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Pilot-Optimal Augmentation
for the Air-to-Air Tracking Task
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A method based on optimal control techniques, closed-loop task-oriented design objectives, and an optimal
control model of the human pilot was applied to augment the system dynamics in a longitudinal air-to-air
tracking task. The plant dynamics included not only the vehicle short-period mode but the dynamics of two
different lead-computing sight displays at different racking ranges and levels of target acceleration. Previously
obtained experimental results were duplicated, a family of full-state feedback linear control laws developed,
tracking improvements predicted, and augmented system dynamics (eigenvalues) investigated. The results
demonstrate the dependence of the desirable vehicle (short-period) dynamics on the dynamics of the other
system modes (e.g., the display), thus emphasizing the importance of considering all of the system dynamics in
handling qualities investigation and stability augmentation synthesis.
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Nomenclature
= plant matrix (nxn)
= augmented plant matrix (n x n)
- target plunge acceleration
= control matrix (nxm)
= augmented control matrix (nxm)
= observation matrix ( I x n )
= distance to target
= expected value operator
= augmentation control input weighting
(mxm)

- pilot control input rate weighting (mxm)
- human describing function (matrix in OCM)
= element in human describing function matrix
= objective function
= feedback gain for state ( • )
= pilot describing function gain
= Mach number
= vehicle dimensional derivative-pitch ac-
celeration due to ( • )

=transfer function numerator coefficients
= dummy noise state variable
= output weighting (/ x /)
= vehicle pitch rate
= pilot control input weighting
= Laplace parameter
= projectile time of flight
= pilot's lead-time constant
= pilot's observation thresholds
= augmentation control vector, m
= pilot control vector, m
= flight velocity
=variance of parameter ( • ) for pilot remnant
= "white" stochastic process
= state vector (n)
= output vector (/)
= vehicle dimensional derivative-plunge ac-

celeration due to ( • )
= vehicle angle of attack
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j8 = relative line-of-sight angle
yT = target flight path angle
A = variation
dE = elevator deflection angle
65/ = stick deflection angle
e = tracking error angle
f (.} = damping for mode ( • )
0 = vehicle pitch angle
6C = commanded angle
X = displayed lead angle
p, j = ratio of remnant to variable ( • ) noise
a^(. y = variance of the physical variable ( • )
r = delay
TO = actuator time constant
TN = neuromuscular time constant
co ( . ) = generic undamped natural frequency for mode

Introduction

W ITH the growing dynamic complexity of advanced
flight vehicles (e.g., control-configured and/or highly

flexible vehicles), the utility of conventional, open-loop, rigid-
body handling qualities specifications for dynamic
augmentation synthesis diminishes. An alternative design
approach is to apply closed-loop task-oriented design ob-
jectives and include analytical representations of the pilot.
Previously presented1 was the initial development of an
augmentation synthesis methodology that utilizes an optimal
control model (OCM) of the human pilot2 and applies op-
timal control laws compatible with the pilot's objectives and
capabilities. Thus, the analysis approach is particularly suited
to multidimensional high-order systems. Furthermore, to
maximize pilot acceptance, the pilot's objective function in
the human operator model is also used as the augmentation
design objective function. The rationale for this latter feature
stems from the high correlation between the resulting
magnitude of the quadratic functional of the OCM and the
actual pilot's subjective ratings obtained in experiments.3

Finally, due to the cooperative structure of the pilot and
augmentation, the method necessarily involves the
simultaneous solution of two coupled optimal control
problems.

In this paper, the problem to be addressed is the
augmentation of the plant dynamics in an (air-to-air pitch)
tracking task. The higher-order system dynamics actually
include linearized flight vehicle rigid-body and actuator
dynamics as well as the display dynamics of two lead-
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computing sights. In each of the cases considered, the vehicle
flight condition, and therefore rigid-body dynamics, remain
unchanged. However, the sight dynamics vary considerably
between cases with different sight types and tracking ranges.

The vehicle and one of the sights is identical to one of the
cases addressed experimentally, as well as analytically (via the
OCM), by Harvey.4 In his investigation, Harvey used fixed-
base simulation data to infer the pilot's objective function in
this task. A unique objective function was found to yield
extremely good correlation (in terms of rms statistics) between
analytical and experimental results over a wide range of
system dynamics. It is therefore assumed in our work here
that this same objective function is invariant with the system
dynamics , and is used in all cases considered .

The objectives of this investigation include not only the
estimation of the performance improvement attainable with
augmentation, but also, and perhaps more important, the
determination of the most desirable plant or controlled-
element dynamics. By parametrically varying the level of
augmentation, we are able not only to establish trends in the
desirable plant characteristics, but also the predicted changes
in the human operator characteristics with varying high-order
plant characteristics. Finally, the results so obtained are
compared to those of Hollis,5 who used simple pitch-rate and
plunge-acceleration feedback along with Ander son's paper
pilot6 to determine optimum vehicle dynamics for pitch
tracking with a fixed sight (with no display dynamics).

System Models
The vehicle dynamics are the linearized short-period ap-

proximation for a typical fighter aircraft in level flight at
15,000 ft altitude, Mach no. = 0.9 (F=952 ft/s), and the
specifics are presented in Table 1. Also, to aid in the in-
terpretation of results, we will consider augmenting the
simple, second-order plant (B(s)/bst (s) =K/s2).

The schematics of the displays are shown in Fig. 1. The
tracking task, of course, involves the desire to minimize the
tracking error e, where for the simple K/s2 plant

For the pitch tracking task,

where fi, the relative line-of -sight angle, is governed by the
relations

Table 1 Vehicle math model

Note that for this display, the fixed reference mark represents
the weapon line and the sight (reticle and pipper) is dynamic
(moves in display).

For the high-order pitch-tracking task, the displayed
variable, or lead angle X, includes the lead required for
velocities and accelerations, as well as a ballistic "jump"
correction. The governing linearized equation of an ideal sight
is

VTfT2
f

This relation implies that the line-of-sight rate 0 and the
target's normal acceleration ar are available for lead-angle
calculation, and therefore represents an idealized sight. A
second lead-angle equation representing an actual typical
sight is given as

(2)

a
e
q

dE

z«
zd

= Zaot + q + ZddE

=q !

= (Ma+M6cZa)0i+(Mq+M6l)q
4-(Af6+MdZ5)6£.

= "~ (l/Ta )^E^~ l^stick
= -983 ft/S2

= -90.5 ft/s2

TO = 0.05s
rSP =0.32
O)SP =3. 3 5 rad/s
Ma =-10.4 rad/s2

Md =-0.344 rad/s
M9 =-0.738 rad/s
M5 =-37.1 rad/s2

K/s2 Plant Display A-A Display
Fig. 1 Display schematics.

This relation is obtained from the above by assuming that the
line-qf-sight rate 0 may be approximated by the lead-angle
rate X, and the target acceleration is approximately equal to
the attacker's, or aT=*Zaot. Note that since the actual sight
[Eq. (2)] depends entirely on the attacker's variables (a, 0,
etc.), it is much more sensitive to pilot stick input than the
ideal sight. Also note the sight dynamics are clearly a function
of tracking range. Two tracking ranges were considered,
£>=1000 ft and £> = 3000 ft, associated with two projectile
times of flight, 7} = 0.33 s and Tf= 1.30 s, respectively. The
process driving noise for the pitch tracking case is the target
normal acceleration generated by filtered white noise where

dT=-0.33aT n = -0.33n + w(t)

and the white noise intensity is selected to yield chosen levels
of target accelerations. The driving noise for the K/s2 plant is
simply the commanded variable 0C generated by filtered white
noise where

For comparison purposes, the transfer functions for the
three systems are given in Table 2. The numerator coefficients
NrN4 and MrM4 are functions of vehicle and sight
characteristics, and therefore depend on tracking range or,
equivalently, Tf. On the other hand, except for the sight time
constant Tf in the typical-sight case, the denominator is a
function of vehicle characteristics alone.

The optimal control model (OCM) of the pilot2 assumes
that the well-trained well-motivated human operator chooses
his control inputs up, subject to human limitations, such that
the following objective function is minimized:

(3)

and G is selected to obtain a chosen neuromuscular lag time
constant TN. The pilot's input is then expressed in the scalar
case as

The selected parameters of the model in this investigation are
given in Table 3, and are consistent with those in Harvey's4

investigation of this task. (Note that nominal values of model
parameters have been chosen which do not reflect the pilot's
acceleration environment. This was done to be consistent with
fixed-base simulation results.)
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Second-order plant

e(s)/&st(s)=fl.7/s2

Ideal sight display (Eq. 1)

e(5) K(NjS3 +N2s2 +N3s:+N4 )
~ ~

Typical sight display (Eq. 2)

e(5) K(MjS3 +M2s2+M3s+M4)

K = -

ras+l) (s2

N2 = (D/V+ Tf) ( VMd + Z8M6e)-Zd

N3 = Z6 (Mq + Md ) + (D/ V+ Tf) (MaZd - Za

N4=MaZ8-ZaMd

MJ = ZbTf(ZolD/2V2 -0.962)

M2 =N2 + Tf(ZaD/2V2 -0.962)(KM6 -MgZd )

Table 3 Pilot model parameters

Observation delay
Neuromuscular time constant
Observed variables
Cost function weightings

Observation thresholds

Observation noise variance
Motor noise variance

r = 0.2s
7^=0.18
y'=(e,e,\,\]
C =[16,1,0,4]
*u=0
Te = rx= 0.65 deg

Table 4 Performance comparison

Parameter (rms)

Experiment
Analytical

(typical sight)
Analytical
(ideal sight)

Experiment
Analytical

(typical sight)
Analytical

(ideal sight)

e,deg

2.1
2.3

1.6

2.4
2.3

1.1

X,deg

L
2.9
2.9

2.6

L
8.7

10.1

9.7

q, deg/s

>= 1000 ft
8.0
8.7

7.9

> = 3000 ft
6.4
7.3

6.0

$£,deg

2.1
2.1

2.0

1.8
1.8

1.6

Qa - 3.5 g's for all cases.

Shown in Table 4 is the predicted (rms) performance using
this OCM as compared with Harvey's (fixed-base simulator)
experimental results4 for the typical sight display. Also shown
is the predicted performance for the idealized sight for
reference.

System Augmentation
With the above system models, we represent the system,

including the pilot's control input as well as the augmentation
input, by the relation

x=Ax+Bii

where waug is an equivalent stick input — in this case a scalar.
As shown previously,1 if i/aug is chosen to minimize the ob-
jective function

^aug =JP+E\limT\n "aug^augd/1 (4)^r-»oo i j o _J

where Jp is given in Eq. (3), the relation for the augmentation
input is

or

— K Uu p

(The matrices KA1 and KA2 are obtained, as discussed in Ref .
1 , by simultaneously solving two coupled Riccati equations —
one yielding the augmentation gains, and one yielding the
pilot's gains.)

The result, of course, is the pilot controlling the augmented
system, which is now described by

or

Second-Order Plant
Let us initially consider the effects of pilot optimal

augmentation of the second-order plant for which we may
define x' = (Bc, Oc, 0, 0) and y' = (e, e). Shown in Fig. 2 is
the augmented open-loop and pilot closed-loop root locus
obtained via optimal augmentation for various waug objective-
function weights, or F in Eq. (4). (A-E indicate open- and
closed-loop cases with increasing augmentation.) Note the
shape of the augmented (open-loop) system root locus, as well
as that of the pilot closed-loop system corresponds to the
known7 asymptotic behavior of the closed-loop roots of a
linear optimally controlled single-input single-output system.
In this case, the root locus assumes a Butter worth con-
figuration of order two. (This results from two open-loop

Fig. 2 Second-order plant root loci.
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plant poles and no zeros, except the pilot closed-loop poles
include a third, introduced via the pilot's neuromuscular lag.)

The distance between open- and closed-loop eigenvalues is a
maximum for no augmentation (i.e., F^<x>), while the open-
and closed-loop poles coalesce for increasing augmentation,
eventually eliminating the pilot compensation, and the system
monotonically approaches a pure automatically controlled
system.

To aid in further interpretation of these results, consider
the human operator describing function8 in a compensatory
task to be approximated by

H(s) =

or a gain, low-frequency lead, effective delay, and
neuromuscular lag. Our augmented or unaugmented second-
order plants may be described in general by the transfer
function

\

The piloted closed-loop denominator now becomes (ignoring
the delay)

+ —
TN

+ — (u2+KKp)
TN

If we write this closed -loop denominator as

or

we see that the pilot's gain K is related to the difference
between open- and closed-loop frequencies by the relation

Therefore, the pilot's gain tends to be proportional to the
difference between the squares of closed- and open-loop
natural frequencies, or equivalently, the squares of distances
of the poles from the origin .

Also, the pilot's lead TL is related to the open- and closed-
loop parameters by the relation

Therefore, the pilot's lead would tend to increase with in-
creasing A(fco)/Aco2 between open- and closed-loop eigen-
values. With three observations, we are able to qualitatively
relate the trends from the root locus (Fig. 2) to the parameters
in the classical human operator describing function.

In the case of higher-order systems, however, the pilot
describing function may not be well approximated by the
simpler forms, and the relationships between the root locus
characteristics and the predicted human describing function
parameters are much more complex and difficult to express
quantitatively. Still, the effects of augmentation and of the
pilot's gains are depicted in the root loci, and the difference
between the open- and closed-loop roots indicate, at least
qualitatively, the required level of human equalization in-
volved. Finally, the augmented (open-loop) system root locus
yields important information about the desirable trends in the
system's dynamics.

\
\

IDEAL SIGHT DISPLAY
X - AUGMENTED SYSTEM ROOTS
0 - CLOSED-LOOP (PILOTED)

SYSTEM ROOTS
A-C LEVELS OF AUG.

-^

Fig. 3 Ideal display root loci.

VFHICLE COMPARISON
WITH HOLLIS

OPEN SYM. - UNAUGMENTED
CLOSED SYM. - AUGMENTED

VEHICLE S.P,
NOTE: HOLLIS CONSIDERED

SIX DIFFERENT VEHICLES

• 3 (RAD/SEC)

-7 -6 -5 -4 -3

O'(RAD/SEC)

Fig. 4 Vehicle dynamics comparison.

Ideal Sight Display
Consider now, the optimal augmentation of the air-to-air

tracking task with the system including the ideal sight display
[lead angle obtained from Eq. (1)]. Again, with decreasing
augmentation control input weight [Fin Eq. (4)], we generate
a family of augmented systems. The open- and closed-loop
eigenvalues are shown inJFig. 3.

The open-loop roots include in the unaugmented case, the
two roots at the origin, the vehicle short-period roots, and the
actuator root at - 20 rad/s.

For the piloted closed-loop system, still unaugmented, the
roots include a low-frequency pair, a high-frequency pair, and
two real roots, one at -3.7 rad/s and one (not shown for
clarity) at -20 rad/s.

As the level of augmentation is increased, as indicated by
cases A-C, the frequency and damping of the vehicle short-
period mode is increased and the two poles originally at the
origin move toward the piloted closed-loop low-frequency
pair due to the closure of the tracking loop (i.e., feedback of e
and e). With the pilot closing the loop on the augmented
systems, a unique pair of high-frequency roots are associated
with each level of augmentation, and this pair appears to
follow a Butterworth pattern. However, for the levels of
augmentation considered, the two real closed-loop roots (at
approximately -20 and - 3.7 rad/s) are relatively insensitive
to augmentation level. Also, the low-frequency pair (at about
-0.7dbO.7y) are invariant with augmentation. This pair also
corresponds closely to a pair of plant zeros.

This behavior is consistent with the asymptotic properties
of linear optimally controlled system roots cited .previously.
For single-input single-out systems, p of the roots tend toward
the p open-loop zeros (in the left half-plane), and the
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remaining roots assume a Butterworth configuration of order
n-p. Furthermore, the systems with input and output vectors
of equal dimension (i.e., systems with square transfer-
function matrices), p of the closed-loop roots tend to the p
"zeros" of the determinant of the transfer function matrix.
Although, the transfer function matrix is not square in this
case, the invariance of any closed-loop roots may still be
explained in terms of the above properties and the existence of
system "pseudo-zeros."

Shown in Fig. 4 is the comparison of these (vehicle short-
period) results with those of Hollis.5 In his analysis, Hollis
determined the vehicle augmentation yielding the best pilot
rating via the "paper-pilot."6 Pitch rate and plunge ac-
celeration were used for augmenting only the vehicle with a
fixed sight (with no display dynamics). It is seen that the
results agree with the trend determined by Hollis' con-
sideration of several sets of vehicle dynamics. In all cases, the
"optimal" augmentation increased the frequency and
damping of this vehicle mode. This trend, as noted by Hollis,
also agrees with the military specifications on flying
qualities.9 (As we shall see later, this is not the case for the
other sight display.)

The predicted improvement in (rms) tracking accuracy for
the ideal sight is shown in Table 5, along with the rms
statistics on stick deflection and rate of deflection, i.e.,
physical workload. Recall that the stick deflection was not
considered penalized in the pilot's objective function, hence
little reduction in this parameter is obtained through
augmentation. However, rms stick rate is significantly
reduced.

Finally, Table 6 lists the optimum full-state feedback gains
in this idealized case for each level of augmentation.

For this sight display, increasing the tracking range D from
1000 to 3000 ft changed the results very slightly. The feedback
gains varied approximately 15% and the augmented and
piloted system root loci were almost identical to that in Fig. 3.
The position of the invariant low-frequency piloted-system
roots did change from -0.7±0.7y to -0.3 and -1.2 rad/s,
but the augmentation moved the poles at the origin toward
those roots as in the 1000 ft case.

Typical Sight Display
Considering now the system with the more typical display

dynamics [lead angle computed with Eq. (2)], the open- and
closed-loop root loci are shown in Fig. 5. The unaugmented
system roots in this case include those considered above plus
the lead-angle time constant Tf. Comparing these results with
those in Fig. 3, we see an entirely different trend in the vehicle
short-period roots! With the more sensitive, or "active,"
sight display in this case, the optimum short-period frequency
remains relatively constant while the damping is increased.

Table 5 Augmented performance (rms)

Error e, deg
Deflection 6, deg
Rate 5, deg/s

Unaugmented

1.92
3.61
7.16

Level
A

1.71
3.55
6.25

Level
B

0.95
3.50
5.39

Level
C

0.35
3.55
4.87

. .̂̂ U.l,

\
N
\A
)̂U

TYPICAL SIGHT DISPLAY
D = 1000 FT.
X - AUGMENTED SYSTEM ROOTS yEH $ p
0 - CLOSED-LOOP (PILOTED) A

SYSTEM ROOTS 13^- — Ĥ U
A-C LEVELS OF AUG f

\
C = -15.0 8.8, , . u?c IK

I'Â  E \ ^ B^ AUM A>5
-̂ 0̂ -19 ̂  -8 -7 -6 -5 -tK -? -2 -1 0

8

7

•6

5

•14

•3 (RAD/SEC)

'2

1

U

C"(RAD/SEC)

Fig. 5 Actual sight root loci (D = 1000 ft).

1E>U

TYPICAL SIGHT DISPLAY
D = 3000 FT.

X - AUGMENTED SYSTEM ROOTS
0 - CLOSED-LOOP (PILOTED)

SYSTEM ROOTS
A-C LEVELS OF AUG.

&-LS
-20 -9

C = -15.2 + 8.8j

-7 -6 -5
l."(RAD/SEC)

- '

Fig. 6 Actual sight root loci (D = 3000 ft).

Recall that the results obtained by Hollis included no display
dynamics, and that the results agreed with those obtained with
the less active, ideal sight display. Additionally, the
augmented short-period roots in the case considered here (Fig.
5) approach an invariant pair of piloted closed-loop eigen-
values, a trend not observed in the ideal-sight case.

The behavior of the roots near the origin is as observed
previously: the augmentation closing the tracking loop and
moving the plant poles at the origin toward the two invariant
closed-loop eigenvalues. Also, the actuator and sight time
constants move together, due to augmentation, and eventually
become a high-frequency complex pair. Finally, as before, a
unique high-frequency closed-loop pair is associated with
each level of augmentation, and approaches a Butterworth
pattern. A seventh closed-loop root at -20 rad/s is in-
troduced by the pilot's neuromuscular lag, but is not shown
for clarity.

Increasing the range to the target D from 1000 to 3000 ft
results in the root loci shown in Fig. 6. Now, not only do the
plant zeros (and therefore the "pseudo-zeros") depend on D,
but the sight time constant Tf is affected as well. As a result,
this root locus is appreciably different from that in Fig. 5,

Table 6 Optimum gains—ideal sight display

Augmentation
level

A
B
C

• *„
-0.113X10-5

- 0.725 X 10 ~5

- 0.267 X 10 -4

KaT

-0.735x10
-0.492x10
-0.206x10

-s
-4
-3

*T

0.021
0.144
0.632

j

0,
0,
0,

^
.030
.213
.995

Ka
0.030
0.189
0.734

•*a

-0.051
-0.357
-1.63

*,
-0.011
-0.072
-0.314

*,
0.017
0.111
0.432

***'
0.029
0.154
0.383
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20'

10 -

-20 J

UNAUGMENTED

Table 7 Augmented performance (rms)

LOG <
. 0

-100-

-200

-300J

Fig. 7 Plant frequency response.

20i

10-

-10

-20

—• -̂  AUGMENTED PLANT

UNAUGMENTED PLANT

LOG
0

-100

-200J

Fig. 8 Pilot frequency response.

particularly at the higher level of augmentation. Still present,
however, are the four invariant closed-loop poles—two real
and two complex in this case—and the family of complex
closed-loop roots at the higher frequency. Note in this case,
the migration of the sight time constant with augmentation
toward the closed loop root at - 0.3 rad/s and the behavior of
the augmented short-period roots for level C.

The effect of augmentation (level B, Z>-1000 ft) on the
system's frequency response (e/d) is depicted in Fig. 7.

Error e, deg
Deflection bst , deg
Rate65,,deg/s

Unaugmented

3.05
3.71
7.33

Level
A

2.50
3.64
6.64

Level
B

1.12
3.51
5.36

Level
C

0.31
3.68
5.10

Closure of the tracking loop (via e and e feedback) eliminates
the l/s2 characteristic at low frequency, while the increased
damping of the short-period mode at co<=3 rad/s) is evident.
The effect of this level of augmentation on the predicted
frequency response of the pilot is shown in Fig. 8. With
augmentation, the pilot appears to increase his gain, as well as
adding slightly more low-frequency lag. Also, his required
lead near o> = 3 rad/s would appear to be decreased.

The pilot frequency response shown in this figure is that of
an equivalent describing function formed from the transfer
function matrix (H(s)) obtained from the optimal control
pilot model. This equivalent describing function is analogous
to the classical human describing function measured ex-
perimentally in a compensatory task, and is obtained from
the relation

lequ e(s) e(s)

viheredst(s)=H(s)y(s).
The effect of the augmentation on the predicted rms per^

formance is shown in Table 7. The rms error e, stick
deflection, and stick rate are given for D= 1000 ft, aaT = 5 g's.
Here again we see a significant improvement in tracking
error, while the rms stick activity remains approximately
constant with increased augmentation. As before, however,
we note that stick activity was not penalized in the objective
functions. The pilot stick rate is also reduced with
augmentation.

The above improvements in tracking accuracy were ob-
tained, while the predicted elevator activity actually decreased
slightly with increased augmentation (2.96 deg-rms
unaugmented to 2.81 deg-rms for level C). This is due to the
fact that the augmentation includes pilot stick position
feedback K6'sf so the net commanded elevator deflection by
the pilot beomes

dE=K(l-K8st)dst

where K is the actual stick gain. With his effective stick gain
reduced, the pilot's contribution to commanded elevator is
reduced, while the augmentation's contribution is increased.
The sum of the two results in the relatively constant net rms
elevator with increasing augmentation. The optimum gains
for the vehicle states for the three levels of augmentation is
given in Table 8.

Conclusions
In this effort, we have applied an optimal control ap-

proach, including an optimal control model of the human

Table 8 Optimum gains—typical sight

1000ft Kn Kaj,

F-i

F-i

= 0.001
= 0.01
= 0.1

-0.138xlO~5

-0.819X10-5

-0.298 x l O ~ 4

-0.952xlO~5

- 0.590 X 10 ~4

-0.236X10-3

V
0.027
0.176
0.731

^
0.037
0.246
1.07

KX

0.014
0.102
0.493

*«

0.042
0.245
0.872

**

-0.065
-0.442
-1.80

^
-0.180
-0.122
-0.535

K*B

0.029
0.185
0.689

***
0.044
0.211
0.467



SEPT.-OCT. 1980 PILOT-OPTIMAL AUGMENTATION FOR AIR-TO-AIR TRACKING 437

pilot and closed-loop performance objectives, to investigate
the augmentation of a tracking task with high-order system
dynamics. The method is well-suited for multivariable
systems analysis, and as such provides an alternative to
model-following synthesis techniques. It could also be used in
conjunction with following techniques since the pilot-optimal
augmentation method used here provides the insight into the
desirable augmented system dynamics via the open- and
closed-loop system root loci.

When considering augmenting the second-order plant, we
were able to easily relate the effects of augmentation to
changes in the approximate human describing functions
frequently used. However, in the case of high-order systems,
closed-loop analytical relations are unlikely. Therefore, the
open- and closed-loop root locus and the frequency response
obtained in our analysis approach are utilized for determining
changes in not only the plant but the human operator as well.

Also noted was the agreement between the root loci patterns
and the asymptotic behavior of the roots of an optimally
controlled system. Since the transfer function matrices were
not square in the two sight cases, the existence of plant
pseudo-zeros was inferred from the presence of a number of
invariant closed-loop poles toward which the augmentation
moved the plant roots.

In the analysis of the higher-order systems, it was shown
that the display dynamics affected the desirable vehicle (short-
period) characteristics. These characteristics for a less "ac-
tive" sight display were found to agree with those obtained
elsewhere for a fixed sight. However, the short-period mode
was modified differently with the more dynamic, typical sight
display. The effect of other dynamic modes, such as struc-
tural, may have a similar effect and could be investigated with
this same appraoch.

Finally, the predicted reduction in rms tracking error and
pilot workload (in terms of rms stick rate) would appear to be

significant. If these performance improvements could be
realized, pilot rating would drastically improve.
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The technology of remote sensing of Earth from orbiting spacecraft has advanced rapidly from the time two decades ago
when the first Earth satellites returned simple radio transmissions and simple photographic information to Earth receivers.
The advance has been largely the result of greatly improved detection sensitivity, signal discrimination, and response time of
the sensors, as well as the introduction of new and diverse sensors for different physical and chemical functions. But the
systems for such remote sensing have until now remained essentially unaltered: raw signals are radioed to ground receivers
where the electrical quantities are recorded, converted, zero-adjusted, computed, and tabulated by specially designed
electronic apparatus and large main-frame computers. The rec'ent emergence of efficient detector arrays, microprocessors,
integrated electronics, and specialized computer circuitry has sparked a revolution in sensor system technology, the so-called
smart sensor. By incorporating many or all of the processing functions within the sensor device itself, a smart sensor can,
with greater versatility, extract much more useful information from the received physical signals than a simple sensor, and it
can handle a much larger volume of data. Smart sensor systems are expected to find application for remote data collection
not only in spacecraft but in terrestrial systems as well, in order to circumvent the cumbersome methods associated with
limited on-site sensing.
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