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ABSTRACT

A technique 1is developed that is intended to provide a systematic
approach to synthesizing display augmentation for optimal manual control
in complex, closed-loop tasks. A-cooperative coﬁtfol synthesis tech-
nique, previously devéloped to design pilot-optimal control augmentation
for the plant, is extended to incorporate the éimultane0us design of
performance enhancing displays. The technique utilizes an bptimal con~-
trol model of'the man in the lbopr It is applied to the design of a

/ 2

h ]
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quickening control law for a display and a simple X/s“ plant, and then
to an F-15 type aircraft in a multi-channel task. Utilizing the closed
loop modeling and analysis procedures, the results from the display

design algorithm are evaluated and an analytical validation is per-

formed. Experimental validation is recommended for future efforts.



CHAPTER 1

INTRODUCTION

The utility of providing augmented displays to the human operator
as an aid in the closed-loop control of high order dynamical systems ié
well known, and discussion of some of the early work done in evaluating
various types of augmented displays can be found in [1]. With the
advent of high performance aircraft, the amount of information to be
processed by the pilot to successfully accomplish the assigned task has
continued to increase. It has, therefore, become more critical to
determine the best informational set and display dynamics needed by the
pilot so as to reduce the pilot’s workload and improve performance. For
example, the use of flight directors to achieve this objective has beén
analytically evaluated in [2] using closed loop or "pilot - modeling"
techniques, and validated through man-in-the-loop simulation in [3].

Ongoing research in the area of automatic flight test trajectory
controllers [4,5) has demonstrated the usefulness of such controllers,
rather than manual control, for accurately following specified complex
trajectories. These controllers, however, take the pilot out of the con-
trol loop, and it is desirable to avoid this. The possibility of doing
so while aiding the pilot with an appropriate display is worth explor-
ing, and that is;the subject of this work.

In general, the design of active displays for the human controller
requires extgnsive real time man-in-the-loop simulation to evaluate
variouslcandidate designs. Although simulator validation is always
appropriate, the objective of this study is to develop an analytical

technique to aid in the design of pilot-optimal displdy augmentation

i



" systems.

In the past, analytical methods have been proposed in which models
of human behaviour were used to identify, investigate and evaluate the
properties of augmented aircraft dynamics. In all these methods, how-
ever, the '"pilot model analysis” was added a posteriori. The idea that
the augmentation system works in coopepation with the pilot and a tech-
nique which considers the augmentation system and the pilot to be two
controllers wofking in "parallel" was first suggested by Schmidt [7].
This technique was later modified and its application to synthesize con-
trol augmentation that directly optimizes pilot opinion rating was
demonstrated for a modern control configured aircraft [8,9]. The
cooperative control synthesis technique has the advantage that it incor-
porates a mathematical model of the pilot behaviour and uses optimal
control theory to synthesize control gains that are pilot—-optimal as
modeled.

Since displa& augmentation, like control augmentation, has to be in
harmony with the pilot’s abilities and limitations in order to be
acceptable to him as an aid in accomplishing his task, the cooperative
synthesis technique is considered to provide an appropriate framework
for synthesizing pilot-optimal display augmentation. |

Even though the objective of both the control augmentation and the
display augmentation is to aid the pilot, the way this is achieved is
fundamentally different for the two types of augmentation. The differ-
ences between these two types of augmentation are best understéod by
considering the simplified block diagrams of Figures (l.1) and (1.2).
Figure (1.1(a)) depicts the pilot controlling an unaugmented vehicle.

For this case, the responses (y) observed by the pilot are those being
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controlled by the pilot.

Figure (1.1(b)) shows the case of a pilot controlling an augmented
vehicle. Note that the control augmentation changes the effective plant
dynamics being controlled by the pilot, and may be designed so as to aid
the pilot in accomplishing his task and to achieve desired dynamics for
improved handling dualities. Here again, however, the responses (y)

observed by the pilot are still those he is directly controlling.

Figure (1.1(c)) shows a simplified case of display augmentation,
wherein the vehicle responses drive a display observed by the pilot.
Note that any display dynamic augmentétion does not change the charac-
teristics of the vehicle dynamics being controlled (i.e. y/up is
unchanged) . It\bnly modifies the dynamics being observed by the pilot

d
(the displayed signal), the controlled variables of interest are still

(or xd/up). Here, clearly, though the pilot observes and controls x

the vehicle responses y. The case of combined control and display aug-
mentation is shown in Figure (1.1(d)).

Consider the manual control of a vehicle G(s), with control augmen-
tation such that the augmented vehicle is G’(s), as in Fig. (1.2(a)).
The closed—-loop transfer function, including the pilot, from some dis-

turbance u, to the vehicle output y is

G’(s)
1+ G'(s) P'(s)

where P’(s) represents the pilot describing function. Next consider the

y(s) = u_(s) (1.1)
pilot controlling the vehicle without control augmentation but with
display augmentation, as in Fig. (1.2(b)). The closed-loop transfer

function for this case is

G(s) |
7(8) = T35 o) ey 'S (1.2)



Now if the display dynamics D(s) are chosen, for example, such that
G(s)D(s)=G’(s), then the pilot describing function P(s) of the display
augmentation case (Fig..(l.Z(b))) is approximately the same as P‘(s) for

the control augmentation case. Then Egn. (1.2) becomes

y(s) = T G'?gi)P'(s) uw(s) (1.3)
Comparing Eqn. (1.3) to Eqn. (l.1), it is apparent that though the sta-
bility characteristics in terms of the closed-loop characteristic polyn-
mial are the same for the two cases of'augmentation, the closed loop
transfer functions are not. The point here is that the closed-loop sys-
tem dynamics obtained through control augmentation may be quite dif-
ferent from that obtined through display augmentation.

Chapter 2 of this report provides motivation for display augmenta-
tion through anaiytical evaluation of wvarious display "quickening" con-
trol laws, synthesized essentially through trial and error, for a simple
K/52 plant. A compensatory tracking ;ask is analyzed usiné an Optimal
Control Model (OCM) [6] of human behavior.

In Chapter 3 a methodology to synthesize pilot-optimal
display/control laws which is sensitive to the control and information
processing limitations of the human controller is proposed. This metho-
dology is an extension of the cooperative control synthesis technique
previously developed to design pilot-optimal control augmentation
(7,8,9]. Though the proposed methodology has been developed so as to be
-applicable to simultaneous synthesis of pilot-optimal control augmenta-
tion and display augmentation, the present discussion focuses on the

application of the technique to display design only.

The application of the cooperative display design technique to
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again synthesize display laws for the-K/s2 plant in the tracking task is

discussed in Chapter 4. When compared to the results of Chapter 2, the
results of this'application tend to analytically validate the synthesis
‘prgcedure. Tﬁe displays lead to predicted reduction in pilot workload
‘when evaluated using the OCM. Also the ability of the methodology to
provide task tailoring of the displays is demonstrated.

In Chapter 5 the application of the.methodology to high order
dynamical systems in a multi-control task scenario isAdemonstrated for a
modern aircraft. The chosen model closely represents the unaugmented
longitudinal dynamics of the F-15 aircraft, and the task is that of
tracking a normal acceleration command while regulating Mach number.

The control inputs available to the pilot are the elevator stick and
throttle. Model-based evaluation of the synthesized display again indi-
cates reduction in pilot workload in accomplishing the task.

.Finally a summary of the work 1s presented in Chapter 6 and recom-

mendations made for future research.



CHAPTER 2

ANALYSIS OF DISPLAYS FOR A K/s’ PLANT

Motivation for providing the human controller with augmented
displays is explored through analytiéal evaluation-of various
emperically-derived display "quickening” control laws for a simple K/s2
plant. The results of this evaluation agree with the known fact that |
the human operator’s workload can be significantly re&uced and his per-

formance improved by a proper design of the signal being displayed to

him.

2 Plant and Task Description

2.1 K/s
Consider the K/s2 plant dynamics as discussed, for example, by

Kleinman et al. in [6)]. The system state equations are

0 1) | x 0 _ '
‘1= 1o o ; A §(t) (2.1.1)

where x(t) is the plant position and 6(t) is the input from the human

He XN

controller.
A velocity disturbance is applied to the plant. It is modeled as a

first order Markov process having a break frequency of 2 rads/sec and is

given by

Xl(t) = -2x1(t) + w(t) (2.1.2)
where w(t) has intensity W = 0.217 to give E{xf} = 0.054 in.2 Defining

the plant position error (e) and the error rate (e) as

() 2xy(t) ;5 e(t) L x () + xy(6) (2.1.3)

and letting K = 1 in./in., the plant equations (2.1.1) can be combined



9

with the disturbance equation (2.1.2) to get

e
*1
-2 0 o] | %1 0] 1
X,y | = 1 0 1 X, + (0| §(t) + |0lw(t)
. 0 0 0 x 1 0
-x3~ 3
or in concise form
X = on + Bou + Dow (2.1.4)

The human operator’s task is to minimize the position error xz(t) in the
presence of the disturbance.
Next consider a display exhibiting some transport lag modeled in’

the form

x,(s) =?—Siﬁe(s) (2.1.5)
d

The dynamics of the disturbance, plant, and display can then be written

as

- A 0 - B D
X o X o} )
=l kTl St ¥ (2.1.6)
x| |5 7 ¢ :
d d
The human operator’s observations for this system are
Y = %y (2.1.7?

Yyt Ey
where it is assumed, in accordance with the known abilities of the human
controller, that he is able to reconstruct the displayed-variable rate
by observing the displayed variable itself.
| As shown in Fig. (2.1), the human operator’s task with the display

is to keep the needle on the display centered to the best of his
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Figure 2.1 Display for K/52 Plant
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abilities, subject to reasonable workload. This pérformance objeétive

can be reflected in terms of minimizing the cost

1% 9
Jp(d) = E{%iz-f g(xd + g8%)dt} (2f1'8)

With the above formulation in mind, the performance of the manually
controlled system is evaluated using the OCM model for various values of

T A brief description of the OCM modeling technique is given in

d'
Appendix B. For all the analysis carried out in this section, the

parameters that define the OCM model were set to the following values:

(i) Human operator’s observation time delay, T, set to 0.2

seconds

(ii) Observation- noise ratio set at -20 dB for both observations
(iii) Motor noise ratio was set at -25 dB

(iv) The weighting, g, on the control rate in the human
controller’s objective function was always adjusted to yield a neu-

romotor lag time constant,rn, of 0.1 secs.

(v) Very low values of thresholds were used for the observations
available to the human,and he was assumed to devote full attention

to the displayed signal.

Tﬁe OCM model obtained for the above values of the parameters has been
shown to correlate very well with the experimentally observed behaviour
of the ﬁuman controller [6], especially in single—axis tasks such as the
~one being discussed here. The significance~of these parameters in

modeling the human operator dynamics is explained in Appendix B.
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The results for various values of display lag 1., are presented in

d
Table 2.1, in terms of the mean équare_values of the'variables of
interest. These results are alsé plotted in Figﬁres;(Z.Z) and (2.3) (to
be discussed later) and correspond to the curve marked (:) in these
vfigures. From these results it is clear that with only error e driving
the display, the pilot’s performance improves as the display bandwi@th

is increased. As ?l + o the pilot’s performance approaches a limiting

d

case where the error is displayed instantneously to the human, or the
lihiting case wﬁere there is no display lag. This limiting idealized
case (labeled A in the figures) assumes that the error can be sense& and
displayed without any computational delay or lag, and may not be achiew
able. The question now is whether the performanée (pr pilot’s workload

situation) can be improved by augmenting'the display dynamics.

2.2 Display Quickening For _K/s2 Plant

Consider the augmented display dynamics of the form

| 1
Xy —~?;xd + ?;xz f 84%3 (2.1.9)

where g4 is a gain to be adjusted. Since x3(t) is the plant velocity
state, the above form of display will provide some lead information to

the human. Note that this form of display dynamics can be written in

general as

xd = adxd + ud
. vy = 634 (2.2.1?
where ;& = C&E is the vector of plant responses available for driving
the display, and u, is the display control law to be determined. In the

d

formulation of display dynamics as above, the choice of a, determines
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TABLE 2.1: OCM RESULTS FOR VARYING DISPLAY BANDWIDTH

Td M.S. Error (e) M.S. Input (§) M.S. Control Rate (é)

(sec) (in.z) (in.z) (in.z/secz)

0.20 0.0215 2.176 106.91

0.10 0.0177 1.543 76.47

0.05 0.0157 1.353 67.44

0.02 0.0142 1.261 62.9

0.01 0.0135 1.223 60.98

-> 0 0.0131 1.141 54.73
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the bandwidth of the display.

With the same OCM parameters as above, aﬂ analysis was performed
for two values of I .10 and .05 secs. These values were chosen so
that the display dynamics are near the bandwidth of the human controller
as modeled. For each of these values, gd is varied from 1 to 6. The
results are presented in Table 2.2 and are also plotted in Figures (2.2)
and (2.3) so as to compare them with the previous results. In the two
figures, thg curve marked (:) corresponds to Td = ,10 sécs and that
. marked (:) to 4= .05 secs.

Fig. (2.2) is a plot of mean square error (e) vs. mean square
manual control rate (é) for the various display cases discussed above.

Fig. (2.3) is a plot of mean square error vs. the mean square manual

control input (§). From these two figures it is clear that the mean

trol gain 83 is increased. The mean square error initially decreases és
84 is increased, and then increases beyond a certain value of 84 that
depends on the choice of display bandwidth. :

Note that earlier work [10,11] has shown that the human operator’s
workload is directly relatéd to his mean-square control rate. This means
that it should be possible in this case to improve perfofmance (of which
mean square error is a measure), while at the same time decreasing work-
load. Moreover, the results indicate that for a given display bandwidth
there is an optimal choice of display control gains. For example, point
C in Figures (2.2) and (2.3) is such an optimal display for L .05

secs, and for this case the performance 1s slightly better than even the

idealized 1imiting case at point A,
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TABLE 2,2: OCM RESULTS FOR VARYING DISPLAY CONTROL GAINS
(a) Td = .10 secs
gd M.S. Error (e) M.S. Input (¢) M.S. Control Rate.(é)-
(in.z) (in.z) (in.z/secz)
1- 0.0144 1.113 54.75
2 0.0138 0.733 35.92
3 0.0143 0.486 23.71
4 0.0157 0.339 16.52
5 0.0175 0.248 12.05
6 0.0195 0.187 9.01
(b) Ty = +05 secs
84 M.S. Error (e) M.S. Input (6) M.S. Control Rate (é)
(in.z) (in.z) (i;.z/secz)
1 ' 0.014 1.175 58.06
2 0.013 0.968 47 .47
3 0.0127 0.789 38.49
4 0.0128 0.639 30.97
5 0.0131 0.521 25.15
6 0.0136 0.427 20.46
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It would then appear desirable to develop a systematic approach to
display augmentation which will make it possible to directly synthesize
the optimal display gains without having to resort to trial and error.
In the following chapter an extension of the optimal cooperative control

synthesis technique [7~9] is proposed as a methodology to accomplish

this.
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CHAPTER 3

OPTIMAL COOPERATIVE CONTROL/DISPLAY DESIGN METHODOLOGY

The problem formulation for the cooperative control/display design
methodology is presented and the necessary conditions for opﬁimality are
derived in detail. Application of the methodology to pilot—in—thg—loop
synthesis is demonstrated and various special cases of augmentation are

discussed.

3.1 Problem Formulation

In this section the mathematical formulation of the cooperative
control synthesis technique is presented. Necessary conditions for the
simultaneous optimality of the display and control augmentation systems

are developed in the sections that follow. The procedure followed here

is very similar to that of [8,9].
Consider a dynamic system acted upon by two controllers, and

described by the linear time invariant set of first order differential
equations

X = Ao§+B + B, u. +DOE (3.1.1)

1;61 202
—n = ™ - ™ -
with xeR", ulsR s uzeR and w a zero—-mean Gaussian white noise process

with intensity W. The two controls represent two physically independent
controllers, and in section (3.5) it is shown how the controller 1 (Hi)
‘can be made to closely approximate the OCM model of human behaviour.

The display dynamics are assumed to be of the form

- Xg = Ag%g

+ B (3.1.2)

do"d
m

with EEéRd, G&eR d, and ;a is the display quickening controller. The

=
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objective is to find the optiﬁal cooperative controllers 1 and 2
(El andlﬁz) along with the optimal display control law Eﬁ.
Controller 1 (31) is assumed to have noisy observations available

for feedback given by

?& =C, x+C + Cu (3.1.3)

lo dl d

where ;; is also a zero-mean Gaussian white noise process with intensity

d+Vy

Vy' This controller will be shown to include state estimation.
The augmentation controller Eé and the display control law'ﬁa are
assumed to have noise-free system outputs ;é and ;ﬁ, respectively,

available for feedback, where

y. = C, X} y,=¢C (3.1.4)

eedback of the display

Note that the abowi es neot allow
states EA ‘to. the augmentation controller Eé. Finally, these two latter

controllers are constrained to have the direct output feedback form

Uy = Gyyy = GyCy %
_ _ X
Uy = Gyy = GyCy | _ (3.1.5)

The interaction between the different controllers is shown in the block

diagram of Figure (3.1).

3.2 Design Objectives

Controller 1 is to be optimal with respect to the cost

T
= E{lim-— f(x Q1 T+

T+

+uTR u, +u. Tp uz)dt} (3.2.1)

! dQId atu Ryt Fy

in the presence of the action of control inputs'ﬁé and G&. Here E{"}
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indicates the expected value operator and the weighting matrices are

Qlo >0, Qld >0, R1 >0, F, > 0. Conversely, Controller 2 (“2) and the

display control law Ed are to be optimal with respect to the cost

- _
-—T
= E{lim~— f (x Q, x+x Q X +uy R u +u
T o 20 d 2d Xd

T
%2 2F 8y igFyqigde} (3.2.2)

in the presence of the control action El' The weighting matrices are
Q20>Q, Q2d>0, R2>0, F2>O, F2d>0.
Augmenting the system dynamics (3.1.1) with the display dynamics

(3.1.2), the stafe-space description of this augmented system is

)
-

< 4, 0 F? Bio _
1 Tlo Al =] flol|l™
H 4l | %X .
d L 7
B_Zo _ 07 D, _
+ o 192 + Bdo uy + o ¥ (3.2.3)

Defining X = COL (%, ;d)’ (3.2.3) can be written in a compact form with

appropriate definitions for the matrices as

X = Ax + Blul + Byu, + Byu, + Dw (3.2.4)
The measurments can similarly be written as
y1 Clx + C d + v
52 = CZY (3.2.5)
T4 = CyX

The two cost functions can then be expressed in terms of the aug-

mented state vector y as

T
= E{lim % / (YTQIX + EfRIEI + EgFl-ﬁ'z)dt}
T+»» = o

Iy

T
= E{lim 7 [(X'Q,XFE Ryu, +uF 0, +T F, T )dt} (3.2.6)
T > o
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where the weighting matrices Q1 and 02 are appropriately defined. (Note
that this formulation is formally that for a multi~player non-zero sum

game, and we seek a Nash solution [22]).

3.3 Solution for u

1

In the presence of the action of control inputs u, and G&, as given

by (3.1.5), the dynamics of the augmented system (3.2.4) are

= _ — BT -
X Aau X B1“1 + Dw

g
= _ T .
¥, Caugx vy (3.3.1)
where
A L2a+BG.C +B,6,0.)
aug = 27272 d“d"d
A
Caug'; (C1 + CquCd) | (3.3.2)
and the performance index J1 becomes
1 T 1 T.T -, -T, —
I, = E{%‘T‘:T c{(x (Q+C5G,FG,C)) X + U R u;)dt} (3.3.3) - s

Equations (3.3.1) and (3.3.3), in the case of uncorrelated process
and measurement noises (w and'7§) and for Vy >0 (i.e. Vy - positive
definite), describe the standard non-singular linear quadratic Gaussian
regulator problem for controlleriﬁl. The optimal controller is known

[12] to have the form

) = KX (3.3.4)

where ¥ is the minimum mean-square estimate of the system state vector

X. The gain matrix K, 1s given by

_ o=l T : .
Kl = -R, Blp (3.3.5)

with P » 0 and symmetric, the solution of the algebraic Ricatti equation
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T T,-1 _

T T

A
. P+ PAaug + (Q1+CZG
The dynamics of the Kalman state estimator are

aug

-~

<P

= Aaugx + Bju; + M, (v - caugx) (3.3.7)
where the Kalman filter gain matrix M1 is given b&
T -1
M1 =L Caqgvy . (3.3.8)

with £ (> 0) the solution of the algebraic Ricatti equation

A T+ :zAY +opwnt - zC
aug

aug =0 (3.3.9)

3.4 Solution for u, and u,

The optimal controller_d'1 as derived above has the form

~

u, = Kii; X = Ai; + Mly1 (3.4.1)
where Al-é (Aaug+BlK1-M1Caug). Then in the presence of this control
action'ﬁl, the system dynamics (3.2.4, 3.3.4, 3.3.7) can be written in
terms of the augmented state vector Eé COL (;, ?(') as
S RaL Rl [Pl poo] [F
1= lyc N Ch u, + uy + [0 MIJ (3.4.2)
y

171 1 17u
which can further be written in a compact form, with appropriate defini-

<l

tions of matrices, as

q = AIE + BZEZ + Bdﬁd + D'w’ (3.4.3)

w 0
The intensity of the process w’ is W' = [? v ].

The index of performance to be minimized by Gé and G& then becomes

1 T — -1 — , T =
J, = E{%gf ({(q Q'q + U,Fu, + udFZdud)dt} (3.4.4)
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with-

e

QI

The design objective can then be stated as that of finding the optimal
controller Eé and optimal display control G& which minimize the cost J2
as given by (3.4.4), subject to‘(3.4.3).

Proceeding in a way as detailed in Appendix A, it can be shown that
the gains G2 and Gd which correspond to the simultaneous optimality of

the two controllers'ﬁé and EA are given by

T T
~1,,T 2| 2 -1
G2 = -F2 [B2 O]HL 0 ([C2 0] L 0 ) (3.4.5)
and
B, 1T |cT ct
-1 ! d d -1 '
Gy = <Foq uc | HL 0 ([cd 0] L 0 ) (3.4.6)

Here, L = E(E'ET} satisfies the relation

AL+ LA: +D'WD'T =0 (3.4.7)

and H satisfies

ATH+HA +Q0=0 © (3.4.8)
c c
where the following definitions have been used

T.T T.T
CZG2F2G2C2+CdeF2deCd 0

Q’+ 0 0

Aaug .BIKI

[ ]
[FT~

1; Q
Mlcaug A1

The solutions (3.4.5) and (3.4.6) are derived from the gradient condi-
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tions
37, Cg . Cg
3—2— = 2{cm;2[c2 olL ol * [32 O]HL 0 1} =0 (3.4.9)
and
T T T
a3, Ca Ba | 1%
Wd = 2{1~‘2dcd[cd 0lL ol * MC, HLI, f} =0 (3.4.10)

respectively, as shown in Appendix A.

VEquations (3.4,7) to (3.4.10) then give the four necessary éondi-
tions for the simultaneous optimality of the display and control augmen-
tation for the task, as defined by ;he performance. index JZ’ given that

Controller 1 is of the form stated in (3.4.1).

3.5 Application to Pilot-in-the-Loop Synthesis

In the preceding sections, a dual performance optimization problem
was discussed and the necessary conditions for the optimality of the
various controllers, and the expressions for the resulting gain
matrices, were derived.' The association of Controller 2 (Eé) with plant
augmentatién, and of display control (E&) with the display augmentation
should be apparent in the above formulation."Ih this section it will be
shown that Controller 1 (El) can be made to closely approximate the OCM
model of human behaviour by an appropriate choice of the relevant param—
eters. In this manner the cooperative methodology, as developed above,
can be used to do "pilot in the loop" synthesis of the display/control
augmentation design.

Consider the Optimal Control Model as discussed in Appendix B.



27

With u
p

tem in Equation (B.4) are

A B o _
;-uo(t) and xgié [xT, ug(t)], the dynamics of the augmented sys-—

;p(t) = Ao;p(t) + B oiou;) + DOE(t) (3.5.1)

1

with Ao’ B),» and D_ as in (3.1.1).

lo
The observations available to the pilot, as given by (B.2) can be

rewritten as

T,(t) = Co;p(t-T) + W(t=1) (3.5.2)
- where C_ = [C | d], and the pilot’s cost function (B.3) becomes
I (W) = E{lim & } (%20 X + ToGn )dt) (3.5.3)
p U im 2 p»_ uo ’Uo e e

T o'p

T >oc0

(El) as in Section (3.3) we notice that Equations (3.5.1) to (3.5.3)
have the same form as Eqns (3.3.1) to (3.3.3), but for the simplifica-
tion that the time delay, 7, has been eliminated in the observations for
G&. Theiabsence of the time delay simplifies the dynamic order of the
pilot model by eliminating the linear predictor in the control Structure
(B.17, B.18). The motor noise (vm in (B.12)) is however accounted for
in this formulation in that it may appear as an additional disturbance
in Eqn. (3.3.1). The structure of the pilot model as represented by
Controller 1 (El) is as shown in Figure (3.2).

It is worth mentioning here that, though the simplified pilot.model
is used in the synthesis procedure presented in this report, the com-
plete model (with predictor, etc.) 1is used to evaluate these designs.

Moreover, at each iteration of the synthesis process, the parameters

(e.g. noise intensities) in the simplified model are updated to yield
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"results that are consistent with the complete OCM model. It has been

shown in [9] and [16] that by selecting proper noise intensities for the
control noise ;; and the measurement noise ;§, the simplified model may

yield the same human operator dynamics as the complete OCM model.

3.6 Numerical Solution Algorithm

For the case of only cohtrol augmentation (Gé) being designed, the

"problem reduces to one discussed extensively by Innocenti in [8,9] as

the Lineaf Optimal Cooperative Regulator (LOCR) problem. With the
display-related terms removed from the problem formulation, the neces-
séry conditions for optimality as dérived above reduce to those in
[8,9].

For the case of only display control law being designed, the neces-
sary conditions simplify, with the terms related to Controller 2 (Eé)
removed from the problem formulation. The block diagram for the con-
troller interaction is the same as in Figure (3.1) but without Con-
troller 2. A brief description of the solution algorithm, alongwith a
flow chart for the computer program written to implement tﬁe-display
synthesis procedure, is provided here. Since the algorithm is very
similar to that in [8,9], the reader is referred to the references for a
more detailed description.

The problem formulation for the case of display augmentaion only

can be summarized as follows:

Given the linear time invariant system

- S4BT - -
X = Ax Blu1+Bdud+Dw

= Clx + Cu“d + v& (3.6.1)

W
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Y4 = de

we wish to determine the optimal controllers"ﬁ'1 and ;& that minimize

respectively

1 T v - =T, — '

J, = E{lim 5 [ (X'0;x + W R u,)dt} (3.6.2)
T o]
and
: 1 T T — T — T —
Jy = E{lim 5 [OCQ,x+u Ryu +u F, ju,)dt} (3.6.3)
T+ = o

subject to the constraint

G& = g&?d | (3.6.4)

In Equations (3.6.1) to (3.6.4) all the vectors and matrices are as
defined in Section (3.2).

The numerical procedure solves for the display control law (G&)
which satisfies the necessary conditions of optimality for the cost J2
(3.4.7 to 3.4.10), given that the corresponding Controller 1 (El) is
optimal with respect to thg cost J1 (or satisfies 3.3.5 to 3.3.9). The
algorithm for the solution procedﬁre is summgrized in Fig. (3.3) and a

step-by~-step description of the algorithm is given in the following.

Step~l. This step consists of selecting a starting display control
1aw'ﬁa to initialize the numefical optimization procedure. A reason-
abie choice (as is shown in later application) is .to.select Gd.sﬁch
that the display vériables EA, as'given by (3.1.2), closely approxi-

mate those observations of the pilot which are of primary importance

for accomplishing the assigned task.

‘Another important choice to be made, before starting the iterative
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procedure, is that for the intensities of the noise processes W and

' 35. These should be chosen such that the optimal Controller 1, for
the starting display augmentation, closely represents the OCM pilot

model.

Step-2. Solve for the optimal Controller 1 (Gl), as detailed in
Section (3.3), for the initial display augmentation, and compare with
the correspohding OCM pilot model to confirm that the choice for the

noise intensities is appropriate.

Step-3. Form the closed loop system, as in (3.4.3) and (A.4 of

Appendix A), for the current display augmentation (GA) and the

corresponding optimal Controller 1. Solve theé Lyapunov equations

(3.4.7) and (3.4.8) for the matrices L and H, respectively. Obtain

aJ.
the cost J2 as in (A.6) and the gradient-—saz as in (3.4.10).
d

Step—ﬁ. Néxt a conjugate gradient search procedure is used to
upgrade the display control law'ﬁa. This consists of making incremen-
tal changes in the gain matrix Gd in the negative gradient direction
till a value of Gd is reached for which the cost J2 shows an increase
as compared to its value over the previous step. Note that at each
incremental step the controller“ﬁ1 is updated to be the LQG con-
troller for the current display law'ﬁa.

T,
Step—-5. Calculate —— for the display control gains Gd obtained at

acd

the end of Step 4 and check whether the necessary condition (3.4.10)

for J2 to be minimum is satisfied. If yes, then go to Step 6 other-
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wise go back to Step 3.

Step-6. Check for the convergence of the entire iterative process.
This is done by evaluating the difference between the display control

gains G, obtained at the end of Step 5 and those at the start of Step

d
3. If this difference is less than some bound €, then proceed to
Step 7, otherwise go back to Step 3 and repeat the gradient search

procedure,

Step?7. The Controller ﬁi and the display control law G& at the end
of Step 6 are the optimal solution for the problem formulated as
above, But we further require that the Controller 1 be an approximate
representation of the human behaviour as modeled by the optimal
control- theoretic model. Therefore the control gains and closed loop
statistics obtained at the end of Step 6 are compared with the
results of the evaluation of the corresponding display augmented sys-
tem using the OCM ﬁodel. If a reasonable agreement is obtained
between the two results, then the display control law obtained 1s
pilot-optimal and the iteration process is stopped. Otherwise the
noise intensities ?; and w are updated and the iteration process

started anew from Step 1.
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CHAPTER 4

APPLICATION OF DISPLAY DESIGN METHODOLOGY TO K/s? PLANT

Using the algorithm discussed in Chapter 3, various display augmen-
tation contrql laws, Ga, will be synthesized for the K/s2 plant. The
control laws are evaluated, using the full-order OCM model, in terms of
the mean square valugs of the variables of interest, and the power spec-
trum of the human operator’s control input. Detailed frequency domain

analysis is also carried out for the various displays.

4.1 Problem Formulation and Synthesis Results

The dynamics of the K/s2 plant augmented with the display may he

expressed in the form

x A0 0 x Bo 0 I)o :
. = + § + u, + w (4.1.1)
X, 0 aj Xy 0 Bd d 0

with Ao’ Bo’ Do and the intensity W of the white noise process w as

defined in Section (2.1), and B

q 1. Here the display dynamics are as

in (2.2.1), and uy is the display control law to be determined.

As discussed in Chapter 3, Controller‘ﬁ'1 in the cooperative problem

formulation is analogous to the control rate'ﬁp of the OCM. So defining

ul-é §, the dynamics of Eqn. (4.1.1) can be written as
:- n) 0 ]
X AO 0 BO ;(- . 0 0 o -
xq] = 0 a, 0 X4 + |0 vy + |1 vy + 10 o v (4.1.2)
1 0 il | ™
° 0 0 O § 0 =
5 _ a
° L )

where the control noise term, v is the human’s '"motor noise'". The
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outputs available for feedback to Controller 1 (ul) are the same as the

human’s observations. Therefore for the display augmented case

— T _ ’
| Y, = [xd, xd] + vy (4.1.3)
where 7& is the human’s observation noise. To be consistent with the
analysis of Chapter 2, the responses driving the display are chosen to

be

- _ T '

Vg = 1%y %51 (4.1.4)
where xz(t) and x?(t) are the position error and the plant velocity,
respectively, and are as defined in Section (2.1). Then the display

controller, to he designed, has the form

Xg = a4%q tuy
uy = Gyy4 (4.1.5)
with Gd = [gdz, gd3]. The human operator’s objective for the display-
augmented system is to regulate the displayed variable Xy Thus the
controller u, minimizes the cost function J,» where
1T 2 2
J. = E{lim & [(x + r u7)dt} (4.1.6)
1 T d 171
T o0 o

.

Here the choice of r, depends on the desired neuro-muscular-lag time
constant Tn of the human as modeled. For the purposes of the display

design for the K/s2 plant, r, was continually adjusted to yield T ~ 0.1

1
secs.

The objective in the display design is to help the human operator
regulate the tracking error e (= x2), in the presence of the velocity

disturbance, and with minimal workload. This objective can be formu-

lated as that of finding the optimal display qonttol law uy of the form

Wi
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(4.1.5) which minimizes the cost function J2’ where

J, = E{lim 1 }(o e + rou? + £, ul)de) (4.1.7)
2 T Riimg 9 2%1 2d%d *
T+= = o ,

Equations (4.1.2) to (4.1.7) then define the problem formulation
for the display design for the K/s2 plant, within the framework of the
cooperative methodology; Using the algorithm discussed earlier, the
optimal display control gains, Gd’ are determined for Qarioué values of

relative weighting on the error in cost function J Here relative error

9t
A e

welghting is defined as the ratio - which is varied by changing 9,
2

and/or T,e The results are presented in Table 4.1. Note that in

(4.1.7), f2 needs to be positive definite in order to get a finite

d

optimal solution to the problem. However, since the display control

does not reflect any measure of energy, the wéighting-f may be chosen

2d

to achieve some selected overall display gain, or sensitivity. For the .

results presented in this. section, simply a constant value of f2d = ,001

X

is used, and note that the display sensitivity is not constant.

e |ss

Since the algorithm that synthesizes the optimal gains is itera-
tive, a starting display gain matrix has to be specified. For the

results presented in Table 4.1, G, = [20, 0] is used for the starting

d
dislay control law. (Note from Section (2.1), the starting gains are

such that the displayed variable x, is just lagged error). Also, for

d
comparison with the results of Section (2.2), a, = -20 sec-l was chosen
(this corresponds to Ty s 0.05 secs). The weighting T, in Jl’ and the

variances for the noise processes 7} and v, are constantly updated in

the iteration process in order to make the controller u., closely approx-

1
imate the OCM model with the parametefs selected as in Section (2.1).
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T4 = .05 secs , Gy = [gd?.’ gd3]
Case r, Optimal Gd
1. 2x107% | [36.6, 11.9]
2. 2x10™% | 149.2, 13.0]
3. 1x107% | (64.4, 16.3]
4. 1x10°% | [88.1, 17.3]
5. 5x107° | [118.2, 22.6]
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From the results presented in Table 4.1 it is noted that as the
relative weighting on the error is increased, the display sensitivity

(T

) becomes larger. This is because a low value for f was chosen

d 842 2d

as discussed earlier. But, as the analysis in the following section
will show, it is the relative position and velocity gain magnitudes in
the display which are of most intereét, rather than the absolute values

of the display gains.

4.2 FEvaluation of the Display Quickening Control Laws

The display gains obtained in Section (4.1) are now to be evaluated
using the full-order human operator model, with the same parameters in
the model as given in Section (2.1). For the purposes of comparison,
the initial display case (Gd = [20, 0]) and the limiting case of no
display lag are also evaluated.

The display designs of Section (4.1) are referred to as Designs 1
to 5, as defined in Table 4.1. The limiting case of no display lag is
referred to as "A", the initial display case as '"B" and the case of best

performance obtained through trial and error in Section (2.2) as "C".

4.2.1 Mean-Square Analysis

The OCM analysis results, in terms of the mean—-square values of the
tracking error, the human’s cpntrol rate, and control input for the
various cases of display augmentation mentioned above, are listed in
Table 4.2. These ;esults are also plotted in Figures (4.1) and (4.2).
Fig. (4.1) is a plot of mean-square error vs. mean-square control rate,
and Fig. (4.2) isla plot of mean-square error vs. mean—-square control

input. The scales are chosen to be compatible with Figs. (2.2) and

(2.3).
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TABLE 4.2: OCM ANALYSIS RESULTS FOR VARIOUS CASES

Case | 'M.S. Error (e) | M.S. Input (8) | M.S. Control Rate ($)
(in.2) (in.2) (1n.?/sec?)
1. 0.014 0.389 18.64
2. 0.0132 - 0.492 23.72
3. 0.0131 0.514 24.78
4. 10.01272 0.650 31.58
5. 0.01269 0.665 32.40
A. 0.0131 1.141 54,73
B. 0.0157 1.353 67.44
c. 0.0127 0.789 38.49

abe.

Iy
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From these results it is clear that as the relative weighting on
the error in the cost function J2 is increased, the optimal cooperative
display design methodology leads to display gains which give improved
performance at the expense of increased control activity. It is noted
that for all the 5 cases obtained using the cooperative methodology, the
final optimal display gains are such that the performance is signifi-
cantlyv improved as compared to the starting display (B), and at the same
time the "workload" (é) and the control effort (§) are considerably
reduced. 1If the weighting on the error is high (Cases 4 and 5), perfor-
mance comparable to the limiting case (A) and the best performance case
(€) is obtained, along with reduced workload and control effort. More-
over it appears that for the selected display bandwidth (ad = =20
sec ), tracking performance (rms error) better than that of Case 5 can-
not be obtained. Incfeasing the weight on error in the cost function J2
any furthef.would only have the effect of leading to a display design

requiring higher control effort without any noticeable improvement in

performance.

4.2.2 Power Spectrum Analysis

Using the OCM modeling technique, the power spectra of the human’s
control inputs and the system responses can also be estimated. Note
that the mean-square value oi of a zero mean process x is related to the

area under its power spectral density Zx(m), or

2 17
o == £ Ex(w)dm (4.2.1)

Figure (4.3) provides a comparison of the power spectra of the human

operator’s control input (8) for the displays 1, 3, and 5, and the lim-
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iting case A. The plots in Figuré (4.3) show that the control power
required is lower for all the optimally synthesized displays when com-
pared to the idealized Case A with no display lag. Moreover, the peak

value increases as the weighting on the error in the cost J, is

2
increased, corresponding to the human’s task becomés increasingly more
difficult from display design 1 to design 5. The power spectral densi-
ties of the human’s control input 8 for all the displays are shown in
the Figures (C.1) to (C.6) in Appendix C, These figures include: 1) the
total control input power (in dB), 2)‘thg portion of the control corre-
lated with the command driving the system, and 3) the human operator’s
remnant, or the uncorrelated portion of the control input.

Since the mean—~square value of the errors for the disflay cases 1
to 5 and the limitintg Case A were not significantly different, (see
Table 4.2), the power. spectral densities of the errors for these cases
would be expected to be similar. This was indeed‘found to be the case-

and so the error power spectral density plots are not included in the

report.

4.2.3 Frequency Domain Analysis

The human operator model can also be represented in the frequency
domain in terms of the transfer matrix between the human’s observations
and his control inputs [6,13]. Since the Bode characteristics of the
plant and the display are known, frequency-domain analysis of the
ménually-controlled display—-augmented systems can be carried out, once
the human describing functions are estimated from the model.

With the human operator so represented, the block diagram for the

task is shown in Fig. (4.4). The display-augmented system is defined as
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G(s)‘é ;%é;i

and the human describing function is
A 4(s)

P(S) -
= xdisi

For the displays 1, 3, 5, and A, G(s) and P(s) are compared in Figures
(4.55 and (h.é), respectively. (The Bode-plots of G(s) and P(s) for the
cases 1 to 5 and the Case A are shown in Appendix C.) From these fre-~
quency responses in Fig.(4,.5) and Fig.(4.k), the‘open-loop Bode-plots
mayv also be determined (not shown). If appears that open~loop magnitude
crossover (w such that lP(jw) C(jw)l = 0 dB) is approximately constant
at between 2-2,5 rads/sec for all these cases, consistent with the com-
mand signal bandwidth (break at.Z rads/sec). Also, as the weighting on
error increases (Case 1 -> Case 5), the sensitivity (gain) of the total
plant plus display increases. From Fig. (4.5) it is clear that all the
synthesized displays provide additional lead between 1 ;nd.lo rads/sec.
As the weighting on the error in the cost J2 is increased (Case 1 =>
Case 5), this phase lead provided by the synthsized display gains
decreases. . |

The human operator’s phase compensation in Fig. (4.6) is more
easily interpreted by looking at this phase compensation with the time

delay (1) of 0.2 seconds removed. This adjusted phase is then given by:

pe(w) = 3 P(jw) + 57.3 T o (4.2.2)
A comparison of‘this ad justed phase for the various display cases is
provided in Figure'(h.7). From these ﬁlots it appears that the human
would need to generate much higher phase lead for Case A as compared to

all the optimal display augmentation cases. For Cases 1-5, the required
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phase lead increases with the increase of error weighting in the cost
function J2. Thus, using the phase lead as a measure of workload, the
trends in Figure (4.7) indicate that the display augmentation reduces
the human’s workload. Moreover, the plots predict‘increasing worklo;d
as the error weighting (qe) 1s increased in the synthesis of the
display.

With G(s) and P(s) knéwn, the closed ioop transfer function,

T(s) = ;E%E%, is easily obtained, through algebraic manipulations using
c

the block diagram of Fig. (4.4), to be

- —% P(s) D,(s)

XXE:; = - S (4.2.3)
c 1 - —= P(s) [D (s) + s D.(s)]
S e X
vere D (s) & 42 dn()é—id—?—- (s) is th ded positi
e =5 < a an oS =S - a N Xc S 1s e commande pos 10n

d X d

and x(s) is the plant position state. Closed-loop frequency response
for Cases 1,3 and 5 of display augmentation is compared in Fig..(4.8).
The magnitude and phase plots in Fig. (4.8) indicate that as the error
weighting (qe) is increased, the synthesized display is such that track-
ing performance is improved.

Hence, both by comparing these results from the display augmenta-
tion synthesis technique with the results of Chépter 2, and through
additional closed-loop anélysis, one can conclude that this synthesis

technique appears to lead to desirable results.
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CHAPTER 5

APPLICATION OF COOPERATIVE METHODOLOGY TO A

MORE COMPLEX DISPLAY DESIGN

In this chapter, an example application of the optimal cooperative
methodology to a higher-order system in a multi-input task is presented.
Thg intent is to demonstrate the app;ication of the cooperative ﬁetho-
dblogy to complex systems and the design presented here should not be
considered a finalized design. The chosen plant to be controlled
represents the unaugmented longitudinal dynamics of an airéraft, and the
task is that of tracking a normal-acceleration command while regulating
Mach number. The control inputs avalilable to the pilot are the elevator
stick and throttle, and the pilot may be assumed to be controlling the
aircraft remotely from tﬁe ground, for example. The chosen model and
the task formulaﬁion are discussed in detail.

The task is first described and modeled, using an initial uraug-
mented status display. Then an optimal display augmentation control law
is synthesized using the proposed aigorithm. The pilot’s performance
for the unaugmented and the augmgnted display systems is then evaluated
and compared. Based on these evaluations, impr&vement in performance and
reduction in the pilot workload is predicted for the optimally augmented

display.

5.1 System Dynamics

The dynamics are those for an F-15 type aircraft without any flight
control augmentation, but including a Mach sensor (with lag), a thrust

lag modeling the engine, and a fast first order actuator for the eleva-
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tor control., (This model is from Ref.[21], but without the command aug-

mentation system.) The vehicle state vector is

;3 = [V,a, q, 8, Se, M, 8T] - the perturbed forward velocity (ft/sec),
angle of attack (.01 rads), pitch rate (.01 rads/sec), pitch attitude
(.01 rads), the elevator deflection (.0l rads), sensed Mach number (.001

Mach), and the thrust acceleration (ft/secz).

The pilot control vector is 3T - [Gec, GTC] - the commanded eleva-
tor deflection and the commanded thrust acceleration. The state-space
representation of the ﬁodel is

;v = Avxv + BQE (5.1.1)
where the matrices Av and Bv are as given in Appendix D. The states are
the perturbed values about the trim conditions also listed in Appendix
nD. |

The pilot’s assumed objective here is to track a normal accelera-
tion command (azc) while regulating Mach number to the beét of hiswabil-
ity. Rather than the deterministic normallacéeleration command (azc)
used for the pushup-pullover maneuver in previous studies [4,5]), the
éommand signal to be tracked is generated, for the purpose of display
control law synthesis, by using a second order Markov process with a

break frequency of 1 rad/sec and a damping ratio of 0.7. With

fa_, a_ ], the command system is represented in the state variable
ze’ Tze

—T
X
(o]

>

form as

0 1 0

XC = -1 _1.4 xc + 1 Wc (5.102)

The intensity of, the white noise process v, is chosen to be WC = 181 so
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as to yield the rms command of oa = 8 ft/sec2 (or 0.25 g’s).
zc

Defining ;z é [;Z, ;3], the vehicle dynamics augmented with the
command system are written in the state-space form as

X =Ax +B8+Dw (5.1.3)
with appropriate definitions of Aé, Bo and Do. The time response of the
variables a_, M and 6 is obtained for unit step control inputs. The
time histories for step elevator input are shown in Figures (5.1 (a)-

(c¢)) and those for step throttle input in Figures (5.2 (a)-(c)).

5.2 Task Modeling

For the initial unaugmented status display, the pilot’s observa-
tions are assumed to be the normal acceleration command signal, the a
tracking error (eaz = azc-az), the sensed (lagged) Mach number and pitch
attitude. It will again be assumed that the pilot can reconstruct the

rates of the displayed signals. Then the pilot’s observation vector,

y'; = la,.s 3,.5 €,,» ,,» My M, 68, 0], is of the form
¥ = Cx+ES (5.2.1)

with Co and Eo as given in Appendix D. A conceptual dlsplay format for
this status display is shown in Fig. (5.3).
For the augmented display system, the pilot’s observations are to

b and 6, along with the associated rates. (Note that

€ *31° *42* 2;c
compared to the status display case, e, and M are replaced by the
"intelligent" display variables.xdl and Xq9» while a. and 6 are main-
tained in the pilot’s observation vector). Therefore the outputs avail-

able for feedback by the pilot are
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A conceptual display format for the augmented system is shown in Fig.
(5.4).

Reasonable pilot modeling parameters for this analysis are as fol-

lows:
(i) Pilot’s observation time Aelay, T, set to 0.2 seconds,
(i1) Observation noise ratio set at -12 dB for all observations.
(iii) Motor noise ratio set at -12 dB for both control channels.

(iv) The weighting on the control rates in the pilot’s cost func-
tion adjusted to yield a neuromotor lag time constant of 0.2 secs

in the elevator channel and 5 secs in the throttle channel.

(v) The pilot’s fractional attention allocation (fi) was set at

0.3 for each of the observations azc’ e, and M, and 0.1 for 6.

(vi) The pilot’s indifference thresholds for the various observa-

tions are set to values listed in Table 5.1.

Though parametric performance analysis is not too sensitive to many
of these variables, the values of observation and motor noise ratios are
chosen to be higher than in Chapter 2 in order to be consistent with the
pilot behaviour observed in real-time simulations of complex tasks.

Also the ‘pilot’s neuromotor lag time constant fér the throttle channel
is set at 5.0 secs to reflect the fact that the pilot changes the throt-
tle setting very slowly, since the engine responée is slow. Finally,

from Fig. (5.3), it is seen that though the pilot. observes a, . e, and
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TABLE 5.1 PILOT PERCEPTION THRESHOLDS

Observation Threshold . {Rate Threshold
azc(ft/secz) ) 0.5 1.0
eaz(ft/secz) 0.5 1.0
M(.001 Mach) 0.5 1.0
8 (.01 rads) 0.2 0.4

v X341 (dispiay units) 0.5 _ 1.0
x40 (display units) 0.5 1.0
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M (a and x for the case of augmented display - Fig. (5.4)) from

ze? Nd1 a2

the same physical display, he still needs to scan their values
separately. So wé will consider his attention to be divided equally
between the three primary observations, with attitude information only
secondary to the task. The choice of the values for pilot’s thresholds
is bésed on the assumed display size and minimum resolution in the con-
ceptual display format of Figs. (5.3) and (5.4). The thresholds for the
rates are twice the thresholds for the corresponding displayed variaBle,
for all the pilot’s observations.

For thé unaugmented status display, the pilot’s objective function

is taken to bhe

T*w'f az

- 1 T 2 2
JP(S) = E{1im = [ (e” + .0001M° + .05(8T )"
o]

2 4 gz(éic)z)dt} (5.2.2)

+ gl(éec)
which reflects the pilot’s emphasis on tracking the az command, and also
is consistent with the units of a, and M in the dynamic model. This:
objective corresponds to the pilot attempting to keep the square, in the
display format of Fig. (5.3), over the a . bar, while at the same time
maintaining_the Mach needle within + (15). Note in this case the
pilot’s commanded thrust (8T ) is explicitly included in the cost objec-
tive. This was found to be necessary to keep the commanded thrust within
limits deliverable by the engine. The weightings in (5.2.2) were deter-
mined after a few trials of the modeling procedure. Finally, in
(5.2.2),'g1 and g, are chosen to be consistent with the assumed pilot’s

neuromotor lag time constants for the two control channels.

5.3 Optimal Display Synthesis for F-15 Model
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For designing display augmentation for the aircraft discussed

above, the basic disélay dynamics may be taken to be of the form

Xa1 [—20 0 Xdl [1 ol {“d1
= +
. o -20] |x 0 1| |u
X4 d2 d2
or
xd = Adxd + Bdud (5.3.1)
with
Uy = 94
yd= Cdxo (5.3.2)

where ;; is as defined in (5.1.3). 1In (5.3.2), ;ﬁ is chosen by the
designer, and the display gains Gd are to be synthesized so as to be
optimal for the task to be performed. For the display design presented

in this section, ;& is chosen to be

-T =,[ *

Y4 v, a, q, 6, § , M] (5.3.3)

8¢ 3z2¢ e

which means that all the vehicle states as well as the command states
are available for driving the display. Note that in (5.3.1), the
display bandwidth is chosen to be faster than the pilot’s dynamics.

Also two display states (along with two display control laws) are

chosen.

Defining Controller 1 to be the pilot’s inputs,or Ul.é'ﬁ, the
dynamics of (5.1.3), augmented with the display system and pilot’s con-

trol inputs can be written as

e ]

Yo A o B F;o“ D 0

. o] o 0 0 o w1

X, =0 a, o0 x| o[y + [Bylug ¥ j0 o |_F]¢5.3.0)
.| o 0 o . I 0 0 1If [¥m

Ky ©
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where the two-dimensional white-noisé process'Va is the pilot’s motor
noise in the two control channels.

With the augmented display (see Fig. (5.4)), the pilot’s task is
that of regulating the display states xdl and Xq0° This can be modeled

as finding the optimal Controller 1 (ﬁl) which minimizes the cost func-

tion Jl given by

T

-\ 1 2 2 o\ 2
Jl(ul) = E{lim-T f(xdl +xg, + O.OS(GTC)
T > o)
+ 208 )2 + 2. (8T )2)d 5.3.5
B (350" + (8T de) (5.3.5)

The ohjective function J, to be minimized by the display control

1aw'ﬁd is, however, taken to be

T

= 1 2 2 < a
3y = 3,(® + Eflin & g.ooom(udl + ul))dt} (5.3.6)

T+

Note here that Jp(?) is as in (5.2.2), or the pilot’s objective with the
status display. The weights on the display controls (udl and udz) are
chosen to be very small initially, at least, so that their contribution

to J2 is negligible as compared to Jp(f). The choice of J2 as above is

consistent with our objective of finding a display control law which
helps the pilot perform his overall task of tracking the a, command
while regulatiﬁg the Mach number.

In order to initialize the numerical solution technique, an initial

guess for the display control gains is made such that x, corresponds to

dl

-e  (i.e. az-azc)hand X., to 0.01' M in the steady state. Recalling

az d2

Eqns.(5.3.2) and (5.3.3), then, the starting display control gains are

-20 0 -0.082 =32.21 0 0 =5.096 O
G =lo o o o 0 0 0 0.2 (5:3.7)
start

For this choice of G Jl(ﬁl) for the initial display law closely

d’

i
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represents Jp(?)'of the orig?nal sta;us—display case,

The optimal display control gains determined from the algorithm
converged to

-26.08 -6.329 -1.475 -38.05 =-12,06 =4,019 4,923 3,219
d -~ |-18.72 -16.74 0.8258 -13.44 -36.74 -=15.40 33.06 —0.20%}

‘ (5.3.8)

In the synthesis process for the optimal display, the weightings gl
and g2 in the cost function JI(EI) and the variances for the noise
processes 3; and v_ are constantly updated so as to make the controller

Gi closely approximate the full-order pilot model.

5.4 Comparison of the Displays

The pilot’s performance, as predicted by model-based evaluation, is
compared for the two cases - the status display and the "optimal"
display augmentation synthesized as above. As in the case of K/s2
plant, the criteria.ﬁsed for comparison are - rms values of the vari-
ables of interest, control and error spectra, and frequency domain
analysis. Time histories for step control inputs are also provided to
gain a better understanding of the éignificance of the "intelligent"
display variables xdi and Xq9° For brevity, the status display is

referred to as Display A and the optimal display as Display B in the

following discussion.

éﬂiﬂl Time Histories

For Display B, the time histories for the two display variables X1

and X4y for a unit step elevator input are shown in Figs. (5.5 (a)=(b))

and those for a unit throttle input are shown in Figs. (5.6 (a)-(b)).

Significant coupling is evident in this case, especially for elevator
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commands. From these time responses, it would appear that the strategy

for the pilot might be to attempt to '"control" x, with the throttle and

dl

X ., with the elevator. This is due to the fact that x

42 is essentially

d2

uncontrollable from throttle inputs. For a step normal acceleration com-

mand, there will be an instantaneous change in both xd1 and xd2 (as is

in (5.3.9)). In order to fol-

*
d

low the command, then, the pilot’s strategy would appear to be to apply

apparent from the optimal display gains G

the elevator to regulate x , and simultaneously use the throttle to null

d2
out the effects of the elevator command and the normal acceleration com-
mand on X4 The ultimate success of this strategy as well as comparison

with that for the case of status display (Display A), of course,

requires additional analysis and simulation.

5.4.2 Frequency Domain Analysis

The block diagram representations for the pilot’s task formulated
as above are shown in Figures (5.7) and-(5.8) for Displays A and B,
respectively. Note that in each case the pilot has four observations
and two controls available to him. (The rate observations, as stated
earlier, are reconstructed by the pilot from the displayed signals.) So
the frequncy-domain representation of the pilot consists of a 2 x 4

. transfer matrix. For Display A the pilot representation is

[P Se P Se Pﬁg Pde
a e M v
. zc az :
P(s) = (5.4.1)
Por P et For Fer
a, e M B
L _
and for Display B
[ =
P Se P Se P Se ?ég
4 *a1 Xa2 ®
P(S) = (50402)
Psr Por Por For
azc xdl‘ xd2 TT}
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Here P Se is the pilot describing function from the normal acceleration

d2¢
command observation azc to the commanded elevator input Gec' The other
elements of (5.4.1) and (5.4.2) are similarly defined. The Bode-plots
for the eight pilot describing functions for Display A are presented in
Figures (D.1) to (D.8) and those for Display B in Figures (D.9) to
(D.16) in Appendix D, for reference.

With the pilot reptesented by eight transfer functions, it is not
straightforward to define a meaningful measuré of pilot workload in the
frequency-domain. Since the vehicle dynamics and the display dynamics
are known and the various pilot describing functions are available as
above, additional ffequency-domain analysis, as in the case of the K/s2
plant, may in principal be performed using the block diagrams of Figures
(5.6) and (5.7). However, the results presented in Chapter &4 showed that
the performance and workload information obtained from statistical and
spectral analysis of the model-based predictions is consistent with that
derived from the other frequency-domain analysis. Therefore, results

from statistical and spectral analysis will be used to evaluate and com-

pare the two Displays A and B.

5.4.3 RMS Analysis

Using the complete human-sperator model, closed~loop analysis. was
performed for both the status display (A) and the optimal aﬁgmented
display (B). The rms values for the variables of interest for the two
displays are shown in Table 5.2. From these results it is clear that
there is a slight improvement in a tracking performance for the case
with display augmentation, and Mach number regulation is much improved.

Both the pilot control inputs and control rates are lower for the
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TABLE 5.2 OCM ANALYSIS RESULTS

(a) Performance Measures

Classification - €az 'éaz M G
fr/sec’ .001 Mach | .01 rads
A: Status Display 7.009. 11.920 39.11 8.45
B: Optimal Display| 6.659 9.349 11.32 3.36
(b) Workload Measures
Classification 6ec éec 6fc éTC
.01 rads ft/sec2

A: Status Display 2.95 13.21 | 2.566 | 0.1742
B: Optimal Display 1.78 8.06 0.819 0.122é

P

o
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optimal display case, indicating that the designed display augméntation

should lead to reduction in pilot workload.

5.4.4 Spectral Analysis

The power speétra of the aZ tracking error and both the control
inputs for the Displys A and B are shown in Figures (D.1) to (D.6) 1in
the Appendix ND. These plots show the total power {(in dB), the portion
correlated with the command driving the system, and the uncorrelated |
part, or the contriﬁﬁtion due to the pilot’s remnant,

The aZ tfacking error.power spectrum for the Displays A and B is
compared in Figure (5.9). This power for Display B (augmented case) is
slightly higher than Display A at 10& frequencies, but is less than
NDisplay A for.frequencies above 0.7 rads/sec. Fven though the rms
tracking error with the optimal display (B) is not too much lower than
that with the status display (A), the augmentation appears to reduce the
errors at the more-demanding higher frequencies.

The pilot’s commanded elevator power spectrum and commanded thrust
poﬁer spectrum for Displays A and B are compared in Figures (5.10) and
(5.11), respectively. From these figures it is clear that the power for
both pilot control inputs is much lower at all frequencies for the
optimal display case. As was the case of K/s2 plant, this is aﬁ indica-
tion that the pilot’s workload in accomplishing the task should be
reduced.

Thus, from this initial example applicatiop, it appears that the
suggested display augmentation synthesis technique can lead to desirable
results when applied to manual control of complex dynamics. As further

experience is gained in applying the technique, even better performance
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CHAPTER

SUMMARY

The objective of this éffort was to develop an analytical technique
to aid in the design of display augmentation. The main differences
between display augmentation and control augmentation were pointed out
using simplified block diagrams. Although different from augmenting
plant dynamics, it is usually possible to improve human operator perfor-
mance in manual-control tasks by providing the human with an augmented
display.

Model-based evaluations were performed for various emperically-
derived display "quickening'" control laws for a simple K/s2 plant in a
compensatory tracking task. The results of this analysis, in terms of
mean square values of tracking error and manual control activity and
rate, showed that significant reduction in human operator workload and
improvement in performance 1is possible through a proper design of the
signal being displayed to the human.-

The cOoperative control synthesis technique previously developed to
design pllot-optimal control augmentation was then extended to incor-
porate the simultaneous design of pilot-optimal display augmentation.
The problem formulation for the cooperative synthesis technique was dis-
cussed in detail and the necessary conditons for optimality were
derived. A numerical algorithm for applying the methodology to perform
pilot—in;the-loop synthesis of optimal display augmentation control laws
was then presented.

The application of the methodology to a simple system was demon-

strated by synthesizing various display augmentation control laws for

C-o
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the K/s2 plant. By varying the weighting parameters in the cost func-
tion, it was shown that this methodology‘has the potential of prov{ding
a systematic approach to design of task tailored display augmentation.
The synthesized display designs were evaluated, using the full-order
human operator model, in terms of the mean square values of the vari-
ahles of interest and the power spectrum of the human operator’s control
input. The evaluation results ﬁredicted a reduction in human operator
workload and improvement in tracking error performance with the aug-
mented displays. Moreover, when combared to the emperically-derived
display "quickening" control laws,'tﬁe results tended to validate the
cooperative approach to -display design.

Detailed frequency domain analysis was also performed for the syn-
thesized displays, using the frequency-domain representation of the
human operator model. All the augmented displays were shown to providé
the human operator with some lead information, reducing the required
human operator phase compensation from the case with no display augmen-
tation. A comparison of the closed-loop frequency responses for the
various synthesized displays indicated that the cooperative methodology
does lead to desired results.

An initial application of the methodology to high-order system
dynamics with a multi-control task was then demonstrated, using a
normal—-acceleration tracking task and an F-15 type aircraft model. The
problem formulation was discussed in detail and a preliminary display
design was synthesized using the cooperative technique. Analytical
methods for evaluating fhe synthesized display for the complex task were
again employed, and the results of the analysis were compared with those

for an unaugmented status display. Based on the statistical analysis



85

reéuIts, improvement in performance and pilot worklnad is predicted for
the synthesized optimally augmented display.

Since the model—ba;éd evaluation of the display designs predicts
promising gains in pilot workload, it is suggested that these results be
validated through real-time, man-in-the-loop simulation. For the display
design synthesized for the aircraft model, further insight needs to be
gained into the significance of the two display variables. Finally, the
application of the cooperative methodology to display design for complex
systems should be further explored, and systems cpnsidered for which
other methods have been used to synthesize the display, to provide

further comparison and validation.

i



(1]

(2]

(3]

(4]

(5]

(6]

[7]

86

_Poulton, "Tracking Skill and Manual Control," Academic Press,

1974.

Hoffman, W.C., Kleinman, D.L., and Young, L.R., "Display/Control
Requirements for Automated VTOL Aircraft,' NASA-CR 158905, ASI-

TR‘76-39 .

Korn, J., Gully, Sol-W., and Kleinman, D.L., "Validation of an
Advanced Cockpit Display Design Methodology via
Workload/Monitoring Tradeoff Analysis,'" 18th Annual Conference on

Manual Control, Dayton, Chio, June 1982.

Duke, E.L., Jones, F.P., and Roncoli, R.B., "Development of a |
Flight Test Maneuver Autopilot for a Highly Maneuverable Air-

craft," AIAA Paper 83-0061, Jan. 1983, ;

Walker, R.A., Gupta, N.K,, Duke, F.L., and Patterson, B.,
"Developments in Flight Test Trajectory Control," AIAA Paper 84-

0240, Jan. 1984, !

Kleinman, D.L., Baron, S., and Levison, W.H., "An Optimal Control
Model of Human Response," Parts I and I1I, Automatica, vol. 6, pp.

357-383, 1970.

Schmidt, D.K., "Optimal Flight Control Synthesis via Pilot Model-

ing," AIAA Journal of Guidance and Control, July~August 1979, (



(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

87

Schmidt, D.XK., and Innocenti, M., "Pilot Optimal Multivariable

Control Synthesis by Output Feedback," NASA CR-16312, July 1981:

Innocenti, M., "Cooperative Pilot-Optimal Augmentation System Syn-
thesis for Complex Flight Vehicles," Ph.D. Thesis, Purdue Univer-

sity, West Lafayette, Indiana, May 1983.

Schmidt, D.K., "On the Use of the OCM’s Quadratic Objective Func-
tion as a Pilot Rating Metric," 17th Annual Conference on Manual

Control, Los Angeles, CA, June 1981.

Wierwille, Walter W., and Connor, Sydney, A., "Evaluation of 20
Workload Measures Using a Psychomotor Task in a Moving-Base Air-

craft Simulator,” Human Factors, Vol. 25, pp. 1-16, 1933,

Xwakernaak, H., and Sivan, R., "Linear Optimal Control Systems,"

Wiley-Interscience, 1972.

Bacon, B.J., and Schmidt, D.X., "An Optimal Control Approach to
Pilot/Vehicle Analysis and the Neal-Smith Criteria,”" NASA Contrac-

tor Report 170416, April 1984.

McRuer, D., Graham, D., Krendel, E., and Reisener, W. Jr., "Human
Pilot Dynamics in Compensatory Systems," AFFDL-TR-65-15, July

1965.

Curry, R.E., Hoffman, W.C., and Young, L.R., "Pilot Modelling for

Manned Simulation, Vols. T and IT, AFFDL-TR-76-124, Dec. 1976.

Phatak, Anil V., "Investigation of Alternate Human Operator

Optimal Control Model Structures," Air Force RMRL, contract

Wi



(17]

(18]

(19]

(20}

[21]

[22]

(23]

[24]

88

#F33615-78-C-0501.

Noble, B., Daniel, J.W., "Applied Linear Algebra," Prentice-Hall

Inc., 1977,

Joshi, S.M., "Design of Optimal Partial State Feedback Controllers
for Linear Systems in Stochastie Environments,'" Paper 6D-4, IEEE,

Souteascon, Charlotte, N.C., 1975.

Neal, T.P., and Smith, R.E., "An In-flight Investigation to
De&elop Control System Design Critera for Fighter Airplanes,"

AFFDL-TR-70-74, Vol., I, Dec. 1790.

Anderson, M.R., and Schmidt, D.X., "Closed-loop, Pilot/Vehicle
Analysis of the Approach and Lending Task," AIAA Paper No. 85-

1851-CP, 1985 Guidance and Control Conference, Snowmass, Colorado.

Walker, R.A., and Gupta, N.K., "Flight Test Trajectory Control

Analysis," NASA Contractor Report.170395, Feb. 1983

Pavassilopoulos, G.P., Medanic, J.V., Cruz, J.B. Jr., "On the
existence of Nash Strategies and Solutions to Coupled Riccati
Equations in Linear-Quadratic Games', JOTA, Vol. 28, No. 1, May

1979,

McRuer, D.T., and Krendel, E.S., "Dynamic Response of Human Opera-

tors", Wright Air Dev. Center WADC TR 56-524, Wright-Pattersoﬁ Air

. Force Base, Ohio, Oct. 1957.

Levison, W.H,, Kleinman, D.L., and Baron, S., " A Model for Human

Controller Remnant'", IEEE, Trans. Man-Machine Syst., Vol. 10, Dec. 1969




89

APPENDIX A°

DERIVATION OF NECESSARY CONDITIONS FOR CONTROLLER 2-(ﬁé)

As stated in section (3.4), the system dynamics in the presence of

the control action'ﬁl can be written in terms of the augmented state

I

vector q as

L]
’

+Dw (A.1)

’

2¥p *+ Bauy

q=A1'§+B

where q, A;, By, By, and D are as defined in section (3.4). The out-

"puts“§2“and ;& are given in terms of q by

|
(@)
N
Fa]

y, = [C, 0]Jq = Cyq (A.2)
vq = [C4 0]q = Cq

and the index of performance J2 becomes

1 T—T "—  —T_ — _ ~T —
= E{lim-T g(q Qq+ u2F2u2 + udFZdud)dt} (573)

T 0.

)

with Q’ again as defined in section (3,4).

The closed loop system under the action of Controller 2 (Gé) and
the display control law u,, with the control laws as given by (3.1.5),
can then be writtén in a Compact form as

q = Ac'q' +Dw @A)
where
A'aug BIKI
Ac i Mlcaug A1
with Aaug’ Caug and A1 as defined in Chapter 3.

The system given by (A.4) is identified as a linear stochastic time

VIt
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’r .

invariant system driven by a white noise process w . From linear sto-
chastic system theory [12], in the steady state case the system state

covariance matrix L is obtained as the solution to the following

Lyapunov equation
AL+ LA £DWD ' =0 (A.5)

where W 1is the intensity of the process w and L=E[E'ET].

Using the trace operator {17}, J2 can be expressed as

= tr{QL] "~ (A.6)

Iy
where
‘ T.T o
IR (55 2F2G2C2+C GIF,,6,Cy O
Q=0Q + 0 0

(A.5) and (A.6) can now be treated as a constrained parameter
optimization problem [18]. Defining H as a symmetric matrix of Lagrange

multipliers, the cost J2 can be augmented with the constraint (A.5) to

get

T, = tr[QL] + tr[R(AL + LAl + D W D 1] (A.7)

The necessary conditions for optimality applied to (A.7) yield the

following relatioms

2 _ T - _
ot = At 4T 0 (a0
33'2 ’ I 4 IT
—aﬁ—‘AL‘FLA + DWD =0 (A.9)
332 :
T 0 (A.10)
2
a?fz
3G =0 (A.11)
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Equations (A.10) and (A.11) need further elaboration because the

augmentation gains 62 and the display control gains Gd are embedded in

the dynamics of the closed loop system.

3J.
~ 2
(a) —==:
3¢,

In jé, the terms containing G2 are Q and Ac' Therefore

EEZ = -2 [er[QL] + 2tr[HLAT]} :
% " . T (A.12)

where the trace identity tr[HAcL]=tr[HLA:] has been made use of.

Further note that in Ac, G, appears both in Aaug as well as in A,. But

2 1

A1 is part of the optimal Controller 1 (Gl), as is apparent from
(3.4.1), and. since we are looking for a Nash solution, Controller 1 is
to be considered fixed in theé minimization process for J2. Thus the

only gains that may be adjusted in Controller 2 are those in A.aug where

Aaug = A+ BZGZCZ + BdeCd. Then
B.G.C., O|T
3 T 3 27272
?cg tr[HLAc] = —aE; tr{HL 0 0 } (A.13)
Noting that
clefaT o o
27272 2 T T
0 o]l = 0 G2[B2 0] : (A.14)
- (A.13) can be simplified to get
cl cT
] 2 T,..T T 2
—aaz t?{HL 0 GZ[BZ 0]} = [B2 OJHL 0 (A.IS)

Also from the definition of Q we have

4



T.T
) C2G2F2G2C2 0
3 2 tr[QL] —75- tr{ 0 L}
G [C oL}
2 _
ZF G [C O]L (A.16)

Combining (A.15) and (A.16), the condition (A.10) can be written in the

expanded form as

T T
33, 2 . %
EG—Z' = Z{FZGZ[CZ o]L 0 + [BZ 0]HL 0 }

"

0 (A.17)

3J,
2

(b) —=:
3G

In 3&, the terms containing G, are E'and AC. Therefore as before

d

=2 -2 (er(Qu] + 2er[HLAT]} (A.18)
3G 3G c
d d
Again noting that in Ac’ A1 and Ml are part of the optimal con-

troller 1 (Cl), the only free gains G, to be adjusted are those appear-

d
ing in A and C . Then
aug

aug
8 5 BdeCd 0
tr[HLA ] = tr {HL } (A.19)
acd 3Gd MICquCd 0
The matrix on the right hand side of (A.19) can be written as
BdeCd 0 Bd
wmcec, o]~ {mc {%alC 0! (A.20)

l udid lu
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which gives

B464%4 d d .
= HL : (A.21)

}
4 M,C G, Cy O M, C. 0

3
TN tr{HL

Further, similar to the procedure used to get (A.16), we have

Id

c

; _ .
35; tr[OL] = 2F2de[Cd 0olL 0 (A.22) -

T
d

Combining (A.21) and (A.22), (A.11) can be written in the .expanded form

as

== = 2{1?2dc;d[cd 0lL ol * HL } (A.23)

(A.8), (A.9), (A.17) and (A.23) together give the necessary condi-
tions for the simultaneously optimality of the augmentation controller

u

2 and the display control law';a.
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APPENDIX B

THE OPTIMAL CONTROL PILOT MODEL

The optimal control approach to human operator modeling was
developed by Kleinman, Baron and Levison in the early 1970’s. Since
that time it has been used successfully to model manual pilot behaviour
in a variety of complex tasks. A brief discussion of the actual model
is given.here as it forms the basis for the synthesis and anaiysis of
display augmentation designs presented in this report. More detailed -
discussion of the structure of the model can be found in [6] and [13].

The model is based on the assumption that a "well-motivated" human
pilot adjusts his gains and compensation for the vehicle and task such
that an objective function, Jp, is minimized, subject to human limita~
tions. Typically a piloting task, aircraft and display dynamics are
represented in the block diagram shown in Figure (B.l)‘and by the time

invariant differential equation

x(t) = Ax(t) + bup(t) + Dw(t) (B.1)
where the A matrix can be an agregation of task, plant and control sys-
tem dynaﬁics. The vehicle states are represented by the vector x(t)
while up(t) is the pilot input (assumed to be scalar here for the éur—
poses of explanation - multi-input taské are easily accomodated within
the framework of the model) and w(t) is a "white" noise disturbance with
intensity W.

.An outbut vector §§(t) represents those variables which the pilot
can observe, either through the cockpit display, out the windows or by

the "seat of his pants". His observations are given by the relation
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T (t) = Gx(t=1) + du_(t-1) + Vv _(t-1) (B.2)
p P y
where t is a pure delay associated with the inherent delay in the
pilot’s perception,'and“w_ry is a vector white noise process with inten-
sity Vy which models the imperfection in the pilot’s observations.
The pilot’s task is reflected in the minimization of a quadratic

I'd

performance index of the form

2 2
qixi + rup

B

T -
J () = E{lim & [ ¢ + gul)de} (B.3)
P TS P )

Tao

i
subject to pilot observations yp(o) for time ¢ < t and with cost func-

1

tional weightings 4y 20, r >0, and g > 0.

Inclusion of the control rate, ;p’ in the cost function naturally
leads to a first order lag in the pilot’s control law analogous to the
neuromotor lag of the McRuer crossover pilot model [14]. The time con-
étant of the lag, furthermore, may be adjusted'through variation of the

control-rate weighting constant, g.

By defining a new state vector as

-~T -~T
x (t) = [x7(b), up(t)],
the augmented system can be represented as (up(t) = uo(t))

X(t) = Aoi('t) +b_u (t) + D W(t) " (B.4)

BT e[l o]

- The minimizing control law is

with

W(e) = Ix(6) (B.5)

with
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<1, ' ‘
1 2 bOKO (B.6)

where x(t) is the current estimate of the state x(t), and Ko is the

unique positive definite solution of the Ricatti Equatioh

T 1 T
L J— =
AOKO + KOAo + Qo 2 KoboboKo 0 (B.7)

with Q° = diag(qi, r). Expanding the optimal control law as

* n
uo(t) = -151 lioi(t) - ln+1uP(t) (B.8)

where pi(t) is the current estimate of the system state xi(t), and let-

ting

T = — . | (B.9)

by iterating the control-rate weighting, g, the equivalent lag time con-

‘t =
stant, a 1

, can be adjusted to a desired value. The control law
n+l "

can then be written as

'Tn;p(t) +u (£) = N | (3.10)

where

b (e) = -1 5(t) (B.11)

with

1e = Tnlll, 12, coey ln]
From the human operator viewpoint, an exact control input is not
possible. This uncertainty 1Is modeled by the addition of motor noise v

in the control equation, or

rn;p(c) +u(e) = we) + v (t) | (B.12)

where vh(t) is a Gaussian "white" noise source with intensity, Vm. The
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controller gains previously calculated are assumed to remain the same 1in
the presence of motor noise. This assumption reduces the human operator

model to sub-optimal control behaviour.
The current state estimate is derived from the combination of a
Kalman state estimator and a least mean square predictor. The system is

I'd

rewritten as

() = (x4t u (8]
x(t) = Ax(t) + biu(e) + D)W (t) (B.13)
§p(t) = ¢, x(t=1) +Vy(t-r), ;y " N0, V)

where

A Db 0
R P | T
T T
n n
| D O}
Cl=[cld]’D1=0_L
T
n

[ET(t), vm(t)] with covari-

The disturbance noise has the form ;T(t)

ance matrix

E{El(:)‘af(a)} = W, 8(t-0) (B.14)

w o
i=1o v
m
The Ralman filter generates an estimate, x(t) of the model states

x(t) from

i (t-17) = Ali(t-r) + blu(t—‘r)

+ zlcfv'l[yp(c) - cli(:-r)l ' (B.15)
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where the error covariance matrix, 21, is the solution of

T T T -1, _
AZ + I A +DWD - LCVCI =0 (B.16)

The least mean squared predictor is governed By the equation

() = AE(E) +byu(t) ; (B.17)

-

Finally, the current state estimate is found by combining the Kalman

 state estimate and the predicted state through the relation

- O - AT o - '
p(t) = &(t) + e ~ [x(t-1) - &(t-1)] - (B.18)

In order»to‘apply the optimal control model, it 1s necessary to
know the various human response parameters T,Tn,Vy,Vm introduced above,
Published data in manual control [14] indicates that typical values for
the effective time delay are t1=0.15-0.25 secs. The neuromotor lag time
constant T is of the order of tn=0.1-0.6 secs with rn:0.1 being typical
"[23]. It should be noted that results reportéd in {14] indicate that T
varies inversely with fofcing function bandwidth,

Investigation of the properties of human controller remnant [24]
have shown that the sources of remnant can be modeled on the basis of
constant noise to éignal ratios. Thus the observation noise associated

with the ith observed variable Yy has an intensity

o _ 2
(Vy)ii = pyi E{Yi} (B'lg)
where the constant pyi is based on the human controller’s attention
being limited to the ith observation only. Similarly, the motor-noise

vm(t) is modeled to have an intensity given by

2
Vm Py E{up} : . (B.20)

The constants pyi and p, are referred to as observation noise ratio and
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motor-noise ratio respectively, and are'generally specified in terms of
their decibel values. Model matching analyses have shown values of
py4=0-017 (=20 dB) and p =0.0037 (=25 dB) to provide a good fit with
experimental data for manual control tasks involving single-axis track-
ing. These ratios have much higher values for complex multi-control
tasks. Since the noise intensities are specified as ratios of the closed
loop intensities of the corresponding signals, an iterative process is
necessary to determine the optimal control model for which the relations
(B.19) and (B.20) are satisfied.

Studies of human perception abilities have shown that if a quantity
Vi is displayed explicitly to the human operator, he can extract the
rate of change of that quantity, ;1. Thus the rates of the displayed
quantities should be included in the pilot”s observation vector'§§.
Furthermore, if the human controller has more fhan one explicitly
displayed observation available to him, his attention is divided between
the various di§p1ays. Thé error induced due to this division of atten-

tion is modeled by modifying the observation noise corresponding to the

ith displayed variable as

0o
o 2 Tu

v)i1 =% (B.21)

i

where (V;)ii is as given by Eqn. (B.19). Here f1 is the fraction of
total attention allocated to the ith observed variable and has limiting
values at no attention (f1=0) and full attention (f1=1) [15]. The values
of £, are generally determined on the basis of the importance of that

i
particular observation in successfully accomplishing the task as modeled

.

by (B.3).
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If a pafticular gignal A is very small in magnitude, the human
controller may not be able to detect its non-zero value (visual thres-
hold) or may choose not to react to the small perturbations (indiffer-
ence thresholds). This aspect of the human controller is modeled by

modifying the observation noise intensity corresponding to the 1th

I'd

displayed variaBlé as

4

(v.)
(v),, = y'ii (B.22)
Y (NG, , a))?
yi’ i
where oyi = E{yi} and N is the describing function of a dead-zone ele—

’

ment [6]. (Vy) is as obtained from (B.21) and a, 1s the value of the

i
threshold for the ith observation. Pyscophysical studies have shown that

ii

these thresholds typically correspond to values of 0.05 deg and‘0.15
deg/sec at the pilot’s eye. Also, a reasonable value for these ;hres—
holds is the minimum resolution marking om the display.

Finally, combining (B.19), (B.21), and (B.22), the intensity of the
obsevation noise vyi to be used in (B.2) to model the imperfections in
the pilot’s observations, is obtained to be

p 02

(v), =2 yi (B.23)

f
VT ey, e

with all the relevant quantities defined as above.

Ly Boe Wi
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APPENDIX C

ANALYSIS RESULTS FOR _IS/S2 PLANT
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APPENDIX D

DATA AND ANALYSIS RESULTS FOR F-15 AIRCRAFT




TABLE D.l:
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TRIM CONTIIONS FOR F-15 MODEL
Altitude b 32,000 ft.
Angle of Attack o i11°
Pitch Angle eo 11°
Mach Number Mo L4775
Velocity Vo 470.9 ft/sec
Thrust TQ 6270 lbf
Weight WO 40,700 lbf
Elevator Se -4.,76°
Dynamic Force . gs 55,821.1 1b

f

wit
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