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A pursuit tracking model of the human pilot adapting to sudden changes in vehicle dynamics is developed and
exercised. The current model is based upon a simplified representation of the human pilot in multi-axis tasks
previously reported in the literature. A key feature of the adaptive model is the simplicity afforded by only varying
two gain parameters in each control loop to accommodate pilot adaptation. The model is first exercised in a single-
loop task in which the controlled element dynamics are changed from rate command to acceleration command (with
time delay), back to rate command, and finally, to position command. A second example applies the model to a simple
two-axis task (two control inceptors) in which the controlled element dynamics in both control loops are changed
simultaneously. The model employed for sudden changes in vehicle dynamics is also applied to a single-axis task in
which the controlled element dynamics change gradually over a 10 s period. Finally, longitudinal control of a
simplified model of a fighter aircraft undergoing sudden damage is considered.

Nomenclature

command to position feedback loop in pilot model
transfer functions of cross-coupling dynamics in
two-axis tracking example

task interference parameter in two-axis application
of pilot model

model of the pilot’s neuromuscular system
“position” feedback gain in pilot model

“rate” feedback gain in pilot model

trigger parameter in pilot model adaptation law
controlled element output and output rate
command to rate feedback loop in pilot model
“criteria time” at which controlled element
dynamics change

signal in pilot model adaptation law

controlled element transfer function

pilot control input
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Introduction

NTEREST in modeling the adaptive characteristics of the human

operator/pilot began over five decades ago and continued into the
mid-1970s, for example, [1-17]. Although interest waned in the
intervening years, it has been rekindled by recent research in adaptive
and reconfigurable flight control systems, for example, [18]. This
renewed interest is attributable to questions that have arisen as to the
ability of the human pilot to adapt to changing vehicle dynamics
during and after the reconfiguration process. The research to be
summarized has, as its goal, the development of a simple model for
human pilot adaptation and the application of this model to a pair of
control tasks in which sudden and significant changes in control
system dynamics occur. A review of the research described in [1-17]
is beyond the scope of this discussion. Such a review would, for the
most part, merely echo the excellent summary provided in [13]. In
contrast to these earlier modeling efforts, the approach to be
discussed herein builds upon a simplified pursuit control model of the
pilot that has been used in assessing degraded visual cues and vehicle
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handling qualities [19]. As such, the model is an extension of an
existing structure that has been successfully used to describe human
pilot control behavior in the absence of changing vehicle dynamics.

Background

The research summarized in [19] presents a control-theoretic
procedure for modeling human pilot pursuit control behavior for
flight control applications. Here “pursuit” refers to scenarios in
which the human can discern system output from input, that is, more
than just “error” information is available to the pilot. Figure 1 shows
the model for a single-axis tracking task. Only two variables
parameterize the model, the gains K, and K, respectively, in the rate
(r) and position (p) loops. The element G, in Fig. 1 represents a
second-order model of the pilot’s neuromuscular system,

G 10
"M 62 4+2(0.707)10s + 102

(€]

Because of the manner in which the gain K, is selected, the particular
units on G, are of no consequence in the modeling procedure.

Table 1 shows values of K, and K, that yielded pilot models that
conformed to the “crossover model” of the human pilot [20] for the
variety of controlled elements indicated. The last element represents
the “limits of manual” control for the pilot model in question.
Figure 2 shows the resulting open-loop Bode plots demonstrating the
crossover-model characteristics. The methods for selecting K, and
K, are outlined in [19] and are based upon simple frequency-domain
procedures. Hess [19] also demonstrates application of the model to
multi-axis flight tasks. Hess [21] also demonstrates how these gains
can also be selected from nonlinear simulation models of the vehicle
being controlled.

It should be noted that the model of Fig. 1 and [19] differs from the
structural pilot model discussed in [22] in a number of ways, but
primarily in the absence of a proprioceptive feedback loop. In this
light, the model of Fig. 1 involves some simplifications that will
become apparent in examining open-loop pilot/vehicle transfer
functions.

Adaptive Model

The fundamental hypothesis behind the adaptive model to be
discussed is that the primary adaptation of the human pilot to changes
in the vehicle dynamics occurs through selection of the inner-loop
gain K,. Changes in the outer-loop gain K, are hypothesized to
provide a vernier adjustment to improve system tracking perfor-
mance. Changes in K, are hypothesized to occur through sensed
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Fig. 1 A simplified pursuit control model of the human pilot [19].

changes in the sign and magnitude of R — M in Fig. 1, that is, the
error signal in the inner rate loop that occurs when the vehicle
dynamics have changed. The basic adaptive relationship that was
empirically derived was to increase (decrease) K, according to the
following relations.

Let
. . 1.5?
x= sgnllIRI = WL - ORI = WP s @
and
t, = time of failure initiation 3)
Kigger = 0 if instantaneous value of |x| < 3 - rms value of |x| or
t <t, =1 if instantaneous value of |x| > 3 - rms value of |x|
and t>1, )
Then
AK, = x - Kyigger ®)
The gain K, was changed according to the relations
AK,=035-AK, if AK, >0 ©
=0 if AK, <0

The “criteria time” z,., that is, the time in the simulation run when
the controlled element dynamics changed, was chosen after the rms
value of x had reached an asymptotic value, mimicking somewhat,
the human’s ability to recognize nominal system performance. A
factor of 3 was chosen in Eqgs. (4) as it would represent an instan-
taneous “3-¢” value. Obviously, too small a trigger value would
cause normal system disturbances (e.g., turbulence) to initiate
unwanted pilot model adaptation, whereas too large a value would
inhibit adaptation when it is needed.

The ad hoc nature of these adaptation laws is obvious. They are
based upon the author’s experience in choosing gain values for the
pursuit model of [19]. The logic summarized in Eqs. (2-6) and the
pilot model in which they are to be implemented constitute a
candidate framework in which to view, categorize, and summarize
pilot behavioral data when vehicle dynamics are subject to sudden
changes. The laws were not chosen arbitrarily, however, and are
based upon four criteria:

Table 1 Pilot model gain values [19]

Controlled element K, K,
1
0707545 13.5 3.62
1
RS 205 291
1
64D 11.5 2.56
1
e 9.19 235
: 758 191
0.696(s+0.14)
TT0AA5 400353550397 113 1.96
; 58.0 1.76

s2(s+11)
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Fig. 2 Bode plots of pilot/vehicle transfer functions for the controlled
element dynamics of Table 1 [19].

1) The adjustments to K, and K, must be predicated upon obser-
vations that can easily be made by the human (under the feedback
structure of the model of Fig. 1).

2) The logic driving the adjustments to K, and K, must be pre-
dicated upon information available to the human.

3) The postadapted pilot models must follow the dictates of the
crossover model of the human pilot.

4) Adaptation times must be relatively short and consistent with
that obtained in laboratory experiments involving sudden changes in
controlled element dynamics, for example, those of [5]. These times
were on the order of 5 s.

Figure 3 shows the model of the adaptive human pilot. A limiter is
placed at the pilot’s inceptor output to model amplitude limitations of
the device.

Computer Simulation: Single-Axis Tasks
Figures 4-9 show a series of time histories for system input/output
and pilot control input (C, M, and § in Figs. 1 and 3) as the controlled
element dynamics [Y,(s)] were changed as follows in this single-axis
task:

1 e*O,OZSA‘ 1 1

Y. =
(s) s(s +10) >z = s(s + 10) g + 50

(O]

In implementing the controlled elements in the computer simulations
to follow, the needed rate information (M) was always created by
including an integrator just before the output variable (M) was
defined and using the input to that integrator as M. Thus, if the actual
controlled element was Y.(s) =1/(s 4+ 50), an integrator was
placed at the plant output, and an element s/(s + 50) was inserted
before the integrator. The output of s/(s + 50) then defined M. This
process obviated pure time differentiation to obtain M in the
computer simulations which was found to be destabilizing. The
command input in the task was selected as a series of pulses, each
lasting 5 s. This input was chosen as its simplicity allows a quick
appraisal of the tracking performance of the adaptive pilot model. In
terms of the classic crossover model of the human pilot [20], the
controlled elements of Eq. (7) require pilot equalization that ranges
from a pure gain (for Y.(s) = 1/[s(s + 10)]), to lead [for Y (s)=
e=0:025 /21 to lag [for Y.(s) = 1/(s + 50)]. This provides chal-
lenging systems for adaptation. In Figs. 8 and 9 the amplitude limits
on the control input were increased from +50 to +150 to allow
sufficient control power to be available. Finally, the nominal cross-
over frequency for the initial simulation (Y.(s) = 1/[s(s + 10)]),
was set to 1.5 rad/s.

Figure 10 shows the Bode plots for the open-loop pilot/vehicle
systems after adaptation. The characteristics of the crossover
model are in evidence in each case. The absence of high-frequency
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Fig. 3 Model of adaptive human pilot.

amplitude and phase roll-off in one of the bode plots (for the
transition of Fig. 8) is attributable to the high-bandwidth nature of the
controlled element dynamics. This was not considered to be a serious
problem at this juncture. The relatively flat magnitude plot at low
frequencies is typical of measured pilot/vehicle transfer functions
with controlled element dynamics that resemble a pure gain over a
large frequency range, for example, [23]. The crossover frequency
for the transition of Fig. § is considerably larger than that for either of
the other two transitions. This phenomenon has also been noted in
crossover-model applications (e.g., [24]), although not to the extent
evident in Fig. 10.

Each pair of figures in Figs. 4-9 represents a single computer
simulation run. The current adaptive model setup will only allow a
single controlled element change per run. Thus, in moving from, say,
Figs. 4-7, the simulation was reinitialized with the adapted pilot
gains from the runs that yielded Figs. 4 and 5.
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L[ Yc=1lIs(s+10)] 0.025 5152
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C (input) and M (output)

2t output J
3t input E
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time sec

Fig. 4 System input/output time histories for abrupt controlled
element change from Y, = 1/[s(s + 10)] to e~"2% /s? at t = 25 s.
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Fig. 5 Pilot control time history for abrupt controlled element change
from Y, = 1/[s(s + 10)] back to e="-"2% /g2 att = 25 s.

Figures 11 and 12 show time histories similar to Figs. 4 and 5 save
that a random-appearing input is employed. This one example was
included to demonstrate the pilot adaptation is not necessarily input
dependent. Control oscillations are evident in Fig. 12, as was the case
in Fig. 5. Figure 13 shows the K, and K, time histories for this
controlled element change. Note no change in K, was required.

Computer Simulation: Two-Axis Task

For the sake of completeness, a computer simulation of the
adaptive model(s) in a two-axis task was undertaken. Here, “two
axis” implies that two control inceptors are being used by the pilot to
control two response variables. Figure 14 is a Simulink® diagram of
the computer simulation for this task.

The nominal controlled element dynamics for each loop are iden-
tical, 1/[s(s + 4)]. In addition, control cross coupling is introduced
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Fig. 6 System input/output time histories for abrupt controlled
element change from Y, = ¢~%%2% /s? back to 1/[s(s + 10)] att =75 s.
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Fig. 7 Pilot control time history for abrupt controlled element change
from Y, = ¢~"9%% /52 back to 1/[s(s + 10)] att =75 s.
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Fig. 8 System input/output time histories for abrupt controlled
element change from Y, = 1/[s(s + 10)] to 1/(s + 50) at# = 125 s.
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Fig. 9 Pilot control time history for abrupt controlled element change
fromY, =1/[s(s + 10)] to 1/(s + 50) att =125 s att =75 s.

between the pilot control inputs for loop 1 (2) and the inputs to the
integrators of the controlled element of loop 2 (1). This was done to
emulate vehicle dynamics in which such cross coupling is pre-
sent. The cross-coupling dynamics were chosen as CF1 = CF2=
0.1/(s + 1). Random-appearing input commands C1(¢) and C2(¢)
were each generated as sums of seven sinusoids. The nominal pilot
model gains were selected from the third row of Table 1, that is, those
appropriate for 1/[s(s 4+ 4)] controlled element dynamics. In addi-
tion, a task interference parameter, introduced in [25] was employed.

postadaptation open loop
Figd oS-
Fig6
Fig8

Magnitude (dB)

360 - e
] 10

Frequency (rad/sec)

Fig. 10 Bode plots
adaptation.

of the open-loop pilot/vehicle systems after
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Fig. 11 System input/output time histories for abrupt controlled
element change from Y, =1/[s(s + 10)] to e "% /s®> at =255,
random-appearing input.
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Fig. 12 Pilot control time history for abrupt controlled element change
from Y, = 1/[s(s + 10)] to ¢~"92% /52 at ¢t =25 s, random-appearing

input.

50

Here, this meant changing the single-axis K, value in Table 1 to
K./f, where

f=1+0.1n ®)

where n = no. of axes being controlled by the pilot. Two identical,
adaptive pilot models are employed using the same logic as in the
single-loop examples, with one addition. A limiter was employed in
the adaptive loop for K, in each pilot model. The limits were applied
to the AK, calculations such that

25
o
Yc = 1i[s(s+10)] Yo = 002582
20f g
K
T
150 / 4
xﬂ.
o
10 g
K
P
5} \ |
0 . ;
20 25 30 35

time sec

Fig. 13 K, and K, time histories for abrupt controlled element change
of Figs. 11 and 12.
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that is, £50% of the value of K, for the pilot model tuned to the
nominal controlled element dynamics. The AK, |, was also then
used in implementing Eq. (6). The modification of Eq. (9) was
necessary for the stability of the adaptive pilot model.

Figure 15 shows tracking results for the first control loop in the
nominal case. Similar results were apparent for the second control
loop. Figure 16 compares the derivative of M1 and the cross-feed
signal CF1. The latter figure was included to demonstrate that a
significant amount of cross coupling was in evidence in the
simulation.

Figures 17 and 18 show the tracking results for loops 1 and 2 when
the controlled element dynamics of these loops were changed at
t =52 s as follows:

1 00255
Loop 1 Y, (s)= =
P a1 (s) s(s+4) " sA(s+4)
1 o—0.0255
Loop 2 Y.,(s) = = 10
P () s(s+4)  s(s+05)(s+4) (10)
10 - . - - : . : . -
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g
g
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10 . . . . . . . . .
0 5 10 15 2 25 30 35 40 45 50
time sec
Fig. 15 Tracking results for the first control loop in the nominal case.

A Simulink® diagram of the two-axis task.

Both pilot models adapted to the changed dynamics. As in the single-
axis simulations, significant output oscillations are evident in Fig. 17,
attributable to the significant degradation in the handling qualities in
moving from the nominal to the modified dynamics of the first of
Eqgs. (10). Finally, when the adaptive capabilities of the pilot models
were removed, the system went unstable shortly after the controlled
element change at t = 52 s.

Computer Simulation: Single-Axis Task
with Gradually Changing Dynamics

An additional single-axis example is considered. Rather that an
abrupt change in controlled element dynamics, the change occurs
over a 10 s period. In an approximate sense, this simulation models
what may happen in a reconfigurable control system in which the
reconfiguration takes place over a period of seconds, rather than
instantaneously. The change in dynamics is identified as

1 o—0:05s
Y.(s) = = over 10 s period 11
(s) s(s +10) " s(s+5) P (n
10 - . : . - . . . .
8 d(M1)/dt 7
e
3]
o
o
&
1
@
o
G
T
c
< 2f
3
Y
b=
65 cross-feed 7
CF1
_8_ -
10 \ . , , . . . . .
0 5 10 15 20 25 30 35 40 45 50
time sec
Fig. 16 Pilot/vehicle dynamics after adaptation in F-18 HARV

example.
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The change is implemented in the computer simulation by creating
both sets of dynamics and then summing the outputs to the pilot input
after they pass through the weighting functions shown in Fig. 19. As
the figure indicates, the change was initiated at = 30 s into the run.
Again, this time was selected to allow the rms error signals in the
pilot/vehicle system to reach asymptotic values with the “healthy”
vehicle.

No changes in the adaptive structure of the pilot model were made.
The nominal pilot model characteristics were again taken from the
second row of Table 1. A random command was applied to the pilot/

1.2 T T T T T T T T T
1 I
I
0.8 ! i
" N " N
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"é 0.6} for 1l(s(s+10)] fore™ " I[(s(s+5)] ]
2
2
= 0.4} J
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02 L L ) L L N N L N
0 10 20 30 40 50 60 70 80 90 100
time sec

Fig. 19 Weighting functions for implementing gradual (10 s) change in
controlled element dynamics.
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Fig. 21 K, and K, time histories for gradual controlled element change.

45 60

vehicle system. Figure 20 shows the tracking performance. Signi-
ficant oscillatory behavior is in evidence for over 10 s. This suggests
such a change might be susceptible to a pilot-induced oscillation
(PIO). Figure 21 shows the pilot gains K, and K,. No K, change is
made. Because the change in controlled element dynamics, itself,
takes 10 s to complete, the fact that the pilot model took longer than
the “target” 5 s is understandable.

Final Computer Simulation: Single-Axis
Task with F-18 HARV

The final computer simulation involved piloted control of a
simplified longitudinal model of the F-18 HARYV, shown in Fig. 22.
This vehicle model has been used in other studies, for example, [26].
Longitudinal control was effected by horizontal stabilator and thrust
vectoring inputs. A rate-command stability and command augmen-
tation system was included in the simulation. The tracking task
consisted of following a series of pulsive pitch attitude commands.
Significant modeled “damage” occurred at t=50s in a 100-s
tracking run. The damage consisted of the following: 1) 50% loss of
the horizontal stabilator area, 2) lockup of the horizontal stabilator at
—3 deg, 3) a 50% reduction of the thrust vector actuator bandwidth,
and 4) the addition of a 0.05-s time delay at the input to each actuator.
Figures 23-26 show the simulation results. Improved tracking is seen
with pilot adaptation and the pilot/vehicle dynamics after adaptation
are seen to exhibit the characteristics of the crossover model.

Discussion

The most critical of the adaptations in the single-axis case for
sudden controlled element changes is seen to occur in moving from
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Fig. 22 The F-18 HARV.
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Fig. 23 Tracking results with no pilot model adaptation.

the relatively easy-to-control Y, = 1/[s(s + 10)] to the very difficult

Y, = 700255 /52 The pilot’s inceptor output § is seen to reach the

amplitude limits and a closed-loop oscillation occurs, with both the

pulsive and random commands. Were these actual flight control tasks

in which rate-limited actuators were in evidence, a sustained PIO

could likely have ensued in each case. Each of the pilot adaptations

occurred in under 5 s when sudden changes in dynamics were
encountered. Without adaptation, pilot/vehicle performance in the
controlled element transitions was very poor. The simple multi-axis
task simulation suggests that extension of the adaptive model to such
tasks is feasible. Again, adaptation occurred within 5 s in the control
loops.

Incorporating the modification of Eq. (9) in the computer simu-
lations of the single-axis tasks increased the tracking error from that
evidentin Fig. 8 (the only example in which changes in K, occurred)
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Fig. 24 Tracking results with pilot model adaptation.
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Fig. 25 K, and K, time histories for tracking of Fig. 24.

100

for ¢ > 125 s. Stability was not affected. The increased error could be
accommodated by the pilot incorporating low-frequency integration
of the position error signal, a model modification beyond the scope of
the present study. Figure 27 shows that this modification reduced the
large crossover frequency for this system from 6.6 to 3 rad/s. This is
still larger than the crossover frequencies of the remaining two
controlled elements (as it should be) but more reasonable for this
controlled element.

Pilot model adaptation in multiple-loop closures in single- or
multi-axis tasks should pose no insurmountable difficulty. Multiple-
loop closures means using outer-loop response variables to provide
commands to inner loops through the same cockpit inceptor. For
example, in modeling the pilot controlling a hovering helicopter,
outer-loop longitudinal position errors provide commands for a
longitudinal velocity control loop, and longitudinal velocity errors
provide commands for an inner pitch attitude loop (s) (attitude and
rate as per Fig. 1), which is then controlled through longitudinal
cyclic inputs by the pilot. Given the structure of the pilot model as
presented in [19], as one moves from the innermost rate loop to the
outer control loops, the necessity of adaptation decreases sharply.

Use of the pilot model for gradual change in controlled element
dynamics also appears feasible. Although only a single example is
considered for such cases, the ability of the same model structure as
used in the previous examples to accommodate these gradual
changes is encouraging.

It must be emphasized that the adaptive model developed herein
cannot be considered to be in its final form. It can, however, serve as a
point of departure for studying human pilot control behavior in a
variety of tasks in which vehicle dynamics change in unpredictable
fashion. Quoting from [27] published over four decades ago, this
modeling approach is simply offered as a tool that has the potential
“...to summarize behavioral data, to provide a basis for
rationalization and understanding of pilot control actions, and, most
important of all, to be used in conjunction with vehicle dynamics in
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structures in each axis subject to pilot control. The model also
appears to be applicable to cases in which controlled element
dynamics are subject to gradual, rather than sudden changes.

5) The structure of the pursuit model, emphasizing sequential loop
closures, suggests that pilot model adaptation may be limited to the
two innermost loops for any axis of control in multi-axis tasks.

6) The model provides a control-theoretic framework with which
to study pilot control behavior in instances in which vehicle dyna-
mics are subject to sudden, unpredictable changes.
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