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A Rationale for Human Operator Pulsive Control Behavior

Ronald A. Hess*
NASA Ames Research Center, Moffett Field, Calif.

When performing tracking tasks which involve demanding controlled elements such as those with K/s?
dynamics, the human operator often develops discrete or pulsvie control outputs. Although such pulsive control
behavior has been linked to the necessity for low-frequency lead equalization on the part of the human operator,
no satisfactory model-based explanation of pulsive behavior has been offered to date. A dual-loop model of the
human operator is discussed, the dominant adaptive feature of which is the explicit appearance of an internal
model of the manipulator-controlled element dynamics in an inner feedback loop. Using this model, a rationale
for pulsive control behavior is offered which is based upon the assumption that the human attempts to reduce
the computational burden associated with time integration of sensory inputs. It is shown that such time in-
tegration is a natural consequence of having an internal representation of the K/s?-controlled element dynamics
in the dual-loop model. A digital simulation is discussed in which a modified form of the dual-loop model is
shown to be capable of producing pulsive control behavior qualitively comparable to that obtained in ex-

periment.
Nomenclature

d =disturbance

e =—(m+d), error

e, =Y e, displayed error

J =imaginary unit

k =integer exponent appearing in Y,

K =controlled element gain

K, = gain appearing in Y

K, =gain appearmg in Y

K =gain appearing in crossover approximationto Y; Y,

m = controlled element output due to control act1v1ty

m =human operator’s estimate of #1, s

n, =injected error remnant

K = Laplace variable

T, ~=lead time constant appearing in Ype , S

T, =washout time constant appearing in Ypm , S

u, =u,—u,

ul = output of Y,

u, =output of Y Do

u,, =outputof Y,

u; = force output ‘Of neuromuscular system

Y, =manipulator dynamics

)g?’c =human operator’s model of manipulator-controlled
element dynamics

Y, =controlled element dynamics

Y, =display dynamics

Y, =human operator single-loop describing function

Ype =outer-loop equalization dynamics in dual-loop
human operator model

Ypm =inner-loop equalization dynamics in dual-loop
human operator model

Yp” =human operator neuromuscular dynamics

Ypu =nonlinear element in dual-loop human operator
model

o =manipulator output

$n =neuromuscular system damping ratio

o, = parameters which determine characteristics of Y

o2 =relative correlated output

o, =root-mean-square value of variable x

T =time delay, s

. = power spectral density of variable x
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=) =frequency, rad/s
=neuromuscular system
frequency, rad/s

undamped natural

Introduction

HEN performing a single-axis compensatory tracking

task such as that represented in Fig. 1, human operator
manipulator output characteristics are a strong function of
the form of the controlled element. When relatively non-
demanding controlled elements are involved, such as those
with K or K/s dynamics, manipulator output is essentially
smooth and uniform. Disturbances with Gaussian amplitude
distributions give rise to manipulator outputs which are also
Gaussian. However, when demanding controlled elements
such as those with K/s? dynamics are involved, the human
operator often develops a more discrete or pulsive
manipulator output. Gaussian disturbances often yield
manipulator outputs which exhibit bimodal amplitude
distributions such as shown in Fig. 2.

In terms of single-loop, linear, frequency domain models of
the human operator, pulsive control behavior has been
associated with the need for low-frequency lead equalization
on the part of the human.! Beyond this, however, the linear
single-loop models now in common use cannot, of them-
selves, produce pulsive manipulator outputs. Although
nonlinear models have been developed which exhibit pulsive
behavior, ! all the models share the common problem of
being somewhat disjoint from the quasilinear representations
of the human operator which satisfactorily explain human
control activity with less demanding controlled elements. The
nonlinearities in these models possess somewhat tenuous
raisons d’etre, and as such, do not lead to satisfactory model-
based rationales for pulsive control behavior. :

Using a model structure introduced by Smith, ¢ Hess has
recently developed a ‘‘dual-loop’” model of the human
controller.” In the research to be described, it will be shown
that this model can offer a rationale for pulsive control
behavior which has its basis in the structure of the model itself
and in the assumption that the human attempts to reduce the
computational burden associated with time integration of
sensory inputs.

Dual-Loop Model
A block diagram of the dual-loop model, whose name

. derives from the existence of an inner feedback loop, is shown

in Fig. 3. In.Ref. 7 this model was shown capable of
producing human operator describing functions closely
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Fig.3 Quasilinear dual-loop model of the human operator.

approximating those measured in a series of compensatory

_ tracking tasks which varied considerably in terms of ease of
control. The sensory inputs to the human in the model of Fig.
3 are displayed error e, and control force u;. The sensory
modality for displayed error can be visual, aural, or tactile.
The control force is assumed to be sensed kinesthetically.

The function of the inner loop in the model of Fig. 3 is to
feed back equalized output rate u,, to the neuromuscular
system an. The remaining portion of the neuromuscular
command signal is equalized error, u,. Table 1 shows the
form of each of the elements of the model. Details can be
found in Ref. 7.

Implicit in the dual-loop formulation is the assumption that
the structure as outlined in Table 1 is complete; i.e., no ad-
ditions must be made or restructuring undertaken to account
for the effects of various controlled elements, displays,
manipulators, and so on. The adaptive potential of the model
is contained in the parameters of the inner- and outer-loop
equalization and in the internal manipulator-controlled
element model YY,. Indeed, the dominant adaptive feature of
the model is the explicit appearance of XY, in the equivalent
single-loop form of the model (Y, ) in Table 1.

In Ref. 7, five hypotheses regarding the general adaptive
characteristics of the parameterized dual-loop model were
offered. The last of these hypotheses is pertinent to this
discussion and is repeated here for convenience.

Hypothesis 5. The transfer function r;z/ua which describes

part of the equalization activity in the inner loop of the

dual-loop model is of the form: m/u;=sYY ,=sKs"

(n=0, £1, £2,..., etc). The frequency characteristics of

Y;Y, in the region beyond the open-loop crossover

frequency can be used to determine K, and 7.

Table 2 shows the model parameters selected in Ref. 7 to
give acceptable comparisons between the experimental and
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Table 1 Dual-loop model parameters

Expression Description

Y,

e =Ko (Tys+ e

Displayed error equalization

Ky (T /1T 1514

= Control rate equalization,
om (Tas+D)* k=12, .. .
A
Y; Y, Human controller’s internal model
of manipulator-controlled element
dynamics
1

Neuromuscular dynamics

Y =
Pn o (s/wp)? + (28, /wy)s+]1

n, Remnant injected into displayed
error
Y, Y
Us Pe ° P,
Y,= £ Equivalent single-loop human

= A
€a 1+ Yp,, Y Y, Yp,;, S controller describing function

model-generated describing functions for the controlled
elements indicated. The reader is referred to Ref. 7 for the
sources of the experimental data. Note that the last two rows
of the table indicate that simplified internal models for the
manipulator-controlled element dynamics have been used in
matching the experimental data, as per Hypothesis 5.

The fifth hypothesis is central to the discussion of pulsive
control behavior which is to follow. In terms of the dual-loop
model, the hypothesis implies that the human operator can
generate the inner-loop feedback signal m(¢) by dif-
ferentiating, multiplying by a constant, or integrating the
force applied to the manipulator, u;(f). In this light, the
internal mqdel of the manipulator-controlled element
dynamics ¥ Y, merely determines which of these time domain
operations is appropriate for the task at hand.

As a concrete example, consider internal models of the
form, Y,=K, K/s and K/s2, which encompgss all of the
controlled element dynamics in Table 2. With Y, =K (row 1,
Table 2)

r;1=s}§')\’cu5 = Ksu;
or, in the time domain,
m(t) =Kdu, () /dt )
With ¥, ¥,=K/s (row 2, Table 2)
rﬁ:slg‘f’cu,S =Ku,
or
m(t) =Kuy (1) ' @)

With ¥, ¥,=K/s2(rows 3-5, Table 2)

n'?:s)(i’vtqS
or
N t
rh(t)=K§o ug (t)dt 3)

From what is known about the general structure of the
human neuromuscular system, it is quite probable that only
the last of the time domain operations of Eqs. (1-3) need
involve actual ‘‘computational activity’’ in the higher levels of
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Table2 Summary of dual-loop modeling results from Ref. 7

A
Y, Y, ¥Y. K, T,,s K. s T, s 7,8 $n w,,rad/s k&
1.0 1.0 2.5 0 0.5 1.0 0.1 0.1 20 1
1/s /s 18.0 0 6.0 2.0 0.13 0.3 15 1
1/s2 1/s? 26.5 0 32.3 3.33 0.16 0.7 15 1
2.82/s(s—1) 2.82/s2 5.5 0.33 10.0 5.0 0.15 0.1 15 3
145/A2 10/s? 1.4 0 1.0 1.25 0.19 0.7 15 1

ap=s% +12.3s2

+11.6s.
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Fig. 4 Block diagrams of three experimental tracking tasks.

the nervous system. The muscular activity associated with
tracking tasks such as those to be discussed here can be
characterized by changes in the length and tension of the
agonist/antogonist muscle pairs which drive the manipulator.
These changes occur about some average operating point.
Changes in length arise from manipulator movement and
tendon/interface compliance, both of which are a con-
sequence of the generation of tension (control force). Changes
in tension and rates of change in tension can be sensed by the
Golgi tendon organs, while changes in length and rates of

change in length can be sensed by the muscle spindles.®? .

Furthermore, the results of this sensory activity can be
transmitted to higher levels of the nervous system where other
sensory inputs converge (e.g., a visual input providing.e, (¢)).
This means, for example, that the operation of differentiation
implied by Eq. (1) may well be obviated. The same cannot be
said for the integration operation, however. Since there exist
no proprioceptors in the human neuromuscular system whose
output is proportional to the integral of muscle tension, the
integration in Eq. (3) must be accomplished in higher levels of
the nervous system; i.e., in terms of a dual-loop model, the
operation of Eq. (3) must be taken in a literal sense, con-
stituting a considerable computational burden.

The requirement for precise integration of u; (¢) is eased
somewhat by the fact that integration errors of relatively low
frequency (i.e., ‘‘drift’’) are not of great significance in the
dual-loop model. This is attributable to the low-frequency
washout characteristics of Y, (see Table 1) and to the
presence of the outer error-feedback loop in the model, both
of which mitigate the effect of low-frequency integration
errors on 'tracking performance. However, the matter is
complicated by the fact that the controlled element dynamics
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Fig.5 Error and control force from dual-loop model, Y; Y =K.
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which (according to the dual-loop model) require integration
of the control force are also those which demand the largest
inner-loop activity, as quantified by K, /K, (see Table 2).
Thus, on the one hand, considerable inner-loop activity in the
form of time integration is necessary to maintain acceptable
performance or even stability with controlled elements such as
those shown in the last three rows of Table 2, while on the
other hand, such time integration can be a considerable
computational burden to the human. It is the thesis of this
research that pulsive control behavior represents an attempt
by the human operator to generate control forces which are
more easily time integrable than those which would exist in
the absence of pulsing. ‘‘Ease of integrability’’ can be
generally interpreted in a physiological sense as applying to
those waveforms whose integration requires a minimum of
higher-level activity in the central nervous system. It should be
pointed out that the concept of explaining pulsive control
behavior as a means of easing the computational burden of
control force integration was first suggested by Young and
Meiry over a decade ago.? Their explanation, however, did
not include a human operator model whose structure ex-
plicitly cited the need for control force integration.

Digital Simulation

To aid in the discussion of pulsive control behavior, a
digital simulation of the three compensatory tracking tasks
shown in Fig. 4 was implemented. These tasks, taken from
Ref. 10, employ controlled element dynamics of K, K/s, and
K/s2, and are identical to those used to obtain the dual-loop
model parameters in the first three rows of Table 2. In the
simulation, the human operator was represented by the dual-
loop model with the appropriate parameter values of Table 2.
The random disturbances, d,(¢) (i=1,2,3), were represented
by sums of ten sinusoids whose amplitudes and frequencies
were chosen to match the frequency distribution of power in

the appropriate power spectral densities shown in Fig. 4 and

used in Ref. 10. Although an empirical model for injected
error remnant was developed in Ref. 7, no remnant injection
was included in the simulation for the sake of simplicity.
Figures 5-7 show approximately 10 s of simulation time
histories for displayed error e,(¢) and applied manipulator
force (or more simply, control force) u;(r) for the three
controlled element dynamics shown in Fig. 4. )

For the pure gain controlled element, the control force time
history of Fig. § is relatively smooth, with little high-
frequency content. Sensing and utilizing control rate should
not be too demanding on the human operator, especially since
little inner-loop activity is required for the pure gain dynamics
as quantified by K ;, /K, =0.2.

For the K/s controlled element dynamics, the control force
time history of Fig. 6 has virtually the same frequency content
as the error signal. This is not surprising since the equivalent
single-loop form of the dual-loop model resembles a pure gain
with time delay in the region of open-loop crossover. The
required operation is simply multiplication by a constant
which should pose no difficulty for the human operator.

For the K/s? controlled element dynamics, the control
force time history of Fig. 7 is quite oscillatory in nature. The
required operation of integrating u;(f) in Fig. 7 is ac-
companied by a relatively large amount of inner-loop activity
as quantified by K, /K,=1.22. It has been suggested that
these requirements pose difficulties for the human operator
and lead to pulsive control behavior.

Human Operator Pulsive Behavior

No time histories of human operator control activity were
reported in Ref. 10. However, Fig. 8 shows a pair of
manipulator force time histories taken from Refs. | and 4
where K/s? controlled element dynamics were utilized.

An examination of Figs. 7 and 8 reveals two important
facts. First, as defined by the existence of discrete control
movements and obviously bimodal amplitude distributions,
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Fig. 8 Pulsive control behavior from experiments of Refs. 1 and 4.

the time histories of Fig. 8 are pulsive in nature while that of

- Fig. 7 is not. Second, the two pulsive time histories of Fig. 8
differ considerably in waveform and frequency. Fig. 8a shows
somewhat periodic control pulses, each of approximately 1.25
s average duration. Figure 8b consists of a train of impulsive-
type control forces, each with an average duration of ap-
proximately 0.45s.

As pointed out in Ref. 3, the manner in which pulsive time
histories such as those in Fig. 8 can ease the computational
burden of integration is inherent in the discrete nature of the
pulses themselves. For example, with pulsive control, Eq. (3)
can be written

4 (~AT, g

r?z(z):KS ué(l)dt-i—KS us (de+. ..
2

4

where AT, is the duration of the ith pulse of u, (¢). With A,
representing the average amplitude (with sign) of the ith pulse
of u; (t), Eq. (4) can be rewritten as

t—AT,

-a —AT,_-AaT,_

n—1

m(t) = Y, A,AT, )

i=1

The computational aspects of Eq. (5) are considerably simpler
than those implied by Eq. (3), especially as applied to the
nonpulsive control activity of Fig. 7.

Dual-Loop Model Pulsive Behavior

It is pertinent to determine whether a modification of the
dual-loop model will allow pulsive control force time histories
to be generated in a digital simulation similar to that just
discussed. As Fig. 7 indicates, pulsive behavior does not occur
naturally with the structure of Fig. 3 and the parameter values
of Table 2. This is because the inclusion of ¥, Y.=K/s? in the
frequency domain form of the model is equivalent to an
assumption of perfect integration capability in the time

. domain. The computational burden associated with such a

capability has just been postulated as the underlying cause of
pulsive control behavior in the human operator.

The rationale for pulsive behavior which has been offered
here would be seriously weakened if it were found that the
only way to produce more easily integrable control forces in
the model was to include model elements which implied
complex or unrealistic signal processing and control activity
on the part of the human. Consequently, in attempting to
induce pulsive control behavior in the dual-loop model, the
following criteria were borne in mind: first, the pulsive
control behavior should be qualitatively similar to that of Fig.
8 (i.e., it should match the available data); and second, there
should be as few new parameters as possible introduced into



MAY-JUNE 1979

a) a=100,5=033

NS VY

2+

uglt)
o

-3

3r b)a=100,=15

(LA
VUL

-2+

-
|

ua(ﬂ
o

-

-3 1 SECOND ——»]

Fig. 9 Pulsive control behavior from dual-loop model,
Y, Y, =K/s?.

the existing model structure. Also, the model modifications
should not imply unrealistic information processing and
control activity. Finally, the closed-loop model performance
should be relatively insensitive to variations in the parameters
of the new element or elements which are used to produce
pulsive behavior.

Fortunately, the addition of a single nonlinear element Y,
immediately before the neuromuscular dynamics of the duaf-
loop model of Fig. 3 allows the preceding criteria to be met,
albeit probably not uniquely. The characteristics of Y are
given by

u.=0 - for lu, | <«

(6)
u,=pu, for lu, | za
where u, and u/ are respectively the input and output of the
nonlinear element Yp" . The three criteria were met as follows.
First, as will be seen, by varying only the values of the
parameters « and § and by utilizing the remaining model
parameter values in the third row of Table 2, pulsive control
time histories which approximate those of Fig. 8 can be
obtained from the digital simulation of the dual-loop model.
Other nonlinear characteristics such as relay or toggle
nonlinearities!' were found to produce unrealistic control
amplitude distributions with nearly all control activity oc-
curring at the relay limits. Second, as Eqs. (6) indicate, the
nonlinearity Yp is parameterized by only two quantities, o
and 8, and doés not imply unrealistic human information
processmg and control activity. The action of Y, merely
causes u/(t) to remain constant until a suff1c1ently rapid
change in u, (¢) occurs. The magnitude of « will be such that
the implied necessity of discriminating the criterion value of
u.(t) would pose no difficulty for the human. Finally, the
posmon of Y, in the forward part of an inner feedback loop
possessmg a relatlvely large feedback gain (K,) tends to
minimize the effect of variations in « and 8 about their
nominal values.

Figure 9 shows the control force time histories from the
dual-loop model simulation using the indicated values of &
and 3. The rest of the dual-loop model parameters are
identical to those used in obtaining the time histories of Fig. 7.
As in the case of the linear model, no remnant injection was
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Fig. 10 Neuromuscular command for modified dual-loop model,
Y, Y, =K/s2.

Table3 Relative correlated output for modified
dual-loop model ¥; Y, =K/s?

a 8 f’i
0 1.0 1.0
100 0.33 0.95
100 1.5 0.77

included in the simulation. The particular « and 3 values of
Fig. 9 are the result of an informal iterative procedure in
which the waveform of Fig. 7 was transformed into two
waveforms each of which approximated one of the pulsive
control time histories shown in Fig. 8. The average pulse
duration of Fig. 9a is approximately 1.25 s, while that of Fig.
9b is approximately 0.5 s. No attempt was made at more exact
reproduction of the experimental waveforms of Fig. 8 since
the pertinent nominal dual-loop model parameters of Table 2
were selected on the basis of describing function
measurements from an experiment in Ref. 10 with similar
controlled. element dynamics but with manipulator and
disturbance characteristics which differed from those used in
the experiments of Refs. 1 and 4.

The magnitude of the parameter (o =100) belies its rather
subtle effect on the waveform of u/ (t) as indicated in Fig. 10.
Here, simulation time histories of u(t) are shown for «=0,
B8 =0.33 (effectively no nonlinearity) and for a =100, 3=0.33.
The large « value produces a discrete neuromuscular com-
mand time history with an overall waveform which is slightly
more oscillatory than that with « =0, but which still exhibits a
strong lineage with the linear system. A quantitive measure of
the closed-loop effect of the nonlinearity can be found in a
quantity called the ‘‘relative correlated output’’ (referred to as
02), defined as that portion of the power in the model output
u; (¢) which exists at the disturbance frequencies, divided by
the total power in u;(¢).! Table 3 shows the p2 values
resulting from the digital simulation of the linear and
nonlinear forms of the dual-loop mode. As can be seen, for
the case with a =100, 8=1.5, the effect increases somewhat,
but close to 80% of the power in u;(f) is still linearly
correlated with the disturbance. These results are not sur-
prising since, as mentioned previously, a relatively large
feedback gain (K,,) in a feedback system such as the inner
loop of the dual-loop model will always tend to linearize
dynamics in the forward loop.

Figures 11-13 show the amplitude distributions of the
control force time histories which yielded Figs. 7 and 9, all
obtained from the digital simulation of the dual-loop model
over a 120 s run. Note the nearly Gaussian distribution of Fig.
11 compared with the distinctly bimodal distributions of Figs.
12 and 13.

It is also pertinent to investigate the effects of « and 8
variation upon the form of the dual-loop model describing
function Y. Serious questions regarding the validity of the
mod1f1ed model would arise if it were shown to yield
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Fig. 13 Amplitude distribution of modified dual-loop model control
force, Yy Y, =K/s2, =1.5.

describing functions which differed considerably from that
which a crossover model! of the human operator would
indicate for similar controlled element dynamics. Figure 14
shows three describing functions obtained from the dual-loop
model simulation. These describing functions were computed
using a Fourier Transform technique and consist of the
amplitude and phase of the nominal Y, which yielded the time
histories of Fig. 7 and that of the two modified Y,’s which
yielded the time histories of Fig. 9. As can be seen, the effects
of « and B are primarily restricted to high frequenciés. For
a=100, #=0.33, the maximum amplitude in Y, occurs at
approximately 6 rad/s with increased mid- to high-frequency
phase lags as compared to the nominal configuration. For
a=100, B=1.5, a lightly damped neuromuscular mode
beyond 10 rad/s is evident, with only a slight change in the
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phase characteristics as compared to the nominal con-
figuration with a=0, B=1.0. Neither of the describing
functions for the modified model exhibit characteristics which
could be described as anomalous; however, the shape of
Y, (jw) for =0.33 is worthy of further discussion.

In Ref. 12, Stapleford et al conducted a pilot-in-the-loop
simulation of a jet transport aircraft in a landing approach
configuration. A part of the simulation effort, devoted to
pitch attitude tracking only, is of interest here since the task
variables closely approximate those used to develop pulsive
control behavior. in the dual-loop model. First, the pitch-
attitude-to elevator-control vehicle dynamics were essentially
1/s? for w>1.0 rad/s (a frequency range which included
open-loop crossover). Second, consistent and distinctive
pulsive control behavior was adapted by one of the pilots, as
evidenced by control output time histories and amplitude
distributions. The waveform of the time histories was quite
similar to those of Figs. 8a and 9a and possessed an average
pulse duration of approximately 1.1 s. Finally, the bandwidth
of the pitch command input used in the simulation was
comparable to that of the effective command input in Fig. 4¢c
(—d;/s). Thus a comparison of the measured describing
function data in Ref. 12 for the pilot who exhibited strong
pulsive control behavior and the describing function in Fig. 14
for the digitally simulated dual-loop model with 8=0.33 is
certainly warranted. The comparison is undertaken in Fig. 15.

In Fig. 15, the vertical bars denote the data range for the six
runs used in Ref. 12 to obtain the amplitude and phase



MAY-JUNE 1979

measurements of ¥, (jw). The solid line is a reproduction of
the 8 =0.33 describing function from Fig. 14. The comparison
is remarkably good considering that no attempt was made to
match the data. Most noteworthy, however, is the fact that
the modified dual-loop model exhibits the same amplitude
peak in the vicinity of 5-6 rad/s as does the data of Ref. 12.
The existence of this peak was somewhat surprising to
Stapleford et al., since it occurs at a frequency considerably
lower than that normally associated with the neuromuscular
system. The authors attributed it to the inertia of the center
stick used in the simulation. From what has been discussed
here, however, a more detailed model-based explanation
could be offered: the relatively low-frequency amplitude peak
of Fig. 15 is a natural consequence of a dual-loop human
signal processing and control structure. The characteristics of
the control stick may indeed be ultimately responsible for the
amplitude characteristics of Y, (jw) in Fig. 15, in that the
pulsing behavior induced by the K/s?-like vehicle dynamics
might be more easily accomplished at relatively low
frequencies (e.g., Fig. 9a) rather than at relatively high
frequencies (e.g., Fig. 9b) with a high-inertia stick.

It is finally worth noting that the relative correlated output
(p?%) for the pilot whose data appears in Fig. 15 was reported
as 0.36 in Ref. 12. Since Table 3 indicates p2=0.95 for the
digitally simulated dual-loop model with $=0.33, the
nonlinearity Ypu cannot be considered a significant source of
human operator remnant.

Conclusions

1) The interpretation of the inner-loop activity in the dual-
loop model of the human operator in terms of the time
domain operations of differentiation, multiplication by a
constant, or integration leads to a rationale for human
operator pulsive control behavior similar to that proposed by
Young and Meiry.? This rationale is based upon the
assumption that the human attempts to reduce the com-
putational burden associated with time integration of sensory
inputs. It states that the pulsive control behavior which the
human operator often exhibits in controlling K/s?-like
dynamics can be explained as an attempt by the operator to
generate control forces which are more easily time integrable
than those which would exist in the absence of pulsing.

2) With ‘the addition of a two-parameter nonlinear
element, the dual-loop model of the human operator is
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capable of producing pulsive control force time histories
which compare qualitatively with those from a pair of ex-
periments with similar controlled element dynamics. The
element does not imply unrealistic or complex information
processing and control activity on the part of the human and
probably cannot be considered a significant source of human
operator remnant. ‘

3) The dual-loop model structure applied to pulsive control
behavior appears capable of explaining the existence of the
relatively low-frequency ‘‘neuromuscular system’’ amplitude
peaks which have appeared in measured describing function
data when pulsing is present.
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