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Pilot-Vehicle Analysis of Multiaxis Tasks
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In missions where high cognitive and managerial requirements are placed on the pilot, or where failures may
significantly degrade one or more aircraft control axes, the pilot must divide his attention among several tasks.
The pilot and system behavior in such divided-attention conditions, and the combination of pilot ratings from
single to multiaxis conditions are treated using classical and optimal control models for the human in a
complementary fashion. It is shown that the crossover frequency and closed-loop system performance for a
given axis under divided attention will be less than full-attention values, while the remnant and the phase margin
will be greater, and that the model-based trends are consistent with experiment. Also, the optimal control
performance index used in the pilot and system behavioral modeling, when "calibrated" with single-axis
correlations, shows potential for the development of subjective rating estimates for multiaxis tasks.

Introduction

THE pilot of a modern high-performance aircraft must
perform both control and managerial functions in most

mission phases. In some, such as final approach and landing
or a variety of air-to-air or air-to-ground tracking tasks, the
control function is paramount and requires most of the pilot's
available attention. In the past the more difficult of these
control tasks have tended to expose whatever unfavorable
effective aircraft dynamic (flying quality) problems were
present. Consequently, pilot modeling for the consideration of
critical flying qualities has tended to be focused on full-atten-
tion or nearly full-attention control operations. Further, the
vast majority of pilot dynamics and pilot rating data used to
develop flying quality boundaries have been obtained for situ-
ations where the dynamic properties of one control axis are
varied, while maintaining the dynamics of other axes at
"good" levels.

With modern missions in which high cognitive and manage-
rial requirements are placed on the pilot, or where failures
may significantly degrade one or more aircraft control axes,
the pilot must divide his attention among several axes or, more
generally, between control and other tasks. In such situations
the vehicle dynamics in each axis being controlled by the pilot
must be superior to those that would be suitable if the pilot
could devote almost full attention to just one axis.

This state of affairs brings two key issues to the fore. The
first is pilot and system behavior in divided-attention or task-
interference situations, where several tasks compete for the
pilot's attention. Critical questions in these situations relate to
the standards that should be set for both desirable and mini-
mum flying quality levels in a given axis when these standards
are conditioned by the other control and managerial tasks at
hand. The second is the subjective assessment, or rating, of
effective vehicle dynamics in multiaxis control or multiple-
task conditions.
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This paper will treat both of these issues for multiaxis
control tasks. It begins with a review of pilot modeling for
divided-attention conditions, developing the differences to be
expected in pilot and pilot-vehicle system behavior of single-
axis (full-attention) and multiaxis control tasks. The major
data source for which pilot ratings for both single and multi-
axes are available is then used as a basis for obtaining esti-
mates of pilot and system behavior data. These estimates are
obtained using an optimal control model and serve as surro-
gates for pilot dynamic behavior characteristics that were not
measured during the original experiments. The results from
the optimal control model analysis are compared with those
from classical theory and with the limited experimental evi-
dence available. The estimation of pilot ratings is then treated
using an extension of previously available correlations. Impor-
tant features in these developments are the complementary
connections of classical theory and optimal control modeling
techniques.

Divided-Attention and Task-Interference Modeling
The classical theory of pilot-vehicle system dynamics is

based on the well-known "crossover model" (see, for exam-
ple, Ref. 1). In this theory the human pilot's behavior is
characterized in mathematical terms as a random-input de-
scribing function Ypy plus pilot-induced "noise" expressed as
a power spectral density $nn, commonly referred to as "rem-
nant." In a specified task with the effective vehicle dynamics
described by the transfer function YC9 the crossover model
open-loop describing function G takes the form (valid at fre-
quencies near o>c) shown in Fig. 1. This form is established by
appropriate adjustment of Yp by the pilot.

In the crossover model there are three key variables—the
crossover frequency ojc, the effective system latency T, and the
remnant power spectral density $nn. The crossover frequency
is sometimes loosely referred to as the pilot-vehicle system
"bandwidth." It has the usual feedback system physical inter-
pretation as the metric that divides the world of the control
system into two frequency regimes: below coc the benefits of
feedback are present (e.g., output follows input, error is re-
duced, etc.), whereas above wc the system becomes essentially
open loop. The system latency theoretically appears as a pure
time delay, although it is actually a low-frequency approxima-
tion to all the high-frequency (i.e., well above wc) net lags and
delays in the system. It includes time delays and neuromuscu-
lar lags contributed by the pilot as well as net lags from
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manipulators and other manual controller elements, higher
frequency effective aircraft dynamics, etc. The effective air-
craft dynamics include aircraft plus stability augmentation
plus display, etc., dynamics. By using the effective system
latency as a normalizing variable, the crossover model dy-
namic properties can be given in more general terms as either
a normalized crossover frequency rcoc, or a phase margin
0M = 7T/2-TO;c.

The remnant power spectral density depends on the amount
of pilot-generated lead required to make good the crossover
model form, the nature of the manipulator, and other features
of the system and task. It arises primarily from fluctuations of
attention and other time variations internal to the pilot.1
When, as is usually the case, these time variations are random
the power spectral density is continuous and, more important,
the remnant spectral density will scale with the mean-square
error.,1-4 This is depicted in Fig. 1 by the dotted line introduc-
ing e2 into the remnant block.

When the pilot's full attention is focused on a single-axis
control task, the crossover frequency of the pilot-vehicle sys-
tem is maximized, and the remnant has a minimum value that
is dependent on the details (pilot-lead, manipulator character-
istics, etc.) of the particular task. When more than one axis is
to be controlled, or when managerial tasks are present, or
when both multiaxis control and managerial operations are to
be accomplished, the pilot must share his attention among the
several tasks. In these cases the crossover model will still hold
for the control activities, but with some modifications. The
possible nature of the changes is partially exhibited in Fig. 1 by
the presence of a perceptual describing function Yh, an ac-
companying additional latency TH , and a more general name
("perceptual scanning") for the divided-attention or task-in-
terference remnant to account for the divided attention.

Divided-attention operations can be considered as an exten-
sion to the well-established theory of display scanning and
signal sampling/reconstruction.1'3'5'6 The most important and
fundamental model change is the remnant. A theoretical
model for remnant due to quasirandom task switching/sam-
pling with a constant average dwell time on the task at hand
Trf, and a sampling/switching interval among tasks varying
about some mean value Ts, was derived by Clement3 and
validated for visual inputs.6 This remnant form is

Table 1 Typical values for divided-attention remnant quantities

Item Nominal Range

(1-!?)(!-5) (1)

where

e2 = mean square of the signal sampled
Ts - mean sampling interval

f] = effective control dwell fraction, = Td/Ts
Td = effective dwell interval on the control task considered

d = normalized lower bound on the domain of Ts: T0/TS < 1

Perceptual Scanning
Remnant

H±l—-

PILOT/ VEHICLE

G = (YhYp)Yc =

SYSTEM

r

jw

System
Output

Yc = Effective dynamics of vehicle (e.g.,aircraft plus
stability augmentation plus displays)

Yp = Full attention pilot describing function

Yn = Perceptual describing function to account for
divided attention

Fig. 1 Pilot-vehicle system for divided-attention control tasks.

Minimum Td (s)
Td for velocity
detection (s)

Td for acceleration
detection (s)

1/2
0.4-0.5

0.6-0.7

1.0

1/3-2/3

This power spectrum is valid at frequencies well above the
low-pass breakpoint 2/Td defined by the control dwell time.
The variability of the switching interval is not purely random,
but is subject to a lower bound T0. This is represented in Eq.
(1) by the term 1 — 6 . The numerical values in Table 1, based
on the Ref. 6 experiments involving the visual modalities and
attention switches between displays, provide some apprecia-
tion for the magnitudes of some of the quantities in Eq. (1).

The major remnant variations are with the control dwell
fraction y and thejnean-square input to the pilot (shown as
mean-square error e2 in Fig. 1). Perceptual scanning remnant
is reduced by increasing the dwell fraction, going to zero when
the divided-attention control task becomes full attention. [In
this limiting case, full-attention remnant will still be present;
this is not included in Eq. (1) because the perceptual scanning
remnant is typically much larger for the divided-attention
conditions of interest here. It can easily be included because
the same scaling with e2, with a different proportionality
factor, applies for the full-attention remnant.] Just as for the
full-attention remnant, the increase of remnant power with the
magnitude of the pilot's input stems from time variations, in
this case the time modulation of attention inherent in the
perceptual scanning process.

The implications of divided attention have been explored
theoretically and experimentally for almost two decades. (The
classical theory described to this point stems from Ref. 5 and
includes Refs. 1 and 3-8.) A quantitative example of the
effects of divided attention on task performance is presented
in Fig. 2, taken from Ref. 8. Here the forcing function is
"white" noise through a third-order Butterworth filter with
normalized breakpoint OJ/T = 0.25. Full attention is the lowest
curve. The divided-attention conditions are then shown as a
family with task dwell fraction t\ as the parameter. In this
example, the normalized control task dwell interval is set at
7^/7=1.5, and the divided-attention remnant normalized
lower bound on the scanning interval d = 0.5.

Figure 2 illustrates the profound effects of divided attention
on task performance. The perceptual scanning penalizes the
performance in three important ways: 1) by a reduction of the
crossover frequency (and a concomitant increase in the phase
margin); 2) by an increase in the remnant; and 3) by the
introduction of a new kind of "stability" constraint—
"instability in the mean-square." The performance data
shown in this figure indicate that, as additional tasks require
more of the pilot's attention, the dwell fraction for the pri-
mary task must decrease, and the optimum operating point for
the pilot shifts.

Divided-attention effects can also be modeled with optimal
control models for pilot behavior. Reference 9 is an early
empirical/analytical study of task interference that took this
approach. In this study, the simultaneous control of several
independent axes was the situation creating the task interfer-
ence. From two to four axes were controlled, each with an
associated display. The results were compared to single-axis
control results. A model for task interference was hypothe-
sized, and this model also focuses on remnant-related parame-
ters. The key parameters proposed in Ref. 9 to reflect task
interference are centered on the increased "measurement
noise" contaminating the subject's observations of sensed
quantities.
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Specifically, in the optimal-control modeling approach,10

the human is considered to observe an array of system re-
sponses, which then comprise the subject's observation vector,
yp(t). These measurements are (each) contaminated with
(white) observation noise vy.9 or

(2)

Finally, the noise-intensity matrix of ~vy is assumed diagonal,
with elements equal to F// where / corresponds to the /th
observed variable (e.g., displayed error in one axis).

For a single-axis control task and display, F// is taken to be

(3)

where ay is the rms value of the response variable yp , and
N(ay.9Ti) is the random-input describing function of a dead
zone of half-width 7/. This dead-zone model represents the
effect of perception or indifference thresholds in the subjects'
observations. Finally, PO is the nominal, full-attention noise-
to-signal ratio for the observed variable yf. This (full-atten-
tion) noise-to-signal ratio has been empirically shown to be
relatively constant over a range of tasks and controlled ele-
ment dynamics, and is usually taken (for foveal viewing in the
case of visually sensed responses) to be approximately — 20
dB (i.e., 0.01 units of normalized power per rad/s, defined
over positive frequencies).4'9 Note that this entire procedure is
consistent with the "standard" optimal-control modeling ap-
proach described in Ref. 10, for example.

Now the interference model of Ref. 9 states that the effect
of task interference is reflected in an increase in the effective

"0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Normalized Crossover Frequency, wCTe(rad/sec)—•-

1 I I I I I I I I I •
90 80 70 60 50 40 30 20 10 0

-•—Phase M a r g i n , a j M ( d e g )

Fig. 2 Effect of divided attention on task performance.

PO> the noise-to-signal ratio defining the observation noise
intensity. With the description of task interference, the noise
intensity becomes

f i
(4)

where yj is the fractional attention devoted to tasks i (or more
precisely, response /), and 0 </ < 1. Also, since the human's
capacity is finite,

over all tasks and displays. This model was validated in Ref. 9
by comparing model-based tracking errors, pilot describing
functions, and remnant (reflected to the displayed error) with
experimental results. Because the filter dynamics, which are a
portion of the pilot (model)10 dynamics, depend on observa-
tion noises, variations in these noises manifest themselves in
changes in pilot (model) dynamics and, hence, in pilot-vehicle
closed-loop dynamics. (Note that in Ref. 9 the threshold ef-
fects were modeled as additional additive observation noise
that did not scale with ayf The threshold effects considered in
this reference were primarily due to parafoveal viewing. The
use of the dead-zone describing function did not appear until
after Ref. 9 was published, although its use is basically an
extension of results presented in Ref. 9.)

Attention will now turn to the application of the optimal
control theoretical model for task interference to the modeling
of other experimental situations involving single and multiaxis
tasks. These are the multiaxis experiments of Dander,11 which
are the only data set currently available in which pilot ratings
are available for both single-axis and multiaxes tasks wherein
the multiaxis cases involved the same dynamics as were used
for the single-axis experiments. The model results will provide
an "estimated pilot behavior and system performance data
base," which is otherwise not available. These results can then
be compared with the trends from the divided-attention the-
ory, and also with some of the experimental results of Ref. 6.

Experimental Data
Dander11 has reported experimental findings from single-

axis and multiaxis tracking experiments. The only experimen-
tal results were in the form of subjective ratings using the
Cooper scale, but both single-axis and multiaxis ratings of the
same dynamics were obtained.

Dynamically independent axes were considered in the track-
ing experiments. Single-axis and simultaneous two- and three-
axis tracking tasks were performed, and the tasks were subjec-
tively rated. For the two- and three-axis experiments, an
overall rating was given, not a rating of an individual axis in
the task. Although some of the two-axis cases will be discussed
here, the ratings for these cases were considered by Dander to
be inconsistent with the three-axis results. This conclusion was
reinforced by an independent analysis.12 Consequently, the
two-axis ratings will not be used in the analyses presented
here.

Table 2 Dander controlled-element dynamics

Axis transfer
functions

Good
dynamics (//)

Intermediate
dynamics (M)

Bad
dynamics (L)

0 = 4.(.04)(0.9)
te5~(l/7»(5.)(0.7,0.25)

0 0.5(0.1)

1/70 1/70= -0.5 1/70= -0.8

-0.3

j = -0.2

•fc = -0.84

j = -0.5

Notations: (5 + a) s (a); [52 + 2 fas + co2] s [$•,«].
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The controlled-element dynamics in each axis were varied to
obtain a wide variety of combinations of configurations. The
dynamics for each axis were initially selected to yield level 1, 2,
and 3 ratings in the single-axis tracking task. And three differ-
ent dynamic elements were selected for each axis, yielding a
total of nine different dynamic elements. These transfer func-
tions are listed in Table 2.

The configurations to be considered herein, along with the
ratings obtained in the Ref. 11 experiments are listed in Table
3, with configuration symbols used in later graphical presenta-
tions.

The command signals in each axis consisted of sums of
sinusoids, generating random-appearing signals. The ampli-
tudes and frequencies of the sinusoids used in each of the three
command signals are listed in Table 4, along with the approx-
imate maximum command-signal amplitude. Note that the
units of displayed commands are inches of command-bar dis-
placement on the displacement on the display 0C, angle of
rotation of the command bar <t>C9 and "display units" (ap-
proximately 7 deg of rotation of a needle on a circular dial = 1
unit) (ft.). Also, it is noted that most of the power in the
signals is in frequencies below 0.5 rad/s, with the maximum
frequency in the signals equal to 1.32 rad/s.

Optimal Control Modeling of the Experiment
The modeling process now involves representing the task in

terms of the parameters in the optimal control framework.10

These include the following:
1) An appropriate objective function representative of the

task (or a generic task critical to the performance of the actual
task).

2) The value for the neuromotof time constant in each axis.
3) The parameters that determine the observation noise

intensities: nominal noise-to-signal ratio P0; perception/indif-
ference threshold 7}; and attentional allocation (may be opti-
mized).

4) A vector of human operator observations in the task.
5) Observation time delay (routinely selected as robs = 0.2 s).
6) A neuromotor noise-to-signal ratio.
7) Characterization of the command signals.
For these experiments, the appropriate objective function

for each axis was chosen to be

Table 4 Dander command signal content

•/axis.- —

Table 3 Configurations considered

(5)

Configuration
identifyer

B-H
e-M
O-L
<j)-H
<$>-M
4-L
&-H

0<t>-HH
d(f>-HL
e<f>-ML
0^-LH

eW-HHH
BW-HMH
B<I>$-HLH
6W-MHH
e<t>$-MMH
6W-MLH
OW-LHH
BW-LMH
B<I>$-LLH

No. of
axes

2
2
2
2
3
3
3
3
3
3
3
3
3

Subjective
ratings

2.5,2.5,3.6,3.0,3.0
4.0,4.5,4.5,5.0,5.0
6.0,6.0,6.5,7.0,8.0
2.5,3.0,3.0,4.0,4.0

3.5,4,0,4.0,5.0,5.0,5.0
5.0,5.5,6.0,6.5

3.0,3.5,3.5,3.5,3.5
(2.0,3.0,3.0,3.0,3.5)a

(6.0,6.0,6.5)a

(6.0,7.0,7.0)a

(4,0,4.0,4.0)*
5.5,6.0,6.0,6.0

5.0,5.5,6.0
7.0,9.0

5.5,6.5,6.5
7.5

8.0,8.5
9.0,10.0

9.0
8.5,9.5

Graphical
symbol

O
A
V
D
0
>
<
cr
&
*
Y
•
A
T
•
•
>
*
4fc

W

Axis
Be

(ftfc.x~iO.75in.)

<Ac

(<£cmax« ±45 deg)

PC

(j8cmax«± 1.8 units)

Frequency
(rad/s)
0.367
0.483
0.816
1.32
0.367
0.483
0.816
1.32
0.483
0.816
1.32

Unsealed
amplitude

4.80
2.20
1.15
1.64
4.80
5.50
1.44
1.64
0.92
0.33
0.33

And for a multiaxis task, the objective function for the task
was

•
•Aask = LJ (6)

aData considered inconsistent—not specifically used.

The justification of this selection involves three consider-
ations. The first relates to the selection of equal (unity) Weight-
ing on each J^t in the definition of Jtask in multiaxis tasks.
This decision was based on the instructions given to the sub-
jects in the experiment. They were to attempt to minimize the
error in all controlled axes. That is, they were instructed that
no axis was to be given preference, which would then define
primary and secondary subtasks.

Second, the normalization of the mean-square error with
the mean-square command deals nicely with the fact that
different units and different command-signal strengths were
used in the axes. This will be discussed further with regard to
subjective ratings.

Finally, the interpretation of #/ requires some discussion. In
exercising the optimal control model (OCM), it is often cited
that gi is selected to yield a desired neuromotor time constant
Tn in the pilots' describing function obtained from the model.
[Incidentally, when the total pilot describing function Yp is
actually constructed from its consitutent elements in the
OCM, the Tn established in this fashion is canceled by a
directly compensating lead. The actual estimated Yp is then
left with no (r^s + I)"1 lag. Still, it has been convenient to
adjust gj in this fashion even though the lag will later disap-
pear.] For the analysis to follow, the value of the desired
neuromotor time constant used is either 0.1 s, or the Tn that
yields the lowest error (e.g., best performance), whichever is
greater. Notice that after a rn is determined in the preceding
fashion, this " operating point" is associated with some weight
gi in 7axis/. This value may also imply a subjective trade be-
tween performance ae and workload or§. And since pilot lead
and a§ are related, this procedure maximizes the possibility of
relating the resulting value of /task to the subjective rating of
the task.

The parameters related to observation noise selected were as
follows. For the experimental setup considered, and using
visual perception thresholds of 0.05 deg and 0.1 deg/s of
visual arc and arc rate at the pilot's eye, the dead-zone widths
for the perception thresholds are 0 = 0.03 in., 0.05 in./s;
4> = 1.5 deg, 3.0 deg/s; and 0 = 0.14 unit, 0.28 units/s. The
nominal full-attention foveal-viewing value of — 20 dB was
selected as the basic noise-to-signal ratio P0 for both perceived
error and error rate in each axis. And finally, for multiaxis
tasks, the attention was optimized among observations for
each axis, with the fractional attention /} [see Eq. (4)] con-
strained to be equal for both error and error rate in each axis.
This optimization was performed using the criteria that/) were
to be chosen such that /task was minimized, subject to the
constraint that

(7)
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For further discussion of the attentional allocation, see Ref.
1 3 . / " , " "' ; . . • . ' • ' ' . . ' • ; ' • -. ' : ' - ' ; . . . .

The observations assumed available to ,the subjects were
error and error rates in each axis. The displays were either
integrated or considered sufficiently close together such that
additional observation errors due to scanning or paraioyeal
viewing were neglected.

The neurorriotor noise-to-signal ratio was selected to be
— 20 dB, In addition to heuromotor noise reflecting a source
of remnant, the use of this noise has also been found to be
necessary for the OCM to yield gain and phase margins appro-
priate for human operator modeling. For the relation between
this noise and stability margins of linear-quadratic-Gaussian
(LQGJ controllers, the reader is referred to Ref. 14.

Finally, the command signal for each axis was modeled as
low-passed white noise, using the filter

from the OCM may be considered to be of the form

Fc(s) = •Ac
s2 + 2(0.7)(0.5)s + (0.5)2 (8)

Note that the break frequency of 0.5 rad/s corresponds to
maximum command power below 0.5 rad/s. The gain>lc was
selected such that the maximum command amplitude listed in
Table 4 was twice the standard deviation (2a) of the random
command generated with the previously mentioned filter.

Results of the Model Analysis
The aforementioned OCM setup data were used with a

version of the PIREP computer program13 to obtain OCM-
based estimates for the pilot dynamic behavior and various
system performance metrics. The model results obtained in-
clude both time- and frequency-domain quantities. The time-
domain results include root-mean-square tracking error ae,
control manipulation deflection rate 05, the objective function
magnitude Jtask, and the optimized attentional allocation/for
each axis (for multiaxis tasks). The frequency-domain results
include pilot describing function Yp(/o>) = 6j:/c/(/co) and rem-
nant ^(co), along with the: controiled-element transfer func-
tion in Bode form e//8/(/«). From this information, the
crossover frequency coc/, pilot phase compensation at cross-
over (t>p (coc), phase margin <t>M, effective pilot latency TE , and
closed-loop bandwidth may be determined. These parameters
are obtained graphically as, for example, in Ref s. 15 and 16.
The pilot's describing function (in each axis) that is obtained

And the pilot phase compensation is then

0j(oit) = arg Yp(jwc)

The phase margin is determined from

<t>M = TT - arg YpYc(jwc)

while effective pilot latency is

TE = (ir/2 - <t>M)/uc

Finally, the closed-loop bandwidth is defined as

= ̂  Iclosed loop phase = - 90 deg

(9)

(10)

(11)

(12)

(13)

The key results are summarized in Tables 5-7. Table 5 lists
the single-axis results. When the single-axis estimates are con-
verted to classical forms, the results show trends of rating with
increased effective latency re and reduced crossover frequency
o)c, which are consistent with similar sets of vehicle dynamics
considered in Refs. 1 and 17. Tables 6 and 7 summarize the
two- and three-axis results, respectively. These results will be
discussed further.

Since one of the fundamental effects of task interference is
increased remnant, this area is the first to be discussed. Shown
in Fig. 3 are the modeling results for the remnant <j)nn, normal-
ized with mean-squared error for two cases considered. This
figure does, indeed, indicate an increase in remnant at low
frequencies for the two-axis task over the single axis. Note that
this two-axis task involves poor dynamics laterally, with the
same good dynamics in pitch as the single-axis ease. As a result
of the interference from difficult lateral dynamics, the atten-
tion allocated to the pitch axis reduces from 100% (/pitch = 1.0)
to 20% (/pitch = 0.2).

One reason the controlled elements of Fig. 3 were chosen
for single-axis',, dual-axis comparisons, is the possibility to
compare the estimation results with similar data. Reference 6
considered a two-axis case with one axis involving an unstable

Table 5 Single-axis summary
Case w£

On
QMid
GLOW
<t>Hi
4>Mi

4>Low
(rw=0.12)a

to/

arw = 0. 1 s except as

r(r/5)

3.2
3.1
3.1
3.1
3.1
2.8

2.9

noted.

UBW

3.7
3.5
3;5

3.6
3.5
3.1

3.6

,0M(re)

37° (6.289)
28.4(0.346)
25.5(6.363)
37.2(0.297)
29.5(0.335)
21.5(0.427)

43.4(0.280)

<l>pc

44.2°
42.6
44.8
50.7
64.5
64.0

38.9

Oe/Cti

0.188
0.295
0.413
0.202
0.281
0.523

0.234

Qb/gi

0.103
0.193
0.273
0.119
0.176
0.385

6.125

/

0.46
0.124
0.245
0.055
0.110
0.422

0.071

FOR

2.5-3
4-5
6-7

2.5-4
3.5-5
5-6.5

3-3.5

Table 6 Two-axis summary8

Case/axis uc

Attentional
</>M (re) <bpc fre/ff/ g&/gi fraction /task FOR

B&HH/6
0<j>,HH/<t>
0<j>,HL/d
0<t>,HL/(i>
6<}>,LH/0
0(l>,LH/<j>

2.75
2.7
2.15
2.75
3.6
2.2

3.3
3.3.
2.85
2.95
3.4
2.87

41
42
49
22,
26
51

.5(0.308)

.2(0.308)

.2(0.331)

.1(0.431)

.3(0.371)

.0(0.309)

39.6
43.7
33.9
62.8
44.1
34.1

0.230
0.242
0.315
0.594
0.472
0.306

0.111
0.126
0.127
0.421
0.235
0.134

0.
0.
0.
0.
0.
0.

,5
,5
,2
,8
,8
.2

0.146

0.646

0.430

(2.9)

(6.2)

(4.0)

in each axis as in Table 4.
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Table 7 Three-axis summary8

Case/axis o>c &Bw <t>M(re)

e<i>0,HHH/e 2.5 3.1 45. (0.3 14)
e^,HHH/<i> 2.45 3.1 46.(0.313)
64>$,HHH/& 2.0 2.8 54.2(0.312)
eiftiHLH/B 1.9 2.6 53.1(0.339)
e.WJJLH/4 2.65 2.9 23.5(0.438)
d<f>0,HLH/@ 1.75 2.6 60.7(0.292)
e<i>P,LHH/0 2.9 3.3 26.8(0.380)
04>j8,L/#?/$ 1.9 2.6 56.5(0.308)
00/3,L/#///3 1.63 2.6 60.2(0.319)
ei&jOMH/e 2.6 3.0 32.3(0.395)
00jS,MM///</> 2.7 3.1 34.5(0.366)
9WMMH7& 1.7 2.5 59.5(0.318)ewMHH/e b b b
6(f>(3,MHH/<f> b b b

00l8,M/f/f/jS b b b

008 HMff/6 b b b

B<I>$\HMH/<I> b b b
&<j>Q,ifMH/P b b b

00j8,LM///0 b b b
Q<t>(3,LMH/<f> b b b

6<t>$\LMH/$ b b b
0<Aj8,ML/f/0 b b b
6<}>$\MLH/<I> b b b
9J>&'9MLH/$ b b b
0(j>&,LLH/0 b b b
6<j>$,LLH/<l> b b b

00j8,L£///j8 b b b

aTft in each axis as in Table 4. ^Not determined.
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Fig. 3 Model-based error remnant spectrum task-interference effect
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Shown in Fig.
regression.

5 are some experimental results from Ref. 6
along with some model-based results generated in this study,

gQ 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1

O.I 1.0 . 10.0
Frequency, w (rod /sec)

The ratio of crossover frequency to that for a single-axis task
is plotted vs effective dwell fraction t\e defined as

Fig. 4 Comparison of model-estimated and Ref. 6 normalized rem-
nant spectra.

controlled element similar to the lateral dynamics for the
two-axis case modeled here. Figure 4 shows that the remnant
shown for the pitch axis in the two-axis task in Fig. 3 cpmpares
favorably with that from Ref. 6 for the natural-scanning case.
To the extent that these remnant data from Ref. 6 are a
reasonable surrogate for the Dander case, this close corre-
spondence is compelling. However, a key result is that an
increase in remnant due to task interference is reflected in the
results from the optimal control model, consistent with the
classical theory reviewed earlier.

= 17-O(l-tj) (14)

where Q = ratio of crossover gains for. divided/full attention
(«0.566 for the Ref. 6 data), and rj = actual dwell fraction. If
dwell fraction is taken to approximate fractional attention//'
as defined herein (or vice versa), one can compare model-
based results to those of Ref. 6. The modeling results are in
general agreement with the experimental data arid exhibit the
same trends as expected from the theory. Therefore^ we can
say that the task interference effect of coc regression is also
observed in the optimal control modeling results.
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Fig. 6 Trend of optimal operating points.

Another comparison between the classical theory and the
optimal control modeling results discussed herein is revealed
in Fig. 6. The results in this figure are consistent with the
parametric results shown in Fig. 2. The minima in Fig. 2
represent the optimum performance cre for a given dwell frac-
tion rj. Again interpreting 77 to be analogous to fractional
attention./), the optimal-control-model-based results for the
Dander configuration in Fig. 6 corresponding to "best" dy-
namics, for example, are the model-based results that show
trends comparable to the minimum mean-squared error points
of Fig. 2. Listed alongside the data points in Fig. 6 is the
fractional attention used for control of the best axis dynamics
(OH) and some results for the "worst" axis dynamics (BL).
Note that as fractional attention (dwell fraction) decreases for
a given controlled element, (optimum) tracking performance
is degraded, wc regresses, and phase margin increases—
all generally consistent with the classical divided-attention
theory.

Pilot Rating Estimation
Given the consistencies between full- and divided-attention

behavior described previously, the next concern is the estima-
tion of pilot workload associated with the multiaxis control
tasks. This is quantified in the Dander data set by Cooper pilot
ratings. It is well known (e.g., Refs. 1, 12, 17) that the subjec-
tive ratings of flying qualities provided by pilots depend on
task performance and the pilot equalization needed to offset
any deleterious vehicle dynamic characteristics. In tasks with a
significant closed-loop tracking content these features can be
reasonably represented by normalized tracking error and pilot
lead equalization.

Pilot lead equalization will skew the pilot's output ("control
input" in the OGM) spectrum toward higher-frequency con-
tent. Consequently, lead equalization when reflected into a
component of an integral performance index will be manifest
as increased control input rate. Also, the task performance in
terms of mean-squared error is a natural component of a
system performance metric or index. With these two facts in
mind, Hess18 suggested that the combination of error squared
and pilot-output-(control input)-rate squared might be used as
a metric giving indication of the subjective rating. With a
particular weighting g on the control rate term, this is just the
optimal control performance index in the OCM. Using the
limited experimental data available, Hess18 was able to show
that a reasonable linear correlation did indeed exist between
the OCM performance index J and the pilot rating, and the
basis for this correlation was extended further in Ref. 19.
Indeed, one reason that the present study was undertaken was
the hope that this relationship could be expanded to the multi-
axis situation.

To determine if the (appropriately chosen) objective func-
tion did, in fact, correlate with multiaxis and single-axis rat-

iogJtask

-2.0 0.0-1.0
Log Jfask

Fig. 7 "Cost functions/rating correlation.

ings, the Dander results are again considered. In the task
objective functions chosen in this modeling work, the error
was normalized with the variance of the command signal in
the respective axis. Not only does this offset the effects of
different units in the axes, but it also cancels the effect of
command signal strength on the ratings.17 Finally, with the
model-based determination of g/, the weight on control rate in
the objective function, one may consider the resultant weight
as "normalizing" control rate. These normalized quantities,
mean-square error, and control rate are tabulated in Tables
5-7, along with /task.

Shown in Fig. 7 is the correlation between Jtask, as modeled,
and the subjective ratings of the task. The correlation between
/task and pilot opinion rating (FOR) from the single-axis re-
sults appear to hold for the multiaxis results as well. This
result would seem to indicate that the ratings reflect the actual
performance and workload (stick rate) in the overall task, or
that the subject does not accept the fact that the performance
should be worse since the task is more difficult. In other
words, the subject does riot accept worse performance arid
workload in a multiaxis task compared to single-axis results.

The results also tend to support the hypothesis that deter-
mining the weightings g/ in the manner discussed leads to
appropriate relative weightings on control rate in the axis, and
the relative weight between control rate and normalized error.

Conclusions
Pilot modeling estimates using the optimal control model

adjusted to take into account divided attention or task inter-
ference among several control axes indicate that when the pilot
must divide his attention across several control axes, the
crossover frequency will be less than full-attention values,
while the remnant, closed-loop system performance (error)
and phase margin will be larger. These results are in agreement
with classical theory and available experimental data. Finally,
the objective function (optimal control performance index)
used in the pilot and system behavioral modeling, when "cali-
brated" with single-axis correlations, shows potential for the
development of subjective ratings estimates for multiaxis
tasks.
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