the course of this
study . Appendix B provides some background information concerning
the dynamic characteristics of the Performance Analyzer  when
applied to the chosen track ing task. Appendix C summarizes
the experimental data in tabular format , for convenient reference .

6 
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2. THEORETICAL BACKG ~~UND

The basic premise underlying the tracking task development
• effort is that a well-trained and well-motivated human operator

will perform a task in a near-optimal manner, subject to his
inherent performance limitations and his understanding of the

task. As we show in this section , this assumption leads to

tractable mathematical models that not only have predictive

capabilities but can also be used to identify the underlying

causes of experimentally observed differences in operator response

characteristics.

In the following discussion we describe relevant features of

the h uman operator model and summarize some earlier validation
experiments.

2.1 Human Operator Model

2 . 1 . 2  Bas ic  Mode l S t ruc ture

Figure 2.1 illustrates the basic model structure for tasks

which require the human to process continuous information . This

conceptual model is intended to apply to a situation in which the

human is required to estimate the “state” of some process , on the
basis of one of more sensory informational variables.

Principal model elements are:

• (a) A linearized description of the system dynamics given
• by the following state equation:

k(t) = A x(t )  + B w (t )  (2.1)

7
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• where x(t) is the vector which describes tne state
of the system, and w (t) a vector of white driving

noise processes. (If the external forcing functions

are rational noise spectra of first order or higher,

the resulting “input states” are incorporated into

the state vector x(t))

(b) A “display vector” which , in general, consists of
a linear transformation of the state variables and
is given as

~ (t) = C x(t) (2.2)

This vector contains the set of sensory variables
used by the operator. Since both displacement and
rate information are typically available from a
single display element, the number of elements in
the y vector can exceed the number of physical
display elements used in a specific task.

Cc) A representation of the pilot’s limitations by
means of an equivalent perceptual time delay T

and an equivalent observation noise vector v~ (t)
to account for the various sources of “processing

• noise” associated with sensory, central-processing ,
and response activity.

Cd) A predictor and estimator to provide the “best”
estimate of the current system state in a least-

• squared—error sense.

Ce) An optimal response strategy acting on the best
estimate of the state vector, the output of which
is the overt response activity u(t).

• 9
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I

‘rho structure of the “optima l response strategy ” element will

~li’pend on the nature of the task . In the case of cloaed—loop
con t i n u o u s  control, this element will consist of a sot of feedback
‘iatns  to qoneratt’ a control (or commanded control) input to the
sys t em (Kloinman et al. (1~~70)~ Baron et a1. (1970); Kloinman t s t

al. ‘~;l )). if the task is one of docision—makinq , this element

may consist  of a Bayesian eci~:icin rocess, the output of wh ich
is some act ion appropriate to the decis ion reached (l~ovison and

~~~~ ~ ( 1 ~ $ 1)

1 ‘cause we a rt’ conce rut: d wi th closed—loop track i nq performance
the cn~ ui n~ discussion ot t h i s  mode l in  d i rect ed  tewar~t t he  task
of cont- inu ous control.

The mode l of figure 2 .1 beCOmeS a model for continuous contro l
.n; shown in  f i ~it i re 2 .  2 , by inc lus i on of the fol l owing : ( I ) an
opt ~ma1 ~‘ rol strategy , (2) a first—order lag to account for

~~~ r • n t  1 imt  t a t  ions on the operator ’s response b a n d w i d t h , and
a “ mo to r  no i se ” process to account for motor—relat eti nt~rce~;

cat ~‘ ‘ o ~~’;, ’ randomness. ‘Fo account. f or  the .1 nf luence of the
opt’r~lt or ’,; contro l ni qf la  I u ( t ) on sy stem response , e~ u at  ion ( 2 .  1)
I s o~<n. nuled an follows

~ ( t )  A x ( t )  + l~ u ( t )  + r w ( t )

The opt i ma 1 pred i ct-or , opt i ma I en t i mat:or , and opt i ma I ‘~a in
m a t r I x  t ’prescnt t h e  net  of “ a dj u s t  able p ar am e ter s ” by wh i ch the
con t r o l l e r  t n o n  to opt I mi ~e h i  s b e ha vi o r .  The qeflt ’ra 1 ex ’sn ions
I en  t he~n’ mode l e l emon t s ‘pond on t h e  sy stem dy n arn i  t ’n , acco nd i  nq

o we I 1— do I I nod mat hem~i t I c.t I ru les  t hat-  are dencr I bed I n the

‘i t t  ‘r a t  ~ ~~ ( see , f o r  examp I , K I ci nman o t a 1 . C 1.7 ~ 
) ) . ‘rho

cen t. ro I t on  i s assumed to adopt a response s t rateqy wli I oh ml ii irn i  ~t’5

the following sum of averaged display and control van .mces

• 10
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For all of the single-variable control situations we have explored ,

good approximations to experimental measurements have been obtained
using a cost functional consisting simply of a weighted sum of

system error variance plus control-rate variance :

2 2
= qo 0 + go~ (2.4b)

The cost on control rate represents , in part, a subjective penalty
imposed by the controller on making rapid control motions . In
addition , this term may account indirectly for physiological

limi tations on the pilot ’s bandwidth . The inclusion of such a

term resul ts in the lag matr ix ~~ - often associated with the
neuromuscular system — illustrated in figure 2.2.

:~. I .  ! ‘:J ’~~ ’r ~: t f —Proc ’~’~ s f ~:; Li m i ta  ~ i on8

• The time delay , observation noise, and , to some extent , cost
functional  parameters of the mode l represent inherent human

• l imi ta t ions.  Numerical values for these parameters (or rules
for obtaining such numerical values) must be decided prior to the

analysis or adjus ted in an itara t~~va scheme to match opera tor
response characteristics in a par t icular  situation.

The time delay required to match operator response behavior

us ual ly  lies in the range of 0.15 to 0 .22 seconds ; for predictive

applications of the model , a time delay of 0.2 seconds is a
reasonable choice. For single-variable laboratory tracking tasks,

experimental data are often well matched if the relative cost

coefficient on control-rate is adjusted to yield a laq ~~ of 0.1

seconds. (Because this value is similar to values that have been

used in simplified models of the human ’s neuromuscular system , we

12
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refer to the lag r~ as the “motor t ime constant”.) For more complex,
“real world” tracking tasks, reasonable values for both control-
related and display-related cost coefficients can be obtained from
consideration of maximum attainable (or allowable) values for
these system variables.

The “observation noise” process v~ (t) is intended as a
mathematical representation of the combined effects of various
sources of randomness in the human ’s sensory , central-processing ,
and response mechanisms. Each perceptual variable used by the
operator is considered to be corrupted by a Gaussian “white noise”
process that is linearly uncorrelated with the sensory input and
with other similar noise processes. The perceptual information
available to the operator from the display vector ~ is therefore :

• y~ (t) ~(t) + !~,(t) 
( 2 . 5 )

where ~~(t) is the perceived variable, y(t) the variable presented
by the display, and v~ (t) a white noise process having an auto-
correlation function

~
vivi 

(r) = V~, ~(r) ( 2 . 6 )

or, equivalently, a uniform power spectral density function of
V~/2w over all frequencies.* We shall refer to the quantity V~,
as the “autocovariance” of the noise process.

Although not physically realizable, the notion of a white
noise disturbance is a useful mathematical fiction that we adopt

because it provides a representation of human operator randomness
that is readily handled within the framework of modern control and

*The variable S ( r )  is a “unit impulse ” function , located at i — 0,
that has zero width, infinite value, and an integral over r of
unity.

t 13
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estimation theory , and because it allows us to model human control
behavior with considerable accuracy . In effect, we are assuming 

S

that the bandwidth of the observation noise process is substantially

greater than the response bandwidth of the man-machine system.

When the system is designed so that resolution and saturation
ef f ects in sensory and motor processes are negligible, the
observation noise covariance is found to be proportional to the
mean-squared value of the displayed variable (for zero-mean
signals). Thus, the autocovariance of the white observation
noise associated with the ith display variable may be represented

as
2

V = u P 1 Efy . (t)l ( 2 . 7 )y i

where P~ is the “ noise/signal ratio” and has units  of normalized
power per rad/sec. For situations in which the signal y(t) is a
zero-mean random process having stationary statistical properties
(as in the case of most laboratory tracking exper iments ) ,  the
above expression may be wr i t t en  as

V~ = uP 1 ~~ ( 2 . 8 )

In general , when the human operator is provided with a single
display variable , both displacement and rate informa tion wil l be
observed . Good agreement with experimental remnant data has been

obtained by assuming that the “noise/signal” ratios for the posi tion
• and rate variables obtained from the same display indicator are

identical. Numerical values for P1 of .01(i.e., —20 dB) have been
found to be typical of single variable control situations although

smaller values have been observed when operators attempt to control

unstable dynamics.

14 
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The other source of human randomness is the motor noise ym (t).
This noise is also assumed to be a zero-mean , Gaussian, white noise
process with

‘
~v. ~~~~. 

(T) = Vm ~~(t)
1 1 1

( 2 . 9 )

v —
~~~~~~~~~ a2m~ m .

1 1 ‘~
j

A motor noise/signal ratio, P~ , of about .003 (-25dB) has been found
to provide a good match to experimental data.

. 1.3 IYod~iZ Outn uta

Once the system has been described and values assigned to

operator-related model parameters , predictions can be obtained for
• the operator ’s prediction , estimation , and control strategies.

Having thus completely defined the operation of the man-machine

system, we can predict a variety of metrics related to overall
system performance and to human response behavior.

Among the metrics that the model can predict are: (1) mean
and variance of any system variable; (2) the transfer function
(gain and phase) relationship between any two system variables;

and (3) the power spectral density of any system variable,
partitioned into a component linearly correlated with external

disturbances and a “ remnant-related” component associated with
human operator response randomness. Thus, the model is capable of

generating response metrics that can be compared with a variety

— of measures extracted from experimental data.

2 . 2  Model Validation and Application

The human operation model has been validated for a variety of

control situations - mostly single-variable laboratory tracking

15 
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tasks (Levison et al .  (1971);  Kleinman et al. ( 1 9 7 0 ) ;  Kleinman
et al. (1971)), but some complex tasks as well (Kleinman
and Baron ( 1971);  Kleinman and Kil lingsworth ( 1 9 7 4 ) ;  Kleinman et
al.  ( 1 9 70 ) ) .  The reader is especially directed to Kleinman et a l .
( 1 9 7 0) ,  where it is shown that detailed response behavior (as
well as mean-squared error scores) can be reproduced by the model
using values for operator parameters (time delay , motor lag , and
observation noise/signal ratio) that are nearly invar ian t  across
contro l tasks. The tasks considered in that reference span a
range of onerator response characteristics, indicating that the
so— called “ operator parameters ” reflect primarily limitations of
human-operator information processing that are relatively
independent of the control task parameters . In particular, the
notion of treating response randomness (mathematically) as an
observation noise process is supported by the ability of the
model to reproduce the spectrum of the stochastic portion of the
operator ’ s response across a set of tasks in which this spectrum
varies substantially.

The optimal-control mode l has been applied extensively both
as a tool for predicting continuous control behavior and as a
tool for inferring changes in human response limitations resulting
from changes in the nature of the control task and/or task
environment. Of greatest relevance to the tracking design effort

reported on here are studies in which the model has been used to
account for the influence of environmental factors on tracking
performance .

Generally speaking , studies of environmental factors have
led to changes in mode l parameters that one would expect from
the physical nature of the “ stress” . In a study of simulated
an t i -a i rc ra f t  art i l lery tracking , Baron and Levison ( 1974) found
that the presence of a visual stress was best accounted for by
increases in observation noise parameters. Levison et al. (1971)

also found that the observation noise/signal ratio increased when
16 
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subjects had to share attention among two or more uncorrelated
tracking tasks. In the same study, Levison et al. found that
the subjects would reduce their noise/signal ratios if the task
was sufficiently difficult (i.e., if system error were particularly
sensitive to operator noise).

Changes in motor-related parameters have also been found. In
three separate studies of the effects of vibration cn tracking
performance , the presence of whole-body vibration has been
accounted for largely by an increase in the motor noise parameter
of the model (Levison and Houck ( 1975);  Levison ( 1976) ;  Levison
(1976)). In studies involving the pilot’s use of motion cues in
roll-axis tracking, the presence of motion cues was accounted
for by inclusion of motion-related sensory variables in the
definition of the “display vector” ~~~. Since motion did not
represent a stress, values for noise/signal ratios obtained in
previous laboratory tracking tasks were found adequate to match
the data (Levison et al. (1976); Levison and Junker (1977)).

Gai and Curry (1976) have used the optimal control model’s
information processing structure to analyze failure detection in
a simple laboratory task and in an experiment simulating pilot
monitoring of an automatic approach. In both cases, a step or
ramp was added to the observed signal at random times to simulate
an instrument failure. This produced a non-zero mean value for

the signal and for the “residual” (essentially, the difference
between what the subject saw and what he expected to see); failure

detection consisted of testing an hypothesis concerning the mean

of the distribution of the residuals. The good agreement between

predicted and observed detection time reported by Gai and Curry
• would appear to confirm the applicability of the modeling approach

in these particular tasks .
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The studies of Levison and Tanner and Gai and Curry provide
verification of the information processing structure of the optimal
control model in tasks not involving closed-loop control. These
results taken in conjunction with the implicit validation provided
by the tracking data, provide strong support for this model of
human information processing.

18
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3. TRACKING TASK DESIGN

The initial phase of this study was devoted to the choice H
of the tracking task to be used in measuring changes in human
operator performance. Two specific design objectives were called
for:

a. Overall sensitivity of the task to changes in operator
behavior induced by environmental stressors

b. Differential sensitivity of the task to qualitatively
different stressors

The f irst objective was chosen to ensure detection of a change in
operator performance in response to only slight changes in the
tracking task environment. The second was chosen to provide the
capability of identifying changes in operator strategy associated
with specific changes in the task environment.

To minimize the amount of trial—and-error task design
associated with an empirically-based effort, the human operator
model of the previous chapter was used in a predictive mode, to
simulate tracking performance in a variety of conditions. This
allowed for a rapid evaluation of a number of different task

• designs, and for a detailed examination of task sensitivity to

simulated stressors. This chapter describes the results of this
sensitivity study, and provides a rationale for the particular
tracking task chosen for experimental validation.

3.1 Tas k Dynamics

One of the fundamental determinants of operator tracking

19
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• performance is the set of dynamics used in the t racking loop . If
the dynamics are particularly easy to control, then performance

tends to be an insensitive function of task stress ; conversely ,
dynamics which are controlled only with great difficulty are
associated with performance changes which are high ly sensitive to
task stressors. A particular example which demonstrates this is

the study of hypoxia on tracking, conducted by Replogle , et al
(1970).

In their study , they required the subjects to perform two
control tasks, singly and in combination . An unstab]e set of
dynamics was used for one of the tasks, and had the following
form :

P ( s)  ( 3 .1)

The critical frequency A was adjusted continuously according to

the operator ’s ability to reduce system error: the smaller the
error score, the more unstable the dynamics became. No loop
input signal was used in this task, since the subject tended to
track his own remnant. This type of unstable task, with a
variable critical frequency , has been the subject of some study
in the pa st , and has been named the “critical tracking task” by
Jex et a1 (1966).

The second control task used in this experiment was control
of third-order dynamics typical of aircraft pitch dynamics. A
loop input was applied directly to the display to simulate a
pitch coiw~and. and thus this second task simulated one of pitch
requlat ion.

20
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Replogle et al. found that the levels of hypoxia which they
studied produced a significant performance degradation for the
task involving the unstable dynamics , but had no measurable
effect or’. performance in the pitch-regulation task. In order to
explain these results, we used the human operator model, described
in the previous chapter, in a simulation of operator performance
under different stressed conditions.

Details relating to the pitch dynamics and input signal were

not available at the time this analysis was performed . Accordingly ,

we selected a set of dynamics from the literature in order to have
a basis for modeling this task. The dynamics were:

= 
13.4 (1 + 2.3s) 

2 (3.2)
• sil + 0.316s + 0.085 s I

which were those used by Sadoff and Dolkas (1967) in their study
of the effects of sustained acceleration on a simulated pitch-

regulation task. A second-order forcing funct ion was assumed,
and the input bandwidth was adjusted to give approximately the
same system error scores that Sadoff and Dolkas obtained in the
absence of acceleration stress.

In our simulation of operator performance under different
stressed conditions, we chose to identify changes in stress with
changes in the operator’s noise/signal ratio. This model parameter
was chosen because it is the parameter that we identify most
closely with the operator’s ability to process information , as
discussed in the previous chapter. We represented the effec ts of
hypoxia, then, by an increase in the noise/signal ratio.

21
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A white-noise forcing function was introduced in our

representation of the unstable dynamics task to simulate the

effects of system noise and pilot tremor. The pole location

\ was held fixed , and the relation between error variance anc.~
noise ra t io  was determined . Figure 3.1 shows a set of curves
obtained for pole frequencies ranging from 1.5 to 3.0 radian/second .
Also show n on the same log-log plot is the relationship between
system error and noise/signal ratio for the stable pitch-regulation

task . The error scores are given in arbitrary units; it is the

percentage changes with noise ratio that are of interest.

One can readily see from the figure why stress has a much
qreater  e f f e c t  on performance wi th  the unstable task . Consider ,
for example , the task of control l ing a vehicle wi th  an unstable
pole at 3 rad/sec. I f  the pilot allow s his noise/signal ratio
to increase from -26 dB to -24 dB , error variance increases
nearly three-fold; an additional increase of 1 dB in noise/signal

appears to make the task uncontrollable . Thus, the pilot must

work very hard at this task to keep the error within reasonable
bounds. Anything that diminishes his information-processing

capability will cause him to relax his error criterion so that

the task difficulty is reduced to a more manageable level.

The error score is much less strongly dependent on the
pilot ’s noise characteristics for the stable pitch task . Figure
3.1 shows that a 2 dB increase , say from -22 to -20 dB, raises
the error score by less than 10 percent. Even an increase as large

as 6 dB raises the score only by about 45 percent. Thus, if the

levels of hypoxia investigated by Reploqle et al. correspond to

an increase in the pilot’s noise/signal ratio of 2 or 3 dB , then

we would expect to observe a significant performance degradation

on the unstable task and no s i gn i f i c an t  change on stable-task
performance . 
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This sensitivity of error score seen in the unstable tracking
task thus argues for the incorporation of unstable controlled

element dynamics in the task design . In the critical tracking

task of Jex et al (1966) mentioned earlier , the subject is required

to maintain control of an unstable plant while the pole of the

instability is systematically increased until control is lost.

This task has been shown to produce good reproducibility from

day to day, within subjects, on the basis of a relatively small
sample of trials. The critical tracking task can be implemented

in many different forms depending on the order of the equation

representing the instability , the use of a forcing function, and

the logic for assessing performance.

Although a suitably designed critical tracking task (or set

of tasks) miqht provide the required sensitivity , it is seriously
deficient with regard to performance measurement. A single

-
• measurement is produced; typically, the value of the plant pole

at which the subject loses control. This pole value has been

associated with the pilot’s effective time delay (Jex et al , 1966).

However, ~~~ mechanism that serves to degrade information-processing
(such as an increase in noise/signal ratio) will be interpreted as

an increase in pilot time delay. Therefore, the critical task

does not provide a valid means for generalizing the effect of a
task stressor , and extrapolation from the critical task to
performance in other kinds of control tasks is tenuous at best.

This deficiency can be remedied, however , by utilizing unstable
dynamics with a fixed inst tbility , in conjunction with a loop input

signal which acts to continuously disturb the system. The fixed

instability allows for a steady—state analysis of operator behavior ,

and the input signal can be chosen for efficient off-line frequency

analysis of operator performance . Such steady-state frequency

domain information provides an abundance of performance metrics,

24 
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when compared with the single critical frequency available from

the time-varying no-input critical tracking task.

3.2 Loop Input Signal

A loop input signal which continuously disturbs the plant
necessitates continuous compensatory control actions by the human

operator. To avoid “pre—programmed” control actions , it is
important that the input signal be “random-appearing” to the

operator; by this we mean that the operator is unable to predict
• the time history of the input signal. Such a signal may be

obtained from a random-noise generator , or it may be constructed
from a sufficient number of deterministic signals (e.g., sinusoids)
so that the subject is not able to memorize the time pattern of the
input; otherwise, he may attempt a “precognitive” mode of tracking
which may differ considerably from the stra tegy adopted when the
input appears to be random.

Even with a stable set of plant dynamics , tracking becomes
especially difficult when the loop input is a wide bandwidth
signal. For this reason, most experimenters choose to limit the
high frequency content by either choosing a step-down “shelf”
spectrum (for example, see Jex et al. (1966)), or by choosing a
spectrum which continuously decreases in power at the higher
frequencies (see Levison, et al. (1971)). The latter approach
can be realized by choosing the power spectral density (PSD)
of the input to be a rational polynomial function of frequency ,
with the number of poles exceeding the number of zeroes. The

simplest such function is a first-order PSD function given by

K 2
= I—I (3.3a)

s+a
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The break frequency a specifies where the signal power begins to
roll—off , and the parameter K specifies the signal ’s RMS level.
Substituting jw for s, the equivalent frequency domain PSD function
representation is

K 
2 (3.3b)

~A) +a

Of course, higher order PSD functions can be used to provide more
rapid attenuation of the high frequency power, if deemed necessary
for the particular experiment at hand.

3.3 Track Ing Task Block Diaqram

A block diagram of the tracking task is shown in figure 3.2.
A compensatory tracking display provides the subject with a measure
of system error e, which he attempts to minimize by appropriately
manipulatinq the control stick . The stick signal u is summed wi th
the loop input disturbance signal d, to yield the plant dynamics
command The plant output p is then fed back to become the

display signal e. This positive feedback results in an “outside—in ”
display , necessitating negative feedback compensation by the human

operator .

As noted in section 3.1, the plant  dynamics P ( s )  are given
by

P(s) = ( 3 . 4 )

where the plant pole X remains fixed throughout the course of a
trackinq run . The PSD function of the loop input d is chosen to

be first-order , scaled so as to ensure that the RMS level is
u n i t y :

2a (3.5)
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3 . 4  SensItivity of Tracklnn Tfisk

For a complete specification of the tracking loop i l lustra ted
in figure 3.2, we need only specify the value of the plant pole

A and the inpu t signal break frequency a , assuming uni ty gains for
both display and stick. The choice of a particular (X ,a) pair

should be such as to make the task sufficiently difficult to ensure

adequate sensitivity to imposed tracking stressors , ye t not resul t
in a task which is uncontrollable with only slight degradations in

the tracking environment. A sensitivity study of tracking

performance is thus called for.

Several simulations of tracking performance were conducted ,

using the human operator model of chapter 2 imbedded in the

tracking loop of figure 3.2. All of the operator model parameters ,

except for observation noise/signal ratio , were f ixed at “nominal”
values consistent with levels associated with previous human

operator research: time delay = 11 .2 sec, motor time constant
= 0.1 sec, and motor noise/signal ratio negligibly small. The

observation noise/signal ratio was varied over the course of the

model runs , in an effort to simulate the effects of a stressed
environment (recall discussion of section 3.1).

The main results of these simulations are shown in figure

3.3, in which tracking error score is plotted against the

observation noise/signal ratio (N/S). Since changes in score

are of greater interest than absolute levels , the scores have
been normalized for a more convenient graphic interpretation of

the results; for the first two plots, scores were adjusted to
yield unity error at an N/S level of —23dB , and for the thi rd

plot adjusted to yield unity error at -26dB. The score curves

themselves are parameterized against pole location and input

bandwidth a.
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A comparison of the three plots shows how sensitivity increases

wi th pole loca tion A and decreases with input bandwidth a. The
moderate ins tabi l i ty  (A 2) provides a reasonable compromise between
insensitivity (A=l) and uncontrollability (A=4), and for this
reason it was decided to specify a 2 radian/sec pole for the plant
dynamics . In order to maximize sensitivity with this chosen pole
value it was also decided to specify an input bandwidth of (1.5

radian/second. The score curve associated with this (A ,a) choice
of (2, (1.5) is labelled in the figure.

3 .5  Differential Sensitivity of Tracking Task

To this  point ,  the tracking task design e f f o rt has been
devoted to ensuring adequate sensitivity to changes in stressor

levels. It is now of interest to demonstrate how the task can be
used to differentiate between qualitatively different stressors,
and to do this , we again make use of simulation results conducted
with the human eperator model. The results described here
investiqate track ing performance associated with the loop of

figure 3.2 and the (\ ,a) task parameter values specified in the
previous section .

Performance sensitivity to four parameters was explored :

time delay , motor time constant , observation noise/siqnal. ratio,

and motor noise/signal ratio. To be consistent with past studies ,

the operator was assumed to use both p o s i t i o n  and rate i n f o r m a t i o n ,
and separate observation noise processes (“position n~ i~~” and
“rate noise”) were associated with th -~ t~ quanti t i~’s - The (‘err,’ ; c ’ndin q
noise/signal ratios were varied jointl~’ to simulat e -~ change i n  the
overall observation noise/siqnal ratio , and they were varied

• individua l ly to represent selective decrements in the a b il i t y to

obtain and use these informational quantities. B a s e l i ne  ~‘.il ues let

I



operator-related parameters were as before: time delay = (1.2 sec ,
motor time constant = 0 . 1  sec , observation noise/ signal  ratio =

-23 dB, and motor noise/signal ratio negligibly small.*

Figure 3.4 shows the dependence of the tracking error variance
and the variance of the rate—of-change of control input to

chanqes in the various model parameters. In each plot, the

left-most arrow on the abscissa indicates the assumed nominal
value for that particular parameter; the next arrow indicates the

parameter value associated with a doubling of the nominal score;

the right-most arrow indicates the parameter value associated with

a quintupling of the nominal score. Thus, for example, a change
in observation noise from — 23dB to -20dB cannot be differentiated

from a chancte in time delay from (1.2 sec to 0.27 sec when only a~ is
measured; this is because both parameter changes result in an
identical doubled score.

At least one of the parameters , however , can be differentiated
from the others by considering measures other than tracking score.

As shown in fiqure 3.4, all of the control rate scores increase
with increasing tracking scores except for the case due to changes
in the motor time constant tN~ 

Here ~? actually decreases,
reflecting the lower bandwidth of the human operator . Thus ,
confronted with an increase in tracking score a~~, the experimenter

can decide whether or not there has been a change in the motor
time constant by simply examining the associated change in the
control rate score o~~.

*The nominal value for observation noise/signal ratio was lower
than generally found in most laboratory tracking tasks, but was
consistent with values found in a study employing unstable system
dynamics (Levison et al. (1971)).
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If it is determined that a change in the parameter T
N 

is not
responsible for the score change, then the experimenter is faced
with differentiating among the remaining parameters. Figure 3.5
shows the dependence of the normalized remnant spectrum which is
obtained by reflecting the stochastic portion of the operator’s
control response to an equivalent perceptual disturbance on error
rate, normalized with respect to mean-squared error rate. The
normalized remnant spectrum is parame terized against model
parameter values associated with the nominal case and with the
doubled and quintupled error scores of figure 3.4.

A change in each of the model parameters results in a
distinctive change in the frequency dependency of the normalized

remnant spectrum. A joint increase in the observation noise/signal

ratios for position and rate perception results in an overall

increase in the remnant level with no appreciable redistribution of
power with frectuency . On the other hand , an increase in position
noise selectively increases low-frequency rcmnant, whereas an
increase in rate noise selectively increases remnant at high
frequencies.  An increase in motor noise also increases hiqh—
frequency remnant, but the details of the frequency dependency
are somewhat different from those induced by increased rate noise.
Finally , an increase in time delay results in little remnan t change,
throughout the frequency ranqe. Thus, changes in remnant behavior ,

in conjunction with relative changes in error and control-rate

scores, allows one to identify the parameter(s) responsible for the
chanqe in tracking performance.

A partial crcss—check can be provided by examining changes in
the operator ’s describing funct ion . Figure 3.6 shows such changes
with model parameter changes, again using parameter values
associated with nominal , doubled , and quintupled scores. Changes

in no sit i on  noise result  in little change in the describing
fut etion and thus this measure serves to isolate the position noise
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parameter from the other parameters. In addition , an increase in
the time delay results in a distinctive change in the resonance
peak (with respect to both position and sharpness) ~nd in the
behavior near resonance; these characteristics could serve to
distinguish a change in time delay from changes in the motor
time constant and noise parameters .

Figure 3.7 provides a flow chart summary of this step-wise
approach to assessing changes in the d i f f e r e n t  task metr ics  and
i n f e r r i n g  probable changes in human operator model parameters .
The chart  assumes that t racking scores , gains , phases, and
normal ized remnant levels are ava i lab le  to the invest igator , and
i l l u s t r a t e s  one approach to d i f f e r e n t i a t i n g  among the several
parame ters. In brief , the 1ogical flow is as follows :

a) Check tracking error . If it has not increas~’d , then ,

by d~~f i n i t i on , no s tressor is present , and no parameter
i d e n t i f i c a t i o n  is needed .

b) I f  t racking error has increased , check control input
rate-of-change. I f  i t  has decreased , the probable
cause is an increase i n  the motot t ime constant .  A
drop in gain at all frequencies and an increase in
phase lag at mid-frequencies confirm the motor time
constant increase . Any other ga i n/phase trends
indicate multiple parameter changes.

c) If control input rate-of-change has not decreased ,

check the normalized remnant spectrum . If remnant
levels have not increased , the probable pa ramete r  chanqe
is an increase in the operator ’s t ime  delay . A drop
in ga in  at low frequencies , a drop in the resonant
frequency , and a change in the phase la~i at h i ~~h
frequencies  con f i rm  the t ime  delay increase.  Any o ther
gain/phase t rends ind ica te  m u l t i p le  parameter changes .
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d) If normalized remnant levels have increased at all
frequencies , the probable eanqe is an increase in the
overall observation noise/signal ratio . A drop in
gain at all frequencies and an increase in phase lag at
mid -frequencies confirm the overall noise increase .

Any other gain/phase trends indicate multiple parameter
changes.

e) If normalized remnant levels have increased only at
low frequencies , the probable cause is an increase in
the position noise/signal ratio . Gain and phase
changes only at low frequencies confirm the position
noise increase. Any other gain/phase trends indicate

— multiple parameter changes .
f) If normalized remnant levels have increased only at

— high frequencies , the probable cause is an increase
in the rate noise/signal ratio . A drop in gain at
all frequencies and an increase in phase lag at mid-
frequencies confirm the rate noise increase. Any
other gain/phase trends indicate multiple parameter
changes.

The results of the sensitivity analysis conducted in this
chapter demonstrate that a change in a single operator-related
model parameter results in a constellation of changes in the
several performance metrics considered. By taking advantage of
the characteristic differences in parameter change effects, we have
shown how a step-wise consideration of the different metrics can be
used to isolate the particular parameter responsible for the
observed changes. This differential sensitivity to parameter
variations is based on simulated operator performance; the exper-
imental vorification will be discussed later in chapter 5.

40



-- --5 —--— - -5  ——-5

4. EXPERI M ENT DESCRIPTION

In order to validate the sensitivity of the tracking task
described in the previous chapter, a set of tracking experiments
was conducted at BBN to compare tracking under different
environmental conditions. There were three primary objectives
of the experimental study:

a)Determine the amount of training needed to ensure
cons istent operator tracking performance

b)Validate the sensitivity of the task to a change in
the operator environment

c)Validate the differential sensitivity of the task and

its utility in isolating different stressor effects

Since the model simulations described in the previous chapter
assumed a fully-trained subject, no apriori information was
available concerning the amount of time necessary to train on
the task. Thus, the first objective was directed at determining
an empirically based estimate of training time. The second two
objectives were directed at validating the simulation results,
and verifying the task ’s utility in detecting and isolating
stressor effects.

4.1 Task Description

A block diagram of the tracking task used in the experiments

is given in figure 4.1, and is essentially the same task which
was analyzed in the previous chapter. The subject is provided an
error display on which to base his corrective actions needed

both for stabilizing the unstable plant dynamics and for compensating

against the loop input disturbance signal.
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The tracking error was displayed on a 10 cm wide by 6 cm
high oscilloscope face, with 1 cm horizontal and vertical grid

lines providing a stationary refe~ence. The outside-in display

consisted of a vertical bar 2.6 cm long , which was deflected
laterally according to the value taken on by the display signal

e. The display was centered in azimuth a distance of
approximately 60 cm from the subject’s eyes , so that one
centimeter of display displacement resulted in approximately

one degree of angular displacement. Subjects’ sitting heights
- 

- were such that the display elevation angle was within 10 degrees
of eye level of each subject .

The subjects used a left-right force control stick located

approximately 35 cm to the right and 25 cm in front of the subject;

an arm rest at a comfortable sitting height provided support

for the subject’s arm and hand. Since only 5 cm of the stick were

- 

- available for grasping, subjects used a combination of finger and

thumb grips for manipulating the stick . The stick stiffness was

such that one pound of force applied to the top end of the stick
resulted in approximately 1 mm of lateral displacement of the
stick. The stick gain K3, shown in the figure and used to

convert from pounds of stick force to centimeters of plant command ,

was set at 5 cm/pound , a level which provided adequate controllability

without being overly sensitive.

The loop input disturbance signal , d shown in the f igure ,
was constructed from 13 sinusoids whose amplitudes were selected
so that the input signal power spectral density (PSD) approximated

the following continuous PSD function :

$ (w) — 2 2  
(4 . l a )

dd w +a
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The first-order form of this PSD function was chosen on the basis
of the simulation results of the previous chapter, as was the
break frequency :

a — 0.5 rad/sec (4.lb)

The input signal amplitudes were all scaled to provide an RMS
input signal level of one cm. In order to prevent subjects from
learning the input waveforms during the course of the experiment,
a random number generator was used to vary the phase relationships
of the input signal sinusoids from one tracking run to the next.
Thus, the input was “random-appearing ” as previously discussed
in section 3.1.

The plant dynamics used in the experiment were

P(s) 
~~~~~~~~ 

e 1 05 (4.2a)

The first order instability was chosen on the basis of the
simulation results of the previous chapter, as was the pole value:

A — 2 rad/sec (4.2b)

The plant dead—time r~ was not explicitly specified to be a part

of the nominal set of dynamics, but rather was due to the digital
implementation of the tracking loop. Its value was determined
by an input-output system measurement described in appendix B,
and was found to be

— 32 msec (4.2c)

As just noted, the tracking loop was implemented on a digital
computer, with the display and stick providing the analog
interfaces to the human operator. The prograuunable digital system,
developed specifically for human operator tracking experiments,
is named the Performance Analyzer, and is described in detail in
appendix A. In brief, it provides the investigator with a
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simplified means for defining the desired tracking task , automated
calibration of the interface hardware, real-time control of the
tracking experiment, storage of the tracking time histories, and
post-experimental analysis of tracking performance.

For this set of experiments, the Performance Analyzer
software was implemented on a Digital Equipment Corp. PDP-ll/34,
located on site at BBN. The experimenter controlled the program
via a teletype terminal, and monitored the display error during
tracking via a slave scope. Subjects were located in an adjoining
sound-proof room, containing the scope display , control stick ,
and an intercom for communicating with the experimenter. Room
lighting and display intensity were adjusted to comfortable
levels, and remained fixed throughout the set of experiments .

To investigate the sensitivity of the tracking task to
changes in the task environment, two simulated stressors were
utilized during the course of the experiment. One was directed

at simulating “visual noise” imposed on the tracking display ,

and consisted of a d i f fused  display error bar presented on the
scope. By inserting a translucent sheet between the display grid
lines and the face of the display , the vertical bar could be
diffused over a width of approximately one cm, without affecting
the display reference provided by the grid lines. The second
stressed condition was directed at simulating any stressor which
would act to increase the operator ’s central processing time
(e.g., confusion , ambiguity , etc.), and was implemented by addding
a time delay to the plant dynamics controlled by the operator.
The time delay chosen was 40 milliseconds, and was in addition to
the dynamic delay of 32 milliseconds already mentioned above. 
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4.2 Ex per i men ta l Pro tocol

Six male college students between the ages of 18 and 29
years of aae were used for the experiment. All were right-handed
and had normal visual acuity, although some wore corrective
lenses.

A tracking run lasted for 185 seconds, and tracking score
was computed from the standard deviation of the display error, ae.
This was computed over an interval equal to the period of the

imposed disturbance signal, which was 163.8 seconds. Since the

scoring interval was shorter than the duration of the tracking run,

scoring did not begin until 10.6 seconds after  run commencement ,
to allow for subject “warm—up ” .

Three such tracking runs, interspersed with one minute rest
intervals, comprised a block of runs. Four such blocks,
interspersed with 15-minute rest intervals outside of the subject
room, comprised a normal day ’s tracking session for each subject.
The overall experiment was conducted over a month’s time.

The experiment was conducted in three phases, consisting of
an initial training phase, an intermediate training phase on the
stressed conditions, and a control phase for comparing performance
under the different conditions.

4. ? . 1  T hi t i a Z  7’r a in inq  Phase

At the outset, each subject was instructed as to the task
dynamics involved, and the objective of minimizing the tracking
score. The subject was then made familiar with the task dynamics
by being given the opportunity to stabilize and control the
display bar displacement, with no loop input disturbing his
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control actions. This two—minute practice run was then followed

by two tracking runs with the disturbance signal present, at a
half cm RMS level (half its nominal value). If the subject
managed to control the bar displacement for the entire length

of both runs, the next run was conducted at the nominal one cm
RMS input level, as were subsequent runs. If however , the sub ject
lost control of the task at this lower level, he was rerun at the
same level until able to successfully complete two such runs in
a row; at that point, the input level was raised to the nominal
one cm RMS value.

During the first day of tracking, high and low input signal
levels were chosen according to the subject’s ability to successfully
complete a tracking run. Thus, if a subject failed to complete a
run at the one cm Rr4s input level , subsequent runs were conducted
wi th the hal f  cm RIIS input , un t i l  two in a row were successfully
completed, whereupon the subject was returned to the one cm RMS

input level. After the first day of tracking, this training

protocol was no longer followed; instead, if a subjec t failed to
complete a run at the nominal one cm RMS input level, he was
simply rerun at the same level.

h..c~i ~ay of training was begun with a 30-second “warm—up”
run , to ~~ low the subject to adjust mentally and physically to
the task. This was followed by four three-run blocks, to yield
12 runs per day. The initial training phase consisted of four
such days, to yield 48 completed tracking runs per subject.

Throughout the first training phase, tracking score was
reported to the subject at the end of each run, and the subject
was encouraged to modify his handgrip, gaze, and tracking
strategy in any manner he felt which would help minimize his
tracking score. Each subject was also allowed to view a plot of

_  _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



his run-to-run score history, to assess his progress in learning
the task. To maintain motivation, subjects were also made aware
of each other ’s scores.

Because of early implementation difficulties with the

Performance Analyzer, the phases of the loop input signal were
not varied from run—to—run for this initial training phase.

Thus , the same input signal was used for all tracking runs , and
the subjects had the opportunity of “learning” the input over
the course of training. However , this was not fe l t  to be a
significant  factor in determining task proficiency, since
comparable scores were later obtained when subjects tracked

randomized inputs. This issue will be discussed later in
chapter 5.

4 . 2 . 2  I n t e r m e d i a t e  Tra in ing  Phase

All of the subjects participated in a second training phase

directed at training them in the three task conditions which
would eventually be used for stressor comparisons. To avoid the
input signal “learning” problem just mentioned, all runs
conducted during this intermediate training phase utilized an

input signal which was randomized from run to run. One of the

conditions was designated the nominal condition and, except for

the input signal randomization, was identical to that used in the

initial training phase just described. A second condition was
designated the diffused condition and consisted of the diffused

error bar display described in section 4.1. The third condition

was designated the delay condition, and involved the plant
dynamics time delay also described in section 4.1. Again, all

conditions utilized a randomized input signal during this
intermediate training phase .
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Each subject participated in three training sessions, with
each day ’s session devoted exclusively to one of the three
conditions. As before, each session consisted of four three-run
blocks , to yield 12 training runs per condition per subject. To

provide some balance for sequential learning effects, subjects
were exposed to the different conditions in a balanced order,

according to table 4.1. Note that this is not a full-factorial
design, since subjects were trained as a pair, on a given condition .

Table 4.1: Presentation Order for Intermediate Training Phase

Subject

Session KDH SAH TMV DM1 KJW LEK

I I
A: nominal
B: time delay
C: diffuse display

As before , the subject was instructed to minimize his
tracking error by any means he felt appropriate. If the
condition was nominal , the subject was informed that the task
was the same as what he had previously trained on. If the

condition was the delay case , the subject was informed that he
might notice some response lag, but that he should attempt to

do his best at minimizing his tracking score. If the condition

was the diffused display case , the subject was immediately aware
of the condition under which he would be tracking ; again , he
was simply told to do his best at minimizing his tracking score.
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Each session began with a 30-second “warm-up” run on the

condition which would be used throughout that day ’s session.

After each full 185-second tracking run , the subject was informed

of his tracking score; as before, the subject was periodically
shown his run-to-run score history , so that he could assess his

progress. If a subject fai led to complete a tracking run , he was
given a short rest period and then simply restarted on the same

run .

4 . : . ~ ~‘~-‘nt:’o l Phase

All of the subjects participated in the thir d phase of the
experiment , directed at comparing tracking performance under the
three conditions on which they had trained. The tracking task
and the three conditions were identical to those used in the
previous t r a in ing  phase , and only the order of presentation and
number of replications were varied. This phase was completed in

— 
‘ a single session of tracking , consisting of four three-run

blocks. The overall design is given in table 4 . 2 , and was chosen
to provide a balance for ordering effects within a given block ,
for the f i r s t  three blocks; the fourth block is simply a replication
of the f i r s t .

Experimental protocol was similar to that used in the earlier

phases , except for the ini tial “warm-up” period. For the control

sessions, the subject was allowed to “warm-up” with a 30-second
run on each of the three conditions , before starting the first
block of runs. As before, if a subject failed to complete a run,

he was given a short rest period , and simply restarted on the
same run.
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Table 4.2: Presentation Order for Control Phase

Subject

Block Run DM1 KJW TMV SAH LEK KDH

1 A B C A B C
1 2 B A B C C A

3 C C A B A B

4 B C A B C A

2 5 A B B C A C
6 C A C A B B

7 C A B C A B

3 8 B B A A C C

9 A C C B B A

10 A B C A B C
4 11 B A B C C A

12 C C A B A B

A: nominal
B: diffuse display
C: time delay

I
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5. EXPERIMENTAL RESULTS

The major results of the various tracking experiments are

described in this chapter. Since most of the results presented

here are displayed graphically, appendix C provides the reader
with a more detailed tabulated summary of the tracking data. The

primary data obtained from the experiments ~re presented and
discussed in section 5.1, and the results of a model analysis
effort are discussed in section 5.2.

5.1 Prima ry Data

The primary data obtained from the tracking runs consisted

of tracking scores (error, stick , and stick rate), describing
functions (gain and phase) , and normalized remnant.

Tracking scores were calculated for each individual run
included in the data analysis. These scores consisted of the

variance of the display error , equivalent stick , and equivalent
stick rate. To obtain the latter two scores, the stick signal
was first converted from the recording units (lbf) to equivalent

units of plant command (cm) , via the stick gain K
~
. The variance

of this converted stick signal was then computed to yield the
equivalent stick score. Since the stick rate signal was not saved

during a tracking run , the equivalent stick rate score was also
computed from the converted stick signal. This was done by first

calculating the power spectrum of the converted stick signal,

multiplying each component by the square of the associated

frequency , and integrating over frequency , to yield an estimate
of the stick rate variance. Details of this and other score compu-

tation procedures are given in the Performance Analyzer description

of Appendix A.

Describing functions were calculated for each individual run

conducted during the control phase of the experiment, after the
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subjects had been trained on the three experimental conditions .

Descr ibing function gain and phase values for the human operator
were calculated at each frequency contained in the loop input, by
dividing the Fourier transform of the equivalent stick signal by
the transform at the display error. Since the Performance
Analyzer introduced a phase sh i f t  in the measurements (see
Appendix B), all human operator describing functions were
corrected for this shift.

Estimates of normalized remnant were obtained by part i t ioning
the equivalent stick spectrum into input-correlated and remnant-
related components , and , at each loop input frequency , calculating
the equivalent remnant power referred to display error rate , and
normalizing by the variance of the display error rate . The mathe-
matical details are discussed in Levison et al ( 1 9 6 9) ,  and some
implementation details are given in the Performance Analyzer
description of appendix A.

The input—correlated and remnant—related components of the
stick spectrum were also used to calculate the correlated—to—remnant
power ratio (C/R) at each loop input frequency . If a c/R ratio was
found to be less than 6dB , this indicated that more than 20% of the
response power at that frequency was uncorrelated with the loop
input . Accordingly ,  the corresponding describing function gain and
phase values were flagged , to assure that they would not be included
in the data base, because of their low reliability .

Additional data processing procedures are to be found in
the following sections describing the results of the three

- 
- 

experimental phases.

5.1.1 Results of Initial Training Phase

As noted in the previous chapter , each subject successfully
completed 48 training runs. On the occasion when a subject lost
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contro l of the task , he was simply rerun , and the data of the
aborted run excluded from the data base used for analysis. This
resulted in approximately 4% of the data being excluded , in terms
of total tracking time generated by the six-subject population .

Because of initial difficulty with the task, subjects

occasionally tracked at a loop input ‘~MS level of (1.5 cm, rather
than the nominal 1.0 cm. To provide a f a i r  base of comparison
with  scores ob tained under nominal conditions, scores obtained
with a ‘1.5 cm RMS input were doubled under the assumption of

approximate operator l inear i ty. A total of 24 such run scores
were adjusted,  Out of a total n umber of 288 runs completed by
the six-subject population .

Figure 5.1 shows tracking score dependence on run number,

averaged across the six subjects. Population means and standard

deviat ions  are ind icated by the dots and bars , respectively.
Althouqh 48 runs per subject were conducted, the f igure sh~~s
a substantial reduction in tracking score by about the 15th t r i a l ;
by the 30th trial , tracking score was within 20% of the scores
obtained at the end of training .

The training data of figure 5.1 also show how the across-

subject variance in the score decreases rapidly with run number.

It would appear that there are two factors which contribute to

this reduction with run number: differences between subjects in

terms of the speed with which they “ learn” the task , and , within
subjects , a reduction of their  run-to-run v a r i a b i l i ty  wi th  t raining.
The first factor will contribute to large across-subject variance

at the beginning  of training, since this is where individua l
learn ina  curves show the greatest difference . The second factor

w i l l  similarly contribute to the observed reduction in across-
subjec t variance with run number , since each subject becomes
progressively less variable from run-to-run .
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~~~~~ R e e u ! ~~~ of Interme diate Trainin ; Phase

As noted in the previous chapter , each subject completed 36

intermediate training runs , 12 on each condition . When a subject
lost control during a run, the same procedure was used as during
the ini tial training phase: the subject was simply rerun and
the data of the aborted run excluded from the data base. This

resulted in less than 2% of the data being excluded, in terms of
total tracking time generated by the six—subject population .

It was anticipated that training times under all three

conditions would be considerably shorter than that seen during
ini t ial  training. This is confirmed by the tracking score
histories shown in figure 5.2, illustrating average behavior for p

the six subjects with run number , under the three conditions .
The nominal training data, in fact, show no evidence of a
“learning” curve, and would appear to be a simple continuation
of the asymptotic training behavior already illus trated in
figure 5.1, associated with the initial training phase. Since

the data of f igure 5.1 were obtained with a loop input signal which
was never changed from run—to—run , and the data of figure 5.2

were obtained with a signal which was randomized from run-to-run ,

it would appear that “learning” of the input signal plays at most
a minor role in determining performance, at least for this task.

Figure 5.2 also shows the tracking score histories for

training under the two stressed conditions: diffused display

and time delay . In contrast with the nominal case, the diffused

and delayed conditions show a definite learning period , although
it appears to be quite short, on the order of 5 runs. Also
evident are the higher scores obtained under the diffused and

delayed conditions, when compared with the nominal. Statistical
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tests of siqnficance will be made in the next section , but the
apparent score increases shown in the figure suggest that the
diffused and delayed conditions can indeed be labelled as

“stressed” conditions.

5.1 .3 Results of Control Phase

As noted in the previous chapter, each subject completed 12

control runs , four on each condition. When a subject lost control

during a run , the same procedure was used as during the previous
two experiment phases: the subject was simply rerun and the data

of the aborted run excluded from the data base. This resulted

in less than 2% of the data being excluded , in terms of total
tracking time generated by the six—subject population .

Tracking scores and frequency domain measures were calculated
for each tracking run. These measures were then averaged across
the four replications completed by each subject under each

condition ,* to yield the means and standard deviations of the

various measures, associated with each subject tracking under a
particular condition. With six subjects and three conditions ,
this resulted in 18 sets of statistics. The means were then

averaged across subjects, to obtain overall statistical measures
of performance with condition . To test for significant differences

between conditions, paired differences were formed from corresponding

subject means; these differences were then subjected to a two-

tailed t-test of significance .

*~~~~ q reliability gain and phase measurements were excluded from each
subject’s average if the corresponding C/R ratio was found to
be less than 6 dB.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-~~~~ -~~---- -—---
~--

-——-5
~— . - - — 

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

Figure 5.3 shows score variations due to the differing task

conditions: across—subject means and standard deviations are

given for display error (
~‘e~ ’ 

stick 
~~~~~ 

and stick rate 
~~~~

scores, the latter two given in the equivalent plant command units

of cm and cm/sec, respectively . Although the standard deviations

are comparable across conditions, the score means show a definite

dependence on condition. Tracking score is raised by about 30%

over nominal, when subjects track under the diffused or delayed
conditions. A similar trend is seen with the stick score, indicating
more operator effort under the stressed conditions. The stick

rate score shows a similar trend, but is not as definitive because
of the larger variances associated with it.

To test for significant differences between conditions , paired
differences were calculated from the corresponding individual

subject means. The results of a two—tailed t-test across
conditions are given in table 5.1. Significance levels are shown
for the three condition comparisons ; a level above 0.05 was

considered not significant (N.S.).

Table 5.1: Significance Levels between Conditions

condition
air nominal nominal diffused

score diffused delayed delayed

.001 .0(11 .05

au .001 .001 .0].

N.S.  .00 1 N S .

The table confirms the conclusions to be made from the

bar plots of figure 5.3. The display score is significantly

different across conditions , as is the stick score; the stick
rate score, however indicates a significant difference only when

nominal tracking is compared with delayed tracking. The table
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also shows that all the scores are significantly d i f fe rent  when
comparing between nominal and delayed tasks; the nominal-diffused
comparison shows less difference, and the diffused—delayed even

less so.

Figures 5 ,4 a , b , and c summarize the frequency domain
measures associated with the three tracking conditions : nominal ,
diffused display , and time delay . Means and standard deviations
for the six-subject population are indicated by the error bars
at each frequency . All phase measurements were corrected by

the addition of a 32 msec lead , to compensate for the 32 msec
lag introduced by the measurements made by the Performance
Analyzer (see appendix B). In addition, the phase measurements
associated with the time delay case (f igure 5 .4c)  were adjusted
by the addition of a 40 msec lag , corresponding to the 40 msec
dead-time present in the plant dynamics used in this case . In
this way the time delay is associated with the human operator
rather than the plant dynamics , and thus the time delay condition
simulates the effect of any stressor which would serve to increase
the operator ’s processing time by 40 msec , without affecting any
other aspect of operator behavior.

The figures show that operator strategy is similar under all

three tracking conditions. The gain data show the integrator-

like response at low frequencies, and the familiar resonance at
approximately 20 rad/sec. The across-subject variance in gain

is least in the midband, with larger deviations at both ends of

the measurement spectrum . The phase data show a nearly constant

lag in the neighborhood of 40 deg , at the low- and mid-frequencies,
and then drop off rapidly in the neighborhood of the resonant
frequency. Except for the three highest measurement frequencies ,

the phase data are characterized by very small across-subject
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variances . The norma l t zed remnant data show t he cii st i net  ly e
“washout” pattern over the measurement frequencies , with .1
f requency of approxima tely 4 i~~ti /see. l :xt ’ept . i t  the lowI ’? ;t measure-
ment froquencles , where there are t t ’wer f i e q u e n c i  e~; over which t e

do remn an t avo raq in q ,  t he dat:.~ .i n’ ehar.tc t ci - i ~od by very sm.i 11
across—subjeVt variances .

A.1 1 of these t- rend~; In  the means have pa ra I ’ l ’ Is i n t he
il1ustratcd model resul ts  of chap t er  1 , .m a comparison w i t h
f i qu r e s  . ¶~ and -~ .6 wI I i  show . More relevant t o t l i t ’  oh j ec ’t
of the study , heweve r ~~ ~~ the c’hanties i n the n~’an~; w i t  Ii (‘Otiti i t -  ion

Fi t iur es  ~ . , b , and  ( -5 

~rov i do d i  Feet I~~I I rw I ~;~~‘ compai- I ~on
of the frequency res pon ~e tnt’ a~ u rt’ i

-~ ~b t a i IW d untlo r t he t h roe
di f fer cn t  t ’xpor I men t a  condi t i on~ . Por each I i qure  t he I x—

subject  moans are shown , a enq with the a}’propr .11 0 ~ynU1o 1

indica t tue ~ I c~ni f I ‘ane I eve I s  :i nc i at ed with t h e  di I 101’ ‘flees

Means havi nq no assoc I a t e d  s I t in  I f -i ~‘a IICI’ symbo I were found  1 o be net
s iqnt  V i c an t I v  d %  fferent , at  t h e  0 .( 1 1 ‘leve l .

F.i qur e ~ . ‘~a provides a ‘Ofll~~1 r i seti of nom i na 1 t rack m u  w i t  h
t rack inq  under di ffuscd di spi ~ / (‘( ‘~fld i t  OflS . At the low — and
mid— frequencies, operator qa.1 n i s  s i qn I I I cant ly l ower w i t h  t he
di f fused di spiny . In the no I hborheod of 1 (1 m d/sot’ thIs 11,1 1 n
dl V forent’e becomes ins  i t in 1 Vi cant ; at  1 (I 1 4’SO(’ • d i i  f used di  sp I ,iy
conch t ions are chara cter I ~ed by a It i uher ‘Ia in , wh Ich appears t o
r a p i d ly  drop off at 11 iqhe r I ’ req u’’nc I es . These h i  qh— I requt ’ ney
qain t rends ar e consi st en t  w i t  Ii a downward sh i f t  ot  t he resonant
frequency , when qoinq from a nominal display to the di I’ I used
display . 
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Figure 5.Sb: Frequency Response Measures Obtained under
Nominal and Time Delay Conditions
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The corresponding phase data show no significant differences
at the low- and mid-frequencies. However, in the region from
8 to 20 rad/sec, the diffused display results in significantly
greater phase lags. The lack of a significant phase difference
at the highest frequency is consistent with a “rejoining” of
the phase curves characterizing both data sets.

Figure 5.Sa also compares the remnant data obtained under
the two conditions. Although the differences are slight, all
of the remnant means are higher with the diffused display , and
almost half of the differences are significant. The trends seen
are consistent with an overall increase in the remnant level,

over the entire spectrum .

Figure 5.5b provides a comparison of nominal traek’ ‘ith
tracking under delayed conditions. As in the previous t a ~~ e

the low— and mid—frequency gains are significantly lowex - -.ith
the time delay present. At 8 rad/sec the difference becomes
ins ignif icant ,  and above that the delayed conditions are
characterized by higher than nominal gains. Again, the
high-frequency gains trends are consistent with a drop in the
resonant frequency, when going from nominal tracking to delayed

tracking.

The phase data show significant differences throughout the
spectrum, except at the very lowest frequency which has associated
with it relatively large variance measurements (see figures 5.4a
and 5.4c), and in the neighborhood of 5 to 8 rad/sec. Although

not apparent from the figure, the low-frequency lags are less
with the time delay present, and thus lead the nominal data
in this region. The high-frequency lags are clearly greater

with the delay present, and thus the relative phase relations
are reversed from that seen at the low frequencies. The 5 to
8 rad/sec neighborhood in which no s igni f icant  differences are seen
is the lead-lag transition region.
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Figure 5.5b also compares the remnant data obtained under

the two conditions. At the low- and mid-frequencies no obvious

trends are apparent; at the high frequencies, the delayed tracking

— 
condition is characterized by lower than nominal remnant levels.

- - The fact that only two of the means are (marginally) significantly

- 
different suggests that the time delay has little effect on the

measured remnant levels.

Figure 5.5c provides a comparison of the effects of the

diffused display with those of the time delay. The low- and
- 

- 

mid-frequency gains show little difference, although the

high-frequency trends suggest a more sharply-defined resonant

peak associated with delayed tracking. The phase data show little
difference up to about 4 rad/sec, at which point the increased
lag associated with the time delay becomes apparent. Although
the phase differences at the highest three measurement frequencies

— are not statistically significant (because of the larger variances
characterizing these measurements), the increasing lag with
delayed tracking becomes substantial.

Figure 5.5c also compares remnant data obtained under the

two conditions. Except for the measurement at 0.5 rad/sec , all
— of the remnant means are higher with the diffused display. Since

— more than half of the differences are significant, the remnant
trends are consistent with the notion of higher overall remnant
levels associated with the diffused display , when compared with
the time delay .

71



- - 5 -  - -  —-5 -

5 . 1 . 4  Summary of Pr ~~nar ~i Da ta

This section summari zes the major findings of the three
experimental phases: initial training phase, intermediate training
phase, and control phase.

The initial training phase showed that the most significant
reduction in tracking score occurred within the f i r s t  15 trials,
and that by the 30th trial, scores were within 20% of their
asympototic levels. Across subject variance showed a similar

reduction with run number, due to both across-subject differences
in learning time needed for the task , and due to a reduction of
individual run-to-run variability with run number.

The intermediate training phase confirmed the asymptotic

performance of the subjects on the nominal task , and was

characterized by considerably shorter training times on the

two stressed tracking tasks. Asymptotic performance on the two

stressed conditions was reached in approximately five runs, with
tracking scores for both the diffused display and time delay
conditions considerably higher than that achieved under nominal

conditions. The use of a randomized loop input signal showed
little or no difference when compared with the use of a signal
which was repeated from run—to-run, based on the similar scores
achieved during this phase and those achieved at the end of the

initial training phase.
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The control phase provided additional measures of tracking
performance , including tracking scores, describing functions , and
remnant levels. Tracking error and stick displacement scores
obtained under the two stressed con~itions were found to be
significantly higher than the corresponding nominal scores, wi th
di fferences on the order of 30%.  Stick rate score d i f fe rences
were not s ignif icant ly  di f ferent, except when comparing nominal
with delayed tracking .

The operator describing functions obtained during the
control phase all showed the same basic trends with frequency ,

for the three different tracking conditions. Within subject
t-tests showed, however, that the stressed conditions resulted
in a s ign i f ican t  lowering of the low- and mid-frequency gains ;
the high-frequency gain changes were consistent with a reduction

of the opera tor ’s resonant peak frequency , combined with a
sharpeninq of the gain resonance . Significant phase differences

were also found when comparing the two stressed conditions with
nominal tracking , the primary effect being an increase in the
hiqh-frequency lag. Tracking with a time delay also resulted
in a small but significant lead at the low frequencies, when
r~ompared with the phase data obtained under nominal conditions.

The normalized remnant measures obtained during the control

phase provided an additional differentation between the effects
of the three tracking conditions. The diffused display resulted
in consistently higher than nominal remnant levels throuqhout the

measurement spectrum, with almost half of the differences
significant. In contrast, the effects of the time delay sh~~ied

no consistent pattern in the remnant measurements, when compared

with the nominal measurements , and only two of the 13 measures
were found to be significantly changed due to the delay .
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5.1.5 DiscuaBion of Primary Data

The findings just summarized serve to verify the human operator
model predictions made earlier in chapter 3, and , when interpreted
in terms of model parameter variations, they verify the utility
of the task for differentiating between qualitatively different
task stressors.

A comparison of the measured frequency response given in
figures 5 .4a , b , and c with the model predictions of figures
3.5 and 3.6 , shows that the mode l predicts the basic describing
function and remnant trends with frequency , with a “ nominal”
operator parame ter set. Since the measured response under the
stressed conditions d i f fe rs  only slightly from that made under
nominal conditions (compare figures 5.4b and c with figure 5 . 4 a) ,
the implication is that the mode l parameters need only be
changed slightly from their “ nominal” values , to account for the
effects  of either stressor . That this is indeed the case will
be seen in the next section; for now, however , it suffices to
note that we should expect only slight changes from nominal,

with no extensive parameter variations needed to account for the

stressor effects.

Four basic features characterize the changes in the frequency
response measures when going from the nominal tracking condition

to the diffused display condition (see figure 5.5a): a) a

lowering of the low- and mid-frequency gain; b) a decrease

in the resonant peak frequency ; c) an increase in the high—frequency
phase lag; and d) an overall increase in the remnant level. A
review of the model’s predicted frequency response, given in
figures 3.5 and 3.6 of chapter 3, shows that these changes can
be interpreted as simply an increase in the overall observation

noise/signal ratio. Although variations in other parameters
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might account for the describing function changes (figure 3.6),

none of them produce the observed overall increase in the remnant
level (figure 3.5). Thus, if one parameter were to be identified
with the changes observed with the diffused display condition , the
best candidate would be the overall observation noise/signal
ratio.* The fact that an increase in this noise level parameter
can qualitatively account for the changes seen with diffused
display tracking is intuitively satisfying, since one might very
well expect a d i f fu se  display to introduce visual “noise ” into
the tracking loop.

A similar  arqument can be made for the observed changes
in the frequency response measures when going from the nominal
tracking condition to the time delay condition (figure 5.5b).
Here, changes similar to the diffused display case are seen in
the gain and phase data , although one might argue for an additional
sharpening of the resonant peak with the time delay case (figure
5.5c). More significant, however, is the fact that the remnant
level is ef fective ly uncha need from its nominal level ; thus ,
one can eliminate from consideration an increase in the observation
noise/signal ratio. The model’s predicted frequency response
Cf igures 3.5 and 3.6)  instead argues for a change in the operator ’s
time delay, the only parameter which accounts for the observed
describing function changes and the lack of change observed in the
remnan t level. The fact that this parameter is ef fectively
identified from the measurements made under the time delay conditions
clearly serves to verify this comparative approach based on model
predictions.

*Thjs does not preclude the involvement of additional parameter
changes, of course, and this possibility is discussed further
in the next section .
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Although the discussion has been somewhat qualitative , based
on general “features” of the data, one can conclude that the
tracking task is capable of differentiating between the effects
of two different stressors. The approach requires only a brief
comparison of the frequency response measures with the human operator

— model predictions, and serves to isolate the model parameter
change most likely responsible for the measured change under the

- - stressed tracking condition. It is anticipated that such an
approach would be quite satisfactory for a screening evaluation of
tracking stressors; however, it is the intent here to provide a
more rigorous justification for this approach , and the next section
addresses the problem in a more quantitative manner.

5.2 Model Analysis

To interpret stressor effects on tracking , a model analysis
effort was conducted using the optimal control model of the

human operator. The primary objective was to express stressor

effects in terms of model parameter changes, so as to provide
a quantitative basis for the arguments made in the previous
section. A secondary objective was to demonstrate the model’s
utility in reducing the amount of data needed to characterize
tracking performance, by condensing a large-dimension data vector
to a small—dimension model parameter vector.

5. ’~’.1 Analy8is Procedure

The method for identifying model parameters was similar to

that used in earlier study programs and described by Levison

et al (1976). Parameter values were sought which would match the

various metrics of the model to the corresponding experimentally
derived metrics, which consisted of: 1) performance scores;
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2) describing function gain ; 3) describing function phase ; and
4) remnant level. The matching was accomplished by minimizing a
scalar cost function J which was defined as the mean comoonent
value of a four-dimensional vector of matching errors:

= + + + J~~)/4  (5.la)

where 
T

= 
~~l’ ~~~ ~~~ (5.lb )

Each component J~ of the matching error vector corresponded to
one of the metric groups mefltioned above. Each component was
computed from the sum of the normalized squared differences
between model metric and experiment mean; normalization was
accomplished by dividing the difference by the associated
experimental standard deviation. To illustrate, the second
component J2 was computed from the describing function gain errors
according to: 

in

1 N [G1 
— Gj 1

~
j ’
2 

= -il- I ~~~
. I 

( 5 . 2 )

~~~~~~ ~ 
1 j

where C,~ is the mean experimental gain at the ith frequency, Ui
is the associated standard deviation, and Cj is the corresponding
model prediction; for this experiment, N was set to 13 to correspond

to the number of test frequencies used. A similar procedure was

used for the other components of the matching error vector J.

This type of error function provided for a simultaneous matching

of the various metrics. The normalization procedure just described,

combined with the averaging of (5.1), assured that an error score
of unity was obtained whenever model predictions differed, on

the average, from experimental measurements by one standard
deviation. Thus, the error function also provides some qualitative
indication of “goodness—of--fit”. 
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The model matching effort was conducted for each of the three

data sets obtained under the three conditions tested in the

experimental control phase: a) nominal task; b) diffused display;

and c) time delay. No attempt was made to hold particular parameter

values constant across conditions; instead, a global search of model

parameter values was made for each of the data sets, to arrive

at three separate parameter sets, one for each condition. In this
way the effect of a stressor could be directly interpreted in

terms of its effect on the model parameters .

The optimal control human operator model used in this analysis
was essentially that described in chapter 2 , with two modifications
to account for low- frequency phase trends : a) motor noise was
added to control rate, rather than to commanded control as described
earlier in chapter 2; and b), the concept of “pseudo motor noise”
was introduced to allow a differentiation between the actual motor
noise driving the system and the pilot ’s internal estimate of this
noise. A detailed description of this revised model is given by
Levison et al (1976). The model was used in a simula tion of the
tracking task described in the previous chapter , with the loop
input disturbance signal power spectral density func tion given by
(4.1). The modelled plant dynamics were those described earlier ,
and defined by (4.2); the plant dead-time was simulated with a first-
order Pade approximation. The model analysis provided performance
scores , describing functions, and normalized remnant estimates , in
addition to the model matching errors described above.

5.2.2 AnaZ ysia ResuZts

Table 5.2  presents the parameter values obtained from the
model matching effort, for the three experimental conditions .

The last row of the table gives the resulting normalized matching
score (computed according to (5.1)), and indicates that the
matching errors are not unreasonable, being between 0.5 and 0.7
standard deviations .
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An increase in the time delay is one of the primary effects
seen with either of the two stressed conditions: the diffused
display results in an 11% increase over the nominal condition
delay, and the time delay results in a 23% increase. Relevant
to the stressor identification problem is the fact that the

delay condition results in an increase of 35 milliseconds in
operator delay, which corresponds to more then 85% of the simulated
40 millisecond delay used in the actual tracking experiment.
The model matching effort has thus effectively identified the

time delay stressor.

Table 5.2: Operator Model Parameters for Three

Experimental Conditions

Parameter Dimension Nominal Diffused Delayed

Time delay sec 0.154 0.171 0.189

Observation noise

(position) dB —25.1) —24.1 —25.0

Observation noise

(rate) dB —23.0 —22.0 —23.0

Observation noise

(overall) dB —27.1 —26.1 —27.1

Motor time constant sec 0.1)81) 0.080 0.080

Motor noise dB * * *
Pseudo motor noise dB -30 -30 -28

Matching score — 0.52 0.50 0.67

* negligible
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The observation noise/signal ratios show that a best fit is

obtained when rate information is considered to be a noisier

variable than position information , by a consistent- 2 d13 across
conditions. If this is translated into allocation of attention

between the two information channels, then the matching is closest

when position is “attended to” 61% of the time and rate is

“attended to” 39% of the time. The overall observation noise/signal

ratio corresponding to this attention allocation is also shown,
and indicates that very low levels are achieved (-26 to -27 dB),

indicative of the task difficulty and subject proficiency . Of

direct relevance to the stressor identification problem is the

fact that the delay condition is characterized by an observation

noise/siqnal ratio identical to that obtained under nominal

conditions . In contrast, the diffused condition results in a

noise level 1 dB higher , entirely consistent with the intuitive

notion that the diffused display introduces visual “noise ” into

the tracking task. In this sense, the model matching effort has

ident i f ied the di ffused disnlay stressor.

The parameters related to the “motor ” functions of the
operator model show little or no change with experimental

condi tion , as might be expected from the nature of the stressors .

The motor time constant maintains a fixed value of 0.08 seconds

across conditions , and the motor noise is best chosen to be

negligibly small (—100 d13) for all conditions . The pseudo motor
noise parameter was introduced as the result of an earlier model

development effort (Levison et al. (1976)), and primarily affects

the accuracy with which the low frequency phase data~~ e matched .

~Ithouqh the parameter values shown indicate that the delayed

•‘~‘v~d it ion is best characterized by a 2 d13 increase in the pseudo

~~•nr nol~~’/siqnal ratio, the model matching score is relatively

~~~~~~~~~~~~ to a ehanqe in this parameter .  In fac t , if the

i ’ ’,n ~, I  r . i t ~o we rt~ 1~~~ercd to the —30 dB level characterizinq
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the nominal and di ffused disp lay conditions , the matching score
for the time delay case would only be raised from 0.67 to 0.68,

a less than 2% increase in model l ing error. Thus , the three

conditions can be reasonably well matched by an identical -30 dB

pseudo motor noise/signal ratio .

Although the matching scores of table 5.2 give some indication

of “goodness—of-fit” , a more graphic illustration is provided by

a direct comparison of model predictions with the experimental

data. Figure 5.6 repeats the control phase performance scores

of figure 5.3; the superimposed open circles indicate the model

predictions obtained from the matching procedure just described .

All of the trends with condition are closely followed, with

small matching errors : an average error of 0.13 standard

deviation for the nominal case, 0.32 for the diffuse l display ,

and 0.57 for the Lime delay .

Figures 5.7a, b, and c repeat the control phase frequency

domain data presented earlier in figures 5.4a, b and C; the

smooth curves indicate the model predictions obtained from the

matching effort. Again , all of ‘he trends are clearly followed,

both with respect to frequency and across conditions.

The figures show that the model provides an exceptionally

good fit to the gain data, for all three conditions. Matching

errors were an average 0.40 standard deviation for the nominal

case, 0.22 for the diffused display , and 0.63 for the time delay .
The model duplicated the low- and mid-frequency gain drops seen

wi th the stressed tracking conditions , and also followed the
high-frequency shift in the gain data. Although the data are

sparse at the highest frequencies, the mode l indica tes a def ini te
trend toward a reduction in the resonant frequency , and an Increase
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in the sharpness of the resonance , as one progresses from the
nominal case, to the diffused display , and finally to the time

delay.

The figures also show a close fit to the phase data for all

three conditions. Matching errors were an average 0.94 standard

deviation for the nominal case, 0.63 for the diffused display and

0.63 for the time delay. The fact that these matching errors
were larger than those obtained for the gain data primarily

reflects the very small standard deviations characterizing the
phase data, rather than any inherent shortcomings in the model

matching procedure. As seen from the figures, the model duplicates

the high-frequency lag increases seen with the stressed tracking

conditions, and demonstrates the expected rapid phase transition
in the neighborhood of the resonance.

The remnant data are perhaps the least well fit data sets.
Matching errors were an average 0.62 standard deviation for the

nominal case, 0.82 for the diffused display , and 0.84 for the
time delay. Although the trends are all matched by the model,

the low-frequency remnant levels are overestimated . This is
due to the fact that the low frequency data means are characterized

by relatively large standard deviations, and thus are only lightly

weighted in comparison to the high frequency remnant data. The

small standard deviations characterizing the high frequency data

also serve to contribute to the relatively large matching errors

obtained, in spite of the large variances at the ill-fit low-frequency

end. Despite these matching problems, however, the figures

demonstrate how the overall remnant level is raised with the
diffused display condition, while remaining effectively unchanged
with the time delay condition. Such behavior is entirely
consistent with the earlier observations made concerning the

observation noise/signal ratio values obtained from the fitting

procedure.

86



—-5-— --5--——— —‘----5- —
-5 

~~~
—--5— --5- —-5—

~~~~~~~~ T h B~~ Ui~S ? O f l  of Anal~~si8 Reaz~l ts

The model analysis results demonstrate that a considerable
amount of data compression can be achieved by suitably adjusting

the human operator model parameters to fit the data. Since each
data set consisted of three scores in addition to gain, phase
and remnant measurements at 13 frequencies , each data set
consisted of 42 means and 42 standard deviations. By using a

weighted fitting procedure which takes into account the standard
deviations, the human operator model effectively reduced these
84 measurements to 5 specified model parameters , and managed to
fit the data within approximately 0.5 standard deviations , on
the average. Of course, some accuracy is lost with this

less-than-perfect fit, and some information is lost since the

model only nredicts means and not variances; however, the data

reduction is substantial and the model provides a very efficient

means of data compression.

More important to the stressor identification effort, however , $
is the task ’s demonstrated ability to provide the experimenter with
a means of differentiating between stressors. The discussion of the

previous section concerned model parameter variations most likely

responsible for the observed changes in operator behavior; here,

the model analysis provided quantitative support for the
conclusions made earlier concerning the effects of the two stressors
studied in this program: a diffused display and a time delay.

Reference to table 5.2 shows that the diffused display had
two effects: a) a 1.0 c38 increase in the operator ’s overall
noise/signal ratio; and b) a 17 msec increase in his time delay.
All the other parameters were unchanged from the parameter set
associated with nominal tracking conditions. The implication is
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that the d i f fused  display not only added “visual” noise to the
tracking loop , but also was responsible for increasing the
operator ’s time delay. The first effect is entirely consistent

with the characteristics of the d i f fuse r , and thus serves to
validate the utility of both the tracking task and the model

analysis in identifying stressor characteristics. The second

ef fect, however, was not expected , since an increase in a signal ’s
noise level need not imply a requirement for additional processing
time. The model analysis results, however, indicate that additional

processing time was indeed associated with the stressor , and that

it is inappropriate to assume a one-for-one correspondence between

a stressor characteristic (e.g., “noisiness ”) and a change in
a single human operator model parameter (e.g., observation

noise/signal ratio).

Table 5.2 also shows that the time delay had two effects on

the operator: a) a 35 msec increase in the operator ’s time
delay ; and b) a 2 dB increase in his pseudo motor noise/ signal
ratio. All the other parameters were unchanged from the parameter
set associated with nominal tracking conditions. As argued

earlier , the 2 dB noise increase is of questionable significance,
since it only served to reduce the matching error by less than

2%. Thus, it is not unreasonable to ascribe this apparent increase
to the variance of the data, rather than to any significant change
in operator behavior. The 35 msec increase in the operator ’s time

delay, however, is sizeable, and corresponds quite closely to the
40 msec delay added to the loop. Since the data analysis procedure
associated the loop delay with the operator’s response (recall

discussion given in section 5.1.3), the delayed tracking condition
effectively simulated any tracking stressor which would serve to
increase the operator’s time delay, without affecting any other

aspect of operator behavior. The fact that the model analyiiis
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accounted for 35 of the 40 milliseconds, with no call for a
readjustmer~t of any other operator parameters, again validates
the task ’s ability in identifying stressor effects.

Because the model fitting procedure is highly non-linear,
no variance estimates were available for the derived model parameters.

Thus , parameter value confidence intervals could not be generated ,
and statistical tests of parameter differences between conditions
could not be performed . The conclusions made above are thus subject

to a more rigorous statistical veri fication ; however , one can argue
for their validity based on some of the earlier results presented

in this chapter. First, the primary data comparisons made in

table 5.1 z”d figures 5.5a, b, and c show a large number of
significant differences between conditions, throughout the range

of the many measurements available. Second , these differences do
not appear randomly through the data , but rather follow trends
which are consistent with particular model parameter changes, as
argued in section 5.1.5, and demonstrated numerically in the
previous subsection. Thus, it is not unreasonable to expect that

the signi ficant differences present in the pr imary data measure-
ments would be reflected as significant differences between the
inferred model parameters , if the model parameter variances were
comparable. That they are comparable is supported by the

similarity of the primary data spread seen in all three experimental
— conditions (figures 5.4a, b, and c), and by the comparable fit

errors obtained from the model analysis (table 5.2). Thus,

although the parameter variances are not available for firm

statistical tests of significance, one can make a fa i r  argument
for the significance of the observed parameter differences

discussed above.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE DE VELOPMENT

6.1 Conclus io ns

The principal results of this study may be summarized as
follows:

1. Pre—experimental analysis using the optimal

control model of the human operator provides

a rapid means of tracking task design, and
allows the experimenter to investigate the

effects of various task structures and parameter

choices without the need for an extensive experimental
pilot study.

2. The use of an unstable controlled element provides

the desired task sensitivity to environmental

stress , and the incorporation of a sum-of-sines
disturbance signal allows for the calculation
of important operator frequency domain measures

required for the interpretation of stressor

effects. The combination of an instability with

a disturbance signal ensures task sensitivity
and stressor identifiability .

3. The minicomputer-based Performance Analyzer

developed to implement the tracking task provides

the experimenter with a simplified means for

def in ing the task parameters , automated calibration
of the interface hardware , real-time control of the

tracking experiment, storage of the tracking time
histories, and post-experimental analysis of tracking

per formance -
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4. Subjects learn the basic tracking task relatively.

rapidly, and in 15 tracking runs are relatively
close to their final asymptotic scores. After learning
the basic task, subjects require on the order of 5

additional runs to reach approximate asymptotic per-

formance under the stressed conditions.

5. The task demonstrates sensitivity to both stressors

used in this study : a display diffuser which
degraded the target image, and a 40 millisecond

dead-time which adds a delay to the operator ’s

response. Tracking scores under both stressed

conditions are significantly higher than that

obtained without the stressors, thus validating

the sensitivity of the task .

6. The describing function and remnant measures
obtained from the tracking data show significant

di fferences between experimental conditions , and
verify the trends predicted by the pre-experimental
model simulations. A direct comparison between the

data and the model simulations shows that the

dif fuse  display acts to increase the operator ’s

observation noise/signal ratio; in contrast,

the dead-time acts to increase the operator ’s

time delay. Thus , the task demonstrates a
differential sensitivity to the two stressors,

and the various measures provided by the
Performance Analyzer serve to isolate the

particular qualities of the stressor.
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7. The results of the quantitative model analysis

validate the qualitative conclusions regarding
stress effects, based on predicted operator trends.
A best f i t  to the di ffused display tracking data
was obtained by a 1.0 dB higher than nominal

observation noise/signal ratio, and a 17

millisecond longer than nominal operator time

delay . These results are consistent with a

“noisy ” visual image generated by the diffuse

display. The dead-time tracking data was best

fit with a 35 millisecond longer than nominal

operator time delay , again an effect  consistent
wi th the quality of the stressor . This quantitative
analysis again conf irms the task’s capability for
differentiating between stressors .

6.2 Recommenda ti ons for Fu ture Deve lop men t

The principal recommendations for future development are

as follows:

1. The capabilities of the Performance Analyzer should

be extended to include testing of multi-axis

single-display tracking behavior. This would allow
for the simulation of a more realistic display of

the target and provide the operator with the
additional visual cues which typify aircraft

tracking situations . Due to its modular design,

the extension of the Performance Analyzer capabilities
would involve a straight-forward programming effort;

it is anticipated that the primary development
- - would be devoted to display generation .
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2. To further simplify operation of the Performance

Analyzer , development should proceed on a “hardwired”
version hav ing a fewer number of user options ,
and with less user input required for specification

of the task parameters. A microprocessor-based

instrument could be directly developed from a

simplified version of the current software,

thus minimizing the amoun t of software developmen t .
By integrating the real-time hardware (clock ,

A-to-D converter , D-to-A converter) with the analog

inter~.ace hardware (control stick and display) ,

~ 
self—contained microprocessor—based instrument

could be developed to provide all of the importan t
capabili ties curren tly available from the
Performance Analyzer.  By reducing the number of
task specification options , a smaller software
development effor t would be needed , and the

completed instrument would provide for a

minimum of operational demands placed on the user.

3. Development should proceed on a method for rapid
automated identification of human operator model
parameters. Since parameter identificat~~n al lows
for a substantial reduction in the amount of data

needed to characterize opera~~r behavior , a
capability for the rapid analysis of individual

tracking runs would be highly desirable. Parameter

changes between single runs could be used directly

in identifying stressor effects on individual runs.
Individual run processing would also allow for the
generation of model parameter statistics , a capability
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which is likely to be required in situations where

the stressor effects are small and within the range

of individual subject differences. Since model

analysis is currently conducted manually using a

direct parameter search to minimize model matching

errors , it is anticipated that an automated identi—
fication capabili ty would be a direct extension of
the current technique. This approach would minimize

the software development effort and take
advantage of past experience in model identification.

4. An effort should be directed toward correlating

the measurements made available by the Performance
Analyzer with other measures obtained from

typical laboratory tracking situations, in particular ,
physiological measurements. Because the Performance

Analyzer provides a rich array of tracking performance

measurements which complement the large array

of physiological indicies available to the investigator,

significant correlations between performance and

physiological state may be uncovered. The failure

of such efforts in the past may have been due solely

to the paucity of the performance measurements

considered. The use of the Performance Analyzer in

such a correlative study could remedy this situation ,

by providing a wide spectrum of performance
measurements.
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A ppendix A: Performance Ana lyzer Description

A. l. INTRODIJCTTON

The Performance Analyzer is a programable system developed for

the study of manual tracking performance under a variety of

conditions. Currently , the system provides the investigator with a

simplified means for definin g the desired tracking task , automated

calibration of the interface hardware , real—time control of the
tracking experiment , storage of the tracking time histories , and

post—e x perimental analysis of tracking performance. Subsequent
section s presented here w i ll provide a detailed description of
these various functions.

In its present configuration , the Performance Analyzer
implements a sin gle— axis trackin g task , illustrated in figure A .1 .
The dashed region indicates the functions implemented by the
Analyzer , and defines the interface between the system and the
human operator. The display device provides a visual
representation of system error to the human operator , and the
control stick provides the operator with a means of controlling the
displa yed error . If the task is one of disturbance nullin g, a

pseudo—random signa’ (ci) is added to the operator ’s stick sIgnal
(s), to generate the pl ant command (p 0) for the simul ated pl ant
dynamics defined as part of the tracking task . If the task is one
of target tracking , the pseudo—random signal (t) Is instead added

to the Diant signal (p), to generate the display error Ce).

With the exclusion of the display device and the control

stick , the Performance Analyzer is impl emented entirely on a DEC
PDP— l1 /3~1 m inicomputer , so that most of the functions shown in
figure A . l are Imp lemented digitally In programab le software. This
allows for considerable flexibility in task definition and loop
control. In addition . digital implementation allows for a
convenient separation between experiment control and sub sequent
performance analysis , by the use of two separate software packages :
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one named OCMRUN for definition and control of the tracking task ,
and the other named OCMAP4L for analysis of’ the stored tracking time
histories . These two software packages are discussed in greater
detail in the following two sections.

I
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A .2. TRACKING TASK IMPLEMENTATION : OCMRUN

This section provides a closer look at how the Performance

Analyzer implements the closed—loop tracking task just illustrated.
A slightly more detailed breakdown of the loop is given in figure
A.2 .  which emphasizes the hybrid analog/digital nature of the
Analyzer (digitized signals are indicated with an asterisk) . The
three major components of the Analyzer are indicated by the dashed
lines: input interface consisting of the stick and an analog
filter ; output interface consisting of the display scope ; and the
digital computer responsible for closing the loop. This section
will discuss the digital portion of the loop , and the reader is
referred to section A.5 for further details concerning the
interface modules .

The digital portion of the loo p diagrammed in figure A.2 is
implemented by the use of the program OCMRIJN. The progr am prov ides
three major functions:

a) definition of the tracking task parameters;
b) real—time control of the tracking task ; and
c) calibration of the Input and output interface modules.

These three functions are discussed in greater detail in the
following subsections.

A .2 1 Definition of the Tracking Task Parameters

OCMRUN provides an interactive facility for the definition of’

the tracking task parameters of particular Interest to the user.
Using appropriate prompts , branching and parameter legality checks ,
OCMR IJN can guide the user throug h a rapid “set— up” of the desired
task par ameters. A detailed ex ample of a particular “set—up” is
given in section A. II.1 . Here , the discussion will concentrate on
the general parameter selection options available to the user , and
the checks made on particul ar val ues selected by the user.
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A.2. 1.1 Time Base Parameters

OCMRUN prompts the user to enter the sample time , T5 defining

- - the basic sample period of the digital system , and the run length
TR, defining the duration of the tracking run to be conducted .
OCMRIJ N provides checks to ensure that the user has not entered too
smal l a val ue for Ts nor too large a val ue for T R. The former
ensures that the sample period is greater than the clock resolution
used for basic loop timing and the latter ensures that the number
of samples N5, where

Ns = TR/Ts + 1 (A.2.1)

does not exceed the system ’s preset upper limit.

Given the total number of sample points Ns comprising a run ,
OCMRUN specif ies the total number of’ sampl e points N0 for one

period of the loop input signal. For compatibility with the FFT
routine used by OCMANL (see section A.3), the value for N0 i s
chosen to be the largest power of 2 less than or equal to Ns. This

val ue for N0 then determines the loop input signal period T0, since

= N0Ts 
(A .2.2)

This value also determines the time period over which run scoring

is conducted (see section A.2 .1.5).

A .2.1.2 Input Signal Parameters

OCMRUN questions the user as to whether or not a pseudo—random
inpu t signal is to be injected into the tracking loop. If no

signal is desired , the program skips to the next section defining

the plant dynamics parameters. If the user requests a loop input ,
OCMRUN prompts the user to specify either a target input (t’) or

disturbance inpu t Cd’); this choice is illustrated by the switch

setting of figure A.2.
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The pseudo—random input signal n~ is a digital version of the
following continuous sum—of—sines signal n:

N
n (t) A. gin (~~.t + ~~.) (A.2.3)

j = 1 ~
Several parameters must be specified to define this function .

After a prompt from OCMRUN , the user can request the “nominal” set
of frequencies , which means that OCMRIJN will automatically define
the number of components N and each frequency ~ (j= 1 ,N),
according to a preset table. Alternatively , the user can type in
his own set of frequencies ; in this case , OCMRUN allows for
corrections to be made during data entry, and provides checks to
ensure that the chosen frequencies are consistent with the
oreviously chosen sample and run times .

Once the frequency set has been specified , OCMRUN provides
adjustments , as necessary, to ensure that all of the frequencies
are integral multip les of a base frequency 

~c~’ 
or

= h~ to0 (j1 , . . .,  N) (A.2.4)

where the base frequency is related to the period T~ of the loop
input signal by :

= 2iT/T~ (A .2 .5 )

At the user ’s option , the harmonic multipliers hj above can be
specified to be either simple integer s or pr imes.

Under normal circumstances , the user will request that the
loon input n consist of more than a single sine wav e (N 1). In
this situation , the amplitudes A~ are chosen so that the power
spectral density (PSD) of n approx imates either a first or
second—order continuous PSD function of the following form:

A
K

• (w) = 2 2 (A . 2 . 6 )
a + w
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where A is chosen by the user to be either 1 or 2, after a prompt
from OCMRUN . In addition , the user is requested to enter the PSD
break frequency a and the desired root—mean—square (RMS) value of
the loop input n. Given these parameters , OCMRUN then proceed s to
calcul ate the individual A j which will satisfy all of these
conditions .

Should the user request that the loop input consist of only a

single sinusoid (N=1) , then OCMRIJN prompts the user for the desired
RMS val ue for the loop input , and calcul ates the single amplitud e
A , accordingly. In this case , no attempt is made to approx imate a
desired PSD function .

The relation between the specified RMS value of the loop input
and the resultant RMS display error depend s on the type of tracking
task requested by the user. If the task is target tracking and no
stick signal Is present , then the RMS display error (in cm) will
equal the user—specified RMS value of the loop input. If the task
is disturbance nulling , the resultant RMS display error will depend
on the plant dynamics specified by the user (see nex t section for
options).

The final set of parameters needed to d~ifine the loo p input n
are the phases 4~~

. By using a random number generator , values
are chosen so as to be uniformly distributed between 0 and 2n .
The “seed” for the random number generator is chosen on the basis
of the particular run number associated with the upcoming run , thus
providing a consistent means of randomizing the phases from run to
run . This ensures that the subject will not “learn ” the input over
a number of repeated runs, since the time history of the loop input
will differ for each run .
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A.2.1.3 Plant Dynamics Parameters

OCMRUN prompts the user to specify the type of plant dyn amics
P(s) to be controlled by the subject. Table 1 lists the six
options currently available , ranging from a simple gain to a
second—order low—pass filter. -

Table 1: Plant Dynamics P(s)

~ype P(s) description
I K gain
2 K/s in tegra tor
3 K/s2 double integrator

4 K/(s+a) lag

5 K/s (s+a) lag plus integrator

6 Kw~~/ ( S 2+2 E~~w S+w~~) 2nd order low—pass

Once the type is chosen , OCMRUN prompts the user to enter the
appropriate plant parameters. For a gain , integrator , or double
integrator , only the gain is required ; for a lag or lag plus
integrator , the gain and break frequency are required ; for a
second—order low—pass filter , the gain , natural frequency, and
damping ratio are required . These parameter values are later used
by OCMRUN to calculate coefficients for a general—purpose
difference equation used for the real—time digital simulation of
the chosen plant dynamics.

In addition to the dynamics specified in table 1 , the user has
the option of specifying a dead—time to be added to the plant
dyn amics. After specifying the dynamic parameters , the user is
prompted to enter the desired amount of’ dead— time , TD. A zero
response results in no dead— time added to the plant dynamics. A
non— zero response causes OCMRIJN to recalcul ate the dead—time as the
nearest integer multiple of hal f the previously—specif ied sample
time Ts; this calculated value is then displayed to the user for
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confirmation . A check is also made to ensure that the number of

dead—time wait counts , TD/Ts, does not exceed the system ’s preset
upper limit.

A .2.1 .L1 Stick Gain Parameter

OCMRUN prompts the user to enter the stick gain K~ , used to

convert the stick value , expressed in pounds , to an equivalent

olant command , expressed in cm , cm/sec , or cm/sec2, depending on
plant order. Adjusting this gain allows the user to adjust stick

sens it iv i ty without changing the plant gain.

A . 2 . 1.5 Scoring Parameters

For each loop variable of Interest , tracking scores are

calculated to yield estimates of the mean , RMS value , and standard

deviation. Scoring is conducted over an interval of’ l ength T~ ,

equal to the period of the loop input signal (recall section
A.2 . 1.2) , and commences at a time T1 during the run . Normal ly, T1
Is set by OCMRUN , but the user is provided the opportunit y of
specifying the scoring start time ; if the user chooses to do so,
OCMRUN ensures that T1 is smal l enough so that the scoring interval

will be over prior to run termination.

At the end of a run , OCMRUN also computes the overall trackin g

score , based on a weighted sum of display error variance and stick

signal variance:

J = + W (A.2.7)

The weighting parameter W is user specified .

A.2 . 1 .6  Parameter Files

Once the abov e parameters have been specified by the user ,
OCMRUN provides the user with the opportunity of’ storing them in a

parameter file , for possible later use . In this wa y the user can
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create several different parameter files for different tracking

tasks of interest. By doing this prior to the actual tracking run ,
the user can then minimize “set -up ” time by simply reading in the
appropriate parameter file at run time , rather than proceeding

through a specification of each individual task parameter. OCMRUN
supports both readin g from and writing into user specified
parameter files , and provides the user with the appropriate prompts

for guidance during file I/O .

A . 2 .2  Real—Time Control of the Trackin g Task

OCMRUN provides real—time control of’ the tracking task by
proper sequencing of the computations needed to implement the loop
illustrated in figure A.2 , and by the timing facility afforded by

the system ’s digital clock. In addition , some housekeeping
function s are maintained by OCMRUN . to aid the user in run
identification and data file labelling . Detailed examples of these
housekeeping functions and the subsequent real—time output are

given in section A .4.1; here ,the discussion will concentrate on the
general features available to the user for conducting a tracking
task-.

A.2.2.1 Run Identification and File Labelling

Prior to the start of an actual run , OCMRUN displays to the

user the current date and the run number associated with the
upcoming run . The user is then provided the opportunity of

changing the run number , if he so desires. Both the data and run
number , In addition to the current clock time , are subsequently
stored with the data , to aid in run identification. OCMRIJ N then
prompts the user for comments to be stored with the data of the
upcoming run ; these partially fulfill the function of a laboratory

notebook in providin g additional information concerning the
particulars of the run .
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OCMRUN then prompts the user for a disc file name to be used
for data storage. Some simpl e checks are mad e concerning the
legal ity of the name , and if found val id , the name is used to open
a data file on the disc . This file is then immediately used to
store the run identification and file labelling information just
entered by the user. In addition , all of the parameter values
defining the particular tracking task are also saved in the file.
This provides the user with the later option of listing all those
parameters discussed in section A.2 .1 , for a firm identification of
the task parameters used during a particular run . It also allows
for a simple restart procedure , as described later in section
A.2.2 . -’l .

A .2 .2 .2  Real—Time Task Control

Once the above file maintenance functions have been completed ,
OCMRUN proceed s to initialize various routines to be used in the
conduc t of the tracking task. This results in a zeroing of’ the
plant initial conditions , initialization of the ioop input signal
generator and data filing routine , and zeroing of the cumulative
scoring counters. In addition , the output D—to—A line is zeroed to
provide the subject with an init ially zeroed display.

With this Initialization completed , OCMRUN prompts the user
for the proper terminal entry to begin the run . This entry begins
the basic computational loop responsible for real—time control of’
the tracking experiment.

The loop begins with an A—to— D conversion of’ the subject’ s
stick signal (recall figure A.2). Using the scale factors obtained
from an earlier calibration (see section A.2 .3), the stick voltage ,
s , is converted to units of’ pound s force and then , using the stick
gain factor K5, to units of equivalent plant command (cm , cm/see ,
or cm/see2, depending on plant order). If the task is one of
disturbance null ing , this equivalent stick signal u~ is then summed
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with the signal d’ from the loo p Input signal generator , to yield

the plant command p00. If the task Is one of target tracking , or
If user has specified that no loo p Input be used , then the plan t

command p0’ is simply set equal to the equivalent stick signal u0.

The d igi tal filter D(~~ which simulates the desired plant
dynamics Is then updated , based on the current and past plant
command s , and the current and past- p lant state. The updated state
Is then used t~ calcu lat e an updated version of the pl ant output
p’ If thea task is one of target tracking, the plant output is
then summed with the signal t0 from the loop input signa l
generator , to yield the displa y error signal e~ . If the task Is
one of d is turbanc e nulling , or if the user has specified that no
loo p input be used , then the di sp lay error signal e0 is simply set
equal t~ the pl~~nt. out-put signal p’. Us i ng ~ scale factor obtained
from ~n e.~rlie r cal ibration (see sect-ion A. :~. ~

) , the display error
signal e0 I-s then converted to a display voltage signal , e , via a
fl— to—A conver sion .

Once the display error signal has been generated by OCMKUN , no

further real -time operations are necessary until the next stick
sample is to be made. This “wait ” time is used by OCMRUN for
several purposes . The loop variables of interest (n’, s*, p’, and
e’) are appropriately scaled and then stored In an output data
buffer for later filing on the disc data file. Cumulative scores
for these var i ables are also calculated , to maintain running sum s
and running sums ~f squares . The appropriate value for the loop
input , signa l at. the nex t sample time is calculated , in anticipation
of its use over the next computation interval. Finally, the pl ant
dynaalcs are updated to ref lect  the newl y generated state
var ia b les .

Once these functions have been completed , OCMRUN enters a w a i t
loop , periodica ll y checking i-he elapsed tim e Indicated by the
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system ’s real time clock. The elapsed time is measured from the
time of the last A—to— D conversion which began the loop
computations; once it reaches a pre—set value determined by the

user—specified sample period , OCMRUN exits from its wai t  loop and
initiates another A— to— D conversion , thus restart ing the rea l—t ime
loop computations just described . This looping continues until the

desired number of sample-s have been obtained , at which point OCMRUN

proceed s to “close—out” the run .

A .2.2 3 Run Terminati on

At the end of a run , OCMRUN stops the real— time clock , outputs

to the disc any tracking data left over in the output data buffer ,
closes the disc data file , and zeroes the D— to—A channel , thus

zeroing the display. In addition , the cumulative scores obtained

during the run are used to calcul ate the trackin g scores for the

pertinent loop variables (n ’, s*, p’ and e’). These scores consist

of each signal’ s mean , standard deviation , and RMS value , and are

displayed to the user via the terminal. The total tracking error

score is al so displayed , based on the display score , stick score ,
and stick score weighting factor .

A 3u”~mary printout of any stick or display overload s which may

have occurred during the run is also provided , to notify the user

of over—voltage conditions at the A— to D and/or D—to—A converter.

The summary specifies , for stick and display, the percentage

overload during the -scoring interval , and the point at which the

first overload occurred .

A.2.2.’i Multiple Tracking Runs

With a run completed and the tracking data filed , OCMRUN

questions the user as to whether or not another run is desired . A
negative answer results in program termination and a return to the

operating system monitor . An affirmative answer resu .ts in a
continuation of the program and a prompt to the user for any
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changes in the tracking task parameter set. If no changes are
requested , OCMRUN begins another sequence of run identification ,
file labelling, real—time control , and run termination , as just

described in the previous three sections. If the user requests
that changes be mad e prior to the upcoming run , he Is given the
option of reading in an entirely new data/parameter file (recall

section A.2. 1 .6), or of simpl y changing individual values of the

parameter set used in the last run .

Once the new parameter set ha-s been defined , OCMRUN increments
the run number by one , and uses it to generate a new set of
pseudo—random phases for the loop input signal , if one is being
used . This changes the time history of the upcoming loop input

signal , preventing the subject from learing the input (recall

s~~tion A.2.1.3). OCMRUN also provides the user with the option of
recai .ibrating the -stick and display at this point (see section

A .2.3 for further discussion).

The options just mentioned provide the user with sufficient
flexibilit y for changing the task parameters from run to run , if

desired , and yet provide a relatively streamlined procedure for

conducting sequential replications of the same tracking task .

A.2 .2.5 Premature Run Termination

Normally, the duration of a run is determined by the

user—specified run length TR ; however , certain run—time conditions

can cause a premature termination and a shortened effective run
length .

Prior to sampling the stick signal , OCMRIJN checks that the

A—to— D buffer has been previously read from , before using the

buffer to store the newl y sampl ed stick voltage. Under unusual

circ umstances , the buffer may not have been read from following an

earlier A—to— D conversion , and in this situation OCMRUN prompts the
user with an appropriate error message. A normal run termination
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is then initiated, as described in section A.2.2.3, resulting in
tracking data which is saved , but which t~ associated with a
shorter than normal tracking run .

During real—time control of the tracking run , OCMRIJ N also
checks for an abnormally large display error signal , a condition
which indicates that the subject has lost control of the task.
Rather than continuing the tak under these circumstances , OCMRUN
prompts the user with an appropriate error message and initiates
run termination according to the procedure described In section
A .2.2.3. Again , a shorter than normal run Is the result.

OCMRUN also provides a check to ensure that the real— time
signal processing is completed within the allotted sample interval .
If it is not , OCMRUN avoids the problem of desynchronizatlon by
prompting the user with an appropriate error message , and
initiatin g run termination as in the previous two cases.

tn the three cases just described , the tracking data Is saved
up to the point of the detected error condition. This is not the
case , however , when the user initiate s an early termination from
the terminal , by typing in a

R
C. In this case , neither the task

parameter value s nor the data are saved on the disc file ; however ,
the tak parameter values are saved in computer memory , and the
user can restart a run using normal system procedures for
restarting program execution.

A .2.~ Calibration

To implement the tracking loop, provisions must be made for
the conversion between the intern al digit al representation of a
loop var i able and the corresponding external analog voltage. This
Is accomplished by the use of’ a set of scale factors whose value s
are specified during a semi—automated calibration procedure.
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Following the user specification of the task parameter values
and prior to the start of a run , OCMRUN checks for the presence of
a valid set of scale factor . If’ such a set is found , the user is
provided the opportunity to generate a new set by recalibrati ng; if
the user decides not to recalibrate , OCMRUN proceed s to the
initialization portion of’ the run . If the user decides to
recalibrate , or if a valid set of scale factors is not present ,
OCMRUN initiates a calibration procedure.

OCMRUN first prompts the user as to the desired maximum
display deflection , in centimeters. To take full advantage of the
maximum D— to—A voltage range , OCMRUN then provides minimum , maximum
and zero voltage signals while prompting the user to adjust the
displa y scope gain and zero appropriately. In this manner , the
user can quickly calibrate the display scope , so that desired
max imum display deflection range correspond s to the max imum D— to—A
range. At the same time , OCMRIJN calculates the output scale factor
which will be used later in converting from the digital display
error (in cm) to the proper D— to—A signal level (in volts).

OCMRUN also prompts the user for two stick force setpoints to
be used in calibrating the stick. A calibrated stick force is
provid ed by the user in both directions , and OCMRUN obtains two
corresponding digital values from A — t o— D sampl ing . Using
calibrating setpoint values (in pounds ) provided by the user ,
OCMRUN calculates the input scale factor which will be used later

in converting from the stick signal level (in volts) to the
internal digital value (in pounds). OCMRUN also calculates and
displays the maximum allowable stick force in pounds , along with
the stick bias due to possible asymmetry in the set—points. The
user is then provided the option of recalibrating if any of these
values are unacceptable.
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A . 3 .  PERFORMANCE ANALYSIS : OCMANL

This section provides a closer look at how the Performance
Analyzer analyzes the stored data obtained during a tracking run .
The analysis is entirely digital and is implemented by the use of
the program OCMANL . The program provides several major functions ,
ranging from data file reading to spectral anal ysis , and like

OCMRUN , is programmed to prov ide an interactive dialog with the

user. The analysis functions are organized Into eight program

units which are individually selectabl e by the user ; these units

are discussed in more detail in the following subsections.

A .3.l File Reading

The user will normally begin the data analysis by reading in

the appropriate data file from the system disc. OCMANL prompts the
user for the data file nam e, and after reading the header

Information on the file, prints out the file ’s nam e and the r u n
num ber , date , and time associated with the file ’s creation . OCMANL

then displays to the user the starting point used for generating

the scores during real—time control of the tracking task. The user
is given the opportunity of’ changing this start point , since this
point determines which portion of the tracking histories will
constitute the data base for subsequent analysis. Finally, OCMANL

questions the user as to his choice of stick units: either the

recorded units of’ pound s force , or the equivalent plant command

units of cm , cm/sec , or cm/sec2, the latter being calcul ated from
the recorded units and the stored stick gain.

A.3.2 Listing of Tracking Task Parameters

Since the tracking task parameter values used to define a run

are stored with the data of that run , the parameter values are

ava i l ab l e  for inspection by the user. OCMANL can provide a
formatted labelled listing of all the parameter values of interest ,
upon request from the user. This serves as a cross—check of the

-~I’V ~~~~~~~ .~~- . - 
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actual conditions under which the run was conducted , and thereby
serves as a backup to a conventional l aboratory notebook or log .

A.3.3 Tracking Scores

On request from the user , OCMANL will read in the time
histories of the four loop variables stored on the data file (n’,
s*, p’, and e’), and calculate and display a mean , standard
deviation , and RMS value for each variable. These scores are
calculated over a time interval equal to the period T0 of the
pseudo—random loop input signal n0 , with scoring beginning at the
user specified start point . The stick score is calculated in
either pound s force or equivalent display units (cm), depending on
the user ’s earlier choice.

OCMANL also provides the user with the option of calcul ating
and displaying the rate scores for the four loop variables. The
rate scores are calcul ated over the same interv al and In the same
units as are the position scores just described . To avoid problems
associated with numerical differentiation , a frequency domain
approach is used , based on the signal’s power spectrum , in turn
obtained from the frequency spectrum of that signal (see nex t
section).

OCMANL also displays to the user the overall tracking score,
based on a weighted sum of the display error variance and stick
signal variance (recal l equation (A.2.7)).

A.3.l1 Signal Spectra

On request form the user , OCMANL will read in the time history
of a b o o  variable , perform a fast Fourier transform on the
digitized data contained in the scoring interval , and calcul ate the
signal’s associated power spectrum .’ Rather than display the

* Assuming this has not been done earlier in response to a user
request for a rate score or describing function calculation
involving that signal (see sections A.3.3 and A .3.5)
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entire spectrum , OCMANL dis~lavs a more compac t data set ,
consisting of the correlated power and estimated remnant power at
the correlated frequencies. These frequencies are simply those
contained in the loop input signal (recal l the of section
A.2 .1.2). The correlated power is thus the signal’ s power at these
frequencies.

The estimated remnant power at each correlated frequency is
obtained by averaging the power in the neighborhood of each
correlated frequency, taking care to exclud e any correlated power.
The size of this neighborhood is set at a fixed fraction of an
octave , resulting in a greater number of remnant power measurements
being averaged at the higher frequencies. OCMANL displays to the
user the number of measurements comprising each average at each
frequency.

Using these signal power estimates , OCMANL also estimates the
power spectral density (PSD) of both the correlated and remnant

components of the signal . This facilitates direct comparisons with
human operator model predictions , since models typically util ize
remnant sources characterized by PSD’s which are continuous with
frequency.

To provide the user with an indication of how well—correlated
the signal is with the loop input signal , OCMANL calculates and
displays the correlated—to—remnant power ratio (C/R), for each
frequenc y In the loop input signal. This C/R ratio is calculated
for both the signal power and its power spectral density, the
former for assessing degree of correlation , and the latter for
direct comparison with typical human operator model predictions.
Total power and power ratios are also calculated and displayed ;
these provide the user wi th an Indication of signal coherence.
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I: A .3.5 Describing Functions

If the user wishes to calcul ate the describing function
relating any one loop variable to any other , OCMANL will prompt the

user for the appropriate alphanumeric symbol identifying each of
the two variables. One symbol is then associated with the
numerator of the desired describing function and the other with the
denominator. For each such specified variable , OCMANL read s in its
time history, performs a fast Fourier transform on the digitized
data contained in the scoring interval and calculates the signal’s
amplitude and phase as a function of frequency.’ The amplitud e
ratio (in dB) and phase difference (in degrees) are then calculated
at each loop input frequency, and displayed to the user in tabular

V 

form .

OCMANL provides two other functions when the user requests a

describing function calculation . To ensure a smooth progression of’

phase with frequency, OCMANL checks the calcul ated phase at each
test frequency. If found to be within 360 degrees of the phase
calculated at the preceding test frequency, no corrections are
made ; a larger phase difference , however , results in the addition
or subtraction of 360 degrees as necessary to bring the calculated
phase value in the “neighborhood ” of the preceding phase value .

The second function provided by OCMANL concerns the validity

of the calculated gains and phases at each frequency. Since the
describing function calculation presumes a negligible remnant

contribution to the signal power at the loop input frequencies , a
significant remnant contribution can render the gain and phase
calculation s invalid. OCMANL provides the user with a check on
remnant power by utilizing the correlated—to—remnant power ratio
(C/R) described earlier in the previous section . If the C/R ratio

* Assuming this has not been done earlier in response to a user ’s
request for a printout of the signal ’s rate score or power
spectrum (see sections A.3.3 and A .3.Zl ).
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at a particular frequency is small, indicating a large remnant
contribution , the user is alerted to this situation by OCMANL , via
a visual flag presented with the tabulated data Item .

If the user requests the calculation of the human operator
describing function (stick/display ). OCMANL prov ides one further
function for the user: a change of sign. Si nce the basic tracking
loop of figure A. 1 involves a positive feedback , the human operator
must provide a sign reversal to ensure loop stability. To
el iminate this sign reversal contained in the digiti zed stick
history, and ensure consistency with conventional human operator
measurements mad e with negative feedback loops , OCMANL adds 180
degrees to the calcul ated phases , before displaying the results to
the user. Again , it should be noted that this occurs only when the
user requests the calcul ation of the human operator describing

function ; other describing function calculations suffer no such
adjustments.

A.3.6 Observation Noise

On request from the user , OCMANL will calculate and display as

a function of’ frequency the human operator ’s observation noise ,
referred to both display and display rate. The noise calculations

are based on the approach discussed by Lev ison et al (1969), and

involve the stick power spectrum , scores for display and display
error rate , and the loop input power referred to the display. The
stick power and the scores are calcul ated as described previously

in sections A.3.Z1 and A.3.3. respectively; the input power is
calculated anal ytically, based on the input signal parameters and
the plant dynamics. OCMANL ensure that these calculation s are
-sequenced properly and displays the calcul ated observation noise at
each loop input frequency in an appropriate tabular format .

An additional function provided by OCMANL concerns the

validit y of the calculated observation noise at each loop input
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frequency . Since remnant power estimates may not exist at low
frequencies (due to the user ’s choice of run length) , OCMANL checks
for their presence . If an estimate is found missing, no noise
calculation is mad e at that frequency and the user is alerted to
this situation , via a visual flag presented with the tabulated data
item . In addition , OCMANL provides for such fl agging when a low
stick C/R power ratio is associated with a particular test
frequency (recall section A.3.U, since a low ratio may invalidate
the associated observation noise estimate.

A.3.7 Anjplitude Distribution

A.3.8 Summary Calcul ations and File Wri ting

On request . OCMANL will provide the user with a concise
summary of the fund amental human operator measurements made
possible by the use of the Performance Analy zer. This user option
performs the data file reading (see section A.3.1), calculation of
the tracking scores (see section A .3.3) for the four loop variables
(loop input , stick , plant , and displ ay) and for one of the rate
variables (stick rate). In addition , the human operator ’s
describing function is calculated (see section A .3.5), as is his
estimated observation noise (see section A.3.6). As described
previously, the describing function and noise figures are flagged
appropriately to alert the user to marg inally valid or invalid
data.

OCMANL provides the user with the options of displaying the
calculations on the terminal and/or writing the results on a disc
file. If the user chooses the latter option , OCMANL prompts the
user for an appropriate file name , writes the data on the file , and
closes the file to preserve it for later use. This allows the user
to condense larg e volumes of’ tracking time histories into small
files of essential frequency domain info rmation , which can be later
processed in an ensemble fashion to obtain statistical description s
of tracking behavior.
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A .U. PERFORMANCE ANA LYZER OPERATION

This section provides examples of the Performance Analyzer
capabilities just described , and illustrates user interaction
during problem definition and tracking analysis. For convenience ,
the description is divided between the two operating programs ,
OCMRIJN and OCMANL.

A .-~$.1 Tracking Task Implementation: OCMRUN

OCMRIJ N provides the user with the capabilit y of’ definin g the

tracking task parameters , controlling the tracking task itself , and
calibrating the interfac e modules. The following subsections
illustrate these functions in more detail.

A .4.1 .1 Definition of the Tracking Task Parameters

The listing given on the following pages illustrates how the

user can define the desired tracking task by responding to

appropriate program prompts. User responses are circled and

labelled .

The user initiates program execution (A) , and indicates that

the parameters will be entered from the terminal rather than read

from a parameter file (B). The user is then prompted for the
sample period (C) and run time (D) and the program lists the run

length and input signal period ,both in second s and in number of

sample points , as a check to the user . The input signal period , in

terms of the number of sampl e points , is chosen as the largest
power of two which is less than the run length , in sample points;
in this case , the input signal period is ~O96. The prog ram then
checks with the user if this is satisfactory, and the user responds
affirmatively (E). If the choice had not been satisfactory, the
user would hav e been provided the opportunity of reentering a
different sample period and/or run length.
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INITIALI ZING PARAMETERS FROM A FILE7~~~(

**t**TIME PASE PARAMET (RS****$ c
SAMPLE PERIOD IN MILLISEC®

~~
RUN TIME IN SECONt

~
S:@— D

RUN LENGTH~ 195.00 SECONDS AND 4626 POINTS
INPT SIGNAL PERIOD-’ 163.84- SECONDS WITH 4096 POINTS

SCORING START TIMEX 10.60 SECONDS AT POINT 266

WANT TIME BASE PARA M ETERS LISTE D ?~~~(

SAMPLE PERIOD (SECO NDS ) 4.000E—02
NUMBER OF Fe INT S IN RUN= 4626
RUN DUR A T IONUE CON EI S = 1.8501+02

$****INPUT SIGN AL FARAMETERS *****

USING AN EX TERNAL FORC ING EUN C1ION ’P®
~~

’

WHAT ~ IND C T OR

PSD FUNCTION TYPE C1 OR 2~~~~~— J
POLE LocATIoN :~~~~— K
RM S LEVEL:O_ L

M
WANT THE N OMINAL SET OF FREQUENCIES? V

WANT THE FREQUENCIES LISTEIr?€
~
—_ N

COMP HARM WACT WIlES

1 7 0.27 0.25
2 13 0.50 0.50
3 29 1. 11  1.00
4 37 1.42 1.41
5 53 2.03 2.00
6 73 2.80 2.83
1 103 3.95 4.00
8 149 5.71 5.66
9 711 9.09 8.00

10 293 11 .24 11.30
ii 419 16.07 16~.00
12 587 22.51
13 839 37.00

OK P4~~~~— 
0
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WANT THE NOMINAL SET OF PHASES?6~~~— ~

WANT THE PHASES LISTEIr~~~~-.--- Q

COMP PMULT PHASE

1 2019 177.45
2 3865 339.70
3 919 80.77
4 3494 307.09
5 408 35.86
6 3765 330.91
7 2534 222.71
8 1794 157.68
9 247 21.71

20 1711 150.38
11 3949 347.08
12 103 9.05
13 1933 169.89

WANT THE INPUT SIGNAL PARAMS LISTED?6~~T 
R

TASK IS DISTURBANCE NULL ING

NUMBER OF POINTS IN INPUT SIGNAL= 4096
INPUT SIGNAL DURA TION (SECONDS) = 1.638E+02
BASE FREOUENCV( RAD /S) = 3.835E—02

PSI’ FUNCTION IS FIRST ORDER

POLE LOCATION (RAD/SEC)= 5.000E—01
RMS INPUT LEVEL = 1.000E+00

SPECTRAL COMPOSITION OF INPUT SIGNAL

COMP HARM FREQ AMP PHASE

1 7 0.27 0.90 177.45
2 13 0.50 0.67 339.70
3 29 1.11 0.52 80.77
4 37 1.42 0.34 307.09
5 53 2.03 0.32 35.86
6 73 2.80 0.27 330.91
7 103 3.95 0.24 222.71
8 149 5.71 0.20 157.68
9 211 8.09 0.16 21.71
10 293 11.24 0.14 150.38
11 419 16.07 0.12 347.08
12 587 22.51 0.10 9.05
13 839 32.18 0.08 169.89

L ~~~~ ~~~~
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r

*****PL . ANT PARAMF IFR S*****

ENTER PLANT TYF’E(O T HRIJ 6)~~~~~ ~

GAIP€— T

POLE :(~~ — U
TIME DELAY IN M 1LLISFC®

~~
’ V

ACTUAL DELAY WILL . BE 70 MILI . ISEC . ON’PØ~~
STICK GAIN IN CM/L BS— x
WANT PLANT ~‘ARAME TE RS ~~~~~~~~~~~~~

PLANT TYPE 4
GAIN 2.000E+00
POLE (RAD/S)-’ —2 .000F+00
TIME DILAY 2.000E-02

STICK GAIN 5.000E+O0

**$**SCOR 1NS PARAPiFTER S*****

STICK WEIGHTING( o ..-.-- Z

WANT SCORING PARAMETERS L ISTED
~€~~~

STICK WE IGHTING= O.000E-0L
SCORING STARTS AT POINT 266
AND STOPS AT POINT 4361

*$***CALIBRATION PARANETERS*****

FIRST CALIBRATION VALUE( LB ) — i B

SECOND CALIBRATION VALUE (LB :1 CC 
DD

WANT CALIBRATION PARAMETERS LISTED!O’
~~

FIRST CALIBRATION LEVEL • -t.000EtOO
SECONI’ CALIBRAT ION t EVEL= 1 .000E+O0
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WANT ALL . PARAMETERS LISTED OU I’!~~~~~- EE

*****TIME BASE PARAMETERS*****

SAMPLE PERIOD(SECONDS ) -= 4.000E-02
NUMBER OF POINTS IN RUN - 4626
RUN DURAT ION (SECONI ’S ) = 1.SSOE+02

*****INPU F SIGNAL PARAMI TIZRS*****

TASK IS DISTURBANCE NULL ING

NUMBER OF POINTS IN INPUT SIGNAL’. 4096
- :~ INPUT SIGNAL L IURAT ION SLCONIISI ~ 1.638E+02

BASE FREQUENCY (RAD /S) = 3.835E—02

PSO FUNCTION IS FIRST ORDER

POLE LOCAT ION(RAD /SEC>~’ 5.000E—01
RMS INPUT LEVEL • 1.000E +00

SPECTRAL COMPOSITION OF INPUT SIGNAL

CDNP HARM FREQ AM P PHASE

1 7 0.27 0.90 177.45
2 13 0.50 0.67 339.70
3 29 1.11 0.52 80.77
4 37 1.42 0.34 307.09
5 53 2.03 0.32 35.86
6 73 2.80 0.27 330.91
7 103 3.95 0.24 222.71
8 t4~ 5.71 0.20 157.68
9 111 8.09 0.16 21.71
20 293 11.24 0.14 150.38
11 419 16.07 0.12 347.08
12 587 22.5* 0.10 9.05
13 839 32.18 0.08 169.89

*t***PLANT F’ARAMETERS*****

PLANT TYPE = 4
GAIN 2.000E+00
POLE(RATI /S)= -7.000L +00
TIME DELAY = 2.000E’-07

STICK GA IN 5.000F+00

*****SCOI~TNG FARAME~ F kS*****

STICK W E I GhT ING- ’ 0.0001 -01
SCORiN G STARTS AT PUtN ~ 7~ 6
AND ST IWS AT PO INI

•****CAL1fr ~t~T IC lN F-ARALi} iER ~ $****

I II~1. I L,~L I~NO I LON L I  L~ --- — I • • ‘Ot ’I  I

~ I CONI ’ ,~ \L . L I ’ i~ I 1~ iN I . LVI I I .0001 . I 0.)

I
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ANY CHANGES~~~~~~ GG
CREATING A PARAMETER F ILE V :Y

RH
ENTER FILE NAME FOR OUTPUT TE$P.PAR

UQING A RUN NOW?6~~
’
3

REINITIALIZING PARAMETERS

INITIALIZIN G PARAMETERS FROM A FILE ?®~

I
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REINI T IA LU1N G 1- AKAM E1ERS

INITIALI ZING I’AR*METERS FROM A

ENTER FI L E  NAME FOR INPUTI EMP .PAR KK

WANT ALL PARAMETER S LISTED OUT’ N LL
ANY CHANGES!~7~~3 

MM

WHICH PA KT~~(0 THRU 5I6~)— NN
$*$**PLANT PARAMET (RS**$**

ENTER PLANT TYPE (0 THRU

ZETA:.707 QQ

W N I  RR SS
TIME DELAY IN MILLISEc®

~~

STIC K GAIN IN CM/LIE— TT
UU

WAN I FLA N T FARAMFIER S LISTED :~

PLANT TY I F 6
GA iN • i.000E+02
ZETA • 7.070E--01

WN • 1.000E+01
TIME DELAY 0.000E—01

SlICK GAIN • 5.000E+00

MOKE CHAN6ES
~€r— 

VV

WANT AL L . PARAMETE R S LISTED OUT .€~~
WW

CREATIN G A PARAMETER F ILE.. Y XX

ENTER FILE NAME FOR QUTPUT EM PI.F’A

zzDOING A RUN NOW IN

RE INI TIAI.I7I NU PARAMETE R S
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The program then lists the time at which scoring will begin ,
here chosen so as to “center ” the scoring interval of 163.811
second s within the run interval of 185 seconds. The program then
checks with the user if this is satisfactory and the user responds
affirmativel y (F). If’ the scoring start time had not been
satisfactory, the user would have been provided the opportunity of
entering a different start time. Finally, the program lists the
time base parameters in response to the user ’s request ((~).

The user is then prompted for information concerning the input
signal , after requesting that one be used in the tracking task (H).
The user then specifies a disturbance input (rather than a target
input) (I), the order and pole location of the powe r spectral
density function to be approx imated (J ,K), and finally the desired
RMS value of’ the input signal (L). The user then indicates that he
wishes to use the nominal set of pre—def’ined input signal
Frequencies CM ) , and then requests a listing of them (N). Had the
user not wished to use the nominal frequency set , the program would
have provided him the opportunity of defining his own set of
frequencies. In either case , the affirmative answer to the listing
request (N) results in a listing as shown : the frequency component
is given first (COMP) , followed by the harmonic multiplier (HARM) ,
the actual input frequency in radians/sec (WAd ), and the desired
frequency (WDES). The desired frequencies (WDES) are those

specified by the user and , in this case , are those comprising the
nominal frequency set having hal f—octave jumps . The actual
frequencies (WAd ) differ from the desired frequencies since the
actual frequencies are chosen to be harmonics of a base frequency
and the harmonics (HARM) , in turn , are chosen to be all prime
num bers.

After listing the frequencies , the program then checks with

the user if’ this is satisfactor y and the user respond s
affirmativel y (0). If this frequency set had not been
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satisfactory, the user would have been provided the opportunity of
changing either the entire set of’ desired frequencies or specific
components of it. The user would have also been given the choice
of’ relaxing the constraint of prime harmonics in favor of simple
integer harmonics.

The user then indicates that he wishes to use the nominal set
of phases associated with the input signal sinusoids (P), and
requests a listing of’ them (Q). The listing shown gives the
component number (COMP) , the integer phase multiplier (PMULT ) and
the phase in degrees (PHASE). For each component , the phase
multipl ier is chosen to be a random number between zero and the
number of points in the input signal (here, I$096); and the phase
itsel f is calculated correspondingly between zero and 360 degrees .
The resulting string of random phases is based on a random number
generator “seed” of unity ; had the user responded negatively to the
question concerning the use of the nominal phase set (P), the
program would have provided him with the opportunity of choosing a
different “seed” val ue to be used to generate a different string of’
random phases .

By responding affirmativel y to an input signal parameter

listing request CR ), the user is provided with a summary of the

signal parameters as shown . In addition to the parameters just
described , the program lists the amplitudes (AMP) associated with
each component sinusoid , calculated so as to approx imate the
specified first—order power spectral density function and RMS
lev el .

The user is then prompted for the type of pl ant dynamics to be
incorporated in the tracking task . Here the user responds (S) with
a 1$ , indicating a f irst—order plant; had he responded with a zero ,
a listing of’ the pl ant codes would have been provided . The user
then specifies the plant gain (1) and pole location (U); the

12b
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negative value correspond s to an unstable pole. The user also

specifies a 25 millisecond dead—time to be includ ed in the pl ant
dynamics CV ) but the program restricts this to be an integral
multiple of hal f the sampl e period (in this example , 20 msec). The
program then checks with the user if this choice is satisfactory
and the user responds a f f i rmat ive ly  (W ) . Had this not t~een

satisfactory, the user would have been provided the opportunity of

reentering a different value for the time delay.

The user then specifies the stick gain value CX), which is
used to convert the stick force in pounds to centimeters of display
units . A single or double integrator in the plant dynamics would
have resulted in a prompt for a corresponding velocity or
acceleration conversion factor. The affirmative answer to the
listing request (Y) results in a summary of the chosen plant
parameter values.

The user is then prompted for the stick weighting factor to be
used in calculating the overall tracking score. The zero response

by the user (2) implies that the tracking score is to be calculated

on the basis of displa y displacement alone. The af’firmative

response to the listing request (AA ) displays the stick weighting

and the scoring start and stop points , the last two parameters
having been defined earlier with the time base parameter selection.

The user is then prompted for the two value s to be used in
calibrating the stick force. The user indicates that one pound

force levels will be used (BB ,CC); the negati~’e sign of the first
value indicates a left stick defl ection and the positive sign of’

the second value indicates a right st ick deflection . The
affirmative response to the listing request (DD) results in a
listing of these two values .

At this point , the parameter specifications are complete and
the user is provided the opportunity of listing the entire

12’?
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parameter set defining the tracking task. His affirmative answer
(EE) results in the tracking task parameter summary shown . At the
end of this listing , he is provided the opportunity of changing any
of the parameter val ues currently specified . Here , he responds
negatively (FF), but had he responded affirmatively, the program
would have provided appropriate prompts to effect the desired
parameter value changes .

The user is then questioned as to the creation of a parameter

file. The affirmative response (GG) results in a prompt for a file
nam e, which the user then provides (HH). After a check on the
legality of the film name , the program opens a disk file with that
name , writes all of the tracking task parameter val ues into the
file , and then closes the file. This ensures that the parameter
value s will be saved for future use , thus obviating the need for a
repetition of the parameter specification procedure just described .

With the parameter value s specified and saved at this point ,
the user is prov ided the opportunity of conducting a tracking run .
Had the user responded affirmativel y at this point (II), final
initial ization of the run parameters would have been conducted (see
nex t section). However , the negative response (II) results in a
reinitial i zation message , followed by a prompt as to the source of
the new parameter set (JJ). At this point , the program has looped

back to the initial question asked of the user (B), and the

parameter definition process can be repeated .

If the user wishes to create multiple parameter files defining

different tracking tasks (e.g., different pl ant dynamics ), he has

two choices: a parameter—by—parameter specification as just
outlined , executed for each desired parameter file; or a change of

the desired parameters from one set to another , creating a new file
with each new set. The former situatioi* is illustrated in the
previous example, where the user enter s a second pass of’ individual
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specification of’ all the tracking task parameters , by answering
negatively to the last program prompt (JJ).

The a l ternat ive approach to multiple parameter file creation
is illustrated in the listing below , which begins with the user
requesting that the parameter set be read in from a previousl y
created file (JJ). He is then prompted for the parameter file
name , and after giving it (1(K), is asked if he wishes a listing of
the complete parameter set. His negative response (LL) results in
a prompt for a chang e request and his affirmative answer here (MM)
results in a request for a specification of the parameter subset to
be changed . Here , the user respond s (NN) with a 3, indicating a
change in the plant parameter set; had he responded with a zero , a
listin g of the parameter set codes would have been provided .

At this point the user can specify a new set of’ plant
parameters , differing from the ones given in the previous ex ample.
Here , he specifies that the dyn amics be second—order (00), and - ;

specifies the gain (PP), damping ratio (QQ), and natural frequency
(RR). No time delay is desired so the user respond s with a zero
(SS). After specifying the stick gain (TT ), the user has the plant
parameters listed (UU).

Since the user wi shes to change only the plant dynamics , he
indicates that no further changes are to be mad e (VV ), and that a

V 

complete parameter set listing is unnecessary (WW). However , since
the user does wish this new parameter set to be saved , he respond s
affirmatively to the parameter file query (XX), and provides a new
file name For parameter storage (f!). A negative answer to the run
initial ization question (ZZ) results in a program loop back to
parameter reinitialization (JJ).

With the procedure just described , the user can rapidly
create several parameter files for different tracking situations by
changing onl y a few parameters at a time.
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A. -11 .1.2 Run Identification and File Labelling

The listing given on the following page illustrates how the
user can initiate a run once the tracking task parameters hav e been
defined .

The user initiates program execution (A) , and indicates that
the parameters are to be read from a previously—created parameter
file (B). He is then prompted for the parameter file nam e and
after giving it (C). Is asked if he wishes a listing of the
complete parameter set. His negative response CD) results in a
prompt for a change request to which he also respond s negatively
CE).

Since the user indicates that no parameter file is to be
created (F), the program assumes that the user wishes to conduc t a
tracking run with the current parameter set. Be fore continuing ,
however , the program first checks for the presence of val id stick
and display input/output scale factors , factors calculated on the
basis of a previously—conducted calibration (see section A .11.1.11).
In this exampl e, a calibration had been conducted earlier and the
results stored in the specified input file TEMP.DAT ; thus , the
program questions the user as to whether or not he wishes to use
this old set of scale factors. The user ’s response is affirmative
(G), thus bypassing a calibration. If the user ’s response had been
negative , or if’ the input file had not contained a valid set of
scal e factors , the user would have been forced to conduc t a
calibration to generate ~ “ai d set .

V The program then prints out the run number and current date.

In this case the run n umber is unity because this is the first run
following program execution (A); repeated runs conducted by the
program result in an automatic incrementing of the run number. In
either case , the user is given the opportunity of changing the run
num ber ;  here , he chooses not to (H).
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BINIT IALIZING PARAMETERS FROM A FILE.:Y

INTER FILE NAME FOR INPUT TENP .DAT c
WANT ALL PARAMETE RS LISTED OUT’.N D
ANY CHANGEs1€

~~
_
~E

V CREATIN G A PARA M ETER F ILI~~~~~—F
WANT CAL I~ VA L UES FROM CURRENT INPUT FILE? (~~ 

G

RUN NUM BER: i DATF:02- .JUL-7S

CHANG ING THE RUN NuMT4ER~~~— H
$ OF L INES IN TITLE&_ I

‘~~,-i~~ IS ~ DEMONS1RAT I~~~~~ ‘~
RUN STAR T~~~~ 

LENTER F ILI NAM E FOR ourl-tI T : FMF’1 .TIA

TYPE S TO STAR -T :~~~~—M

) 
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The user is then prompted for the number of’ l i n e s  of comment
he wishes to enter. His non—zero response (I) results in an

exclamation mark prompt character for each line of input ; the user

input (J ,K) is then stored with the other parameters defining the

tracking task . Had the user specified zero lines of comment , no
prompts would have been provided and no comments expected by the

program .

The user is then prompted for the file nam e to be used for

storag e of the tracking task parameters and the tracking data. The
user response (L) is then checked for legality and if val id , a disc
file of that name is opened and used to store the tracking

parameters. The file remains open and read y to receive the

tracking data as it is generated .

Finally, the user is prompted for a start signal (M) which
Initiates control of the tracking task . Under normal

circumstances , control does not return to the user until the end of
the specified run length , although certain conditions can resul t in

early run termination (see below) .

A .-11 .1.3 Run Termination and Multiple Runs

The listing on the following page illustrates program output

at the end of’ a run and demonstrates how the user can initiate

additional run s with a minimum of terminal entries.

The user starts the run by responding with the start character

(A). The tracking run is then conducted under  control  of the
program until the designated run time has elapsed . At this point
the tracking data is saved on the user— specified disc file (in this
case , A1.TMV) and summary scoring information is presented on the
terminal as shown . Mean , standard deviation , and RMS values are
given for the input signal (INPT ), stick deflection (STCK ), plant
(PLNT), and display displacement (DISP) . In addition , the
percentage of overload s (OLPCT) occurring for the stick and display

_ _ _ _
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TYPE S TO START (~
”
~— A

FIIE:AI.TMV RUN NUMBER: 1 LIATE:29-MAR-78 TIME:10:24:40

VARBL MEAN S.D. RMS OLFCT OLPNT

XNF T -0.00 0.50 0.50
SICK 0.01 0.24 0.24 0.00 0
PI NT -0.06 0.57 0.57
DISP -0.06 0.57 0.57 0.00 0

COST~ 0.57

DOING ANOTHER RUN
~®— B

ANY CHANGES.?~3._c

RUN NU MBER -: - IIATE:29—MAR-78

CHANGING THE RUN NU MBER 1’~~~~_D

I OF LINES IN TITLEO_ E

ENTEr: FILE NAME FOR OUTPU :A2.TMv F
TYPE S TO START:~~~~—G

FILE :A2 .TMv RUN NUMBER : 2 D~~rE :29—t1AR-7s TIME:10:29: 1

VARPL MEAN S.D. RMS OLPCT OLPNT

TNPT -0.00 0.50 0.50
STCK 0.00 0.22 0.22 0.00 0
PLNT -0.01 0.54 0.54
DISF -0.01 0.54 0.~~4 0.00 0

COST - 0.54

DOING ANOTHER RUN!6~~ H

I
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are given , along with the points at which these initially occurred
during the run (OLPNT); in this exampl e, no overload s were present.
Finally, the overall tracking score (COST) is given based on the
stick and display scores and the stick weighting factor (which is
zero in this case).

The user is then questioned as to whether or not he wishes to
conduct another tracking run . A negative response here would hav e
terminated program execution . The affirmative response (B),
however , results in a change request prompt . Had the user
requested a change , he would have been provided the opportunity of
changing the entire parameter set (by reading in a new parameter
file) or of changing only a few parameters of’ interest. The user ’s
negative response (C), however , results in an incrementing of the

run number , followed by a series of program prompts and user

responses (D,E,F,G) which Initiate another tracking run . In this

ex ample , the user elects to conduct a third tracking run (H), once
the tracking scores from the second have been displayed .

Early termination of’ a tracking run can occur if : a) the

subject loses control of the task; b) an A—to— D convers ion  er ror
occurs; or c) a timing error occurs. Should one of these

situations occur , an appropriate error message is displayed on the
terminal at the of occurrence , the run is halted , and the tracking
scores are displayed in the manner just illustrated. The user is
then provided the opportunity of conducting another run , if
desired .

A .LL .1..4 Calibration

The listing given on the following page illustrates how the
user can calibrate the stick and display and generate a valid set
of input/output scale factors.
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~~~~~~RUN

IN IT!AL IIING PARAMETERS FROM A FIL .E~®_  
B

WANt ALL PA RA MET ERS 
~~~~~~~~~~~~~~~~~ C

ANY CHANGLS~~~~~~ E

CRFA I I NQ •~ I’ARAMFTER FILE1~~
’
~—~ F

CAL I BR A T I O N  REQUIRED

(Milk MAX SCOPE DEFLECTION IN cM:~~~~G

SET SCOPE ZERO, THEN HIT CRO_- H

SET BAR III MAX LEFT CM~ 1HF N HIT CRO._ I
SET BAR TO MAX RiGHT CM . THEN HIT CR Q__J

SF1 STIC K . tHEN HIT  CR (D— L

SF 1 SliCK . THEN HI T CRQ~~M

MA X ~ T I I ’I-~ 1.24
ZERO STICK~ 0.07
MIN ~TICh— — 1 .10

STII;K BIAS (Z F.S.) ~ 2.95

OK’

RUN NLIMRER : I DATE 03—JIJt -~’8

CHANGiNG JUT RUN NUMDEK’:N

I (IF L IN ES IN TITL E :
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The user initiates program execution (A) , and indicates that

the parameters are to be read from a previously—created parameter

file (B). He is then prompted for the parameter file name and

after giving it (C), declines to list out the parameters (D), make
changes  (E), or create a new parameter file (F). At this point , the
program checks for the presence of a valid set of input/output

scale factor s and , finding none , indicates to the user that a

calibration is required .

The user is then prompted for the max imum deflection of the

display scope expressed in centimeters. After the user response
(G), he is prompted to zero the display bar present on the scope ,
using the scope centering controls. Once he has completed this , he

enters  a c a r r i ag e  r e tu rn  (H), and is then prompted to adjust the
full scale (left) scope deflection to the specified max imum (In

this case , 5 cm). A second carriage return (1) results In a

similar prompt for adjustment of the right maximum , and the third

carriage return (J) results in a prompt by the program checking for

satisfactor y scope adjustment. The user ’s affirmative response (K)

indicates a sat isfactory adjustment. Had the user ’s response been

negative , the scope adjustment procedure would have been repeated ,

thus allowing the user to readjust the scope ’s centering and gain

controls.

Once the display calibration is complete , the user can then
proceed to calibrate the stick. The user is prompted to set the

stick at the first calibration level specified by the calibration

parameter set (recall section A. -~1 .1 .1 ) In this case , the parameter

set calls for a calibration level of — 1 , corresponding to a one
pound force applied to the stick in the leftward direction . The

user is ex pected to apply this force to the stick , enter a carr iage
return (L), and hold this force for approx imately 5 seconds.

During this time the program samples the stick voltage and

calculates an average value over the sampling interval , a value
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which is used later to generate a stick force —to— voltage scale
factor. The user is then prompted to sppiy the se~und calibration

force level to the stick and a similar sampling procedure is
initiated with another carriage return (M).

With the two force—voltage points thus obtained , the program
calculates the force—to—voltage scale factor. Using this and the
m ax imum range of the A—t o— D converter , the program also calculates
the corresponding maximum and minim um stick forces; the values
shown on the list ing indicate these saturation levels for the stick

force input. The program also calculates the equivalent stick
force b ias (ZERO STICK ), which is the force level corresponding to

zero stick voltage. This bias is then expressed in terms of’
full— scale stick range to indicate to the user the degree of’

left—right asymmetry in the stick. Finally, the program checks if’

the user is satisfied with this calibration . The user ’s
affirmat ive response (N) indicates that such is the case. Had the
user ’s response been negative , the stick calibration procedure
woul d have been repeated .

Before proceeding with the tracking run initial ization , the
newl y created input/output scale factors are stored with the
tracking task parameter set. Thus , the scale factors are saved

with the parameters when a data file is created , making it possible
for the user to conduct later runs without the need for a new

calibration .

A.1L2 Performance Analysis: OCMANL

OCMANL provides the user with the capability of flexible
analysis of the stored tracking data , including score calculations ,
spectral analysis , and describing function computations. The
following subsections illustrate these functions in more detail.

137

-- V V

--V — ~~~~~ --V V. — ~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~VV. V.V~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ -V~ -V.~ -V~~ V~-V ~~~~~~~~~~~~~ 

~~~~~~~

I
A. I$.2.1 File Reading

The listing given on the following page illustrates how the
user begins the data analysis by reading the appropriate disc file.

The user initiates program execution (A) and indicates that he
is unfamiliar with the executive structure of the program by
entering a zero in response to the part query (B). This results in
a listing of the parts of the program , followed by another part
query. This time , the user ’s response (C) is 1 , indicating that he
wishes to read a data file. This results in a prompt for the file
name , which the user enters (D).

The program then read s the beginning of the specified file and
outputs a header line identifying the file with its name , the run
number associated with its creation , and the data and time the run
was conducted. The point defining the beginning of the scoring

interval is then noted to the user , and he is provided the

opportunity of changing it if he so desires ; here the user ’s

response (E) is negative , in d i c a t i n g  that the start point is
satisfactor y. The user is then questioned as to whether the stick
is to be ex pressed in the recorded units of pounds or in equivalent

plant command units of cm , cm/sec , or cm/sec2; here , the user
indicates the latter (F) .

With these prel iminaries completed , the user is then able to
proceed to anY other program part as desired ; the following

sections describe the possible options.

A . Z l . 2 . 2  Parameter Listing

The listing given on the following page illustrates how the

user can request (A) a complete printout of the tracking task
parameters associated with the data being analyzed . The printout
includes information on the time base , input signal , plan t , and

scoring and calibration parameters. This information effectively
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R OCM1’%NL

WHICH PARr?(o~a)c~J
PART 1 J I L T  READ

7: HEADER L ISI
3: SCORES
4: SF’FCTI~UM
s: Disc FCN
6: ODS NO1~ F
i: AMF - (‘1ST
91 SL IMM ,’.KY

WHIC H rART 7
~
0-V8)O

~~~ D
ENTER FILE NAME FOR IN F’LJT i.~~.$AH

FIL( U’~~.SAH k-UN NUMI-~FR :  ~. PATE :1iI—ApR--78 TIME: 3~ 1O~ 2t

NOMINAL B

SCORING ST AR TS AT FV O T N T ~01 WA N~ TO CHANGEI® E

STICK MEAS URELI IN LB OR IN CMflQ_ F
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WHICH

*****TIME BASE PARAMETERS *****

SAMP LE PERIOI ’ (SECUNI IS> 4.0001—0?
NUM BER l IE POINTS IN R U N -  4676
RUN E’UKA TION SFl ;UMJ ’~ 1 .850f~+0?

— *****INFUT SIGNAL I-~A RA M E  1 F

TASK IS DISTUR BANCE HULLING

NUMBE R OF POINTS IN 1HIJI T S1UNA L -~ 4o~ 6
INPUT SI GNAL DU RAT1ON SECONDS ) I .o3~iI : i02
BASE FRCQUENCY RALi/S) 3.0351—02

PSI’ FUNCTION IS FIRST ORDER

POLE LOCAT ION(RALI/ SEC)~ 5.0001-01
RMS INPUT LEVEL -

~ t.000F+00

SPECTRAL COM POSI IION OF INPUT SIGNAl..

COMP HARM FRE d AMP PHASE

1 7 0.27 0.90 130.61
2 13 0.50 0.67 ..‘~i 1 .16
3 29 1.1 1 0.52 1~-1 .i 4
4 37 1.42 0.34 177 .~~~
5 53 2.03 0,32 64.95
6 73 2.80 0.27 ~‘7’ .46
7 103 3.95 0.24 60.12
8 149 5./i O.~!0 lLi . .!9
9 211 8.09 0.16 138.96

10 293 11.74 0.14 173.67
11 419 16.07 0.12 isi.:’o
12 587 22.51 0.10 64.69
13 839 32.18 0.08 106.44

*****PLANT PARA M L TER S*****

PLANT TYPE ~ 4
GAIN ~ 2.000E+00
POLE(RAO/S)- -2.0001+00
TIME DELAY ~ 0.000F -01

STICK GAIN 5.0001+00

*****SCORING PARAMITFRS*****

STICK WEI G HtIN G- 0.0001-0*
SCORING STAR TS AT PO INT ~01
AND STOPS AT FO IN1 4596

$****CAL IBRA TION tA KAME1ER ~ **1~**
t IRSI CAL . I BRAT ION 1. IVF I — I • ~‘‘~~‘~

- I tb.’

SF-CONG CAL IRKA TION II V I I  I ()0 V I  +01’

I~~~~~ V~~~~~~ 

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



augments the laboratory notebook and can be used to precisely

identify the exper imental conditions under which the tracking data

was collected.

A .11 .2.3 Tracking Scores

The list ing given on the following page illustrates ow the

user can request (A) a printout of the tracking scores. The

program prompts the user as to whether or not he wishes the scores

calculated for the rates of’ the tracking variables; here he

respond s affirmativel y (B). The program then sequentially read s in

the stored time histor y for each variable and calculates its mean ,

standard deviation , and RMS value over the scoring interval . In

addition , since the rate scores are requested , the signal’ s power
spectrum is computed ; this is used in a frequency domain

calculation of the signal’ s rate statistics.

With all four trackin g signals so processed , the program lists

the pertinent scores as shown . In addit ion , the overall track ing

score (COST) is given , based on the stick and display scores , and

the stick weighting factor (which is zero in this case).

A.’$.2.q Signal Spectra

The listing just described also illustrates how the user can

V request (C) a printout of a signal’s power spectrum . His null

response (D) to the sIgnal query results in a letter code listing

for each signal , followed by another signal query. The user ’s

response at this point (E) results in a printout of the file header

information , followed by the power spectrum for the stick .

Since the spectrum is calcul ated at the frequencies contained

in the loop inpu t (see parameter listing of’ section A .-1L 2.2), the
first two columns give the component index (COMP) and frequency

(FREQ). The next two columns give the correlated (COR ) and remnant 
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WHICH PART ’C0— 8 . 3 A

WANT RATE SCORES . Y B

FILEIB5.SAH RUN NUNB ERI 5 DATEUS-APR— 78 TIME I 3:10*21

VARB E MEAN S.D. R$S

INPT 0.00 1.00 1.00
STCK -0.02 1.59 1.59
PLNT 0.02 0.44 0.44
DISF’ 0.02 0.44 0.44
INPTDOT 0.00 3.49 3.48
STCKDOT 0.00 7.96 .96
PINTOOT -0.00 1.85 1.85
DISPOOT — 0.00 1.85 1.85

COST~ 0.44

WHICH PART’(0~-8)~~~~—-C

SPECTRUM roR:O-_ D
SIGNAL CODE 191 1 FOR INPUT

S STICK
P PL ANI
B DISPL AY
C PL ANT COMMAND

TRY ABAIN~~~~~— E

FILE :B5 .SAH RUN NUM BER : S 1)ATE :i8—APK—78 lINE : 3:10:21

SPECTRUM FOR STCK

PWR /W INDOW PWR/RPS

COMP FREd COR REM C/R COR REM C/R NREM

1 0.27 —2.58 —43.74 41 .1$ 1.33 —29.58 30.90
2 0.50 —4.53 —38.56 34.03 0.0’ -24.40 24.47
3 1 .11 —5.19 -36.21 31.0? —3.:’o - 72.05 18.85 5
4 1.42 —8.06 -33.68 75.82 —4. ?’ -1 9.51 15.74 6
5 2.03 — 7.55 -35.04 -V1 V7

49 --5 99 --20 .813 14.89 9
6 2.80 —8.12 -34.13 ‘$.02 7~~~~~ V? -19,97 17.18 13
7 3.95 —7.51 -75.80 2l.2’~ -0.99 — 1 4 . 64 5.65 10
8 5.71 —9.57 —79 .34 20 ./7 —t 1 . ’3 —IS IS 1.45 25
9 8.09 —10.5* —28.04 t ’ .~~:’ - I4 .~~ — *3.0’ — L .~~l (

10 11.24 — 1 1 .15 —31 .53 18.38 —*9.00 — 1 ’ .iA I.$3 51
11 16.07 —19.01 -36.70 1/.69 --2•~.5t 27.~.4 ‘3
1? 27.51 —30.0 1 —44. 97 14.96 - 38.93 —30.81 5 .1.’ it ’.’
13 32.18 —35.53 —4/.34 fL .SL — 46.15 31 .18 —i; .~~’ I4~

TOTAL l’WK 2.53

CUR FW R u 7.16 CUR/TOT I WE
REM PW R 0. V ( .’ RI N/1t)1 I W E  0.15

ANO1I II K SIGNAl SJ ’FETRlIM ~3—- F
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(REM) power , the former being simply the signal power at the

indicated frequency, and the latter obtained by averaging the
signal power over the neighboring measurement frequencies . The
power is expressed In decibels (dB) ,and , in this case , refl ects
stick power per measurement window , expressed in the units
specified by the user during the file read procedure (recall
section A .-1L2.1). The nex t col um n gives the signal’ s

correlated—to — remnant powe r ratio (C/R) , to provide the user with
an indication of how well—correlated the signal is with the loop
input .

Since these powe r measures refl ect the width of’ the
measurement win dow , tha t  is , the frequenc y resolution of the

digitized spectrum , the program also estimates the signal’ s powe r
spectral density . The nex t two col umns (labelled COR and REM) give V

the corresponding power spectral densities in term s of

power/ (radian/second ), with the nex t to last column (C/R) giving

the associated C/R ratio. The colum n (NREM) displays the number of
neighborin g measurement frequencies utilized in estimating the

remnant power at each correlated frequency.

Following this spectr um printout , are total power measurement

figures , for both the correlated and remnant portions of the
signal , ex pressed not in dB but in units associated with the signal

(in this case , cm 2). Al so, given are the correlated and remnant
power ratios , useful in indicating signal coherence .

The program then questions the user as to whether or not
another signal spectrum is desired . Here , the user response is
negative (F); had it been affirmative , the user would have been
prompted for the appropriate signal code , and the above process
repeated .
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A. -*L2.5 Describing Functions

The listing given on the following page Illustrates how the

user can request (A) a describing function printout relating any

one loop variable to any other. The program prom pts the user for

the symbol of the signal to be associated with the describing

function numerator (B), and denominator (C). In this example , the
user requests a computation of the display—to—st ick describing

j function .

The program responds with the file header information followed

by a descrIbing function identifier (DFCN), followed by the

computed gain and phase at each loop input signal frequency. As

be fore , the frequenc y is in radians/second ; gain and phase are in

dB and degrees , respectively.

The program then questions the user as to whether or not

another describing function Is desired . Here , the response i s
negative (D); had it been affirmative , the user woul d have been
prompted for the appropriate numerator and denominator signal

codes , and the above process repeated .

A.4.2.6 Observation Noise

The l isting just described also illustrates how the user can

request (E) a printout of the computed observation noise associated
with the subject’s tracking performance.

The program respond s with the file header information ,

followed by a data identifier , followed by the observation noise

power computed at each frequency contained in the loop input. As

before the frequency is in radians/second , and the power is in dB.

The column labelled POSN gives the noise related to the display

displacement , and the colum n labelled RATE gives the noise related
to display rate .
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WHICH F’ART~’lO-8~~~~~-—A

DFCN NUN: S B
DFV CN VENOM : Ii c

FILE:B5.SAH RUN NuME~ER : 5 IATE :18—APR—7 8 TIME : 3:10:21

OFCN-~(STCK)/ (I’ISP)

COMP FREd GAIN PHASE

1 0.27 16.71 —36.23
2 0.50 13.53 —31.5?
3 1 .11 10.84 —28 .85

• 4 1.47 10.03 —30.58
5 2.03 9.40 -32.87
6 2.80 9.35 -34.99
7 3.95 8.92 —40.96
8 5.71 9.51 -49.04
9 8.09 10.24 -62.98
10 11.24 12.18 —87.93
11 16.07 18.33 —125 .62
12 22.51 20.38 —266 .02
13 32.18 13.18 -392.59

ANOTHER DESCRIBING FUNCT ION D

WHICH PART? (0_ 8)~~~~— E

FILE:B5 .SAH RUN NUMBER: 5 DATE :18—APR— 78 TIME 3:10:21

OBSERVATION NOISE

COMP FREG POSN RATE

1 0.27 —23.94 —47.74
2 0.50 —1 9.59 -38.01
3 1.11 —1 9.63 —31.09
4 1.42 —1 8.44 —27.78
5 2.03 —22.27 —28.48

V 6 2.80 —23 .85 —27.29
7 3.95 —22.43 -22.89
8 5.71 -26.12 -23.36
9 8.09 —27.42 —21.63
10 11.24 —32 .40 —23.76
11 16.07 -36.19 -24.45
12 22.51 -37.87 —23.20
13 32.18 -39.7* -71.44
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A.~~.2.7 Amplitude Distribution

A. 1l .2.8 Summary Calcul ations and File Writing
V 

The listing given on the following page il lustrates how the
user can request (A )  a printout summarizing the fundamental human
operator measurements made possibl e by the Performance Analyzer.
The user is first prompted as to whether or not a new input file is —

to be read in. The user ’s negative response (B) is interpreted by
the program as a request that summary calculations be conducted
with the currently open file. Had the user responded
aff i rmat ively,  a new file would have been read in and processed .

After prompting, the user indicates that the summary data is
to be displayed on the terminal (C), and to be stored on a disc
file (D). This results in a prompt for the file name to be used
for summar y data storage , and the user respond s with the file name
(E). The program then lists the file header information
identifying the file containing the tracking histories , and then
lists the tracking scores for the four loop variables. Al so given
are the scores for the stick rate and the overall tracking score.
These scores are followed by the pertinent frequency domain

informat ion , consisting of the subject’ s c a l c u l a t e d gain  and phase
(stick/display) and his observation noise , r e fe r re d to d is pl ay
position and rate. The first blank colum n is available to flag low

C/R ratios in either the stick or display spectra , and the last

colum n is availa ble to flag possibly invalid observation noise

calculations. Ad ditional details concerning the score , descr ib ing
func t ion , and observation noise calcul ations are to be found in

sections A. Zi.2.3, A .-~L2.5, and A .-*L2.6 , respectively.

Follow ing this summary printout , the program writes the

corresponding information on the output file designated earlier by

the user (TEMP.DAT). This allows the user to sav e the summary

calculation s for possible later analysis and/or ensemble averaging .
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WHICH PART’(O-B :8 A
NEW INPUT FILE?: N B

OUTPUT ON TT?:®_ C

OUTPUT ON

ENTER FILE NAME FOR OIJTPUT~~~~~~~DA~~
....E

FILE :B5.SAH RUN NUMBER: 5 DATE :18—APR-7s TIME : 3U0 21

VARBL MEAN S.D. RMS

INPT 0.00 1.00 1.00
STCK — 0.02 1.59 1.59
PLNT 0.02 0.44 0.44
DISP 0.02 0.44 0.44

STCKDOT 0.00 7.96 7.96

COST= 0.44

COMP FREQ GAIN PHASE POSN N RATE N

1 0.27 16.71 —36.23 —23.94 —47.74
2 0.50 13.53 —31 .57 —19.59 —38.01
3 1.11 10.94 —28.85 —19.63 —31.08
4 1.42 10.03 —30.58 —18.44 —27.78
5 2.03 9.40 -32.87 —22.27 —28.48

V 
6 2.80 9.35 —34.99 —23.85 —27.29
7 3.95 8.92 —40.96 —22.43 —22.88
8 5.71 9.51 —49.04 —26.12 —23.36

• 9 8.09 10.24 —62.98 —27.42 —21 .63
10 11.24 12.18 —87.93 —32.40 —23.76
11 16.07 18.33 —125.62 —36.19 —24.45
12 22.51 20.38 —266.02 —37.87 —23.20
13 32.18 13.18 —392 .58 —39.21 —21.44
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A.5.  INTERFACE MODULES AND REAL—TIME HARDWARE

This section provides a brief description of the input and
output interface modules indicated earlier In figure A .2 of section
A.2.  Also given here are brief summaries of the performance
specif icat ions of the digital comp uter real—tim e hardware used to
implement the Performance Analyzer.

A. 5 .1  Input Interface

The input interface consists of a force stick in cascad e with
a noise—su ppressing low—pass f i l ter.

The force stick used is a Model ~.$35 Hand Control manufa ctured
by Measurement Systems , Inc . of Norwalk , Conn. When driven by an

AC source , the stick provides a DC v o l t a g e  l i n e a r l y  p r o p o r t i o n a l  to
the force appl ied to the handle. Currently, the stick Is driven by
an 18.1~ volt (RMS) source at 1500 Hz. With a modified extra— length
hand le , the stick provides approx imately 0.83 volt,s per pound force
deflect ion.

The low— pass filter is a second—orde r non— unity gain
Butterworth . having a break frequency of’ 12.5 Hz and a damping
ratio of 0.707. The break frequency was chosen to equal hal f the
25 Hz sampl ing rate (T5:~êO msec) used in the tracking experiments
conducted with the Performance Analyzer . The DC filter gain was

set at *1.85 volt/volt , to provide an overall force—to—voltage gain

of II volt/pound.

A .5.2 Output Interface

The output interface consists of’ a Type 503 rack—mounted

cathod e ray oscilloscope manufactured by Tektronix , Inc . of
Beaver ton , Oregon . The vertical channel is adjusted to 20 volt/cm ,
and is driven by the 18.*1 volt RMS source used to drive the stick .
The horizontal channel is adjusted to one volt/cm , and is driven by

the D—to—A channel used to interface with the Performance Ana lyzer

_ _  
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so f tware. This combination of vert ical and horizontal inputs
results in a vert ical  bar display, having a height of 2.6 cm , and a
horizontal displacement proportional to the D— to—A output voltage .

A.5.3 Real—Time Hardware

The real—time hardware used to implement the Performance
Analyzer consists of a real—time clock and A—to — D and D—to—A
conver ters , all manufactured by Digital Equipment Corp. of Ma ynard ,
Mass .

The clock is a DEC KW1 1—1( dual programmable real—t ime clock ,
and is used in a repeated Interval mod e for timing information by
the Performance Analyzer. A variety of clock functions are cal led
for by the Analyzer  so f tware , including starting and stopping the
clcck , setting its base rate , initializing a “stop watch ” counter ,
and reading the counter ’s contents. These functions are currently
perform ed by a set of’ clock handler routines comprising one of the
systems ’s resident utility libraries .

The A—to— D converter is a DEC AD 11—K analog— to—digital

converter , which is a 12—bit 16—channel converter currently
configured for bipolar 5 volt inputs. The 22 mIcrosecond
conversion time is an insignificant fraction of typical sample
times used during Performance Analyzer operation (T~:~1O mace), and

the 12—bit resolution provides for a quantization error on the
order of one millivolt , a level well below expected 3Ignal

tran smission noise levels. The A—to— D handler utilized by the
Performance Analyzer prov ides a check for conversion errors , and
maintains control of the system software during a conversion .

The D—to—A converter is a DEC AA 11— K digital—to—analog
converter , which is a 12—bit Il—channel converter currently
configured for bipolar 5 volt outputs. The conversion time Is on
the order of 5 microsecond s, again insignificant with respect to

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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typical sampl e times used ; quantization errors are the same as
those of the A— to—D converter.

A. 5. -*1 Interface Module Diagrams

Figure A.1 summarizes the input/outpu t interfaces just

described , and illustrates the interconnection between the A—t o— D
converter , D—to—A converter , stick and display. For completeness ,

figure A .*1 i l lustrates in block diagram form the signal processing

provided by the Performance Analyzer software.
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Figure A.3a: Input Interface

A-to— D
STICK FILTER T 12o4 ]s K2w ~ I + + S

(lbf ) 
K1 S2+2~ w~S+w~ ( bits )

V 

K1 K2~~4v oIt/lb f

K 1 0.825 v o lt/Ibf (w~ ~~~
) (78.~~, o.ioi)

K2 4.85 volt/v o lt
K3 409,6 bit/volt

Figure A.3b: Output Interface

D-to -- A

K1 s ) volt /4098 bIts
GLZ 104K2 • 1 cm/volt
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Appendix B: Task Dynamics

A series of input—output measurements were made on the

Performance Analyzer to validate the proper implementation of

the desired task dynamics. Measurements were made in “autopilot
mode ” , which consisted of connecting the di5play signal line

directly to the input of the Butterworth filter used for

conditioning the stick signal (see figures A .3 and A.4 of

appendix A), the stick signal having been disconnected for
these measurements. In this way the human operator was eliminated

from the task , and loop stabilization was provided by the display-
to—filter feedback .

An earlier calibration was used to ensure that one volt of

display signal resulted in one centimeter of display displacement.

In addition , the calibration resulted in one volt of stick signal
being interpreted as 1.21 pounds force. Since the “autopilot” used
in these measurements had unity voltage gain , its gain , as seen
by the Performance Analyzer was 1.212 lbf/cm. To provide negative

feedback and avoid saturation, the stick gain K5 (see figure A.4 of
appendix A) was chosen to be -3 cm/lbf, opposite in sign and

of smaller magnitude than the 5 cm/lbf value used in the human
operator runs. The equivalent autopilot gain was thus -3.64 cm/cm,

or 11.23 dB, if the sign is discounted.

A tracking run was conducted with the autopilot, using the
same plant dynamics and loop input disturbance function as were
used in the human operator tracking runs. In addition, the same

40 msec sample time was used, to provide a control for sample-

and-hold effects. After the run, the Performanace Analyzer was

used to calculate the describing function relating plant conunand
PC to plant output p, as a check on the unstable plant dynamics

specified in the tracking task.
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Figure B.l shows the measurements obtained, along with the
theoretical curves associated with the specified 2/(g-2) dynamics.

Except for the highest measurement frequency where the gain drops

1.5 dB below that desired , the measured gain and phase follow the
continuous curves quite closely , and thus validate the internal
plant dynamics implemented on the Performance Analyzer.

Ref erence to figure A.4 of appendix A shows, however , that
this measurement is across the digital filter D(Z) used to implement
the plant dynamics. Thus, it is internal to the Performance

Analyzer and takes no account of the overall input-output delays
• introduced by the computation times and sampling holds characterizing

the digital system. These effects can be measured quite simply ,

however, by using the Performance Analyzer to calculate the
autopilot describing function, relating effective stick output

to display input. If no distortion is introduced by the digital

system, then one would expect the autopilot measurement to simply

reflect the autopilot gain in cascade with the Butterworth filter

dynamics , since the filter was used to condition the autopilot
signal.

Figure B.2 shows the gain and phase measured for the autopilot,
plotted linearly against frequency . The gain measurements are

quite close to the expected 11.23 dB, with less than 0.2 dB drop
at the highest frequency of 32 rad/sec. Since the Butterworth

fi lter , with its 78 rad/sec break frequency , contributes approximately
0.1. dB drop at 32 rad/sec, one can conclude that the Performance
Analyzer contributes effectively no amplitude distortion.

Phase distortion is introduced, however , as is clear from
the increasing lag with frequency seen on the figure. The

measurements made on the zero-phase autopilot are indicated by the
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open circles, and can be well-modelled by a simple dead-time.
The straight line fitting the data indicates an effective dead-
time of approximately 32 msec, a delay which is due to both the
Butterworh filter dynamics and the digital implementation of the
Performance Analyzer. This, then, is a delay which the human
operator sees while tracking the display , in addition to the dynamic
lags introduced by the plant transfer function of figure B.l.
Human operator measurements made with the Performance Analyzer must
thus be compensated by the addition of a 32 msec lead, to arrive
at the true operator describing function. As might be expected,
this 32 msec figure is a function of sample rate and stick filter
break frequency, and thus is only appropriate for the single
configuration described here.

The phase shift due to the stick filter above can be computed
as a function of frequency, based on the parameter values given
in figure A .3 of appendix A. If this phase shift is then added to
the measured phase of figure B.2, the phase values indicated by
the closed circles result. The straight-line fit through this data
set indicates a dead-time of approximately 13 msec, and can be
attributed to the Performance Analyzer’s digital processing delays,

when operating with a sample period of 40 msec.
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APPENDIX C: TAB ULATED EXPERIMENTAL RESULTS

This appendix contains tabulated data to supplement the
discussion given in Chapter 5. Tables C.l and C.2 give across-
subject means and standard deviations of tracking scores obtained
during the initial and intermediate training phases of the
experiment, respectively . The latter table also gives a break-
down with tracking condition .

Table C.3 gives across-subject means and standard deviations

of performance scores obtained during the control phase of the

experiment, for each condition tested. Significance levels are

also given for differences between conditions , based on m di-

vidual subject paired differences; levels greater than 0.05 are

considered not significant (NS). Similar information for the

frequency response measures are given in Tables C.4 (amplitude

ratio), C.5 (phase shift), and C.6 (remnant ratio).

The mean phase shifts of Table C.5 include a 32 msec lead

to account for delays introduced by the Performance Analyzer.
In addition , the mean phase shifts associated with the time
delay condition include an additional 40 msec lag to simulate

an operator delay, so that these phase means include a net 8
msec lag.
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TABLE C.l: TRACKING SCORE VS. RUN NUMBER (initial training phase)

Score (cm ) Score (cm)
Standard Standard

Run Mean Deviation Run Mean Deviation

1 1.54 .658 25 .60 .103

2 1.29 .515 26 .57 .081

3 1.12 .526 27 .52 .080

4 1.14 .692 28 .53 .089

5 .94 .317 29 .53 .086
6 .96 .434 30 .55 .082
7 .81 .311 31 .54 .104
8 .80 .220 32 .52 .063
9 .75 .174 33 .52 .068

10 .64 .136 34 .57 .126

11 .74 .183 35 .56 .094

12 .71 .174 36 .53 .060
13 .71 .226 37 .54 .043
14 .62 .137 38 .51 .080

15 .64 .234 39 .49 .088

16 .63 .149 40 .46 .056
17 .66 .224 41 .46 .068

18 .65 .147 42 .46 .064
19 .67 .194 43 .46 .076
20 .62 .129 44 .50 .091
21 .65 .152 45. .47 .059
22 .56 .107 46 .47 .059
23 .62 .117 47 .49 .058
24. .57 .109 48 .49 .080
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TABLE C.2: TRACKING SCORE VS. RUN NUMBE R AND CONDITION
(intermediate training phase)

Condition
nominal d i f fused delayed

standard standard standard
Run mean deviation mean deviation mean deviation

1 .48 .081 .63 .045 .67 .063
2 .48 .054 .62 .046 .68 .060
3 .46 .066 .63 .044 .66 .084
4 .45 .051 .56 .052 .64 .117
5 .47 .067 .58 .037 .66 .076
6 .48 .064 .58 .066 .62 .062
7 .48 .064 .56 .097 .62 .062
8 .46 .087 .57 .084 .66 .065
9 .48 .049 .54 .080 .73 .125
10 .47 .048 .56 .073 .63 .071
11 .50 .076 .56 .074 .64 .078
12 .49 .068 .56 .093 .62 .070
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