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Structural Model of the Adaptive Human Pilot
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NASA Ames Research Center, Moffett Field, Calif.

A compensatory tracking model of the human pilot is offered, which attempts to provide a more realistic
representation of the human's signal processing structure than that which is exhibited by pilot models currently
in use. Two features of the model distinguish it from other representations of the human pilot. First,
proprioceptive information from the control stick or manipulator constitutes one of the major feedback paths in
the model, providing feedback of vehicle output rate due to control activity. Implicit in this feedback loop is a
model of the vehicle dynamics which is valid in and beyond the region of crossover. Second, error rate in-
formation is continuously derived and independently but intermittently controlled. An output-injected remnant
model is offered and qualitatively justified on the basis of providing a measure of the effect of inaccuracies such
as time variations in the pilot's internal model of the controlled-element dynamics. The data from experimental
tracking tasks involving five different controlled-element dynamics and one nonideal viewing condition were
matched with model-generated describing functions and remnant power spectral densities.
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Nomenclature
= Fourier coefficient of x(t) at frequency uk
= disturbance
= system error
= displayed error
= expected value of A
= spectral measure of x ( t ) with switching

probability of P7

imaginary unit
order of Yc in region of crossover
controlled-element gain
pilot model gains
system output
pilot displayed error-injected remnant
pilot output-injected remnant
probability of model switch being in
position 1
Laplace variable
pilot model time constants
pilot output
controlled -element dynamics
display dynamics
absolute value of ratio of complex numbers
A and B
phase angle of ratio of complex numbers A
andB
damping ratio of open-loop neuromuscular
system
remnant scale factor
root mean square (rms) value of variable
x ( t )
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pilot model time delays
power spectral density of variable xa
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= frequency
= undamped natural frequency of neuro-

muscular system

Introduction

ANALYTICAL techniques for pilot modeling tend to fall
into two categories, a dichotomy shared with control

system design techniques in general. These are the so-called
"classical" and "modern" approaches. The classical ap-
proach has led to the development of the "servo model" of
the human pilot.1 In this model, a servolike operation on a
single stimulus (system error) by the pilot is hypothesized. The
modern approach has yielded the "optimal control model" of
the human pilot2 in which the pilot's dynamic characteristics
are likened to those of an optimal state estimator and
regulator, and the pilot is assumed to operate on a vector
stimulus of error and error rate. Both of these models have
their particular merits and practitioners and both have been
applied to similar analysis/design problems with reasonable
success. These applications range from describing pilot
dynamics in single-axis tracking tasks1'2 to cockpit display
design,3'4 to handling qualities investigations,5'6 and to
motion cue research. 7»8

Despite their relative successes, neither the servo model nor
the optimal control model attempts to describe the underlying
structure which contributes to human pilot dynamics. Rather,
these models have evolved as expedient means for quantifying
the general transfer and performance characteristics of the
human pilot in specific tracking tasks. Following the lead of
Smith,9 Hess10 has attempted to provide a more satisfactory
structural model of the human pilot. The impetus behind the
research of Refs. 9 and 10 and that reported here is the
conviction that a pilot model, which provides a more realistic
representation of the signal processing structure of the human
pilot, will also provide a more unified theoretical framework
within which to interpret a variety of empirical pilot/vehicle
response phenomena. The particular phenomena to be
discussed here will include the ability of the pilot to adapt to
different vehicle dynamics and to displays of varying quality.
As used here, "adaption" refers to the ability of the pilot to
change his dynamic characteristics, through training, to suit
the task at hand.

Model Specifics
The model which is the subject of this paper is an outgrowth

of the research described in Refs. 9-11. A block diagram
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CENTRAL NERVOUS SYSTEM NEUROMUSCULAR SYSTEM

Fig. 1 Structural model of the adaptive human pilot.

representation of the model, suitable for describing such
single-axis pilot behavior as pitch attitude tracking in the
presence of atmospheric turbulence, is shown in Fig. 1.

The model has been divided into central nervous system and
neuromuscular system components, a division which is in-
tended to emphasize the nature of the signal processing ac-
tivity involved. System error e ( t ) is presented to the pilot via
a display with dynamics Yde. The rate of change of the
displayed error is assumed to be derived from ed(t). The
process of deriving error rate is assumed to entail a com-
putational time delay of TJ seconds. Constant gains Ke and K^
multiply the signals ed(t) and ed(t-T1)J respectively. The
switch allows either of these two signals to be used as driving
signals to the remainder of the model. In this study, the action
of the switch will be parameterized by the variable Pl, which
represents the probability that the switch will be in position 1
(error-rate control) at any instant of time. A central time
delay of r0 seconds is included to account for the effects of
latencies in the visual (aural or tactile) process sensing ed ( t ) ,
motor nerve conduction times, etc. The resulting signal uc (t)
provides a command to a closed-loop system consisting of
"pulsing logic" YP], a model of the open-loop
neuromuscular dynamics of the particular limb driving the
manipulator Yp , and elements Yf and Ym which emulate, at
least approximately, the combined effects of the muscle
spindles and the dynamics associated with higher-level signal
processing. A colored noise n u ( t ) is injected at the pilot's
output as remnant.

Let us look at each of the model elements now in a bit more
detail. The assumption that error rate is a derived rather than
a sensed quantity is conservative in nature. In terms of visual
stimuli, arguments still abound as to whether motion in the
visual field of the human is perceived "directly" as a primary
psychological attribute of the visual system, or whether it is
inferred or is a calculated or secondary attribute based on
memory for position.12 In terms of the model, the question of
direct vs derived rate inputs will influence the magnitude of
the time delay r7, i.e., for direct rate perception TJ will be
negligible, whereas for derived rate inputs, a significant TJ
may be indicated. Since, here, the stimulus ed(t) can be
visual, aural, or tactile, it was assumed that e d ( t ) was a
derived quantity. A simple model for such rate derivation was
offered by McRuer et al.13 in the form of a "differential-
displacement" model. As a conservative estimate of the
sampling delaV occurring in such a model, let us use TJ = 0.2 s.
The time delay TO can be broken down into constituent
components, at least in approximate fashion. For visual
stimuli, which will constitute the modality for the data to be
utilized later, we have the following average values13:

Latency of the visual process, s 0.075
Motor nerve conduction time, s 0.030
Central processing time, s 0.030

0.135

The value TO = 0. 14 s was used here.
A discussion of appropriate pulsing logic was carried out

previously by Hess11 and will not be dealt with here. This
logic is used to generate the pulsive control behavior evident
when the pilot is faced with higher order -controlled element
dynamics such as K/s2 or K/s3 . In this study, YP = 1 .0. The
form of the open-loop neuromuscular dynamics Y P is based
upon electromyogram measurements reported in Re? . 14. The
following values of un and fw were selected based upon that
work:

= 10rad/s and = 0.707

The feedback loop in Fig. 1 involving Yf alone is intended
to represent, in approximate fashion, the feedback activity of
the muscle spindles in the limb driving the manipulator or
control stick. For the purposes of this study, Kj = 1.0. The
washout characteristics of the element Yf are important to the
overall model dynamic characteristics, as will be seen. The
physiological source of such a washout, if it indeed exists, is
unknown. Its existence is part of the basic structural
hypothesis of the model. From a functional standpoint, the
muscle spindle is a length transducer transforming increases
in extrafusal muscle fiber length from some set or operating
point into electrical impulses. Anatomically, the spindles are
in parallel with the extrafusal fibers. One possibility is that the
washout characteristics are a consequence of the intrafusal
fibers of the spindle tracking the low-frequency changes in the
length of extrafusal fibers in the agonist-antagonist muscle
pairs in the limb driving the manipulator. A necessary con-
dition for such coactivation of muscle fibers would be con-
comitant coactivation of the motor fibers which innervate the
extra- and intrafusal fibers, respectively. Such a coactivation
has been documented by physiologists and given the name
"alpha-gamma linkage."15

The form of the element Ym is assumed to depend on the
order of a simplified model of the controlled-element
dynamics valid in the frequency range where Yp • Yc = 1 .0,
i.e., open-loop crossover. For all but two of the controlled
elements to be studied here, no simplification is necessary. In
general, Yc(s)±Ks*9 & = 0, ±1, ±2, ..., etc., where Yc is an
approximation to Yc valid in the region of open-loop
crossover.10'11 Note that manipulator dynamic characteristics
can be lumped into Yc. Evidence supporting the hypothesis of
a proprioceptive-related internal model has recently been
offered by Kessel and Wickens.16 The use of the factor
(s + 1 / T2 ) k in Ym ( T 2 ± T j ) rather than simply sk was found
to be necessary to achieve acceptable describing function
matches with experimental data. The inclusion of this term is
tantamount to saying that no low-frequency processing of
spindle output takes place in the higher levels of the nervous
system, only spindle output itself is utilized, attenuated, or
magnified by an appropriate gain K2. For the sake of sim-
plicity, T2 = TJ in all that follows. Note that in the region of
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open-loop crossover, the signal um(t) is an estimate of the
rate of change of the controlled-element output due to control
activity ud ( t ) , excluding the contributions due to disturbance
d ( t ) and remnant nu(t). Thus, this loop is a form of rate
feedback in the model.

The physical interpretation of remnant depends on the
particular pilot model with which it is associated. The servo
model had its origins in nonlinear describing function theory,
and remnant for that model tends to be thought of, indeed
defined, as that portion of the pilot's output not linearly
correlated with the disturbance. The tacit interpretation here
is that remnant, arises from nonlinearities and/or time
variations in the human pilot. In the optimal control model,
whicl) obviously had its origins in linear optimal estimation
and control theory, remnant tends to be viewed in terms of
"observation noise." Here the interpretation is that all ob-
servations which the pilot makes are corrupted by white noise.
This is not to say that there is no underlying equivalence in
these views,17 but rather that the physical interpretation of
remnant is often determined by the genesis of the pilot model
itself. This is as it should be. In the model of Fig. 1, the pilot's
internal representation of the controlled-element dynamics is
hypothesized to form a pivotal part of the equalization
capability of the pilot. Thus, inaccuracies, such as time
variations, in this internal model representation can be
logically considered a primary source of remnant. Fur-
thermore, this remnant should be amenable to representation
as a "process noise" in that it is intended to account, in
stochastic fashion, for the effects of imprecise internal model
parameterization,18 whatever the source of this imprecision.
Thus, in Fig. 1, the remnant nu (t) is shown injected into the
pilot's output and, as such, acts as a true process noise in
terms of the vehicle to be controlled.

With this discussion in mind, two hypotheses will be made
regarding the nature of this injected noise. The first
hypothesis asserts that the variance of n u ( t ) scales with the
variance of the system error normalized by the
manipulator/controlled element static gain. This means the
variance of the noise scales with a2

€d IK2 I Ydg (ju) 1 2 , where
a* is the variance of the displayed error, Ydg (yco) is the
display dynamics (typically a gain), and* K is the
manipulator/controlled element static gain. The second
hypothesis asserts that the process noise power is attenuated
at frequencies beyond the bandwidth of the human pilot. This
limitation can most easily be accommodated in the model by
considering nu(t) to be a colored noise with a bandwidth
determined by the position of the closed-loop neuromuscular
mode roots of the describing function portion of the pilot
model.

The idea that the variance of nu(t) should scale with
normalized system error means that nu(t) is not
multiplicative noise in that it does not scale with the variance
of the signalto which it is added. The first hypothesis is based
on the reasonable supposition that gain-normalized system-
error variance is a sensitive indicator of errors in the pilot's
internal representation of the controlled-element dynamics.
The assertion that the control-injected remnant variance
scales linearly with this error variance is an assumption to be
verified on the basis of experiment. The second hypothesis
seems almost self-evident; there can be no significant effects
attributable to internal model errors at frequencies well
beyond the bandwidth of the structure which contains the
internal model, i. e., the pilot.

The model for the power spectral density of the injected
remnant nu (t) can now be given as

K'\Yd.U»)\2

where p is a scale factor to be empirically determined and
\/T3 represents the undamped natural frequency of the
closed-loop neuromuscular mode roots of the describing

function portion of the pilot model. On the basis of remnant
data for pure gain controlled-element dynamics, a value of
/o = 0.38 was selected via the data fitting procedure to be
described. This value was then used in the remnant model for
all of the controlled-element dynamics studied herein.

By referring to Fig. 1, one can see that, with the switch in
position 1, the time delay for error rate tracking is
T0 + T7=0.34 s. The magnitude,of this delay will obviously
result in a compromise between responsiveness and stability
for the rate tracking loop. Since error rather than error rate
tracking will predominate in the model, it was felt that the
responsiveness of the error rate loop should take precedence
over relative stability characteristics. Therefore, in the data
fitting to be described, the gain K^ will be made as large as
possible under the single constraint of guaranteeing only
absolute stability in the rate tracking loop.

Data Fitting
As employed here, the model of Fig. 1 will be a data

summary rather than a predictive model of the human pilot.
We will not attempt to make predictions about the behavior of
the pilot/vehicle system under situations which have not been
previously tested. Here data are intended to mean the
frequency domain measures of describing function and
remnant power spectral density. In the available experimental
data to be utilized in the fitting or matching procedure, the
pilot model remnant was assumed to be injected at the pilot's
input rather than his output. Therefore, in order to compare
the experimental and model remnant spectra, we will use the
output-injected remnant model just discussed to obtain
equivalent input-injected (error) spectra. Let us now turn our
attention to such a data matching procedure.

The following parameters will be at our disposal in varying
the frequency domain characteristics of the structure of Fig.
1: the gains Ke, K^ and K2; the time constant T7; and the
error rate control probability P7. The remaining variables: k,
K]f T2f T3, £„, co,,, TO, T;, ar^d p will either be obvious from
the task (i.e., k is determined once Yc is specified) or be
functions of the former five variables, e.g., T2 = Tlt
T3=f(Sn>un>K2>Ti)> or simply be held fixed at empirically

, determined values. The decision of which variables to vary
and which to hold fixed is not entirely arbitrary. The variables
To> Ti> ?/i> &n, K19 and, to some extent, p are intended to be
strongly isomorphic with the physiology of the human pilot,
at least at the level of detail possible in the structure of Fig. 1.
While it is not difficult to imagine rather small intertask
variations in these parameters, large variations are somewhat
less palatable, at least to this author. Said another way, one
should not be forced to consistently hypothesize 25-50%
variations in basic (as opposed to "effective") time delays or
open-loop neuromuscular parameters in order to interpret
pilot-response phenomena. On the other hand, the variables
Ke, Kg, K2y P]9 and, to some extent, Tj represent the central
processing part of the structure of Fig. 1. Large variations in
these parameters from task to task are certainly not
unreasonable.

Were it not for the existence of the switch in Fig. 1,
calculating model describing functions and remnant spectra
would be a simple exercise in block diagram algebra.'The
switch and its operation form an important part of the model,
however, and represent a significant departure from the
model of Refs. 10 and 11. Given the model with some fixed set
of parameters, the question to be answered is: What
describing function Yp (yco) and error-injected remnant power
spectral density $nn (03) would be obtained by making
spectral measurement^ of u d ( t ) and e d ( t ) over some fixed
run length with the switch randomly moving between
positions 0 and 1 and with the probability of being at position
1 of P;? To answer this question, one could, of course,
simulate the model and actually make the measurements using
typical spectral techniques such as the fast Fourier transform.
However, this would be computationally quite expensive,
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particularly since many such runs would be required to select
the proper model parameters to fit the data. Consider, in-
stead, the following approximate development. Let ud (t) and
ed(t) represent the time histories of model input and output
in a single run with the switch operating as just described.
Concentrating on u d ( t ) , let FMg CMP/) represent a spectral
measure (Fourier coefficient or power spectral density) of
u d ( t ) . Expanding FMg (MP;) in a Taylor series about the
point P, =0,

2 82F (j
27 —

remnant nu (t) injected at the model output, we can write

dP,

;2 +higher order terms

Now, since P; < 1 (for the cases to be studied here, Pl <0.25),
we can write

Further, let us approximate

dPj Pj=0

Therefore, we can state

(1-0)

For efficiency, let us denote the right-hand side of the above
equation as [FM5 (/<*>)] ' , dropping the P7 notation for
convenience. Thus, we have

A similar relation can, of course, be obtained for F6d (yco) .
Reference 19 offers a simple but quantitative example of

the quality of this approximation procedure and also indicates
that, in terms of frequency domain measures, the switching
operation can be successfully parameterized by the single
quantity P7. Measured Fourier coefficients appear to be
relatively insensitive to the minimum duration of switch
closure for a range of values (0.5-5.0 s) deemed appropriate
for the tracking tasks to be utilized here.

Now with a sum of sinusoids disturbance, the model
describing function Yp (juk ) , which would be measured in the
single run with the switch operating randomly, can be ap-
proximated as

(1)
With remnant ned (t) injected at the displayed error ed ( t ) , we
have, for the power spectral density of the model output at
frequencies co,,

tt/«7> I2

(2)

where the coy occur between disturbance frequencies co^ and
CUd(jWj) and Cerf (/«,-) are obtained by averaging their
values at the disturbance frequencies to either side of coy. With

u+- •Ye(j<*j)\
(3)

Again, the measured power spectral density of the model
output u d ( t ) with the switch in operation can be ap-
proximated as

[*,«,.<<*,)]' (4)

Thus,

\Yp.(juj)\>
(5)

Equations (1) and (5) will allow us to approximate the model
describing functions and error-injected remnant power
spectral densities which would be "measured" in a single run
with the switch in operation by spectral measures obtained
with the switch either in the 0 or 1 position for the entire run.

Finally, in order to avoid the necessity of actually making
simulation runs to obtain the spectral measures, the complex
number on the right-hand side of Eq. (1) will be expressed in
magnitude and phase form as

[Ce.

'ed

(6)

(7)

where CU6(jo)k)/Ce (jwk) is now merely the algebraically
obtained expression tor the model transfer function with the
switch in either the 0 or 1 position. Equations (6) and (7) thus
allow simple algebraic averages in the frequency domain to
replace Fourier transformations in the time domain. The
accuracy of the relations on the right-hand side of Eqs. (6)
and (7) was appraised by creating two sets of complex
numbers A and B, whose real and imaginary parts were
randomly selected from a population with a Gaussian
distribution possessing a mean of 0.5 and a standard deviation
of unity. Each set contained 5000 complex numbers. The
primed operations on the middle and right-hand sides'of Eqs.
(6) and (7) were generalized by considering the expected values
of A and B (denoted by E[A], E [ B ] , respectively). Values
for \E[A]/E[B] I and ^ E [ A ] / E [ B ] corresponding to an
arbitrarily large sample size would be 1.0 and 0 deg,
respectively. The actual values generated for a sample size of
5000 were

\E[A]/E[B]\=1.W9 l o g - 7 [ E [ \ o g \ A / B \ ] } = 1.01

= -! deg E[ +A/B] = 1.75deg
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Table 1 Pilot model parameter values used to generate describing functions and
remnant power spectral densities in Figs. 2-7

Model parameters
Controlled-element

dynamics

K
K/s
K/s2

K/s(s-\)
K/s(s2 + 1.4145+1)
K/s 'peripheral

k

0
1
2
2
3
1

K*

11.1
22.2
26.2
89.6

116.0
12.6

*e

2.13
3.42

10.50
28.6
13.0
2.52

*2

2.0
2.0

10.0
30.0
35.0
0.75

PI

0.05
0.05
0.20
0.20
0.20
0.25

T'i KL

5.0
5.0
2.5
1.0
0.85
5.0

.0

.0

.0

.0

.0

.0

TO
0.14
0.14
0.14
0.14
0.14
0.14

7,

0.2
0.2
0.2
0.2
0.2
0.2

r«
0.707
0.707
0.707
0.707
0.707
0.707

«!.

10.0
io.o
10.0
10.0
10.0
10.0

p
0.38
0.38
0.38
0.38
0.38
0.38

The expressions on the right-hand sides of Eqs. (6) and (7) are
seen to provide very satisfactory approximations for our
purposes.

The validity of the approximate analysis just described
obviously depends upon the validity of Eqs. (1) and (4) and
the relations which preceded them. While these relations are
intuitively appealing, at least to the author, they have not
been rigorously established. The problem, of course, stems
from the fact that the model proposed here is fundamentally
nonstationary in nature due to the presence of the switch. On
the other hand, the archival data dealing with human pilot
dynamics, have been obtained using spectral measurement
techniques which tacitly assume that the human is fun-
damentally stationary in his tracking behavior. Thus, one is
presented with something of a dilemma in attempting to select
parameters in a model like that of Fig. 1 to match archival
data. It is sufficient to say that the analysis just described
offers an approximate means of doing this. As will be seen,
the nonstationary aspects of the model are mitigated by the
fact that error rather than error rate control dominates, i.e.,
the parameter selection procedure to be described indicates
P7 < 0.25 for all the tasks studied.

After the remnant scale factor p = 0.38 had been obtained
on the basis of remnant data for pure gain dynamics, data fits
for the remaining controlled-element dynamics and nonideal
viewing condition were obtained in a straightforward manner
and are discussed in Ref. 19. In these matches, the quality of
the fit was determined by eye, i.e., no formal numerical
criterion was employed.

Figures 2-7 show the model-generated and experimental
describing functions and remnant spectral densities for
controlled elements with dynamics of YC=K, K/s, KIs2,

MODEL
• EXPERIMENT

-50
J -100
>?• -150
^ -200

i in i

K/s(s-l)9 K/s(s2 +1.4145+1), and K/s with 22 deg
peripheral viewing. Data for the first three dynamics were
taken from Ref. 2, the fourth and sixth dynamics from Ref.
20, and the fifth dynamics from Ref. 21. In all cases, the
pilot's display was a CRT screen, and system error was
presented by the displacement of a moving line from a fixed
reference position. Control stick dynamics were negligible. In
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•
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• • ••
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Fig. 3 Describing function and remnant comparison, K/s controlled-
element dynamics.
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3 -20
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£ -40 i n
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Fig. 2 Describing function and remnant comparison, K controlled-
element dynamics.

CO
• 10

,> °
<-10
3 -20

-40 J_ I I I I J
.1 .2 .4 .6 .81 2 4 6 810 20

GO, rad/sec
Fig. 4 Describing function and remnant comparison K/s2 con-
trolled-element dynamics.
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Fig. 5 Describing function and remnant comparison, K/s(s-l)
controlled-element dynamics.
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Fig. 7 Describing function and remnant comparison, K/s controlled-
element dynamics, 22 deg peripheral viewing.

60
jg 50
IB 40
^30
- 20

10

MODEL
EXPERIMENT

i n i i I i n

S> 100
3 50
.3 0
>?• -50
^-100

ca 10
"̂  0

cxnJ3 .10

> -20

/-40
* -50

I I I i I I

I I I J
.1 .2 4 6 810 20.4 .6 .8 1 2

co, rad/sec
Fig. 6 Describing function and remnant comparison, K/s(s2

+1.4145 +1) controlled-element dynamics.

those cases where the data assumed remnant injected into
error rate, and equivalent error-injected spectrum was
calculated. Note that for remnant representation, the decibel
is defined as 10 Iog 1 0 ( - ) - Table ^summarizes the model
parameters used to obtain the figures using the approximation
scheme just outlined. The dynamics of the first four con-
trolled elements are identical to those used in Ref. 10, where
an earlier form of the pilot model was used to match the data.
In each case, the fits obtained here are superior to those of
Ref. 10, and fewer model parameters need to be varied in
order to obtain these fits (eight parameters in Ref. 10 as
opposed to five here).

Discussion
Adapting to Vehicle Dynamics

The model and experimental describing function exhibits
the first-order lag characteristics one would expect when pure
gain dynamics are being controlled. Of particular interest is

the model's ability to match the low-frequency phase lag
apparent in the data. The earlier form of the model discussed
in Ref. 10 did not provide a satisfactory match to this low-
frequency phase data. The model and experimental injected
remnant spectra are quite flat in the frequency range of in-
terest. As mentioned previously, this experimental remnant
was used to obtain the p value shown in Table 1 .

Here the model and experimental describing functions
exhibit the pure gain characteristics associated with rate
dynamics. Again, note the model's ability to match the low-
frequency phase lag (or phase "droop") in the data. The
remnant match is particularly interesting in that the model is
indicating a low-frequency rise in remnant power. In fact,
rather than resembling the first-order process suggested by
Levison et al.,17 the remnant looks more like that offered by
Pew22:

0.04-

The ability of measured remnant spectra to exhibit shapes not
amenable to description by a first-order process has been
noted by other researchers in addition to Pew, e.g., Jex et
al.23 To the author's knowledge, however, this is the first time
a model -generated remnant has exhibited these charac-
teristics.

Yc =K/s2 (Fig. 4)
Here, a first-order lead is evident in the describing function

data. Calculation of the model transfer function with the
switch in the zero position demonstrated that the lead is at-
tributable to the closed-loop characteristics of the inner
feedback loops in the model, not to the error rate utilization.
The model-generated remnant spectrum now appears more
like a first-order process. Here, for the first time, significant
switching activity is involved in the model, i.e., Pt =0.2 as
indicated in Table 1 .

yc=A7sCs-7)(Fig.5)
The unstable dynamics again precipitate apparent lead

equalization in the model. Again, however, this is due to inner
loop activity, not error rate utilization. In Ref. 10, the model
structure had to be altered to allow for actual, continuous
error-lead equalization to match this data.
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Yc =K/s(s2 + L414S+1) (Pig. 6)
These dynamics are interesting in that they resemble a K/s3

plant in and beyond the region of crossover. Second-order
apparent lead equalization is evident in model and data. The
model exhibits more phase droop than the data, but, in
general, the describing function fit is quite acceptable, par-
ticularly since Ref. 21 indicates that a substantial fraction of
the pilot's output power was remnant related. It should be
noted that the effective K/s3 dynamics will probably induce
pulsive or even impulsive control activity on the part of the
pilot. Although no mention of such activity was made in Ref.
21, Jex and Alien24 found that extremely pulsive control
action accompanied "double-lead" equalization in a series of
compensatory tracking tasks which they were studying. As
mentioned previously, pulsive activity can be included in this
model and is discussed in detail in Ref. 11. In terms of its
effect on model-describing function and remnant, the pulsive
activity associated with this task will quite likely lower the
apparent damping ratio of the closed-loop neuromuscular
mode roots. This would, in turn, improve the high-frequency
remnant and describing function matches of Fig. 6.

Comments
As Table 1 indicates, the generation of the remnant power

spectral densities and the various lags, leads, low-frequency
phase droops, and changes in high-frequency phase lags
evident in the overall model-describing function u8/ed were
obtained without changing the fundamental structure of the
model or the values of the. basic time delays (TO, TJ) , open-
loop neuromuscular system parameters ( {"„,«„, and Kl ) , and
model output-injected remnant scale factor p. The pilot's
adaptation to different controlled-element dynamics was
accounted for by changes in the "internal model" of these
dynamics, as reflected in changes in k, and in the parameters
Ke, Kj, K2, Plf and Tl9 primarily associated with in-
formation processing in that portion of the model
representing higher levels of the central nervous system.

Adapting to Displays of Varying Quality
The experimental describing function and remnant of Fig. 7

correspond to experimental conditions identical to those
which yielded the data of Fig. 3 except that the display was
located 22 deg off the pilot's foveal axis at all times. Com-
paring the describing functions (both model and ex-
perimental) for the peripheral as opposed to the foveal
viewing, one finds an increase in high-frequency phase lags
(or "effective" time delay), a decrease in low-frequency phase
lags, a decrease in crossover frequency, and a concomitant
increase in phase margin. Comparing the remnant (both
model and experimental) for the two tasks reveals a
significant increase in low-frequency remnant power for the
peripheral viewing case. Comparing the entries in the second
and last rows of Table 1 indicates that these changes in the
model-generated describing function and remnant in going
from foveal to peripheral are. attributable primarily to
reductions in the gains Ke and K2 and an increase in the
probability of the switch being in position 1, Plt An analysis
of each of these factors shows that the increased error rate
tracking P7 is responsible for both the increase in low-
frequency remnant power and decrease in low-frequency
phase lag. The decrease in K2 accounts for 70% of the in-
crease in high-frequency phase lag, the rest being attributable
to the increase in Py. Finally, the decrease in crossover
frequency and increase in phase margin is due to the decrease

Fitting experimental data for this peripheral viewing ex-
periment would be of little more than academic interest were
it not for the fact that the changes in describing function and
remnant just described have been shown to accompany other
experimental studies involving degradation in display quality
such as displays with "nonideal" quantized formats, etc.23

Tactile displays can often be placed in this category. Recently,

Schmid and Bekey25 conducted tracking experiments in-
volving an electrotactile display. One of their primary find-
ings was that the particular electrotactile display which they
utilized induced considerably larger high-frequency phase lags
(or effective time delays) in the describing functions of the test
subjects, as compared to those normally found in visual
tracking with ideal display formats. Thus, the model
parameter variations involved in matching data for the pair of
tracking tasks involving foveal and peripheral viewing
conditions may be useful in describing the manner in which
the human adapts to any display degradation.

Conclusions
A model of the human pilot has been offered, which is an

outgrowth of work reported in Refs. 9-11. Two features of the
model distinguish it from other representations of the human
pilot. First, proprioceptive information from the control stick
or manipulator constitutes one of the major feedback paths in
the model, providing feedback of vehicle output rate due to
control activity. Implicit in this feedback loop is a model of
the vehicle dynamics valid in and beyond the region of
crossover. Second, error rate information is continuously
derived and independently but intermittently controlled. An
output-injected remnant model was offered and qualitatively
justified on the basis of providing a measure of the effect of
inaccuracies, such as time variations in the pilot's internal
model of the controlled-element dynamics. By varying the
values of only five parameters, the data from experimental
tracking tasks involving five different controlled-element
dynamics and one nonideal viewing condition were matched
with model-generated describing functions and remnant
power spectral densities. These model-generated results were
obtained using a computational scheme which approximated
the describing functions and remnant power spectral densities
that would have been obtained if the model had been
physically implemented and classical spectral techniques
employed in measurement. The controlled-element dynamics
varied in terms of control difficulty from the nondemanding
K and K/s dynamics to the K/s (s-\) and
K/s (s2 +1.414? + 1) dynamics which approached the limits of
manual control. It was indicated that the model charac-
teristics, which resulted from matching the data for the
peripheral viewing experiments, were qualitatively similar to
measured pilot characteristics for a variety of tasks in which
display quality was degraded.

In terms of utility, the model shows more potential in the
area of data interpretation rather than in prediction. One such
interpretative effort has been completed using an earlier form
of the model10 to provide a rationale for human operator
pulsive control behavior.11 Work is currently underway in
extending the model to explain pursuit as well as com-
pensatory tracking behavior.
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