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PREFACE

On May 17, 18 and 19, 1972, the Eighth Annual Conference on
Manual Control Systems was held at the University ot Michigan.
It brought together more than one hundred engineers and scientists
interested in research axd development of manual control systess,
those systems in which the human operator plays a significant rolec
in control and stabilization. As reflected in the volume of
p2pers that foliow, the discussions ranged from analytic apprcaches
to system analysis and system identification to empirical studies
of human operator performance in a variety of practical tasks.
Although the predominate theme focuses ¢<n application to aircraft
control and handling qualities, papers were also presented con-
cerning humar control of automobiles and supertankers. Both full
papers and abstracts of shorter reports are included in this
proceedirgs of the Coaferance.

The conduct of the Conference was supported under Contract
NSR-23-005-364 with the National Aeronautics and Space Adminis-
tration. I am grateful to the U. S. Air Force for publishing
these proceedings; address requests to: AFFDL/FGC, Wright-
Patterson Air Force Base, Ohio, 45433.

The reader of this volume may also be interested in earlier
vclumes in this series. They are referenced below.

First Annual NASA-University Conference >n Manual Control,
The University of Michigan, December 1964. (Proceedings not
printed.)

Second Annual NASA-University Conference on Manual Control,
MIT, Feb 28 to March 2, 1966, NASA SP-128.

Third Annual NASA-University Conference on Maaual Contvol,
University of Southern California, March 1 - 3, 196,, HASA SP-144.

Fourth Annual NASA-University Conference on Manua: Zouirel,
The University of Michigan, March 21 - 23, 1968, NASA SP-192.

Fifth Arnual NASA-University Conference on Manual Control,
MIT, March 27 - 29, 1969, NASA SP-215.

Sixth Annual Conference or Manual Control, Wright-Patterson
AFB, April 7 - 9, 1970.

Seventh Annual Conference on Manual Control, University of
Southern California, June 2 - 4, 1971, NASA SP-281.

Richard W. Pew
The University of Michigan
July, 1972



ABSTRACT

This volume presents recznt developments in che field of manual
control theory and epplications. The papers give analyticai methods
as well as exampies cf the important interplay betveen man and machine,
such as now man controls and stabilizes machine dynamics, and how
machines extend man's capability. Included in the troad range of
subjects are procedures to evaluate and identify d splay systems,
coantrollers, manipulators, human operators, aircraft, and nor-flying
vehicles. Of pa-ticular interest is the continuing trend of applying
ccntrcl theory tc problems in medicine and psychology, as well as to

problems in vehicle control.
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IDENTIFICATION OF THE HUMAN
OPERATOR TIME DELAY

Ly~ K MLIT
UNLJERCITY » C W7 el
ANL
.,'ﬂﬂ.ﬁc. FTys w\",ﬂi e
MASA TANGLEY RESE RCH CTIIER

ABSTRACT

A limited amount of analysis has been performed on the identif-
ication cf the hereditary system representing the human operator.
The present paper is intended to explore the feasibility of the use
of a Kalman type filter to the identification of unknown parameters
in such a system. The pilot delay is kept in its pure form as
opposed to the Fade approximation generally used for these systems.
Some preliminary results of the application of nonlinear estimators
to a simpler hereditary system are discussed.

INTRODUCTION

Varicus attempts have been made to apply linear estimation theory
to determine the optimal set of parameters in particular pilot models
using pilot response data (for example, references 1-3). Generally,

a Pade approximation is applied tc the pilot delay whenever it is

to be included in the determination. When kept in its pure form. the
pilot time delay occurs in a highly nonlinear fashion causing the
resu’ ting estimation problem to be nonlinear,*

The question addressed in the present paper is whether or not
a linearized version nf the dynamics is sufficiently accurate for
the time delay estimatc and how the linea: filter should be applied
to the resulting linear hereditary system.

PROBLEM DESCRIPTION

A block diagram of the pilot-airplane model used to represent
the compensatory tracking task is given in Figure 1. The dynamics
of the controlled elements are of the acceleration type (K/s2). ~he
pilot transfer function is given by (reference 7)

* Recent work in the area of the s3tate prediction of linear and non-
linrear time delay systems has been presented in references 4-6.
Although an exact solution for the optimal filter is presented
in these studies many practical computational difficulties exist
when applied to a specific problem.

Preceding page blank 3
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(1)

where K,, Tye Tpe T3e and ¢ are the pilot static gain, low-fregquency

neuromuscuiar time constants and piiot time delayv respectively.

The pilot remnarnt function used is a second-order noise filter
which converts white noise inout wp(t) +0 coioreid noise output -(t).

The transfer function of the filter is

1
R _{s) = (2)
P sz+als+a2

In the time domain, the pilot-aircraft dynamics 2re given by

c(t) = K&(%) (3:
T, 5(t)+(r]+r2)&;t;+u(t) = K [1yé(t-8)+e(t-5)] {4)
S(t)nl;(t)nzn(t) = v (%) (s)

Ir teims of stat~ variables the equations can be expressed as

vit) = £ [y(t), y(t-¢), D(t), D(t-e),t] + w(t) (6)

The components Yy and Y3 represent the plant and pilc . output (less
the remnant) respectively. Y, is th. _ate of change of the plant
output; y, is the linear sum of the undeslayed piiot oatput and the
Jdistrubance; Yg is the remrant and Ye is the time rate of change of
the remnant. The remaining components of y are Y through ¥i3 which
represent the parameters Kl, tl, TZ' r3, e, ayr and ay. For more
-=2tails of the state equation see reference 7. The measurements ure
taken as the stick output and the plant output. These can be written
as

m(t) = H(t)y(t)+v(t) (7)

The ncise vectors g.and v are assumed to Le white.



For the linear analysis equaticn (6) is lirearized about a
noxiral solution y*(t) in which the model parameters are assigned
conszart "quess” values and for which the process noise is zern
ireference 7). The resulting equations for the off-nominal perfor-
mance 1 = y - y* and wmeasurement 8§ are

2(8) = A(B)a{ti+B(t)ait-8) ~w(t) (8)
£{t) = m(t) - H(t)y*(t) (9)
where
if
A(t) = B—W (10)
y=y*
if
B(t) = s7res \ (11)
x*

DISCRETE FILTER EQUATIONS

~he discrete form >f equation (B) is
alk+l) = ¢(k+l,k} a(k) + (k) a(k—-g) + w(k) (12)

vhere to first order

¢{k+]1,k) = I+itA(k) (13)
(k) = atB(k) (14
g = 8/t L2

The corresponding form of the linear Kalman filter used is
s(k+1ik+1) = o(k+1,k) a(klk) + 8(k) aik-glk)

+ F(k+1) {3(k+1) - H(k+1) [#(k+1,k) a(klk)

+ 2(k) alk-glk)]} (16)



The function F(k+l) 1s the Kalman gain matrix (see reference 7).

Some results of typical estimations are given in Tables I and
II for simulated and real datc respectively. For the simulated
data, the variance of the process noise was 23.8 volts?/sec? and
the disturbance was D(t) = 2 sin t. The variance of the noise ad-
ded to tne measurements were taken as 9.2 x 10~4 vo'ts?,

The real data used in tae an .lvsis was obtained from closed-
loop compensatory tracking tasks conducted by Langley personnel
with engineers and test pilots used as subjects. A discussion of
these data is reported in reference §. The variance of the pro-
cess ncise was cbtained by a power spectral density analyiis of a
model of the remnant. The value used was 23.8 volts?/sec”.  The
variance of the measurement noise was estimated as 9.2 x 10™% voits2.
Further details «f the real data are discussed in reference 7.

In Table I are listed the results of the simulated estimation
after 2 seconds of data reducticn. In Case I all parameters were
held fixed at their nmminal value and orly the first 6 components
of the state vector were computed. It was found that a poor esti-
mate of y3 and y. was obtained individually but that the linear
sum y3 + vy was &stimated very well. This was to be expected since
one of the measurements was this sum. Also y, was estimated weii
for the same reason. The components y, and y, were idertified only
reasonably wcll. 1In Case II the compohents y,,..-., Ye and Kl were
computed with similar results. It was found at K never ¥aried
far from its initial estimate; however, the varianc& history indi-
cated that it would slowly approach its correct value. A plot of
the residuals of the measurements for Case I is shown in Figure 2.
These resuits indicate that the data has been fitted fairly well;
however, the signal is not as random as we would desire. Several
other cases were *ried for the simulated results in which an at-
tempt was made to compute the time delay. In general, the esti-
mates diverged after a very short ifime.

Takle II gives the results for the estirates based or actual
data for three cases. In Case I the parameters were fixed at these
nominal values and not e timated. 1In Case II, K, was estimated and
in Case III. : was estimated. It is seen that e estimates are
not altered greatly by inclnding K, as an unkrnown; however, if &
is estimated, the estimates change considerably. In fact, a very
tight initial variance on ¢ was necessary {i0~ ") to keep the esti-
mates from diveraing. The result is that Cases I and II are pro-
bably reasonable, but not the results of Case II7. A time history
of the measurement residual error for Case II is given in Figure 2.

CONCLUDING REMARKS

The results of a linear Kalman filter approach indicate that
reasonable estimates of the state variables and some parameters
are obtained. However, the nonlinear nature cf ithe time delay pre-
verts its deter.nination with strictly linezr theory. To answer



the question as to whether existi.ng nonlinear estimatcrs will re-
sult in a good estimate of the t.r : delay, thc auvthors are present-
ly simulating the estimation zf & simple second-order hereditary
system. Preliminary results ind‘_:ate that, for this lower order
dimensional system, a second-ordesr filter will provide a good esti-
mate for both the state and pa:arcters including the time delay.
The results have not as yet beel =xtended to the pilot-aircraft
model presented in this paper.
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TABLE 1. - SIMULATED DATA

—
Parameter ; True True Perturbed Case I (t=2) Case II (t=2)
{t=0) t=2 initial All parameters Kl estimated
conditions
K1=1.00, t3—0.50,
rl=12=0.10, rl=r2=0.10,
r3=9=0.10, r3=e=0 10,
al=az=0.10 al=12=0.10
¥y 0 33.55 0.10 33.78 33.75
Y, 0 148.87 0.10 164.20 161.98
y3+y5 0 60.98 -0.09 61.01 61.01
Ya 0.10 83.16 0.01 8€.78 96.81
Kl 1.0 1.0 1.10 - 1.098
TABLE 2. - REAL DATA
Parameter | Nominal ICase I (t=15) Case II (t=15) Case III (t=15)
All parameters Kl estimated 8 estimated
fixed
Kl=l.0,r3=0.50 e=0.10,r3=0.50 Y1=1.0,r3=0.50
r1=r2=0.10 11=r2=0.l r1=t2=0.10
q,=cz=0.10 al=az=0.10 u1=a2=0.10
¥y ~-0.500 -3.247 ~-3.243 -2.559
Yy 6.248 -0.172 ~-0.551 1.374
y3+y5 -0.028 2.148 2.147 2.146
Yq -0.488 -24.835 -24.983 -23.653
Kl 1.00 1.00 1.00 1.00
) 0.10 0.10 0.10 0.1i6
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A Non-Linear Feedback Model for Tracking Studies

Edward T. Pitkin*
University of Connecticut

ABSTRACT

A nonlinear feedback model of a human operator in a compensatory track-
ing loop is suggested. This model incorporates most of the standard features
of conventional linear models including sample data models. In addition nomn-
linear feedback is employed to yield pulsing output with dynaaics such as
K/S2. Time domain camparisons of model and human response to identical
stimili are presented.

INTRCDUC TION

Much of the reported work on huma tracking ability has been directed to
analvsis of an operator's response in a simple, single degne of freedom com-
pensatory tracking loop. This is not surprising since the mman operator has
lang been known: to be "probabilistic, non-lirear, and highly variable", (Ref.
1}, s that even this eiamentary situation gives rise to interpretational dif-
ficulty. 1t is, however, samewhat surprising that the vast majority of re-
search has aiso been confined to linear or quasi-linear models of the lmman
operator. Most likely, this is due to the fact that comtrol engineers can
deal with linear mod=ls expressible in terms of transfer functions with much
greater facility than non-linear models; that these models are fairly easily
derived from experimental data with cross correlation techniques, and, further-
more, that in situations wherein the operator behaves in a quasi-linear fa-
shion, the use of a linear model is a most appropriate engineering approxima-
tion. In other cases, where the operator behaves in 1 more non-linear fashion,
it is to be anticipated that .n spite of their added difficulty, ncn-linear
models might be used to be” _r explain the humar Jperator's behavior. It is
w’th this latter case the .resen. work is primarily concerned.

LINEAR MDDELS

The majority of linear models that have been proposed may be characier-
ized by a transfer function which can be exprcssed as a rational fracticn of
polynamials multiplied by a pure time delay. Tustin, (Ref. 2), first proposed
a model of this form in 1927 which amounted to a conventional proportional-

*Professor of Mechanical and Aerospace Engineering
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plus-integral controller miltiplied by a pure time delay. Since then models
of this type have been contimuously generated and refined to the most recent
nine-parameter model of McPuer et al., (Ref. 3), given in Eqn. [1] in which
adaptable and fixed neuromuscular parameters are separated.

1 2
.S (th*l) s+l [- wn ,
Yp(s) =%e ° T | 2 &
P P (rys+1 lLrKs*l L(rN15+1) (SZ*ZEunS*un) /
adaptable neurc;rscular

Bekey, (Ref. 4), has proposed linear sample data models which complement
the rational polynomial models. These models attempt to characterize human
behavior in terms of the transfer functions of zero or first order sample-and-
hold devices supplemented by some of the elements of the more conventional
linear model discussed above. A tynical t.ansfer function for a zero order

hold model 1is
-14S -Ts
e ° = @
YP(S) = (TIS*I) s

When the gain and phase characteristics of these models are plbtted on 2 Bode
diagram, the results appear tc be quite similar to those obtai from the
rational polynomial models discussed above. The sample data models can be
justified on the basis that there is considerable evidence that the is
not a continuous operator, but acts on discrete samples of information, pro-
" xces discrete outputs and that he tends to extrapolate his response when in-
put stimilue vanishes temporarily. Again, the sample data models have been
quite successful in modeling luman response in situations where the task is
not too difficult and hence they may be considered as suitable alternatives
to the rational polynomial models. For example, Bekey got very good simula-
tion of human operator response when controlling a pure gain plant. Another
factor that makes the sample data model interesting is that it incorporates
an implicit pure time delay at low frequency due to the fact that the output
of the sample-and-hold circuit follows the imput function by roughly one-half
a sampling period. If this implicit time delay is to replace the time delay
used with the rational polynomial models, the sampling period must be of the
order of .2 to .3 seconds, much longer than can easily be rationalized for
input sapling. This might not, however, he too long for output 'sampling",
i.e., placing the sample-and-hold unit nearer to the output to give discrete
step output.

The linear models describei above will produce many of the main features



of the human operator response, particularly in tasks that arz not too diffi-
ailt; e.g., control of a pure gain or a single integral plant. As the task
gets more difficult, however, these models are less accurzte and the remnant,
i.e., theportmnofthesperatorsaxtptl which is not zccounted for by the
linear model, becomes an increasingly wore important coutributor (Ref. S).

In difficult tzsks such as controlling a double integration, K/s?, it is well
known that the human operator resorts to a pulsing output behavior to develop
enough lead to —ontrol. The linear mndels try to account for this through
the adaprable lead-lag term which, thcuwgh giving the necessary lead by prop-
erly adjusting parameters, do mot, when simulated, usually give the very dis-
tinctive pulse-like behavior that is noted in the time history of the opera-
tor's output. Indeed, the difference between ihe model and the human opera-
tor outputs are so distinct that one can usually distinguish them at a glance.
The need for improved modeling of this pulsing behavior has been notec by Jex
and Allen, (Ref. 5). It might be expected that the pulses are, for the most
part, slr.wmgup in remnant rather than as part of the linesr model output.
This suggests that more attention shorild now be directed to non-linear mcdels.

NON-LINEAR MOELS

A relatively small fraction of the published literature on humaz opera-
tor models is concerned with non- linear aspects. One notable early exceotion
is the work of Diamantides (Ref. 7), whc in 1958 recognized the need for non-
linear elements to obtain plausible time domain output. A block diagraa of
his =aodel appears in Figure 1. His approach to pulsing behavior was to in-
sert a step function which he called "anticipation bias" into the output each
time the error crossed the zero point. Since this step precedes the output
of the reaction time delay element at the summing junction, a lead pulse is
generated. Hea.lsofandthemjectxmofamfhertobemappmprute
model of the operator's tendency to contimuously '"'feel out' system response.
One other non-linear element will be noted; a threshold on the weighted er-
ror-plus-derivative signal. This was probd:ly less important to the overall
result than the non-linear bias clement, but again demomstrates his recogni-
tion of the need for non-linear elemnts in the model. In his experiments
Diamantides was able to trick experienced piicts into thinking that they were
controlling the dynamics when the similated model was actually doing the con-
trolling. Also, his time domain traces of pilot and model output compared
quite well.

More recently, Costello, (Ref. 8), noted that linear models lacked real-
ism when called upon to trackastq: input. He therefore proposed a two-mode
“surge'' model in which norwal control was accomplished by 2 conventional
linear model while the transient at the beginning of a step was handled by
switching to the surge. The surge consisted of a momentary double pulse (:)
input after which conirol returned to the linear model. Costello's model and
its switching lire in the phase plane is shown in Figure 2. His results show
significant imprcvement in the time history of response to the step input as
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the surge model eliminates the high frequency ringing that is found tc be
present at the begimning of each pulse when the conventional linear model is
used.

It appears then that non-linear models may offer considerable Irnprove-
ment in the characterization of haman operator response. This is not to say
that linear models should be abandoned, rather, they should be supplemented
with non-linear elements where necessary. The ideal non-linear model should
incorporate the major aspects of the linear models that have been developed
and proved successful in application of models to design proolems over the
past twenty-five years. This implies that the describing function of a non-
linear model should be both qualitatively and quantitatively comparable with
describing functions that have been established for human cperators. The
non-linear ef‘ects should then, hopefully, decrease the difference between
model and himsn operator input, i.e., a lesser amount cf the output would
then need to be attributed to a random remnant term.

NON-LINEAR FEEDBACK MODEL

The non-linear feedback model shown in Figure 3 is proposed along such
lines. The first section of the model comsists of comventional liresr ele-
ments taat have proven successful in the past. The error is processed to
obtain an estimate of both its time derivative and integral and the results
are summed to give a proportional plus integral pius derivstive (PIL} signal
with adjustable or "adaptable" weighting factors. This section is then
equivalent to the adaptable lead-lag section found in most linear models.
The next element is a saspie-and-hold unit. This element akes discrete sam-
ples of the PID signal and feeds them to the operator’s output aynaaics mod-
eled here by a simple first-order lag. This could al<o be a damped second-
order clement with no significant change to the rodel. At this stage, the
model appears to be much like Bekey's sample data moa=1 except for the fact
that the sampler is not located at the input but rather at the output of
the central processor. With the sampler in this location, the longer samp-
ling periods required to correctly model the observed time delays may be
more easily rationalized. The non-linear element in this model is in a feed-
back loop from the output back to the sampler input. A threshold wmit is
used in the feedback locp so that when the outputs are below a certain level,
there is no feedback and the model acts as a conventional linear sample data
model. Once the output rises above the threshold level, however, there is
negative feedback of the output to the input of the sampler. If this signal
is great enough, there will be a reversal of the signal to the sampler and
the output will then exhibit a pulsing action. It can be seen that this
model has the basic features that worked well in Costello's surge model -
linear behavior for small signals and the pulsing behavior for large signals.
However, this system differs in that the pulses are not always of the same
amplitude and are triggered only by the level of the output of the central
processor rather than by the imput signal. This model behaves much like the
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surge model when it encounters a step output, but furthermore, it will pro-
duce a continuing pulse-like action when dealing with difficult dynamics such
as K/s? much like that actually observed in tise output of human operators.
The required lead is produced by the magnitude of .- pulses and is governed
both by the threshold level and the gains in the linfar section.

In order tn give some indication of how this rodel compares to reality,
the time traces in Figures 4 to 6, obtained from analog simulation with this
model, are presented. Figure 4 gives typical time traces or the input dis-
turbance and the error signal for K/s? dynamics. The error signal was indis-
tinguishable between human and model control of the system, i.e., as in
Diamantides work, the operator could not teli from watching the error signal
if he was or was not controlling the system. Simultaneous traces of hmaan
controller cutput and model output are presented in Figure 5 for a case when
the human is actually controlling the system. A similar set of traces taken
when the computer was actually controlling is given in Figure 6. Note that
there is very little, if any, observable difference in the output character-
istics between cases. Note also that in both cases the pulsing behavior is
evident in both the model and the laman operator output and that there is a
nearly one-to-ene correspondence between pulses which occur at a frequency of
approximately two per secoxd. The major difference that appears between tie
two outputs is that the human operator tends to flatten the tops of his pul-
ses more than the model. It is expected that this small difference could be
cleared up with some further vefinement of the model.

In conclusion then, it appears that the addition of non-linear elements
to conventional linear models can offer some improvement to himan operator
similation. It is suggested then that pursuance of such models as aijuiacts
to the quasi-linear wodels now in vogue may be a very fruitful area of future
vesearch.
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FIGURE 5. OOHPARISON OF HUMAN OPERATOR AND ANALOG SIMULATED MOD®:L
RESPONSE TO ERROR SINAL - HMAN CONTROLLING.



FIGJRF v. COMPA_JSON OF HUMAN OPERATOR AND ANALOG SIMULATED MODEL
RESPONSE TO ERROR SIGNAL - MODEL UONTROLLING.

22



AR EFFECTIVE TECHIIQE NOR EXTRACTING PIIOT MODEL PARAMETER
VALUES FROM MULTI-FEEDMA X, SINGLE-INFUT TRACKING TASKS

Gary L. Teper
Systems Technology, Inc., Hawthorne, California

Extensive quasi-linear describing functiorn data exist for a human
operator tracking a comwind in a single-loop (single controller, single
input) task. Data for a multiloop tesk with a disturbance input, more
typical cof situations which occur in practice, are rare. A significant
hurdle to obtaining a description of the numan operator in a multiloop
task has simply been the ccst of reducing and interpreting the data. A
reasonably efficient and effective technigue which was recently develcped
and applied is described.

Quasi-linear describing function models have a long history of usefully
describing the nman operator in a tracking task, and the appropriate
measurement techniques are a well-developed art (e.g., see Ref. 1. Most
previous measurements, however, have been made in command-input, single-
loop {one feedback, ome coutroller) situations. Although measurem2nts have
been made in multiloop tasks (e.g., Refs. 2 and 3), they are rare and have
usually required extensive manipulation of the data. A recent program’
required an efficient means of describing the human operator in a disturbance-
input muiti-feedback task. The technique to be described was developed and
applied dvring tbis grogram and proved to be both effective and efficient.

To aid the description and look at some features in detail, the specific
example of lorgitudinal control in a hovering vehicle will be used. The
extensior tn other tasks including multiple-inputs and multiple-controllers
is straightforward. Also, the description is in terms of a disturbance input
consisting of a sum of randomly-pht.sed sinusoids, as u.ed during cur program.
The technique is not dependent on their us~ and could te applied with a
filtered white noise disturbance.

'Accmplished in part und~r Contract F33615-71-C-1071 for the Air Force
Flight Dynamics Laboratory.
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HOVER CONTROL =XAMPLE

A pilot-vehicle system structure for maintaining position (x) using
control stick (&) alone is shown in Fig. 1. The vehicle has two degrees
of freedom, longitudinal position (x) and pitch attitude (8). The singlr
system input is a horizontal gust disturbance (“8)' For the control
structure shown in Fig. 1, an adequate description of the pilot requires
both describing functions, YPB and Yp,, to account for that portion of
the pilot's output, 5, which is correlated with the system input, ug, and
& remnant, 7, which accounts for the rest of the pilot's output. The
technique discussed here extracts the two describing functions.

The describing functions cannot be measured directly in the single-input
situation. Unless we make further assumptions, we can only obtain a single
(ccaplex, vector) equation in two unknowns, i.e.,

5(jw) = = Yp (Jo)[6(im) + Yp (Jm) - x(jw)] (1)

The equation relates the coantrol stick output (5) to the position (x) and
attitude (0) inputs. These can be determined by measurement of the describing
finction between any one response paraxeter and the input. For example, if
the control stick (8) to input (ug) describing function is measured, all the
vehicle response parameters can be determined via the known vehicle dynamics

and gust input. Likewise, 5 could be computed from the describing functicn
measurement between any vehicle response parameter, say x, and the input.

To overcome the problem of indeterminancy we assumed fixed lumped-
parameter pilot model forms. The general forms used during our program were:

. Koo [Trg(dw) + 117" .
PO [(joofongy)? + 2lpy(Joofangg) + 1)’

(2)
Yp, [Ti,(Joo) + 1]

T T Tl 1T
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With n input frequencies, the single non-redundant describing function
provides 2n independent measures of the pilot characteristics. The factor
of 2 is because the response at any one Trequency has both an amplitude and
phase (or, a real and an imaginary part). Thus, with the five input fre-
quencies we used, our pilot models could have had up to ten independent
parameters. As indicated above, a smaller mmber (up to 8) were used and
a least squares fit of the data made, The fitting process is described
later.

MEASUREMENT SENSITIVITY

A second problem is presented by the input dictated by the task. It
alsu falls within the generel area of system identification, which has
received considerable attention. The necessity of exciting all the modes
of the system and insuring that the measurements are sensitive to the
parameters to be identified remains of cardinal importance. Skallful
design of the input has also long been recognized as a means of satisfying
these requirements. Unfortunately, this option was not available to us, as
the complete nature of the input was prescribed by the task. The gust
spectrun” at low altitude is of relatively low frequency, i.e., a bandwidth
of about 0.3 rad/sec. This is aggravated further by the low-pass low-
bandwidth gust-attenuation properties of the wvehicle. Nonetheless, a
relatively wideband description of the pilot was desired, say from 0.1 to
10 rad/sec.

Becaus2 the input signal power is very low at the higher frequencies of
interest and could not, therefore, be properly tailored for meas:irement
sensitivi‘y, the alternative of designing the output measurement signal was
taken. In the hovering pilot/vehicle system there are two' closed-loop
modes of importance, the path mode, “’B (approximately 0.8 rad/sec), and the
attitude mode, ‘D's'p (approximately 3 rad/sec). These modes, i turn, are
sensitive to the pilot's position and attitude describing functions,

*The sum of sinusoids used during our program approximated the frequency
distribution of power of the gust spectrum.

tAs it developed, a third mode of even higher frequency due to the combi-
nation of the pilot's neuramuscular system and the control stick turned out
to be also of importance. The technique was capable of handling it also.
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respectively. All the low frequency latural motion quantities of the
system are dominated by either one or the other of these modes. The fact
that none of the natural motion quantities have sufficiently wideband
frequency content is cledrly seen in the time nistories from a typical
simulation run shown n Fig. 2. The disturbance input (top trace of

Fig. 2) has very lit:ile power at higher frequencies. The pilot's output,
8, is dominated by the higher irequencies. Continuing down Fig. 2 it caa
be seen that the signals, in sequence down the page, lose their high
frequency powver and gain in low frequency power. The longitudinal position
(x) signal is completely dominated by lower frequencies.

To obtain an appropriate intermmix of hign and low frequency power a
composite signal is contrived. This is shown in the bottom signal in
Fig. 2 as the designed measurement cignal, A. As can be seen, it has a
good pertion of both low and high frequency power. The detailed nature
of A is described below.

As n;ted above, the describirg function between any respounse parameter
and tre input woulé theoreticaily provide all the available information.
Figure 2 clearly indicates why this is not so in practice. When measuring
the describing function in one frequency region, power in other frequency
regions are essentially noise. The signal-to-ncise level in the control
stick response at low frequency is extremely pocv. Similarly, the signal
in the pcsition response at high frequency is uon-existent for purposes of
practical measurement. But, suming the position and stick motions, we can
create a single measurement signal, )., where A = x + ()b, which iz both
prevhitened and presensitized. This is illustrated turther in Fig. 3. For
gust inputs, position is completely dominated by the path mode (wp);
information at short-period (attitude) frequencies in this signal would be
LO @B down even if the gust input spectra was flet out to this region. On
the other hand, the control stick signal is dominated by the attitude mode
(wsp) Witk system mumerator zeros essentially cancelling the path mode. As
shown in Fig. 3, the measurerent signal, A\, contains both modes in good
proportion. The constant C) controls the relative amounts of the two signals.
Its proper value is very much dependent on how the pilot closes the loops and
therefore a function of the test condition variables. In practicz, there
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turned out to be a very simple solution to this potential problea. During
the initial portion of each run the experimenter would observe the strip
chart traces of the x, &, and )\ signals. Prior to the start of data record-
ing, he would adjust C) until satisfied with the frequency content of .

His visual observation of the time trace proved to be a sufiiciently accurate
indication of measurement power adequacy.

Given the measured closed-loop describing function, the next step is
to extract the pilot model paremeter values. A mclel aatching program
which minimizes the error between the measured and modeled properties was
used. It was run or our digital timesharing faciiities and allows the user
to select from (or sequence) four parameter optimization or search routines —
the Parallel Tangent Technique (Ref. L), a modified Deflected Gradient
(Davidon) Method (Ref. 5), Geuss' Least-Squares Method (Ref. 5), and a
Random Search Routine (Ref. 6).

The manner in which the error between the model and measured describing
functions was treated is as follows. The l/ug(ju))}" describing function at
a single frequency, wj, has both magnitude and phase, i.e., it is a vector
a{jwj). The closed-loop describing function of the actual piiot/vehicle
system, qa(Jw;), can be measured ("data”) and the corresponding transfer
function for the model pilot/vehicle system, qu{Jjw;), can be computed for
assumed values of the pilot model parameters. The corresponding model
versus data error is a vector. It is the squared magnitude of this error
which is used in the "minimization cost function." This is given by:
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The "cost function™ is the sum of these errors across all frequencies, i.e.,

CF = (1)
i

An overview of the measurement tec nique is shown in Fig. &

In operation, a single describing functioa is obtained during the
simulation run, i.e., closed-loop A/ug. Variances of all the system
responses are also measured, A pilot model form is assumed vhich, in
combination with the known vehicle dynamic characteristics, provides an
aualytic pilot/vehicle system model. The wodel matching program then
gives the "best rit" pilot model parsmeter values. These, in combina-
tion with the known disturbance, using standard programs, provide
open-loop pilot and pilot/vehicle describing functions and system
propertics such as stability smargins, crossover frequencies, closed-locp
modes, etc, Finally, the variances of the model responses to the dis-
*urbance are computed. These are compareda to the measured variances and,
in combination with the other computed properties, provide an indication
of the adequacy of the assumed pilot model forms.

An example of the infcrmation provided by the technigue is shown in
Fig. 5. A complete explanation of tuls figure is beyond the scope of this
paper (see Ref., 7). The data fo- tne run consisted of:

1. The measurza - 5:8-ionp describing function, )\/ug(jw)]",
at the five {n <y tregueucies, shown in Fig. 54, and

2. The total pertoscance measures, i.e., the measured rms
values showr . Tig. 5b.

The pilo* model form used is shown in Fig. 5a.

The digital model matching program was used to obtain the pilot model
persmeter values given in Fig., 5¢. In obtaining the best fit, all parsmeters
were allowed to vary; it was an eight parameter fit to ten (real and
imaginary parts at five frequencies) data points.
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The derived model paremeter values and the known vehicle characteristics
were used to obtain the remaining information shown in Fig. 5. The cliosed-~
loop response of the model to the gust imput is plotted (Fig. 54) for a
graphical indication of the adequacy of the fit. In several cases, the
graphical comparison indicated that the search routine had reached a local
minimm and further iterations were made. As is evident in Fig. 54, the
objective in designing the measurement signal, A, was achieved; i.ec., the
significant modes of the closed-loop system are contained in the single
signal, System surveys of the modeied inner- and outer-loops are shown in
Figs. Se and 5f.

The final items, Fig. Sb, are the rms responses of the model system to
the gust input. Comparison of these responses with the measured data indi-
cates that a significant portion of the total performance measures is due
to inputs other than the gust, i.e., the pilot's remnant. Measurement of
this componert of the complete lmmman operator description has been treated
elsewhere, e.g., Ref. 8.
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OPERATOR CONTROL OF CROSSOYER MODEL PARAMETERS

Gary L. Rupp
The University of Rickigaa

A parameter tracking system was utilized to pro-
vide on-line feedback of the crossover model

parameters to operators performing a compemsato
trackig task. Operators were required to toatro
a ‘awegrator plant usder conditions represeating
quite differeat styles of behavior in order to
favestigate the lability of the parameters. The
wsefulness of this kind of on-11ae feedback as 2
trafning device 1s also discussed.

From an engineering viampoint the crossover model describes operatcr
behavier very well ia a rather wide variety of tracking tasks. () The
operator temds to adjcst his behavior such that the forward loop of the
compensatory system can be closely approximated by the two parameters,
gain and effective time delay, of the simple crossover model. This paper
describes an attempt to deterwine the general meaningfilness of these
parameters to the operator. In particular, 1f a parameter is mesningful
then it cught t3 be labile, which in turm suggests that an operator
should be able to volunta—ily mdify his gain and/or time delay. So one
question to be explored is the issue of paremeter labflity. Secondly, 1f the
parameter is labile, will the knowledge about that perameter contribute

tc improved tracking performance.

METHOD

The Display. A te anique for providing an operator with on-line information
about the status of his parameters can be derived from the parameter
tracking version of the crossover model developed by Jackson (2).
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Figure 1 depicts the basic configuration of the parameter tracking system.
Both the compensatory system and the assumed model atre excited by the
same input disturbance. The two parameters of the crossover model are
continuously updated, using gradient techniques, in order to provide a
best match between the compensatory systeam output and the model output.
These parameter updates can then be displayed to the operaor while he is
rerforming the tracking task.

The display selected to provide the operator with informatica
about the crossover model is shown in Figure 2. The output of the
parameter adjustment block of Figure 1 defimes the current values of
the parameters. The experimenter preselects a value of gain and/or time
delay at which he wishes the system to be controlled. The operator then
views information about the sign and magnitude of the deviation of his
parameter values from the desired values. When both parameters are being
controlled, the display becomes an ellipse whose diameters are pro-
pertional to the difference between desired and actual values of the model
parameters. The horizontal diameter relates the magnitude of the gain
difference. The vertical axis reflects the time delay deviation. The sign
of the differences is displayed via a series of lights place around
the periphery cf the CRT. For example, if the +K 1ight is on, the
operator's gain is too high and must be lowered to the appropriate

value.

The Experiment. Twenty subjects practiced tracking a two radian/sec.

random imput signal for sixteen 90-second trials prior to the actual
experiment. The imput signal had a Gaussian amplitude distribution



and was generateu by appropriately filteriig a pseudo-random pulse

sequence with a third-order binomial filter. After each trial the inte-
grated absolute error score (IAE) for that trial was displayed o the
operator. Based upon their normalized integrated ervor score (NIAE), gain (K),
and time delay (T) over the last 8 trials, fifteen Ss were matched into

three groups of five Ss each.

The control group trained for five more days on “he two radian/second
input signal. Their task was to wminimize their error score (IAE). As an
aid they were provided with an on-line display consisting of a circle
whose diameter was projartional to the average of their IAE for the
preceding two seconds. After five days they transferred tc a four radian/
second tracking task for three more days.

the other two groups received the experimental treatment, ie. a display
of crossover model parameters, gair and effective time delay. For the two
rad./sec. (or siow) input forcing function both groups practiced under two
conditions of gain and time delay. The HK condition required operators to
control the compensatory system with a high gain and 2 low time delay. The

1 and T = 0.175 sec. In the LK condition,
1

values chosen were K = 7.5 sec.”
representing low gain and a low time delay tracking, K = 4.5 sec.” and
T = 0.250 sec. These two conditions on the crossover model parameters
represent quite different styles of tracking behavior. Further, the LK
condition will require an operator to sacrifice some error score in

order to accomplish the task.
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For the slow (two rad./sec.) input signal, one experimental group
practiced five days under HK conditions and then transferred to the
LK condition for three days. The other groug began in the LK condition
and on the sixth day transferred to the HK condition for an additional
three days. After eight days both groups were transferred to the
4 rad./sec., or fast input signal Tor the final three days. They were
asked to control the compensatory system with a high gain (K = 6.0 sec.'])
and a Tow time delay (T = 0.09 sec.). The instructions suggested that these
parameter values would be difficult to attain, but the parameter in-

formation should serve as a quide wward achieving low error scores.

Each day Ss performed 20 trials arranged in four blocks of five
90-second trials. A five second tone count {1/sec.) warned $ prior to
each trial. During the 45-sec. rest period following a trial, S viewed
his IAE, gain, and time delay values for that trial. The control group
only saw their IAE score. Parameter values were always fnitialized to
the desired values so that the ellipse began as a point. The experimental
groups were instructed to keep the ellipse a point and also to achieve

as low an error score as possible.

The tracking error was displayed as a horizontally moving dot on a
Hewlett-Packard Model 1300 CRT (.10 in/v sensitivity). The maximum
peak-to-peak amplitude of the input was approximately 75v. The S was
seated in a testing booth with his eyes about 28 in. from the display.
The control stick was mounted on an arm rest, was grasped with the
right hand, and required small pronating-supinating movements of the
hand. A spring-restoring force of about .07 1b./deg. was produced by



2 thin rubber sleeve that was not unifore in its response characteristics.
The stick’s moving friction was approximately .23 1b. and intetia about
.05 lb.-ftz. Its movement range was £ 22 deg. left-right with fore-aft
movements mechanically blocked. Centrol stick sensitivity was 14.2 v/deg
and the single integrator plant dynamics was 6/p. The tracking system was
stimulated on an 2nalog computer and used a first-order Pade approximation

as the time delay in the crossover model.

RESWLTS

In Figure 3,4 groups are labelled according to the condition in which
they began the experiment. For example, the HK group practiced for 5 days
under HK, 3 days under LK, and 3 days with the fast input. Also, days 6-8
for the control group are plotted on days 9-11 to permit comparison across
groups for the fast input_ task. An average measure for all Ss on the day of
matching is shown prior to day 1 on all graphs.

The power match is defined as

% (matching error)2dt
45

Iso (compensatory output)2dt
45

A=1-

and is a measure of the percentige of the compensatory system output
accounted for by the crossover model. Power match is computed over the
last half of a trial to allow for parameter convergence. In Figure 3 (top)
the power match is shown averaged across subjects within groups for



each day of practice. Clearly the crossover model is a good match to S's
system for both input bandwidths. For the slower 2 rps input signal the
model accounts for about 98% of the operator output in the HK and control
conditfons. For the LK condition the model match is approximately 96X.
With the faster 4 rps input bandwidth the power match is about 90% for all

groups.

The error scores (IAE) are normalized with respect to the integrated
absolute value of the input and plotted as a function of training in
Figure 3 (bottom). Notice that operators in the LK condition were forced to
sacrifice considerable error score to accomplish the low gain - high time
delay tracking task. The fact that they also had lvower power matches
suggests that they probably sacrificed more ervor than necessary to
perform the task. Secondly, operators tracking in the HK condition have
error scores nearly identical to the control subjects. Also, the group
making the LK-HK transition (day6) performs at about the same level of
error under the HK condition as on the matching day and their rate of
improvement parallels the other groups. Apparently practice in the LK
condition, which represents suboptimal tracking error performance, did
not afd nor hinder their ability to achieve low NIAE scores. Finally,
both groups receiving the experimental treatment have slightly lower
NIAE scores than the control Ss when transferred to the 4 rps input task.
These differences may be significant but are certainly small and
probably unimportant.
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The variation of the model parameters with practice is shown in
Figure 4. It is interesting to note that all Ss in both experimental
grouws were immediately successful in achieving the low gains for the
2 rps input bandwidth. The group making the LK-HK transfer had nearly the
same gains and time delays on the day of transfer as on the day of
matching. Apparently the training at low K's was similar to having

no practice at al?.

On the other hand, operators had more trouble getting high time
delays after the HK practice. Only two Ss who transferred from the
low T condition (HK) performed well at high time delays (another S
was marginally successful) after three days of practice. Four of the
five operators who began in the LK condition successfully managed the
high time delays by day 2.

Both experimental groups receiving the HK condition achieved
slightly lower gains with essentially the same effective time delays as
the control group. In all, six Ss in the experimental treatment suc-
cessfully controlled the syctem with high gains and Tow time delays.
Four Ss never achieved high K's repeatedly and three Ss could not get

Tow T's.

Both tm?tlent groups exhibit slightly higher gains and somewhat
Tower time delays than the contrcl group on the fast input tracking task.
Between the experimental groups there are no gain differences bul the
HK group did have somewhat lower time delays.
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DISCUSSION

The fact that it is very easy for operators in the slow input task to

1 suggests that performance at other

ontrol a system at gains of 4.5 sec.”
gains below their normal tracking grin (as measured on the matching day)
would also be easy. Ore would expect the gain parameter to be quite labile
in this range. On the other hand, parameter feedback did mot assist acqui-
sition of gains above the free tracking value. Even though operators had
an idea of what higher gains meant, they could not generate these gains
without having 2 training period equal to that of control Ss. Presumably,
operators could easily achieve all gaits below the value to which they

have been trained regardless of the :-aining procedure.

It also appears to take somewhat more practice for operators to
perform at time delays much different from their normal T. Jperators in
all groups require approximately equivalent training periods to achiewve
Towered 7's. All operators could raise their time delay slightly above its
free tracking value, but not all could achieve the specified T of 0.25 sec.
The greater success in achieving higher time delays than lower ones could in
part be explained by reasoning that the ease of maintaining the lower
gains pe'witted more attentinn to be directed toward controiling T. Clearly
there is some lability for the time delay parameter, but it is not as

evident as for the gain parameter.

The similarity of error between the c¢onirol and HK conditions suggests
that operators do perform optimally according to an error minimization
criteria. The feedback of parameter information only marginally improves
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NIAE scores in the 4 rps task enviromment and so was not very useful as 2
procedure for training operators. Perhaps more complex tasks or different
performance criteria would yield more important effects for this type of
information feedback.

As wight be expected, an examination of the S's control stick responses
reveals thet the many rapid movements of the HK condition become slower,
almost square wave in mature for LK control. The following quote is an
example of one S's perception of his control task; “If -T and +K lights
are on: make the dot swing slowly back ana forth across the center; do not
necessarily attempt to stop the dot 2t the center. The oscillation should be
about 1 inch on either side of \he center and hand movements should be slow.
Allowing the dot to swing to both sides of the center and not stopping
it in the center raises T, while the slow hand movements and not jumping
the dot back and forth lower K."
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COMPENSATORY SYSTEM

Figure 1.

Figure 2.

| ‘é CROSSOVER | 4@
+ MODEL o €

e it

PARAMETER |
ABJUSTHENT

Block diagram of the tracking system. A random input signal
drives both the compensatory system and the assumed model.
Parameters are continuously zdjusted by the method of
output error.

@ T

The display. The system of lights around the display screen
indicate the sign, and the ellipse diameters relate the
magnitude, cf the difference between the S's parameters
and the desired parameter values. The dot to the right of
the ellipse is the error cursor.
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THE USE OF ADVANCED PILOT'S

CONTROLLERS IN "FLY-BY-WIRE" VEHICLES!®

Dr. M. Gordon-Saith
CAE Electronics Ltd., Montreal, Quebec, Canada.

ABSTRACT

As the state-of-the-art advances the future for "Fly-by-Wire" (FBW)
flight control systems in both civil and military aerospace vehicles
continues to brighten. FBW systems allow considerable freedom in
the choice of the pilot's cockpit flight controls. The usual
configuration proposed is that of a side-ara controller, but this
does not neccssarily represent the optimum. This paper reviews

some Of the faitors that should be considered when determining the
configuration of an advanced piint's controller and makes brief
mention of experience gained with a multi-axis side-arm controller
in a helicopter.

I. INTRODUCTION

This paper stems from some recent work that was performed to determine
the optimum configuration of an advanced pilot's controller for a
helicopter. However, the discussion that follo«s is equally applicabla
to conventional fixed wing aircraft or space-craft, since in actual
fact, these vehicles offer fewer problems ihan the helicopter, in many
respects, when conducting trade-off studies of this nature.

II. BACKGROUND

A FBW fligh. control system is defined as one in which the mechanical
linkages between the pilot's cockpit flight controls and the control
surfac® actuators (or their equivalent) have been replaced by electrical
signals. Figure 1 shows a sketch of the basic FBEW systeam in which
position transducers on the pilot's cockpit controls generate

electrical signals that are operated on by the Command Augmentation
System (CAS). These modified commands result in displacement of the
usually electrohydraulic servy-actuators that position the aerodynamic
control surfaces. The response of the vehicle is sensed by the
Stability Augmentation System (SAS) that provides the necess.iry feedback
signals to vield the desired stability characteristics. An important
poiat to note is that the CAS and SAS may be modified independently

of each other since their functions are quite different. In practice,
one would first determine the parameters cf the SAS to provide
satisfactory stability throughout the flight envelope and then would
adjust the parameters of the CAS to give acceptable vehicle response

to pilot communds.

lThe views and opiniors expressed herein are not necessarily those of tte U. S.
or Canadian Governments.
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One of the muny projected advantages of a FBW system, over its
mechanical counterpart, is that it results in considerable freedom
to redesign tiie total cockpit environment such that, in combination
with the ideal handling qualities tha* are theoretically possible
through the appropriate choice of CSAS parameters, the optimum
pilot/vehicle integration can be achieved.

The optimization of the pilot/vehicle command interface, 1i.e.

the cockpit flight controls, is of critical importance in a FBW
systea, since the pilot's confidence in, and his acceptance of, the
FBW concept will be governmed to a large extent by the ecase and harmony
with which he can make command inputs to the vehicle so as to change
its flight path.

When prescnted with this new freedon to apply their expertise in the
relatively unconstrained atmosphere of the FBW flight control system,
the first reaction of the cockpit layout designer and the human factors
engineer is to propose that the conventional stick and rudder pedals
(and colle<tive, in the case of the helicopter) be replaced by a small
multi-axis side-arm controller located in the armrest of the pilot's
seat. The argument of the cockpit layout designer is that the control
stick or yoke obscures essential displiy panel area, while that of the
human factors engineer is that the characteristics of the side-arm
controller can be more easily matched to the pilot and the single
command input device allows greatly improved man/machine integration.

Howzver, when viewed from the overall system standpoint, the matter
is not nearly that simple. Imn fact, therc are a large number of
other equally important criteria to be comsidered before choosing
the configuration of the pilot's controls. In many cases, the side-
arm controller is clearly not the optimum configuration, and, no
matter how attractive the concept may be theoretically, the
transformation of this ideal into actual hardware to be used by
pilots, on an operational daily basis, who are neither test pilots,
astronauts, nor research engineers, creates problems that can often
be insoluble.

The literature shows some a~ ivity in the area of the application of
unconventional flight controls and side-arm controllers to operational
vehicles over the last ten years or more, (References tc 8).

However little success was achieved, mainly because the contrcllers were
usually interfaced with mechanical linkages and, the cowbined problems
of excessive sensitivity, and friction and backlash in the liakages,
defeated their purpcse. No unconventional flight coantrols reached

the level of civil or military operational use as primary flight
controllers. Side-arm controllers have appeared in other applications,
such as the control of gun-turrets (Reference 6) and _adar antenna,
and in addition as flight controllers with limited authority for
precision hovering manoceuvres of tiansport helicopters for cargo-



handling operations. The advent of genuine FBW flight control
systems in the space vehicles (Reference 7) and in various military
research and demonstration programs has resulted in renewed interest
in what we shall call "Advanced Pilot's Controllers"”, (APC's). The
literature on man/machine systems research contains many examples

of specialized controllers or manipulatcrs, however their use has
been restricted to laboratory tracking experiments.

References 7 and 8 describe two interesting studies of the application
of advanced pilot's controllers. But again they zre restricted to

the basic human engineering of the form and location of the APC or

the in-flight evaluation of relatively unsophisticated hardware.

The study that this paper will describe was performed in considerable
detail as an attempt to evaluate as many aspects as possible of the
APC with the purpose of making recommendations as to actual
operational hardware to be built for a proposed production FBW vehicle.

YII. GENERAL APPROACH

The following approach is suggested for a trade-off study of advaaced
rilot's controllers to deteraine the optimum configuration for a
particnlar vehicle.

3.1 Ground Rules and Major Comstraints

As a first step, the basi: objectives of the vehicle and the conditions
under which the controller must operate should be reviewed. In many
cases, certain ground rules sre laid down by the customer that result
in major constraints on the controller design. These constraints
should be clearly identified as early as possitle in the design
definition phase, such that time and effort are not wasted on
obviously unsuitable configurations.

Among the possible constraints, a few of the more important are:

1. Redundancy Level. Most FBW systems require redundancy levels
that allow the system to achieve "Operate/Fail/Operate/Fail/Operate”
reliability. In other words, the system must be capable of
withstanding two identical failures in any component. Under this
constraint each axis of the controller must be equipped with
multiply-redundant position transducers and also possibly controil-
force actuators. This results in large weight and bulk and
greatly penalizes the multi-axis side-arm controllers.

2. CSAS Mode Changes. If the performarnce of the CSAS is allowed
to degrade after failure such that both the control-response
laws and the level of stability augmentation change, then the
controller configuration and characteristics must take the
worst case into account.
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3. Fully Variable Force-Feel Characteristics. This constraint is
a necessity if gooc pilot/vehicle integration is to be
maintained over an extensive flight envelope. This applies in
particular to VIOL vehicles and the space shuttle since they
operate over much larger flight envelopes than fixed wing air-
craft. In additiomn, since the nilot can no longer veceive
aerodynamically-generated force-fzedback cues from the controls
to warn him of the proxizity of th2 envelope limits, the controls
must be provided with actuaters t: develop the necessary forces.

4. Special Purpose Seats. If either ejection or "crash survivable"”
seats are specified for the vehicle, considerable difficulty will
be experienced in integrating the controller into the seat
structure. This is unfortunate, since in most modern cockpits
the only available space for the control-force actuators, etc.,
would be underneath or behind the seat. This problem does not
arise when a form of cockpit escape capsule is employed.

5. Cockpit Dimensions. Because of the drag penalties associated
with fuselage frontal area and other basic structural requirements,
the maximum dimensions of the cockpit are usually strictly
limited. The most restricted dimension is that of the cockpit
width and this is particularly true of the two-pilct cockpit
with side-by-side seats and a center console.

3.2 Axis Integration

The number of command axes that can be integrated in a single controller
device is directly reiated to the level of workload to which the pilot
is subjected; the lower the workload the greazter the number of axes

that can be combined. Of course, for fixed wing aircraft the question
is only whether or not to combine the yaw axis; with the pitch and roll
axes, but for the helicopter there is the possibility of integrating
both the yaw and thrust -xes into the controller.

The workload of interest is that of stabilizing the vehicle in the
presence of outside disturbances and that of controlling its flight
path so as to achieve the mission objectives. Other factors contribute
to the pilot's workload and these can be grouped under the heading of
general aircraft system management.

The major parameter that affects the pilot's workload is the bandwidth
of command activity, and this is a function of:

1. Thc overall vehicle dynamics. including the influence of any
augmentation systems. Thess determine the control-response
laws and the sensitivity o: the airciaft to outside disturbances.

<. The preciseness with which each axis of the vehicle must be
coatrolled in order to achieve satisfactory performance.
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It follows from the above that the higher the level of stabilization
provided by the CSAS, the lower is the bandwidth of command activity
and hence the lower is the pilot's workload. The various levels

of stabilization range from the basic unaugmented aircraft, through
attitude rate and attitude stabilization, to aircraft linear ve.ocity
stabilization. For the hocrering helicopter it is also convenient to
have aircraft position stabilization as well. The corresponding
levels of controller axis integration range from the conventional
controls to the four axis side-arm controller.

So little data is available on the use of multi-axis controllers in

an operational environment that the engineer can make only what

azounts to an educated guess, based on multi-axis tracking experimental
results, as to the number of axes that should be integrated into a
single device for his application. It may well be necessary to
investigate more than one configuration and subject them to simulator
and in-flight evaluations.

2.3 Controller Force-Displacement Ckaracteristics

Having defined the candidate configurations for the controller, the
next step is to determine how to implement the desired force-
displacement characteristics for each axis. The optimum force-
displacement characteristics are, of course, functions of the
responses of the Control Augmentation System. If the ground rules
specify variable force-feel characteristics and envelope limiting
cues, then each axis must be equipped with some form of redundant
control-force actuator. In addition, the necessary computational
capability must also be provided. The control forces, usually viscous
damping and spring forces, may be varied as functions of any number
of aircraft variables, the most common being airspeed. Figure 2
gives a functional block diagram of a control-force system using a
reversible actuator.

When the vehicle operates in a very limited flight regime, e.g. a
spacecraft in orbit, then a simple mechanical control-force systea can
be used with suitable constant spring and damping rates. This greatly
reduces the mechanical complexity of multi-axis controllers in tais
application.

A fundamental principle of the control-force system is that the pilot
should be able to overcome any of the control forces. Thus the pilot
has some measure of protection against hard-over failures in the force-
feel system. The re's-hility and redundancy requirements cf the

system should be given some detailed study since, if a failure results
in a force hard-over, the pilot may wecll lose his grasp on the controller
and by the time he has regained it from some far corner of the cockpit
the aircraft could well be in an unrecoverable attitude. In the event
that the control-force system is allcwed to fail completely and

become passively inoperative, with the actuatcr bypassed in some manner,
then one has to consider the incorporation of mechanical means of



deieloping adequate control forces such that the pilot can still
continue his mission. However, if the level of stability augmentation
is sufficient, this may not be strictly necessary. Furthermore, if
the CSAS has degraded modes of operation then the controller force-
displacement characteristics should change to match the new CSAS mode.

3.4 Synchronization Between Pilot Stations

For the two-seat cockpit, some means must be provided to synchronize

the position of all axes of the controller. In general, it should

be possible for the command of the vehicle to be transferred to the
second pilot at any point in the flight envelope and during any transient
manoeuvre. The choice must be mad- between mechanical synchronization,
whose complexity severely penalizes side-arm controllers of any form,

and electrical synchronization using a position servo-loop and the
control force actuator of the inactive controller.

The electrical synchronization approack requires some complexity in
the electronics and careful attention to the logic functions in the
switching arrangement and of course, redundancy should be employed.

In particular, the system should be such that the CSAS receives inputs
only from the pilot station in command.

A disadvantage of the servo-loop synchronization is that, if the
command pilot is suddenly incapacitated, the second pilot must perform
a positive action (e.g. pressing a "command take-over button') before
he can gein control of the vehicle. This delay may be of critical
importance under certain conditions.

3.5 Environmental CorZitions

The environmental conditions of most importance to the corntroller are
those of the external acceleration field and vibration. If sustained
high levels of acceleration are exptected, as during a spacecraft
atmospheric re-entry, then the configuration of the controller should
be chosen so that the pilot can operate it easily, to the extent that
it will be required during that flight phase, and at the same time
have the operating limb adequately supported against the acceleration-
induced forces. This is, of course, one of the greatest advantages
of the side-arm controller mounted on the seat arm-rest. Even if
large sustained accelerations are not expected during the mission,
common aircraft manoeuvres can result in imposed accelerations that
are large enough for it to be essential that all axes of the
controller be fully mass-balanced. This requirement imposes a severe
weight penalty on all side-arm configurations, particularly the 3-
and 4-axis controllers.

The vibration environmert is usually most pronounced in helicopters.
Considerable care shouid be taken in the mechanical design of any
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controller coniiguration to prevent structural resonant frequencies
close to aircraft ratural frequencies and to ensure adequate fatigue
life of all components.

3.6 Review of Controller Configurat;ons

Figures 3 to 1) show views of some of the possible configurations
for an advanced pilot's controller. The configurations are based on
the helicopter but, with the Z-axis removed, are applicabl: to any
other vehicle. The configurations range from "improved" forms of .
the conventional controls to the 4-axis side-arm controller. One
configuration that is conspicuous by its absence is the "pencil
stick"”, ore of the favourite laboratory experimental manipulators.
It is not included for the simple reason that the handgrip has to

be of a size sufficient to contain the switches and their associated
cabling that are required by the operational piiot.

The linkages <“hat would be required for mechanical synchronization
between pilot stations are not shown in the figures, and neither
are the electroric units that would previde the control-force
computatior. and logic functions. The motions of the hand grip(s)
or pedals ar> indicated by arrows and the axes are identified as
follows:

X - Longitudinal axis pitch (Longitudinal cyclic)

Y - Lateral axis - roll (Lateral cyclic)

H - Directional axis - yaw (Pcdals)

Z - Vertical axis - thrust (Collective)
3.6.1 Configuration 2 + 1 + 1 A

This configuration, Figure 3, combines the pedals, collective, and
cyclic mechanisms into a single unit that can be mounted partially
or completely below deck. With the appropriate airframe design the
unit can be easily removed for maintenance. The grip and pedal
positions can be made adjustable to fit the individual pilot This
design would allow mechanical synchronization if necessary.

3.6.2 Configuration 2 + 1 + 1 B

This configuration replaces thr centre stick with a yoke protruding
from the instrument panel, Figure 4. Again the pedals, collective

and yoke are combined into a single unit. The mechanization of the
collective could be a problem, however. The pedestal could form the
support of the entire instrument panel, and mechanical synchroniz..ion
of pilot stations need not be too great a problem with this configura-
tion,
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3.6.3 Configuration 2 + 1 + 1 C

In this controller, Figure 5, the centre stick is replaced by one
beside the seat and the mechanisms for the pedals and collective are
separated into individual units. Each unit can be easily removed
for maintenance and mechanical synchronization is still feasible.
The controller units are not connected with the seat in ary way and
thus do not restrict its movement. The "side-seat" stick for the
iongitudinal and lateral axes, when used with a. arm-rest on the
seat, could give almost as good harmony of operation and fine contro’
of movement as the centre stick, except for the case vhen the stick
is full forward and full right laterally. The side-seat stick will
require some additional space to avoid fouling on the centre console
in the dual side-by-side cockpit.

3.6.4 Configuration 2 + 1 + 1D

Figure 6 shows the next stage in the progressisn, in which the side-
seat cyclic of configuration 2 + 1 + 1 C is replaced by a 2-axis
side-arm controller. In this case the side-arm ~ontroller mechanism
can be attached to the seat structure. The pedals and collective
remain as separate units. The side-arm controller adds some width
to the seat and mechanical synchronizztion would be quite difficult.
In addition, the side-arm controlier would have to be adjustable
relative to the seat to accommodate a wide range of pilots.

The X-axis motion may be linear or rotational, with the axis in any
location ranging from the center of the grip to well below the hand.
This would apply to the X-axis of any of the following side-arm
configurations.

3.6.5 Configuration 2 + 2

Combining the pedals and collective inte 2 second side-arm controller
gives the configuration of Figure 7. Enth m:chanisms are integrated
with the seat structure, yet should be adjus<cble relative to it.

The increase in seat width is conside.able iud mechanical synchroniza-
tion would be difficult. The similar motiors for the longitudinal
and vertical axes could result in control harmony problems.

3.6.6 Configuration 3 + 1 A

In the next configuration, Figure 8, the directional axis is combined
with longitudinal and lateral to give a 3-axis side-seat controller
with a separate collective. The units are not attached to the seat
structure and are easily removed for maintenance.

3.6.7 Configuration 3 + 1 B

By replacing the side-seat stick with the 3-axis side-arm mechanism
we get the configuration shown in Figure 9. The side-arm controller
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may be integrated into the seat structure but, as before, it would
have to be adjustable. The mechanization is made more complex than
that of tne 2-axis side-arm controller by th: addition of the H-axis
and mechanical synchronization would be nearly out of the question.

3.6.8 Configuration 4

Finally, we have the 4-axis side-avu controller for use primarily

in helicopters, Figure 10. I2 this case the Z-axis operates about

a pivot point some distance forward of the elbow, and the X-axis
should certairly be a linear motion to reduce cross-coupling. The
mechanism would be extremely complex, particularly when redundant
transducers and control-force actuators are emploved, and mechanical
synchronization would be effectively impossible.

3.7 Trade-Orff Criteria

Having rejected the obviously unsuitaole configurations, based on

the ground rules and constraints, the remaining candidate controllers
can then be compared using the criteria that are defined and briefly
discussed below. The list does not attempt to te exhaustive, but

it does cover the three important interfaces between the advanced
pilot's controller and -

a. The pilot

b. The flight control system (CSAS)

c. The cockpit layout amnd general airframe.

3.7.1 Pilot-Centred Criteria

Pilot Physical Workload: The physical effort required of the pilot
to operate the controls during flight. Configurations that use only
the pilot's hands result in lower worklozd than those using both

hands and feet. However, the 4-axis controller places a very heavy
demand on a single limb and thus would be downgraded.

Control-Response Harmony: The relationship between controller
displacements and pilot-applied forces and the resulting motions
of the aircraft and the pilot-experienced accelerations. The yoke
of configuration 2 + 1 + 1 B may offer some advantage in roll
manoeuvres, but care would have to be taken with the Z-axis of
configuration 2 + 2 tc avoid harmony problems when performing
complex, multi-axis operations.

Cross Coupling Tendency: The tendency for the pilot to make
inadvertent commands into unwanted axes because of the controller
configuration. The risk of cross-coupling increases as the axes
are integrated, being the greatest for the 4-axis configuration.
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It can be avoided to some extent in the side-arm controllers by
using a linear motion for the X-axis rather than a rotational
one. This reduces the orientation changes of the H-axis to those
produced by the Y-axis alone. The most severe cross-coupling

in the 4-axis controller tends to occur between the X and Z

axes.

Pilot Training Time: The time requi-e. to convert a pilot with
considerable experience on corventional controls to the advanced
controller. TRis training time will tend to increase with an increase
in axis integration. It is possible that the 2 + 2 configuration

may require the longest training period because it involves two axes
on the left hand, which, for a normally right-handed pilot, could
prove difficult. Lookirg further ahead, it may well be the case

that it would be easier :o train a pilot "ab initio" on the

advanced controllers, rather than to convert a conveutional pilot,
since there would be no unlearning of old techniques involved.

Ingress/Egress: The ease with which the pilot can get into and
out o 1s seat under both normal and emergency conditions. For

single seat and dual-tandem cockpits there are few provlems with
any configuration in the area of ingress and egress since it
normally occurs from above. However, for the dual side-by-side
cockpit, where entry to the cockpit is usually from . central
aisle, the side-arm configurations greatly hamper free movement.
Unless the considerable iacrease in mechanical complexity of
allowing the side-arm controllers to fold is acceptatle, the
pilot would be forced to clamber over the arm rest, or additional
space would have to be left between the controller and the center
console. For the helicopter pilot, emergency egress from the dual
side-by-side cockpit usually occurs through a side door, but

for the right hand pilot this would again mean climbing cver or
around the side-arm controller. Cf course, if space permitted,
the seat could be moved back some distance to clear the center
console or to gain access to the side exit.

Biomechanics: The matching of the centroller characteristics in

eaca axis of operation to the capabiiities of the actuating limb.
This involves mainly the force-displacement characteristics of

the controller and the ability of the pilot to displace the
controller with ease and comfort to its maximum travels in each

axis, individually or simultaneously, and at up to the maximum
expected rates of displacement. In addition, the pilot should

be capablie of making small and precise commands, single or multi-
axis, at any point in the controller's displacement envelope. Any

of the advanced controllers can be designed to meet the biomechanical
specifications, with the possible excepticn of the side-seat
configurations of 2 + 1+ 1C and 3 + 1 A, where the displacement
envelopes will te restricted in the full forward - full right areas.
Also under this criterion one should review the human factors aspects
of the grip and armrest design, switch placement, etc.
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Either Handed Operation: The ability of the pilot to operate the
controller with either hand, mainly so that he can use the normal
hand for the operation of switches and controls on the centre or
side panels. This criterion should be considered for the single
seat and dual-tandem cockpits, since a side-arm controller is
effectively dedicated to a single hand and all switches and controls
for communications, navigati -n, weapons, etc. must be placed where
they can be reached with ease by the other hand. However, if the
vehicle can be flown "hands off" for periods of time, then some
controls can be placed near the ride-arm controller for operation
by the dedicated hand. In genera., one should consider that no
important controls or switches may be placed °n the same side of
the cockpit as the side-arm controller. For the dual side-by-side
cockpit the left hand pilot cannot effectively operate any controls
on the center console when flying with a right-handed side-arm
controller unless he can fly "hands-off".

Confidence Level in Pilot Acceptance: An estimation of the reaction
of the pilot to the countroller-u -vehicle combination. This

will include the handling qualities, the novelty of the control-
response concepts and the controller configuration, and the pilot's
confidence in the overall system. It is expected that the dual 2-axis
and the 4-axis side-arm controllers will be less willingly accepted
by the pilots than the "improved' conventional controls or the 3-axis
controllers.

3.7.2 System Interface Criteria

Controller Operational Performance: The inherent performance of the
chosen controller mechanization in the areas of friction, backlash,
hysteresis, static accuracy, dynamic response, etc. In general,

no particular configuration should have poorer operational performance
than any of the others. However, if mechanical synchronization
between the pilot stations is employed then severe problems due to
fricticu and backlash could arise with the side-arm configurations
because of their much lower mechanical advantage and the complexity

of the linkages.

Integration with the CSAS: The difficulty of obtaining the desired
vehicle handling qualities by adjusting the CSAS functions and
parameters when using a controller configuration whose maximum
displacements have been determined on biomechanical grounds. For

the side-arm controiler configurations with theii relatively

small displacements, scvere problems may occur, particularly in

the pitch axis, when trying to reconcile the conflicting requirements
of maintaining the control sensitivity at reasonably low levels

for normal flight conditions, while at the same time having adequate
margin to control the vehicle at the extremes of the flight envelope.
The difficulties can be reduced by choosing certain specific control-
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response laws but these are often only applicable in restricted

flight regimes. In gsneral, the CSAS mechanization can be simplified
somewhat by choosing a controller configuration that allows reasonabie
displacements.

Degraded CSAS Modes: The ability of the pilot to maintain adequate
pilot-vehicle performance with a degraded CSAS mode due to failures.
This criterion also covers the ability of the pilot to retain control
of the vehicle during the transient from full CSAS operation to
degraded operation. The difficulty arises not only because of the
time required for the pilot to adapt to the new control-response laws
and stabilization level but also because the controller configuration
or force-displacement characteristics may be unsuitable for use with
the degraded CSAS mode. This situation can arise if the decision is
taken to optimize the controlier for only the fuliy-operational CSAS
because of other considerations (cost, complexity, etc.).

3.7.3 Cockpat Layosut and General Airframe Criteria

Space Envelope in Cockpit: This includes not only the displacemenc
envelope of the controller but also the size of the basic structure.
Consideration should be given to the space required to allow controller
position adjustment. Cockpit space will always be at a premium in

any vehicle and some side-arm controller configuraticns may well

turn out to be too bulky because of the severe restrictions on cockpit
width. Experience shows that it is difficult to build a controller
narrower than about 5 inches, which means that for a dual sile-by-side
cooapit at least 10 inches of additional width would be reguired to
allow adequate space for the center console aud ingress/egress. Even
with the controller integrated into the seat structur¢c some increase
in width would be required. Unfortunately, no great increases in
cockpit width can be zipected to occur in the forseeatle future

simply because the pilot requires a certain minimum of visibility
laterally out of the cockpit and vet at the same time must be able

to operate controls moun*ed on the center panel. Thus side-arm and
side-seat configurations will tend to be penalized more heavily under
this criterion.

Visual and Physical Access to Front and Sides: The influence of the
controller configuration on the ability of the pilot to see and operate
all the instruments and displays on the panel in front of him and to
the side. Visual access to the side includes both that of the center
console and out-of-the-window. This latier is of considerable
importance to the helicopter piiot who requires a clear view cf the
ground during hovering manoeuvres. For this criterion the side-seat
and side-arm configurations show a clear advantage with regard to

the prime display panel area directly in front of the pilot, particularly
tor the single seat and dual-tandem cockpits, But, of course, they

do obsirvct the side console areas and sut-of-th~-window visibility.

To properly apply this criterion it is necessary to employ some form

of weighting factor to the importance of the front or side areas.
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Weight: All configurations using mechanical synchronization between
pilot stations will be considerably heavier than the equivalent
electrically synchronized configuvrations. It is difficult at this
stage to estimate how the weight of the indiviual configurations

would compare, since t“e mass-balarce requirements result in relatively
large weight increases for the 3 and 4-axis controllers that rex

to offset the weight reductions due to their smalles size.

Space Envelope in the Airframe: The space required below the cockpit
tloor ror mechanical linKages, or slsewhere in the aircraft for the
redundant electroaic control units associated with the controllers.
While the mechanically synchronized controllers would require
considercbly mor= space below the cockpit deck, the other space
requirements should be approximately the same for all configurations.

Power Requirements: This criterion is concerned with the electrical
or .aydraulic power requirements for the controllers and thei-
electrenic units. At this stage it would appear that the power
r~quired should be relatively independent of the configuration, with
1 exception that the power demands of the contrel-force actuators
ter the side-arm configurations should be lower than the others
because of the lowe: force levels involved.

Airf{rame Structural Requirements: The effect of the controller
conftfiguration on the airframe structure, including the provision

for linkage anchorage points, supporting structure, and the
difficulty of integrating the contrcller mechanism with the seat
structure. Contro.l.r configurations that can be mounted directly
to the cockpit floor as self-contained units rate highly under this
criterion. In order not to negate the whole purpose of the "crash-
survivable'" seat, side-arm controller configurations should be fully
integrated with the seat structure. 7This could be a2 formidabie
problem, particularly if the arm rests are to fold t- provide ingress/
egress. For the upward-ejecting ejection seat, it is not strictly
necessary that the controller be physically integrated with the
structurc. Mechanical synchronization between pilot stations will
result in airframe structural requirements that are relatively
independent of the controller configuratien.

3.7.4 General Criteria

Flexibility and Growth: The ease with which the controller can bhe
modified during development or have new functions added at later
stages. In general, the multi-axis configurations will te less
flexible because of their greater mechanical complexity and their
relatively more severe dimensional restrictions.

fechnical Risk: The confidence level in the ability of the controller
configuration to meet all its specifications. In general, we

should consider that the multi-axis controllers would represent a
higher techni-al risk than the "improved" versions of the conventicnal
contruls,
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Cost: This criterion ircludes both the non-recuiring ccs*s during
development and the total lifetime maintenance costs. The levilopment
costs will increase with the mechanical ar4 electronic complexitly

of the controller, thus the 3 and 4-axis side-arm controllers will
tend to be considerably more expensive to develop than the "improved"
conventioril configurations. On the other hand, the maintenance costs
of these configurctions should be quite low tecause of the ease

with which they can be removed from the aircraft and remnlaced, resulting
in a mirimum of aircraft downtime. Controllers that are integrated
into the seat structure wiill tend to be slightly more =xpensive to
maintain since the seat itself would also have to be removed from the
aircraft, and the controller components would be less accessible,
resulting in longer repair tiecs,

Reliability and System Safety: The reliability criterion includes
safety-of—%IlgE:, mission and maintenance reliability, true redundancy
level, failure detection and isolation ~apability and seasitivity

to failures in other systems. System safety iacludes all the hazards
due to material! failure, maintenznce and crew error, the effects of
lightning strikes and razdiation, etc. Al this stage, it dces not
appear that any particular controiler configuration would offer an
advantage under this criterion, but aore detailed analyses, based on
specific mechanizations of a configuration, could reveal differences.

Survivability: This can be defined in terms € the total projectad
area of the controller and its electronic unit relative to the total
target area of the vehicle and the euse with which the controller
could be prccected. The more compact 3 and 4-axis configurations
would rate more highly for this criterion.

Maintairability: The ease with which the cortroller or componeat parts
of the controller can be removed from the aircraft and maintaired on
the bench. This depends to a great extent on the detail mechanical
design of the particaiar configuration and again, at this stage, nc
great advant.ze can be attributed to any configuration, with thz
exception that integrated seat-controller configurations and che

4-axis controller would tend to be more difficult tc m-intain becance
cf their gemerally incrcased complexity.

Environmental Factors: These include protect-on against teaperature,
acco.eration, vibration, humidity, dust, etc. One should consider that
all controller coniigurations could be total’y scaled against the
environnent. However, protection agairst vioration and acce” ration
effecis would require careful mechanical design, and the pr~ ms
associated with that would be propcrtional to the compactr: -: 'nd
complexity of the controller configurations.

3.8 Scor:ng Techriques and Weighting Factors

To perform the actiual quantitative trade-off scudy it is convenieat
to use 2 form of matrix arrangement, wher: the rows represent criteria



and the columns represent configurations. Ravirg selected the
candidate corntroller configurations, one would thea review each
criterion and allot a score for each individual configuration.

The scores can be basad either on a ranking techmnique, in wkich
case the highest, or lowest, scoring configuration is the best.

or they may be allotted on the basis that each confis:r=¢ion otfers
an advantage or disadvantage relative to some controller configura-
tion that does not appear in the trade-off table. Imn this second
technique one would use a range of positive and negative numbers

to represent the magnitude of the advantage or disadvantage, and
the best configuration would them be that with the algebraically
largest score.

For a number ol criteria no data at all, let alone reliable data
exist at this point in time. Therefore, the scores can be allotted
only on the basis of considered opinion and basic aircraft experience.
Fortunately, the relatively large total number of criteria will tend
to reduce the influence c¢: these rather uncertain scorzs on thz final
outcome.

Since all the criteria are not oi equal importance it is necessary to
apply some form of multiplicative weighting function before summing
the individual scores to arrive at the final values. The nature of
the weighting function will depend to a great ertent oz the mission
objectives of the vehicle in which the controller is to be used, and
on the various priorities allotted by the cus®omer or the design
engineer. It would be advisable to investigate a range of weighting
factors so as to identify any undue sensitivity of the results to

the specific weighting function. Cne can have consicerable corfidence
in the finzi outcome if it is found that the optimum configuration is
th2 vinner by a wide margin that is relatively independent of the
weighting function.

IV. TAGS FOUR-AXIS SIDE-ARM CONTROLLER

The purpose of tnis section is to give a very brief description of the
4-axis side-arm controller that has been developed for the Tactical
Aircraft Guidance System {TAGS). The object of this programs,

which is jointly funded by the U.S. Army and the Canadian governaent,
is to demonstrate a FB¥ flight control system in a tandem-rotor
transport helicopter. The flight evaluation of the system is still

in progress and thus no finzl conclusions can be drawn.

4.1 Description of Controller

It should be stressed that the configuration of the controller did
not come as a result of a trade-off study similar to the one
described in this paper. The ground rules effectively determined the
controiler configuration from the beginning of the program. The
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ground rules were:
. Controller was to be a single-handed device.

Controller was to cormand aircraft linear velocity and
heading rate.

Controller was o maxiwmize tne pilot/velLicle integration
and the alleviation of piiot workload.

Some of the other constraints on the design were:
. Neight to be less thar 50 1bs.
. "TAGS prilet” wiuld use left hand seat.

. No modifications would be allowed to the cockpit layout
or seat.

. Electrical outputs to the flight control system were to
be triplex.

. The control-forces did not have to be variable.

It was decided that a 4-axis side-arm controller offered the best
sclution. znd a2 twc vear development program, in which a number of
cugineering develsp=ental models were built and tested, on both
fixed and moving base simulators, produced the configuration shown
in Fi~:re 11. Tlhe purpose of the developmental models was to
dciermine the most suitable configuration for the four axes and
to investigate various types of mechanism.
The rmaximum dimensions of the controller are approximately 7 inches
wide x 27 inches long x 25 inches high, and it weighs 75 1bs.

11 axes are fully mass-balanced so as to be independent of attitude
changes ana aircraft acceleration and this contributes slightly
more thsa 40% of the total weight.

Figure 12 show: thc axis pivot locations and type of motion. The
H-axis controls> tu.sn Taie in Lover (less than 40 knots) znd bank
angle in cruise (above 80 knots). The Y-axis controls lateral
ground velocity in hover and a constant h- ding sideslip in cruise.
The Z-axis commands vertical velocity whi . the X-axis commands
longitudinal ground speed in hover aand airmass reterenced velocity
in craise.

The maxiaum travcls in each axis zeae
X-axis +4.4, -1.1 inches

Y-axis +30°
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Z-zxis :300
il-axis 1350

The YX-axis is equipped with a motorized trim drive that allows

the pilot to insert very small velocity commands or constant r:tes
of acceleration and deceleration. Mechanical detents define the

zero command position of each axis and all axes can be locked in

any positior by either magnetic brakes or clutches that are operated
by switches on the hand grip. To ensure flight worthiness the
controller has been subjected to a wide range o1 envi-onmental tests,
of which the vibration requirement was particularly severe.

IMiring the development program it was determined that, for a numper
c{ reasons, the best force-fcel characteristic for this controller
configuration was heavy viscous damping. Some springs were added
to the !i and Y-axes to investigate their effectiveness. The
functions and parameters of the CAS pcrtion of the flight control
syster wevre adjusted to suit these rather unique force-displacement
characteristics to give reasonable handling qualities. During the
flight and simulator evaluations, both the viscous damping

rates and CAS parameters are being modified to further optimize the
handling qualities.

With force-displacement charactervistics of heavy Jiscous damping and

an aircraft linear velocity flight contrcl system, the following

general relationships result (for the longitudinal and lateral axes).
Controller displacement = Aircraft velocity

Controller rate of dispiacement = Aircraft acceleration

Therefore. Controller applied = Aircraft attitude
torce

Thus the program is picaeering not only a particular flight control
concept but also a 4-axis controller with rather unusual force-
displacement characteristics. It is not surp.ising then that some
pilot learrning and adagt2tion problems have been experienced.

4.2 Present Status

In-flight and moving-base piloted simulation evaiuations a2re in
progress. Unfortunately, the time devoted to the side-arm controller
and the optimization of the h2ndling qualities has been limited due
to problems in the flizht conrntrol system.

The basic results are as follows, bearing in mind that the pilot
scmple is extremely small (2) and the training time on the controller
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has been very short.

. Single-axis manoeuvres and 3-axis co-ordinated manoeuvres
in the horizontal plane are very simple to perform. The
pilots have accepted the concept of heavy viscous damping
and are particularly pleased with the H-Y axis co-ordination.

Manoeuvres involving the Z-axis are proving to be more difficult.
It appears to be a co-ordination problem but the true source is
aot clear. Considerable work is required in this area.

V. SUMMARY AND CONCLUSIONS

This paper has discussed the type of trade-off study that would be
required to identify the optimum configuration for an advanced pilot's
controller to be used in a vehicle equipped with a FBK flight

control system. Some of the possible candidate configurations have
been described and a number cf the specific trade-off criteria have
been discussed. Some comments have also been made on the experience
that has been gained with a multi-axis side-arm controller in a
helicopter

The lach of data is a serious handicap in a trade-off study of

this nature. It is particularly difficult to make any meaningful
extrzpolations from the experimertal data gathered in the laboratory
to the real-life operational situation. The safest approach would
probably te to build and test prototypes of both the optimum
configuration and the secord choice, unless the margin between them
was extremely wide.

Considerable work remains to be done in the area of variable
control-force characteristics that would be suitable for vehicles
that operate over a wide range of flight regimes, e.g. the space-
shuttle and the high-speed VTOL vehicle. A totally unexplored
subject is the type of control force cues that should be used for
envelope limiting.

A point that cannot be too strongly emphasized is that the advanced
pilot's controller should not be designed in isolation from the

rest of the system. Because of the intimate relationship that
exists between the controller configuration and the flight control
system, cockpit layout and airframe, i1t is essential that very close
co-operation be maintained between all groups throughout the

design and development stages. This close integration of the design
effort will result in much improved pilot/vehicle integration in the
final hardware.
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Figure 3. CONFIGURATION 2 - 1 + 1A

Figure 4. CONFIGURATION 2 + 1 + 1 B
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Figure 5. CONFIGURATION 2 + 1 + 1 C
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Figure 6. CONFIGURATION 2 + 1 + 1D



Figure 7. CONFIGURATION 2 + 2

Figure 8. CONFIGURATION 3 + 1 A
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Figure 9. CONFIGURATION 3 + 1 B

Figure 10. CONFIGURATION 4
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Figure 11. GENERAL VIEW OF TAGS 4-AXIS
SIDE-ARM CONTROLLER

Figure 12. MODES OF OPERATION AND LOCATIONS OF
AXES OF 4-AXIS CONTROLLER
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A TACTUAL PILOT AID FOR THE APPROACH-AND-LANDING TASK

Richard Gilson und Robert E. Fentomn
Dept. of Aviation Dept. of Electrical Engineering
The Ohio State University
2015 Neil Avenue
Columbus, Ohio 43210

ABSTRACT

A pilot aid — @ kinesthetic-tactile compensatory display —-
for assisting novice pilots to maintain the deeired airspeed during air-
craft approach and landing has been tested using a simulator. Here a
subject was required to perform three tasks -- two visually and ome
tactually -- in order to spproximate the demands on his sttention during
approach and landing.

The sinulator is described and thz results obtained -- especi-
ally those pertaining to the efficacy of 2 tactile display for the sug-
gested use —— are presented.

INTRODUCTION

The manual control of am aircraft during the approach and
landing is a difficult task cven under the best of conditions as is viv-
idly illustrated in aircraft accident statistics. Approximately one half
of all ajrcraft accidents take place during this phase of operation de-
spite the fact that approsch and landing usually constitutes only a brief
part of total flight time.l

The difficulty of an accurate landing lies primarily in the
necessity for precise and simultaneous control of two factors ~- flight
path and airspeed. Under most circumstances flight path information is
derived from visual cues outside the aircraft while airspeed must be moni-
tored on a cockpit display. Thus visual atiention is divided during the
approach to landing -- especially for novice pilots who lack the experi-
ence to use subtle pitch, inertial and aural cues for airspeed. It is
hypothesized that if this division could be at least partially eliminated
during the beginning stages of flight instruction, a learner's task would
be gimplified, his performance would be improved, and the number of acci-
dents during the learning phase should be decreased. The following was
an attempt to examine the first two parts of this hypothesis by using
tactual rather than visual display of airspeed information.
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SIMULATOR DESCRIPTION

A preliminary experiment was conducted using the moviig-base
automcbile simulator which is shown in Fig. 1. A driver's immediate en-
vironment was simulated via a cockpit with an enclosed driver's seat, an
instrument panel and a vehicle control device. A television monitor,
simulating the windshield of the driven car, was mounted on the cockpit
and provided a driver with a view of a lead car on a2 randomly curving
road. The cockpit was wounted on a steel structure so that it could be
both tilted fore-and-aft and rolled from side-to-side to simul e the
kinesthetic and vestibular stimuli normally associated with driving (A
Jnore complete descripticn of this simulator is contained in Reference 2).

I TV Menit ]

je00 I
Automotile /
vo
- I
Leod /
Autormbnle—, C l
‘ J
oo v -
Comera 'l / 0
i
| \—
Mimature Moving | Driven 'hutomobile"—\
Roodwoy L —
Idler Putley Movini Base Cockpit

Fig. 1--A moving-base car-following automobile simulator.

Since this apparatus obviously precluded any realistic aircraft
simulation, analogies to Inflight tasks were assumed. Three cues used in
a normal landing approach are those of alignment with the runway, per-
ceived height to the point of tcuchdown, a- kinesthetic and vestibular
cues usually as -ated with airspeed changes. The first two were ap-
proximated by . ‘teering and headway cues in the simulator which in-
volve both lineup and depth perception. The third was approximated by
relating speed changes to changes in the cab pitch.

The manual controls were similar to those found in military
aircraft. A two degree-of-freedom control stick with a side-to-side
wotion for steering and a back-and-forth motion for adjusting the pitch
and speed was located next to a subject's right side. Here pitch up re-
sulred in a ~lower speed and pitch down in a higher one. A single de-
gree-of-freedom control in the left hand was analogous to a throttle.

By moving this control forward, headway was reduced and by moving it aft
headwavy wrs increased.

Airspeed vaiues in direct proportion to the cab pitch were pre-
sented either visually via an "“airspeed indicator” or tactuslly via a
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display built into the head of the two degree-or-Ireedom control stick.3
With no error in pitch, and thus none in speed, s "fingevr"” woui.l oe flush
with the control stick head. When an error was present, the finger would
eitner protrude from the front or rear surface of the head dzpending upon
the polarity of the error. When protruding, a subject would move the
control stick forward which would decrease the pitch angle to its desired
value and nullify the speed error. The finger would then be in its flush
position.

The cab wvas enclosed to prevemt the subject fros directly ob-
serving pitch. Therefore speed contrcl was based e‘tner on the visual
display in the absence of tactual information or on the tactual display
in the atsence of visual information.

EXPERIMENT, L PESCRIPTION

A complex control problem was generated bv asing three random
forcing functions to vary rhe headway, the road cur e, an' the cock-
pit pitch angle. The subject's task was thus:

a) To maintain a fixed hcadway with respect to

the lead car:

b) To steer so as to maintain his posit om

within the roadway: and

~) To maintain a co-stant pitch angl* ani

hence a corstant speed.

Performance wvas asse-sed on the basis of the absolute inte-
arated errox for pitch, the maximum value of pitch deviation, and the
smount of time a pre-selected headway devistion threihoid was exceeded.
Tre first two measuret are directly related 0 efficicy of the displey
type vhil: tte latier is a weasure of the loading task simulating flight-
pa* guidance.

Efght male flight students participated in -he experiment with
each receiving four separate four-minute runs. Thke f:rst two, one visusl
and ¢ Y tactuzl, vere for practice and the second two were for dats col-
le_tion. Aorropriate counterba’ incing procedur=s were takem tc minimize
learning effects.

EXPFRIMENTAL RESULTS

The experimental resu'ts o>btained from the 3r¢ and 4th runs by
each subject are showm in rigs. 2-4. First, note “~om Fig. 2 that an
avs—sgr reduczion of 36.42 in integrated sbsolute speed ~rror was obtained
vhen the tactual display was used. Further, note from Fig. 3 tiat a 19.52
reduction in the extrewe values of speed deviation alsc rzsulted.

A cousideratinn of the st ject's hcadwav trackiivg performance
(see F g. &) saows tha. when the tactual displa~ was ised the headway was,
on the average, held within s-lected limits 41 seconds lonyer them with
the virugl dispiar. 1his would inoicate, not surprisingly. that (here
i better valuvatiro cf depth cues with the tac ' ligply simpl-- be-
cause vijual atteation is uninterrupted without .n: nezegsi:v of con-
startly referring o *he visaal disp.ay.
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Fig. 2—Integrated adeclute speed error for both tectual

and visual dfsplays.
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Fiz 3—Maximum speed error for both tactual snd

visual displays.
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Fig. &—Time dvring vhich subjects exceeded a preset heedway
threshold in a four-ainute period.

CONCLUSIONS

These results would suggest a general improvement in inflight
speed control and thus pitch control by the use of a tactual display.
There should be little argument that more accurate airspeed comtrol
should result in a lower risk and that better depth or distamce countrol
should vesult in wmore accurate landing. Also, the chances of speed and
pitch extremes, such as might result in aerodynamic stall, would appeesr
to be reduced.

There may be other inflight bemefits of a tactual displsy of
airspeed (or more acc ¢-ely angle of attack information) tha® cammot be
assessed vith this simuiator alone. For instance, a tactusl -isplay
mounted on the yoke of en aircraft leads to a fairly natural stimunlus-
response action of pushing or pulling on the yoke. Ccafusion to the
novice pilot often comes when he sees eitker a low or high airspeed in-
dication and he 1s confused as to vhether to compensate with pitch atti-
tude with the s:ick or throttle changes. Secondiy, an improved rate of
learning may be realized through the coantinv inforcement of the na-
ture of the relationship between aircraft at. Je and airspeed. The
stronger reinforcement with the tactual display would be the result of
the simultsneous availability of sirspeed .nformation while aircraft
attitude iz being observed.



Even further improvement with the tactusl display may be
realized in the actual inflight situation by the supplementary informa-
tion gained frcs perceiving the nose attitude of the zircrafr which is
hovw experienced pilots normally regulate airspeed. One might also ex-
pect a gain in safety because a pilot with visual attention constantly
outside the cockpit would be more continuwously aware of other traffic.

The encourasging results reported here, plus the above-—mentioned
factors, suggest that the testing of an inflight prototype would be a
fruitful endeavor.
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Abstract

An experiment wos conducted to test advantoges ossociated with leaving @
binary choice of control gain to be wed in a target designation tock comple-
tely up to the operator. A fingerstick containing a pressure sersitive tronsistor
for selection between two levels of control goin was used. A comparison of the
operator performance with ond withouwt selectabie control gain indicates :

1) No significant differences in designotion time, but, 2) a significant in-
crease in designation occuncy when contvol gain i set by the subject.

1. Introduction

In the design of a man machine confrol system arises the question cbout
the optimum of control gain. The locis of control gain in a simplified
mon-machine system (MMS) i« showr by the omplifier in Figure 1. Contrel
gain is determined by the omplification or reduction of the signal output
of the control. In this context, control gGin must be clearly separcted fro
display gain, where the latter means the omplificotion of the signals bet-
ween input and outout of the display.

------ =
Iout Display q =‘_
| SRS | ,

Human |
l Operator =1 Control

Rgere 1 : Flow diagrom of 0 MM3 ond locus
of cartrol goin
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Nommally the control gain will be established with respect to the special
system ond the tosk to be performed. In doing so ane has to keep in mird
several factors which can be influenced by the control gain.

1.

2.

3.

When you have o control with limited deflection, e.g. a fingestick,
#t is evident thot the controlled orea in @ O-order sysrem increases
directly with the magnitude of control gain. This fact is shown in
Figure 2, representing o simple tracking apparatus. With a relative low
level of control gain, the inner circle with Ry con be controlled, with
a higher levet the outer circle with ltzcmbereoched.

Figu 2 : Contvollohle orecs ot differant levels
of corrrol gois

The higher the control gain, the coarser will be the movement of rhe
cursor, because ot high gain trembling and other nonlinearities of the
hand-control movement-unit toke greater effect.

Control gain also influences odjustment time in positional step trocking
(HAMMERTON, 1962). Increcsing the gein results in smaller necessary
movement ompiitudes of the control and, thereby, in shorter travel time
(JENKINS & CONNOR, 1949). On the other hand, the fine odjustment
of the cursor is rendered more difficult with high gain Lecause ony slight
movement of the control produces large excussions of the cursor. Thus,
the time for fine adjustment gets longer with incraasing control gain.

Consequently. the total time required in completing a target designation
task is to some degree dependent on the special requirements of the task.
If only zcorse approoch to the target s necessory, the tim= will be short
with high gain, but long if accuracy of odjustment is needed.

As a result of these considerutions the following oltematives can be stoted:

Toke high control gain ond you will get o large controlled orea and shott time
fo coarse approach to the target. But you will have poor accurccy of odjustment.

With low control gain, you will have a good accurocy and short time of

fine odjustment, but you have to take the punolty of @ small controllabl: oren

ond long travel times.
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Normally, the goin will be odjusted to some intermediote vaolve with respect
to odjustment time (GIBBS, 1962), controlinble orea and accuracy of odjust-
ment.

One manual corirol, which has been developed over the iast few years,
violate; the above mentioned rules in one respect. The rolling ball can con-
trol a theoretically unlimited area, independent of the level of gain. In spite
of this merit, there remoin two disodventoges. At reasonable control goin
with respect to accurocy, the rolling ball tokes relative long travel times
(SCHMUCKER 1969). And one should never forget, that a rolling ball is
rather expensive.

The question arose, is there any stick control, hoving the advontoges of
the rolling ball without its disadvontoges ?

Selectability between two levels of control gain

A decision was made to explo  he possibility of constructing ¢ fingesstick
by which some of the merits o the rolling ball could te realized while
excluding several of its disadvcniages. Thus, a fingesstick wos developed
which contained a feature for directly setting one of two passible cont.ol
gains at ony time ond under the complete option of the operator. The
procedurss associated with wsir.g this special control in a target designation
task is clorified by inspectic- of Figure 3, which shows the task situation

on ¢a onalog display.

In the beginning of the task, tne cursor is in the middle of the display (I).
The dotted circle limits the area which can be controlled with low contro!
gain. To get the cursor in th: vicinity of the for distont torget, the operator
must switch to high control gain. By meons of this, he displaces the low gain
controllable area. When the target is in thic hatched area (1), the operator
con switch back to low gain for fine adjustment.

A
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The concept of binary selectable cor -ol gain shouid now be examined prin-
cipally for its usefulness in a praci«cal situation. The work of the air traffic
controller of the near future shall serve as on exomple. The air troffic con-
troller will soon have the task of target designotion ty means of a rolling
ball in cooperation with a digital computer. With the control he will locate
and mark every airplane appeoring on the rodar screen with o code number.
He then will tronsfer the momentary space coordinates and the corresponding
code number to the computer. In short, the work of the air traffic controller
will consist of designating occurately o suddenly oppearing point on the screen
as fast os paossible.

At the first glonce, the opplication of a fingerstick with binary selectable
contml goin seems reasonable for the above task, toking high gain for wide
trave! and low gain for fine adjustment. But rnere might be a difficulty,
namely the necessity to change suddenly the sensory motor coordination.

Figure 4 shows the movement of the control and the cursor during on adjust-
ment process in one dimension. The torget jumps for from the middle of the
display. The operator deflects the control with high gain, so thet the move-
ment of A affects the relative lorge movement & of the cusor. At the over-
shoot the opesotor changes to low control gain for fine adjustment. After

the moment of switch over, rother wide movements of the control have only
little effect on the movements of th~ cursor. The some movement of A now
affects only the little deviation §; of cursor position. This requires an abrupt
chenge in the sensory motor coordination of the operator. In a simular situation,
YOUNG et. al. (1964) found on odaptation time of about 1-2 seconds for
sudden unpredictoble decrease of control gain. Becouse of this sudden change
in sensory motor coordination one has to expect a prolongation of adjustment
time ond relative high work lood.

deflection

aeflection

control gain

Figure 4 : Mo ement relationhip with selccratie
control gein
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A second disadvontoge may result from the necessity for o decision. When
the operotor hos located the cursor within the vicinity of the torget, he has
to decide of which moment to switch over from high to low gain. This may
involve odditiona! worklood and an increcse in adjustment time in keeping
with the tronsition from simple to choice recction rime,

The question arises, whether the humon operator is oble to odapt easily ond
quickly to a self-initiated abrupt decrease in control gain which is well
known in i effect. This obility of mon is necessory whenever an improve
ment of performaonce by use of bina.y selectable control goin is to be ex~
pected,

Experimenial study

An experiment wos conducted to investigate the effects of two operotor-
selectable control geins on torget designation performonce in relation to
performonce when gain is preset ot o fixed constont level. Twelve S
{one female and 11 male) performed o task representative of those with
which future gir troffic controllers will have to deal.

All Ss worked under the fixed as well o the vorichle control goin situation
for an average of 45 designations per experimental condition. Thus, a total
of 1060 data poirts were genercted. The apporotus used (Figure 3) consisted
of o fingerstick, a data entry key, ond o X-Y-Display measuring 30 cm

on the diagonc!. viewed from the nomol viewing distance of 3] cm the
visual ongle subtended at the display was 52°.

Figure 5= The wxperimentol sehuo




The fingerstick used was developed in-house ond has tha following choracte-
ristics -

1. Hightdbove surface - 5 mm
2. Maximum deflection - 16° in aoll directions
3. Movement arc (of stick top) - 28 mm
4. Centration spring resistance - 0.2 pond/mm below human threshold)
5. Friction - negligible
6. Grip : diometer - 7 mm
hight - 40 mm

A pressure sensitive tronsistor was contained in the top surfoce of the finger-
stick. By meons of this tronsistor, control gain could be binary selected.

By pressing slightly on it, control gain switched from lcw to high ot a
rotio of 1 : 4. The high gain was set such that the edge of the display
was reoched with full deflection of the fingerstick. This condition was,

of course, used whenever the Ss hod no choice of control gai-.

The §'s task was the following :

in the initial condition, the target was in the center of the display. For
any trial the torget wos driven to its rondom position on the display by
sompling two independent sine-functions of different frequencies for each
axis. Thus the probability function of target location was an arc sine in
the X/Y-coordinates and the target therefore tended to jump to the outer
regions of the screen, After the target jump, S had to superimpose the
cur-cr and torget as quickly ond occurately os possible. When the S wos
satistied with the alignement. he pressed the data entry key for automatic
recording of the response. To prevent simple target runthrough responses,
Ss had to lock onto the target until it jumped back to initial position
after .5 sec. Intertrial inte:val time was randomly varied such that

0 (tX 2.5 sec.

Experimental results ond discussion

Adjustment time and estror were used as dependent variables to answer the
questions posed above.

Figure 6 shows the frequency distributions of adjustment time under the
two experimental conditions. In this figure (os well as in Figure 7) the
choracteristic distribution of the intrasubject variability is of interest ;
therefore,a linear tronsformation was computed in order to supress con-
founding due to intersubject variability.
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trequency [v]§ ® o single control goin (high)
- biftOry selectable control goin

Figuwe 6 : :::nntywh-d’uﬁw

The modal values of the two distributions of adjustment time are proctically
equiv_olent. With binary selectable control gain, however, a¢ few more values
fell outside the ronge cf this figure. An examination of meon differences by
the Wilcoxon Test irdicates, thai there was no significant prolongation of
adjustment time resulting from selectability of control gain.

Figure 7 shows the frequency distributions of the second dependent varicble
for description of performonce. namely of the adjustment error.

) ———— single control goin (high)

(N=530)
* 204 === binasy seiectable control goin

Qs a5 o’ ) s
odustment error [mm]

Flpure 7 : Frequency distribution of odjustevent
ernor

The odjustment error with binary selectable control gain shows a frequency
distribution which is to be expected of a one-side limited variable, i.e. a
distribution steeper ot the left side:,

The frequency distribution of adjustment error with the conventional single
goin control hos a flatter form. A significantly higher mean ond varionce
wa: found.The interindividual variance is also significantly greater with
single control gain than with binary sclectable goin.
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A questionaire, administered following the experimental session, showed that
$s did not object to having the selectable control gain ond they felt no more
Burdened than with single control gain.

The results show definitely, that the human operator is able to switch over
very quickly from one control gain to o different one with respe=t to sensory
motor coordination. He obviously succeeds in this, becouse he initiates the
change in control gain himself, os opposed to the investigation of YOUNG
et.al. (1964). This foct is very important, for he then has no difficuities

in recognizing the -honge and he caon therefore preadapt to (or expecr) the
changing system dynamics. With some proctice - the Ss reached their indi-
vidual mean in adjustment time after circa 40 training frials - the task with
binary selectable control goin was performed almost outomatically.

Although the introduction of several levels of control gain available for se-
lection seems favorable from a technical point of view, it is unreasorable
fro.n a psychologicel standpoint. The operator then would have to switch
over among several system dynamics, which would demand a3 high degree

of concentration and could favour false movements shortly after a change

in control gain.

Using the concept of binary selectable control gain seems beneficial for a
person-centered definition of primary (coorse) ond secondary (fine) adjusimert
in target designation. Furthemmore binary selectable control gain should alsc
be investigated with a rolling ball. By means of this concept, it might be
possible to decrease the travel time without increasing the adjustment error
with the ball.

In summary, it was shown that the precision ond reliability of target desig-
nation performance con be increased by means of binary selectable control
gain wi.nout markedly affecting operator workload.
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0. Abstract

The man-machine aspects of the outline of a control panel

unit for a type.riter for quadriplegic patients is discussed.
The typewriter is operated by moving a light source fixed to
the head of the patient, so that a lightspot can be projected
on the control panel. The control parel consists of a matrix

of characters, each of which is equipped with a light sensitive
element. [t is shcn how (1) the character arrangemenc, (2) the
geometry of lightspot a.c¢ vanel and (3) the way of generating

a typecmommand was optimized.

Some remarks about the first clinical test are made.

1. »auction

Coiastunication between human beings is essential fco:r human
‘ife, and is probably even more important for sevecrely bodily
handicapped patients than for healthy persons due to the fact
that this type of patient is more or less thrown on intellectual
activities. Therefore, various types of communication apparatus,
which in one wa, or another can be controlled by the head of
the patient, have been developed [1:2]. Some of them are com-
mercially available.
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The Apparatus described rere is based on the Patient
Initiated Light Operated Telecontrol, the PILOT; a system which
can be operated by reiative small head motions of the patient[z}.
In order to generate a control signal, a lightsource has been
fixed to th2 patient's head, so that he is able to move a light-
spot over a control panel provided with a matrix of characters.
Each of these characters is equipped with a light sensitive
element. By indicating one of the characters .ith the lightspot,
and by generating simultareously a type command to a typewriter,
the patient is able to type the character selected. Although
the PILOT-system supplies a certain want, the results are not
satisfactory. This can be argued by the reason that, besides
the fact that the technical design itself is not very sophisti-
cated, too little attention has been paia to the man-machine
interaction, that is, the adaptation of the control panel to
the patient's capebilities.

The operating phylosophy of the newly developed communi-
cation system, the Lightspot Operated Typewriter or LOT, resul-
ted in the following requirements:

® The physical load of the patient shculd b¢ a3 low as possible,
that is the displacements of the lightspot over the control
panel have to be minimized.

® The mental ‘'oad of the patient while operating the LOT should
be as low as possible. This &e=mands a simple operating proce-
dure to pruvide easy positicning of the lightspot across
the control panel. Furthermore, it favours a system which
does not require twc simultan-~cis actions of the patient, viz.
where positioning of the lightspo* and generation of a type
command have tc be performed. Finally, it should be mentioned
th.t the operating of the system must rot leaa to any mal-
functioning of other re¢mnaining functions of the patient.

® Undesirarla movements of the head, such as spastic oscilla-
tions and tremors, must not iead to a malfunctioning of the
LOT.

® High accelerations of tue head should pe avoided, since inten-
sive motior cues can overstimulate the vestibular organ and
thus may 1 'a to mection sickness.

From th: point of view of man-machine interaction these
requirements can be craaslated into the optimization of the
control panel of the LOT, that is:
® Optimize the character arrangement on the control panel.
® Optimize the geometry of the control panel.
® Optimize the generation cf a type command.

2. The Lightspct Operated Typewriter.

The LOT consists of (1) a pair of spectacle -vh « light
source and optics, (2) a control panel with a n:"1.. «f charac-
ters, each of which is provided with a light decector, (3) an
interface between the control panel and the typewriter, and (4)
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The patient who lies in bed or who sits in a wheelchair
has been provided with a pair of spectacles, on which an op-
tizai systex has beer fitted, so that the patient is able to
mcve a iightspot across the control panel in order to illu-~-
minate the lightdetector. Illumination of a lightdetector Zor
a time lcager than a certain preselected time delay will cause
automatically the typing of a character, while thLe illumina-
tion of this lightdetector for a shorter time than the prese-
lected time delay will have no effect, that is no character
will be typed out. In this way it is possible to move random-
ly acrcss the control panel, deperdent on the velocity aid
on the diameter o. the lightspot, without typing any charac-
ter. The preselected time delay is at any moment adjustable
by the patient himself.

From the blockdiagram in Fig. 1 it follows that the
feedback of information from the LOT-system is mainly pruvi-
ded at three different levels, viz.:

® The visual feedback of the lightspot on the control pirel.

® The auditcery feedback of the activation of a certain key
of the typewriter.

® The visual feedback of the text typed out, which the patient
nay or say not choose to monitor.

A complete deccription of the technical realisation of
the system is intended for publication elsewherei3].

3. Tne optimization of the control panel.

As mentioned before the optimization probiem of the con-
troi panel can be divided into three different parts. The
optimal solution .or the character arrangement as well as the
aeometry of the control panel are about the same for a broad
clas:- of patients; they are determined by the characteristics
of the laayus3T wsed and the neuro-physiological properties
of the headmuscles. The generation of the typecossand, i.e.
the presel>cted time delay, huwever, is deperdert on the in-
dividual cunditicns of the patient.

3.1 Qptimizati_on_of_the_character arrangement.

- —— - - v . - -

To minimice the pnysical load on the patieat it is necas-
sarv to arrange the characters in such a way that for a given
geometyry of the control parel during typing the distance trav-
eleu by the lightspct is minimal. This distance can be con-
puted from the bigramfrequencies of the characters of the
language used; for the Dutch language these data are tabulated
by the Mathematical Centre at Amctercam{4]. In calculating
this optimal arrangement, however, it should be realised that
the number of pcssible comhinetions is 35!, hence 1 suboptimai
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strategy to select the best arrangement hasx been accoeplished.
The strategy applied was the following. Consider the three
most frequent characters of tke Dutch lanjuage, viz. the e,
space and n, and place them in the center of a rectangular
matrix in a optimal way with reference to their bigramfre-
quencies (See Fig. 3a). Bereafter the neit six mos: frequent

Fig. 3: The way of optimizing the character arranyesent.

~haracters, viz. the a, t, r, d, o and i are cacsen and placed
around the first three as indicated ir Fig. 3t. Out of the

6. possibilities the best arrangesent has been derived. The
same procedure has been repeated for the next six characters,
viz. the s, 1, g, h, ¥ and m (see Fig. 3c; noting that al-
ready 9 characters have been placed). The 15 characters con-
sidered in this way take into account already 75.3% of the
totz]l number of character comoinations; therefore the re-—
maining characters were placed,without any calculation,in a
logical way (see Fig. 3d and 4).

The procedure described atove has been repeated for diifereat
ratior Sf height amnd width of the matrix element; the best
resuits were obtained for equal heigl.ts and widths. Due to
the particular fact that f>r bed-ridden patients the rotation
of the head span; a larger angle than fcr a nod-sovement. the
control panel is more exteaded in bread:h than in height.

As a result of the calculations it can be shown that the dis-
tance traveled in normal typing, based only on the 2€ letters
of the alphabet and the space, is about 1.83 times the sepa-
ration between the characters of the matrix. In comparison
with a keyboard of a noxmal typewriter, there was a notable
gain of efficiency, since the traveled distance for such a key-
board is at least 2.9 times the separation bctween characters.
Finally, it should be mentioned that color codi ngs were used
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Fig. 4: The coatrol panel layout.

to desicnate the type of characters. The following colors
were chosen: letters yellow, digits blue, punctuation marks
green, and operating functioas (such as upper case etc.)

3.2 9Jptimization of the geometry of control panel and_ lightspot.

For a good functioning of a system the separaticn or pitch t
between two characters has to be larger than the sum of the
diamseters of the lightspot D and the lightdetector d, that
is the difference s= t - D - d sust be positive to guaran*ce
that the patient is able to position the lightspot on the
control pawel vithout touching one of the lightdetectors (se~
Fig. 5). Therefore the movements of he lightspot caused by
spontaneocus headmovements were recorded for tem subjects.
From these recordings a standard deviation ¢ of 0.98 sm for
horizontal motions and of i.15 sm for wvertical sotions wvar
derivea. By assuminc that the motions will fit a Gaussian djs-
tribution, it follows then that a difference s = 6 ¢ = £ wm
is sufficient vith regard to spontaneous oscillatioms.
Furthermore, it should be noted that due to this spontanecay
oscillation it is self-evident that the lightspot Jdiameter D
must be at least as large as d + s = 10 mm.

Th> values of the diameter D and the separscion t are
strongly related to each other. On the one hari, for a figed
time delay T, an increase in the diameter D, and thus in che
separation t, will result in an increase i-: operating Zime.
On the other hand, increasing D probably simplifies the
vontrel of the lighispot movements acruss the control panel,
which in turn %ay result in a decre»se in ops~-ating time.

One ressark should be made he.e: The muscles to control



Fig. 5: The geometry of lightspot and control panel.

he:ad motione are mainly controlled by the perception organs,
ia particular by the eyes and the vestibular organt. The
con'.rol of the lightspot over the control panel adds to this
runcti2cz a second task. The resulting control of the head
muscles therefore has to meet two probably conflicting
goals, namely the visual sea-ch:ig activity to locate the
character to be typed ocut and the control of the lightspot
position. In wvhat sense the search activity will be unne-
cessary a‘ter some evperience and learning of the lay out
of the coatrol parel is unknown (see Fig. 6).

For the determination of the optimal value of the
diameter D experiments on head ontions similar to_those
executed to study arm motions were carried out.[5]. Three
subjects and two patients had tc position the lightspot from
one point to another, while the following important varia-
bles which can influence the lightspot positioning were
stuaied:

¢ The diameter D of th2 lightspot: D=6; 9; 12; 17 and 21 =a.
@ The horizontal aad vertical motions.
® The distance I between starting point and end point:

I=45; 115 and 245 as.
Some characteristic recordings are presented in Fig. 7; the
figure shows that the responses can be categorized into three
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rig. 6: Patient-LGT-systea interaction.

time segments: the onset-time, the tang~bang time and the
prcportional tise. According to the arm>otion studies ear-
lier mentioned in this paper the resuits showed that the
onset time and the bang-bang time are almost independent

on the diameter D. However, the propo:tional time is strong-
ly dependent cn the diameter D. Below a certain minimum
value of D (see Fig. 8), there is a strong imcrease in the
proportional time, hence a value of D = 18 mm {(which is
more than the reguired 10 mm) is a good choice.

Finally we consider the overshcot during the positio-
ning of the lightspot. Fig. 9 shows the mesn value yy and
the standard deviation oy of the relative lightrspot over-
shoot r, that is the overshoot devided by the .iyhtspot
diameter D. The Fig. 9 indicates that the relative over-
shoct r is decreasing with increasing lightgpot diameter:;
for a lightspot d°ameter of D= 18 mm the mean value ur of
the relative overshoot is about 1.0, and the standard
deviation o is about 0.6. Now, although the distiibution
of the relative overshoot is far away from a Normal one,
the recordings showed that within a range of € .s<up+20y at
least 95% of the overshoots have been covered. Therefore,
for the separation t between two characters a value of
45 mm has been chosen. Note that this value is in any way
larger than & + D + d = 28 mm.
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a,b The influence of the t: Jetsize D on the proportional time.
c The influerce of the diicction of movement.
d The influence of the distance L.
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Summarizing the final results, it follows that the
geometry of the control panel became:
e lightdetector diameter d = 4 mm.
e lighispot diameter D = 18 mam.
e separation between two characters t = 45 mm.

3.3 Optimization_(€_the_preselected_time_ delay

The optimization of the preselected time delay is not
possible for a group of patients as a whole. It is even doubt-
ful if this is meaningful for one patient. The physical and
mental condition of the patients vary from hour to hour and
from patient to patient. For this reason an adaptive method
has been chosen, i.e. the patient is able to change the pre-
selected time delay by simple illurination of two lightde-
tectors with the lightspot. In this <ay he is able at any
time to adapt the typing speed to his own capabiiities. The
preselected time delay can be varied with steps of 10 msec.
in a range of S0 to 500 msec.

4 Concluding remarks

The LOT-system has been in use in one of the Rehabilitation
Centers :n the Netherlands for about a year; the first results
are fairly encouraging. The two patien 3 who are now able to
handle the LOT-system are approaching a typing speed of about
30 characters per minute after a three months training pericd.
uowever, besides this encouraging result, of even more impor-
tance is that both the patients found, due to the appreciation
they feel for this job, a new goal in their lives; this fact
very much favoured the menial condition of the patients.

Ona of the main proklems in the clinical evaluation of
the new-developea LOT-system was the development of a training
program, so that patients who are motivated to learn to handle
the apparatus can work for a typing certiiicate. To avoid
disappointments with the patients, the training program was
first tried out with three healthy subjects. The prngram is
based on the following goals:

e To learn to control perfectly the vertical and horizonta!
head motions.

e To learn to 'ncate the characters and symbols.

e To learn to move across the control panel from one charanter
to the other in the shortest way.

® To learn to type words, sentences and letters, etc.

At the moment a second prototype is under construction.
Particular attention wil! be paid to the reliability of the
system, furthermore a character display to reproduce the last
sentence typed on the typewriter is being added to the
control panel.
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Moreover, a possibility of applying the system as an input
device for a digital computer is being considerea.
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PHOTOELECTRIC HEAD MOVEMENT MEASUREl .NT

AS A CONTROL EFFECTOR

by

Bernard Chouet and Laurence R. Young

ABSTRACT

The possibility of using head motion as a natural
way of stabilizing and controlling one's attitude in a zero-g
situation has been investigated. An electro-optical system was
built for dtection of such meotions. The system consists of a
set of eight silicon puctodetectcrs mounted on the inner surface
of a space helmet, and two light emitting diodes attached
to the astronaut's helrict liner texture. Light emission is in
the near infrared region ~ithin a narrow spectrum centered
at a wavelength of 0.93 . Limits of rotation are *50° in both
pitch and roll (helmet limits) and :80° in yaw (head limits).
Each axis is decoupled using an on-line PDP-8 computer.
Feasibility of the ACS is demonstrated in compensatory tracking
tasks using a pseudo-randiom input of bandwidth 0.155 Hz on each
axis and K/S dynamics. The subject showed excellent performance
over a tenfold range of gai:.. No significart differcizcs

appear between the three axes.
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SESZION 1)

Aircraft Display Concepts
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EXPERIMENTAL EVALUATION OF A DISPLAY PARAMETER
USING THE PHASE MARGIN FERFORMANCE MEASURE®

reaching Bl o

Instrumentation ai:d Control Laboratory
Department of Aerospace and Mechanical Sciences
Princeton University

ABSTRACT

A trade-off study between stability augmentation and velocity
vector gain is made in a simulated precision hovering task. The
study is implemented by using the Phase Margin Performance Measure
Technique. The advantages of th°s approach are that the errcr
level corresponding to the actual task requirement can be specified
indevendently and a high level workload situation is created auto-
matically. Test results obtained from a fixed-base simulator
experimentsg are presented and discussed. The effect of the instru-
mentation noise on the choice of velocity vector gain is also explored.

INTRODUCTION

A multi-colored integrated disvlay for the trajectory control
of helicopters and VIOL aircrafts was developed at Princeton Uni-
versity (Ref. 1). The basic format of the integrated display in
the station keeping mode is shown in Fig. 1. One of the distinctive
Teatiures of this display is the explicit precentation of the errcr
velocity vectors in both the horizontal ara vertical display areas.
The importarnce of the velouvity vector cannot be overemphasized. It
provides quickening information in the position control task, and
also serves as an additional source of correlation Yetween the air-
craft attitude (or acceleration) and its position. However, a
display that is unduly sensitive to the velocity vector becomes
distracting and leads to excessive control by the pilot. 'Thus, in
order to quantitatively determine the merit of the velocity vector
magnitude to other control system parameters is highly desiratle.

After considering verious alternatives, an experimental approach
called the Phase Margin Performance Measure was chosen to facilitr 2
such & trade-off study. A detailed description of this approach is
presented in Ref. 2., The basic goal of the Phase Margin Performance
Measure is to provide a means by which the maximum additional amount
of phase shift that the pilot can handle can be measured as a func-
tion of the specified disturbance level, system output level, and
feedbtack design (e.g. display) under high workload conditions. For

*The work reported in this paper was supported in part by the U, S.
Army Electronic Command under Contract No. DA 28-C43 AMC-02L12(E).

105

Preceding page biank



the csase of display parameter evaluation in a hovering task, the
scheme is illustrated in Fig. 2. The velocity wvector gain is the
independent variable; the system disturbance characteristic and
output level are fixed; and the dependent variable is the difficulty
of the vehicle dynamics.

The longitudinal vehicle dynsmics of a helicopter st hover is
aspproximated by two integrators snd tvo variable first order filters
in series. The contributions c? the drag demping X and welocity
stability M to the system dynamics is neglected. ver, arti-
ficisl attifude stavilizatior M, is taken ints considerstion. The
characteristic equation of the wehicle dynamics is simply

s? (s? Mgs) = 0
or st (34{1) (34{2) =0
vhere -‘é = x.:-lz

" = 5K,

The ccerficiernts and are tne variable filter parameter values.
It vas found that optime: value of the cuntrol gain should dbe
increased as feedback sugmentation increeses In order to maintair
control effectiveness in the precision hovering task, (Ref. 3.k}
Mis effect is simulated by augmerting the coatrol gain by v 2

- - l1+K
in each filter,

During the te:t rumn, *%e filte: parameters are adjusted auto-
matically as a function of the difference between the prescribed
error level and the actual output of the position error of the
sehicle. 1f the position error is iess than the prescrited level
the parame:er value decresses producing mo—e phase shift between
the pilot irput aad the wvehicle cutput and vice versa. The equi-
librium perameter vaiie is reached vhen tke average position errcr
"ol matches the prescribed level in steady state operation. The
anount of phase shift which the pilot has to handle is proportional
to the degree of difficulty in we'icle dynsmics. In other words,
the filter parameter values relate directly to the inmer loop sta-
bility feedback augmentations of the wvehicle.

EXPERIMENTAL CONSIDERATIONS

The input disturbence simulating the serodynamic moment pro-
duced by gust is made up of eight sine wvaves vith amplitude ratios
approximated by a first order filter having the corner freguency
of 1 rad./sec. The frequency spacing is the same as that used in
Ref. S.

In uvrier for an adaptive scheme tc vroperly create a high

vorkload situavion, the prescribed error should be set at a leveli
larger than that whicn ite pilot consrders as a tolerable error
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margir (Ref. §). At the same time, however, the prescribed level
mst be rea.istic for the task under investigatiom (Re?. 7). Om
the basis of taese considerations and informaticn obtained from
preliminary experimental rumns, the priscribed levels of .5 and 1.0
meters vere used.

The following autometic adjustment *ule was chosen for tlLis
investigation.

£ =4 log (lx|lec.)

vhere K = parameter sdjustment rute
A = sdaptive loop gair
|x] = absolute value of positior error
e. = prescribed error lewvel

An sdaptive loop guin of .1 was found to ensble the wvariable perameter
tc converge smocihly to its equilibrium value at a reasonabie rate.
Toe dispiay seusitivity of the positior error wvas .S ca/m, vhile the
display rang~ wa- spproximstely :7T cm. The welocity vector gain was
defined as the ratio >f displeay magnitudes betueen the position error
and velocity error; c.g. for a vector gain of 5 the wvelocity display
sersitivity wouid be =.5 cm/m/sec.

The duration of each test run was 200 seconds: the adjustment
scheme took approximately 60 seconds to estublish the equilibrium
parameter value, thus leaving 140 scconds for steedy state tracking.
A ssmple of the test record is showm iu Fig. 3. The incresse in
parsaeter resches its equilibrium value can resadily bde observed.

T “-1lowing variables were measured: errors in positiom,
velos _cy, snd accrieration; the perameter and its filtered (20
second time constant)} values; and the control inputs.

Four subjects were employed in the experiment. All subjects
were licensed pilots vith sdequate simulator experience. An average
training time of 3 howrs was necessary for the subjects to establish
proficiency in the tracking task. Four test rums per subject were
coaducted in each test cell.

RESULYS AND DISCUSSION

The average filter parameter wvalue, over four sublects, is
piotted as a function of vector gaiu in Fig. k. The parsmeter
value decreases markedly from 0 vector gain (nc velocity vector
display) to e vector gain of 1.7. However, there is no =sticeable
change in parameter value from the vector gain of 1.7 to 9.0. The
trade-off between the diaplay of velocity wvector and automatic
feedback augmentations is reedily illustrated by the fac* that
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lower parameter values correspond to smaller amounts of stabilit>
sugrentation. The insensitivity of ith» parameter value tc hang=s
ir. vector gain is somcvhat surorising and suggests that in ke
rcence of meas.rement ncise, high vector gain can te tolevated by
e pilot. The velucity vactor is used by + = pilot primariiy as
guickened position indicstor, and its magnitude, Secause of the
adaptitility of the cperatcr, doss rot have a significant effect
or: the closed loop ve~formance. T effect of wmeasurement noise
o perforeance a: high vector gain ic discussed in “he latter pait
of this paper.

i&

3

[
g

In order to ottain more detailed irformation about the effect
of vectcr gair om vilet Yehavior, the vilct traasfer fumeticn wvas
salculated. The Fuurier transfora ol the peositiom errcr and com-
trcl input cf the lis: 100 seconds of each test run were caicilated
by a digital Fast Fourier Transforn prmgram., Taie pilct transTer
Tunction was obtained by taking the ratio of th: Fourier coefficients
of the position error and the contrc) ianput at the disturbance input
frequenciss {Ref. 8. The accuracy of the calculation is checXed
‘v using a leed-lag vilot tramsfer Nunction as chown ic Fig. S.

Samples of pilot transfer functiomns for vector gair 0, 5, anc
9 are showr in Fig. 6. A piiot time delay of .3 sec was used in
ail three cases to fit the phase angie data. For the case cf 2ero
vector gain, a 2.5 sec lead wvas generated by the pilot with a gain
of .5. As the vector gain is iacreased tu 5, the pilct lead time
reduces to 1.6 sec since a 5 second lead is provided by the velocit-
vector. At the vector gain of 9, a lag of .7 sec sppears in ad-
ditiocn to a lead of 2.5 sec. This indicates that filtering of the
welocity wvector is emplcyed hy the pilot. The amount of phase
shift produced oy the variatie filters is calcuiated at the closed
10D frequency. The closed loop frequency amd its corresponding
phase margin are obtained from the Bode plot of *he open loop pilot-
wvehicle transfer function such as that showm in Fig. 7.

The average phase shift and closed loop thase margin computed
for two subjects are plctted against vector gain in Fig. 8. Tre
amount of phase shift increases substantially between the wvector
gain of O and 3. It reaains approximately coastant between vector
gain of 3 and S, and then incresses and decreases for subject B and
C respecti-ely at tke vector gain of 9. The phase margin is essen-
tially constant -ith the vector gains of 0, 3 arnd $ fer boih sublects.
At the gain of 2, the phase margin decreases for sublect B and in-
creases for subject C. A trade-off between thz phase shift and
phase margin is indicated by the opposite trenas exhitited by these
tvo quantities between the vector qain of 5 and 9.

Since the phase msrgin is a measure of the closed loop system
stability and the phase shift is related directly to the stability
augmentations of the controlled vehicle, the sum of these two quan-
tities should be considered as a suitable measure of the relative
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merits cf various dispiay vectcr gairs. The total phase angle is
ricited against vector gain in Fig. B. It shows an increase of
avout 40 Jegrees in phase sngle between the vector gains of O and
2. %o additioral increase of the phase aungle is observed as the
vector gain if incressed to 9.

Tre average relative reamant coefficient is presented in Fig. 9
as & function of the vector gain. It is calculated froc the ratio
of the cortrol power at the inrut frequencies and the total coatrol
pover {Zef. 8}, The average remnmant coefficient increases slightiy
with vector gains up to S5 and <hen remains unchanged.

In the above results and discussion, measuremen? noise wvas nct
considered in the simulated task; therefore there is no resal penalty
ir. Fisplaying the veloeily vectcr at high gains. In order to in-
vesiigate the effect of meastrement noise on the choice of wector
gr.ins, a preliminary test seTiss wvas carried out in vhich measireaent
rcise corresvonding tc spreximately .1 a/sec was sdded to the ve-
iocity wector. The influence of the added noisz on the system per-
formance at high vector gains is marked .s showm ir Fig. 10.

COECLUSICHE

The arclication cof the Phase Margin Performance Measure to the
evalustion of display vector gains wvas ~onducted in s fixed-base
sizuisted hovering task. The trade-off between the stadbility aug-
ner? | jon and the distlay of the wveiocity wvectcr was observed. In
the absence of ivstrumentetion noise the closed loop perfurmance,
represented oy the fiiter parameter values and their associated
phase shif™ -, remaias essentailly the sxme as the vector gain is
increased from 1.7 to 9.0. When measurerent noise is added to tkhe
velocity, the periormance degenerates at high wector gains.
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Figure 1. Imtegrated Display, Station Keeping Mode ( Ref. 1 )
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I. INTRODUCTION

Backgrcund

The muaber of aircraft operations has been increasing at an
accelerating rate over the past years and a fourfold increase
is predicted by the 1990's. The Air Traffic Control Advisory
Committee, or the so-called Alexander Committee, has suggested
a plan for the organized and logical development toward a
ground-based air traffic control system tc relieve the conges-
tion and maintain the safety levels in the face of the increase
in the number of aircraft and operations.

One aspect of the safety question is that of midair collision.
The risk of midair collisions can be reduced ir the face of
increased traffic density by restricting the airspace ia which
different classes of aircraft operate and by maintaining more
accurate surveillance and control. A complementary approach
is to equip each aircraft with an onboard system which determines

*Formerly Research Assistants in the Man-Vehicle Laboratory,
Department of Aeronautics and Astronautics, Massachusetts Institute
of Technology, Cambridge, Massachusetts
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the threat of collision without the aid of ground-based equip-
ment. It is in this latter category that such a ti-collision
systems as PWI and CAS systems fall.

The distinction between CAS (Collision Avoicdance Sy . -ms)
and PWI (Proximity Warning Indicator, or Pilot Warning .l1i :tor)
is usuaily made on the basis of the allocation of the an.i-
collision functions between the man and the machine. These
functions are 7enerally regarded to be:

l. Target detection

2. Threat evalaation

3. Selection of evasive maneu2r
4. Maneuver execution.

Collisicn avuidance systems are usually defined to be those
systems in which the first three functions are performed by
the hardware and the execution of the evasive maneuver is

done by the pilot. The most well-known CAS system at the
current time is the time/frequercy system being evaluated by
the Air Transport Association (ATA). A I'W1 system is dis-
tinguished by the fact that the thrzat evaluation and evasive
maneuver seiection, as well as the maneuver execution are
performed by the pilot. In order to ev luate the threat,

the pilot must be able to detect the other aircraft visually
or by some other means. Thus in this class of systems, there
is a tavget detettion by the PWI system and (usually) a visual
acquisition by the pilot. Thus the pilot plays a very important
role in the effective cperation of the PWI system. This paper
addresses itself to the first of those pilot functions, i.e.,
the visual detection ¢« ~ targets, through a simulation of
pertinent variables in the air-to-air detection problem.

II. VISUAL SEARCH

Important Parameters in Visual Search

For the past several decades, many experiments have been
carried out to determine the important variables in describing
the human's ability to visually detect targets. As a result of
these experiments, the follow ng variables have been found :o be
of primary importance in visual detection:

Background (adapting) Illumination Level
Target Contrast Ratio

Target Size

Target Motion

Backgound Complexity

Cbserver's Scan Pattern

Position of the Target Image on the Retina.
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Target shape, color, and rate of change of size/contrast
ratio have been found to be of secondary importance. The
rate of change of size and contrast ratio can be of primary
im_ortance, but not in the air-to-air detection of targets
against a uniform background.

Perhaps the most commonly cited data are the so-called
*“Tiffany  data recorded by Blackwell (1946). Blackwell
rresented a set of visual detection threshold curves which
are used as the basis of many preliminary calculations. One
way ‘n which these data are presented is shown in Figure 1.
These curves show how, at a constant background illumination
level, the size and contrast ratio should vary in order that
the prcbability of detection remain at 50%. These data were
recorded from experienced observers, and the observation
time is extremely long. Even thouglk these are recognized as
being “"optimistic" thresholds, they are useful as a commcn
data base.

One of Blackwell's most important findings is that
the probability cof detecting a target depends only on the
contrast ratio of the target relative to the threshold
contrast. His data indicate that the cumulative
probability distrivuticn function is nearly Gaussian,
and uggests that if one doubles the contrast ratio rel-
ative to threshold the probability of detection goes from
503% to 90%, halving the contrast ratio reduces the
probability to 108. This is an extremely important result
and has been used to derive models of target detection.

A Modeli for Visual Search

A model which has been shown to describe the statistical
behavior of detection in many circumstances is the "Visual
Lobe * model first proposed by Koopman and discussed by Lomar
(1960) and Hammill (1969). It is assumed that the search
process consists of a sequence of "glimpses®™ in which the eye
is momentarily stationary and during which there is a possibility
of detecting the target. Furthermore, it is assumed that the
probability of detection is independent from one glimpse to the
next.(ln practice, eye movement experiments have shown that the
duration of the glimpses is approximately one-third of a second.)
Under these assumptions, it can be shown that the cumulative
probuability distribution of the detection time is giyen by

I sta
P(tD <t) =1 - expl- 0g\u)du (1)
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where t  is the detection time, t is the argument of the
distribBtion function, and the function glu) is the
probability per urnit time of detecting the target. 7his
glimpse detection function depends on background complexity,
the area to be searched, and contrast ratio abowve threshold

(C/C,) . Under static stimulus conditions, the glimpse prob-
abillity per unit time is equal to a constant and the cumulative
aistribution of Equation 1 becomes the familiar exponential
form.

Philosopky of Generating the Target Stimulus

We have taken the approach in our simulation of reproducing
those target characteristics wvhich are most importaat in the
detection process: background illumination, target size, contrast
target motion, and background comp:exity. W¥e have simplified
matters by assuming that the real aircraft wo:1d appear against
a uniform background, and this would be true in 2 majority of
air-to-air encounters which result in a near miss. The
angular target motion will be reproduced , and this will be
discussed more fully under the description of the simulator.
As for the three remaining variables (background illumination,
size, contrast ratio), we find through the discussion of
Blackwell 's detection data and the detection modei of Koopman,
that the single most important parameter is the contrast ratio
relative to thresboid coantrast (C/ . The target size and
background illw=mination are effecti only as they determine
the threshold contrast . Furthermore, we know that the
shape 0of the target and the color of the target, as well as
the sign of the contrast ratio at the background lewvel of our
simulation have orly a secondary effect on the visibility
characteristics of the target. Thus, it is with scme
confidence that we can use a circle of iight against a
uniform background to reproduc- the importent visibility
characteristics of an approaching aircraft, nameiy, target
motior and contrast ratio relative to threshold.

¥isibility Characteristics uof an Approaching Aircraft

In this section we discuss the calcuiation of the contrast
ratio relative to threshcld contrast for an approaching air-
craft. The basic approach is to determine the angular size
and contrast ratio of an approaching aircraft as a function
of range, and then plot these two variables (with range as a
paramter of the curve) on the same curve as the visibility
thresho.d.

For the angular size of the aircraft, we use a small angle
approximation:
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(2)

-
"
1)

where a is the angular size of the aircraft, R is the
range of the approaching aircraft, and S is its size. To
take account of atmospheric scattering effects, we used the
exponential model to describe the contrast ratio at range
R.

-3.95

C(R} = c{0)e Mr 3)

where C{R) i3 tne apparent contrast ratio at range
R, C(0) is the inherent contrast (contrast at zero range),
R is the rangye in uiles, and K is the meteorological
visibility in miles. EquationLJ can be expressed in terms
of angular size by substituting Equatioa 2 and leads to:
-2.53% 1
C{a) = C(=)e o (4)

wvhere a is expressed in arc minutes, M_ in miles, and

S in feet. This equation results in a:sinqle curve

on the log size-~loug contrast coordinates and describe the
contrast ratio of the target as it approaches the obdserver.

The sketch cof this curve and the thresold curves as determined
by Blackweil for the background illumination against which the
airplane will appear arc shown in Figure 2 for two meteorological
visibilities. The horizontal separation between these two
cu..es is the all-important wvisibiIlity characteristic — log
contrast abeve threshold. This variable can now be plotted

as a function of range and results in a curve shown in Figure

3. The origin of the ordinate depends on the inherent contrast,
and can be shifted upward or downward by changing the zero-range
contrast ratio. The dotted lines shown in the figure are the
actual values of log C/C, achieved in the simulator and reflect
the physical constraints on the abiliity to vary size and
contrast ratio.

III. SIMULATOR DESCRIPTION

The cockpit in which subjects were situated was a Link
GAT-1 single place General Aviation trainer. The GAT-1 has
three angular degrees of freedom (pitch, roil, yaw). The dynamic
characteristics of the trainer are not precisely representative
of real aircraft because it is designed to be flown as an
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instrument trainer with the pilot always “under che hood" and
not flying with visual reference. But, it is felt that this
was a realistic flying tasi even in the VFR mode. The
iastantaneous altitude; air speed, ard three sattitude angles
of the trainer were reasured and sent to the computer via trunk
lines.

The target image consisted of a circular spot of light
generated by a modified slide projector The iris and
polarizing filters were placed in the focal plane of the
proje<tion lens to control the target size and contrast
retio, and were under control of a local feedback servo system.
The angular size of the target was variable from 3 arc minutes
to 85 arc minutes although only the range from 80 to 10 was
used in practice. The polarizing filters were able to control
the target brightness over a rar e of 1.7 log units (brightness
ratio of 50:1).

The targets were projected onto a screen camposed of four-
feet by sir—feet plywood sectiors arranged to approximate a
thirteen-fcot gadius sphere. The angular §overage provided oy
the screen is -110 degrees in azimuth and -50 degrees in elevation.
The background illumination was proviaed by a circular florescent
tube at the center of the sphere and three tubes on the floor
of the simulator. The average background luminence was 1.3
ft-L above the painted Lorizon. At this background level, and
with app-ovriate positioning of the floor lamps, the contrast
differences due to the sharp corners between adjacent panels
was eliminated.

The target's position or the screen was controlled by
reflecting the beam of light froe a mirrcr whose angular positior
was controlled by azimuth and elevation servo systems which
followed commands from the computer.

The display/computer interface was constiucted to gi-ve
flexibility in designing and actuating PWI display configur-
ations. The PWI display logic was controlled by a digital
communcations system consisting of a thirty-two bit shift
register fed by a data line and clock line. Fach shift register
bit is used to control a triac which acts as a switch between
a display element ,e.g. light or audio speaker, and the power
supply to the element. This system permits independent control
of thirty-two display elements.
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The projection svstem. GAT-1, are shown in Figure 4
which a view taken from behind the trainer looking tcward
the screen. Suspended from above are the circular florescent
light and the target position servos. Also visible on the
side of the structure are tiic hDeatsinks for the servo
amplifiers.

The exieriments performed in the sim:lator were counzriiled
and seque=crd by a hybrid computer ccnsisting of a PCP-8
digital -awputer with 4K words of memory, and a GPS 29-iF' analog
comput>r. In addition to sequencing and dats logging functions,
the software was responsible for camputing the motion of the
targzet and the angular position of the target in trainer-fixed
coordinates. All targets were assumed to be in straiqht line
motion, and from the voltages corresponding to trainer altitude,
velccity, and yaw angle, the navigation of the target relative
to the trainer was performed in real time regardless of the
trainer attitude and altitude changes. This informatioa was
used to caiculate commands to the target positioning servo
system. Based on the calculated range of the target, tac size
and contrast ratio were also commanded to be the log C/cT
for an approaching aircraft.

Besides calculating the navigation camputations relative
to the trainer ard calculating the comsmands to the target
servo system, the camputer program also determines the position
of the t-rget in air.raft-fixed coordinates based on the
three measured angles of trainer rotation. This is an
important feature since many of the proposed PWI systems have
senscrs mounted directly on the aircraft. Logic in the program
further activates or inhibits the PWI display depending on the
azimuth, elevation, and range of the target.

IV. SIMULATION EXPERIMENTS

Two sets of experiments were performed in the simulator.
The first set of experiments consisted of determining visual
thresholds in order to verify the experimental apparatus. This
was performed by slowly sweeping the target contrast ratio
while having the subject control the sign of the rate of change
of target size with a two-position switch. It was Lypothesized
that the contrast thresholds measured by this technique would be
higher than Blackwell's because of the various "field factors" {Bailey,
1970) . These include the fact that our subjects were less
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experienced at target detecticn than Blackweli'’s, and the
fact that the thresholds were measured in a different manner.

The tkreshold curwve measured in the simulator had the
same shape as Blackwell's threshold cuzve at 1 ft-L, and
were shifted to the right by approximately 1 lcg unit in
contrast, thus verifying the hypothesis.

The next seci of experiments consisted of simulated flights
in the GAT-1 to investigate the effects on the det=ction
process of pilot workioad and target frequency, meteorological
visibility, PWI display resolution, and target bearing.

Displays - Four displays were used in the simulation to
evaluate the effects of azimuth resolution on target detection.
Three of the displays had resolution elements of 15°, 30°*, and
45°; the fourth display was an audio warning only, an§ since
the azimuth coverage of the simulated PWI system was -9C°,
the resolution of this audio alone display was 180°.

Targets - The absoclute target motion used in the simulation
was straight level flight at a speed of 200 miles per hour.
The target initial conditions were chosen so that with tlre
trainer flying straight ahead, the target would pass within
700 feet in a horizontal plane and 260 feet higher in altitude.
Forty targets were presenta2d in each one-hour simulated flight.
The initial bearings of these targets were evenly divided
between anglec of approximately 5°, 20°, 40°, and 70¢, and
between right ani left of trainer course. In aidition, the
visibility conditions were evenly divided between 3 und 10
miles meteorological visibility.

Workload - There were two levels of workload duri ig the
simulated flights: high workload during climb and descent
rhases, and low workload during cruise. The tasks contributing
to the two workload levels are flight path control wiih and
without turbulenc>», VOR tracking, communications, and
average target frequency. The task and criterion levels
required of the pilots are shown in Table 1.

TABLE 1. COMPARISON OF WORKLOAD LEVELS

TASK WORKLOAD LEVEL
High Low
(ascent/descent) {cruise) .
i i ' Maintain altitud.: =-200°'
ight Path Control *azntaln 500
Flig -100fpm
Turbulence Max. kough Air None i
i .2Hz Track .02 Hz - Track
VOR Tracking Within 1 Dot Within 1 wot
Ccmmunications Report All Report All Traffic

Traffic, Report

Each 500°' Alti-

tude
Average Target 1 per minute 1 per 2 minutes
Frequency
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Subjects - Four subjects were used in the experiment,
and they had a warying degree of experience. Subject

1 had 1800 hours total time, 1600 hours in jet fighter
aircraft, and 200 in general aviation aircraft. Subject

2 had 900 hours with commercial, instructor, instrument,
and multi-instrument ratings. Subject 3 had 250 hours and
a cosmercial rating and subject 4 had 100 hours in general
aviation aircraft, and was a radar observer cn Naval
fighter aircraft.

Experimental Plan - A factorial design was set up to
evaluate the sixteen different treatment conditions: four
displays, two workload levels, and two meteorological visibilities.
The displays were administered in a Latin Square design balanced for
order effects. The workload levels were high in the initial
and final (climb and descent) phases of flight, and were
low during the cruise phase. Half way through the simulated
flight the meteorological visibility changed from its initial
value (either high or low) to the alternate value. In this
way, an equal number of targets were encountered under each of
the experimental conditions.

Modification of the Experimental Plan - After six of the
total of sixteen flights had been run, preliminary analysis
was made of the results of the trials to that point. It was
found that the inherent contrast of the target and the PWI
detecticn range combined in such a way to give the following
results. The targets were presented at an initial range of
five miles. By examination of the log C/C, curve shown in
Rigure 3, we see that for a meteorological visibility of
ten miles and an inherenc contrast ratio of 86.5 the target,

en it appears at a five wile range, is above threshold.

though log C/C,, increases slowly for the high visibility,

subjects weré able to detect the target before the 2.5

mifle detection range cf the PWI system. For the low metecrological
visibility, the targyet came through threshold at a range which
wag very close to the PWI detection range. Since log C/CT
wag increasing rapidly at this point, the target very
quikkly became ¢asy to detect and one had the effect of
targets “"poppirg out" of the haze. The target was reported
so quickly after the PWI alarm that there were very few
performance differences among the four displays being
evalQated.
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At this point in the process of the experiment, it was
decided to change the experimental conditions because of
the unfavorable combinatiorn of inherent contrast ratio of the
target and the PWI detectioa range. For the remainder of the
targets, a.neutral density filter was inserted in the projectior
system to lower the inherent contrast ratio from 86.5 to 16.3;
furthermore, the detection range of the PWI was increased to four
miles with the result that the average detection time (after the
PWI alarm was activated) was =2leven seconds for the high visibility
targets and thirty-four seconds for the low visibility targets.
Thus the latter set of data enabled us to test for differences
between displays, and the former gave informatio: on the visual
detection of high contrast targets without displays.

V. DATA ANALYSIS AND DISCUSSION OF RESULTS

Introduction

The change in the e.perimental conditicns partway through
the Latin Scuare resulted in an unktalanced experimental de-
sign with the target detections falling into four groups:
Target Detection Without Display, High Target Contrast;
Target Detection With a Display, High Target Contrast;

Target Detection With a Display, Low Target Contiast, High

and Low Visibility. There were 117 target detections

wicthout a display, and all but 2 of them occurred under high
meteorological visibility simulations. These two were
discarded and the subsequent 115 points were analyzed as one
group. The second group of targets (detections with a display,
high target contrast) were confounded between subjects and
displays and these data were not analyzed further. The third
and fourth group of data consisted of a total of 385 data
points.

The major drawback to *he resulting unbalanced design
was that not all interactions could be evaluated due to
the confounding of their components of variance. The balancing
of the order of the display treatments is still felt to
distribute any residual effects since the Latin Square was
followed for the entive set of trials. The other major factor,
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learning, was included as a covariant in the subsequent
analysis of variance through the subject's trial number.

. In the analyses, we treat the following factors as
independent variables and estimated their effects:

Displays (15°*, 30°, 45°, 180°)
Visibility (3 miles, 10 miles)
wWorkload Level (high/low)

Subjects (four)

Target Azimuth (6°, 21°, 41°, 71°)
Subject's Trial Number (1-4)

As the three dependent variables of “he simulation we chose:

Detection Time
Detection Range
Log C/c,r at Detection

We chose detection time and detection range because of their
obvious importance in the collision situation. Although the
detection model outlined previously suggests that there is

an effect of exposure time with constant contrast above
threshold, we chose to use log C/CT as a measure of effectiveness
of the various display< hoping that i1t might remain constant
across meteorological visibilities conditions. This should be
more nearly constant than either the detection time or the detection
range because detection time depends strongly on the target
azimuth (due to the relative velocity effect), and detection
range depends on the meteorological visibility.

Target Detection Without a Display

The 115 target detections made without the aid of a PWI display
were examined in the analysis of variance for detection time,
detection range, and log C/C, a. detection. The results of
these analyses are summarized in Table 2. For the four inde-
pendent variables (workload, subjects, trial number, target
azimuth) , only the target azimuth is significant (p<.05) and
this is the case for all three dependent variables.

Compar.son of PWI Displays

At the low target contrast ratio and large PWI detection
range, no target was visible until a :er the PWI alarm had
sounded. As mentioned previously, this gave 385 data points
divided evenly between high and low (10 and 3 miles) visibility,
it approximates an extremely difficult target to detect.
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The analysis of variance is summarized in Tables 3 and
4 for the dependent variables of dotection time, detection
range, and log C/C_ at detection tor the two visibility
conditions. The lOw meteorological visibility shows
significant differences in the displays, subjects, azimuth,
and trial number, the latter suggesting that learning is still
an important factor in the experiments. Surprisingly enough,
in spite of the attempts to load down the pilot, workload level
did not contribute significantly. Note that all three dependent
variables are significant at the same level (p<.0l).

In the znalysis of variance for high meteorological visibility
(Table 4) we again get saignificant differences in displays,
subjects, and, for detection time alone, a significant difference
in target azimuth. The inconsistency between indicators of
detection range and contrast ratio compared to detection time is
explainable by the fact that the relative velocity of the target
is nuch lower at high azimuvhs, and it takes a longer time to
reach the same range as a target coming from a small azimuth.

As with low meteorlogical visibility, workload level was not a
significant factor and in addition, all three dependent var-
iables indicate that learning (as subject trial number is
interpreted) was not important in the detection of the high
meteorological visibility targets.

To examine the effects of sector size and meteorological
visibility, we divided the targets into eight groups (four
displays X two visibilities) and adjusted the group mean
on the basis of subject and trial number effects using the
UCLA computer program BMDX82. The results of these compu- )
tations are shown in Figure 6 in which we have plotted detection
performance (time, range, log C/C,) as a function of display
sector size. Each mean value is Eracketed by the standard
deviation of the process.

As expected, the difference between visibilities has a
strong effect on detection range, and as a result, a strong
effect on detection time. The performance with the audio-
alarm (180° sector size) is not as good as with a smaller
sector :zize. The difference between the 180° and 45° (the
best of all the displays) is four seconds at low visibilities
and these target approach cspeeds, and six seccnds at the
higher visikility. The corresponding differences in
detection range a these apprrnach speeds are approximately
.6 and .3 miles for high and low visibility, respectively.
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Figure 6 also shows that the log C/C_  measure of per-
formance is not strongly affected by thg change in met-
eorological visibility. The data for the high and low
visibility conditions were pooled and a subsequent analysis
of variance indicated that the change in visibility condition
aird not contribute significantly to the variance of the data.

Discussion of the Results

Display Sector Size - The t-tests indicate a significant
difference between 130° sector size and the other three panel
mounted displays of 15°, 30°, and 45°. Furthermore, as
found in the simulation at NAFEC, and as predicted by some
detection studies in a more abstract environment (Smith, 1970),
there is an optimum sector size larger than 0°. Examination of
Figure 6 shows thet in view of the error variance in these data
there appears to be little practical difference among the
sector displays tested, but the difference between the 180°
displays and the others may be of some practical importance
in view of the kinematics of the collision ggometry and PWI
svstems considerations.

Meteorological Visibility - Although the displays and subjects
were significantly differently at both visibilities, these
differences seem to be accentuated for the high visibility
condition. This can be attributed to the fact that the rate of
change of contrast is large- for the low visibility condition,
and when the target comes irto view, it becomes very visible
quite rapidly. f{One subject said he saw the "light turn on"
when in fact it had been on all the time). This appears to
explain why the variances under the low visibility conditions
are smaller, but since the target becomes very visible guite
quickly under low visibility conditions, there is less dependence
on display and subject differences and this is reflected in the
analysis of varZance data. The high visitility targets, on the
other hand, come through threshold much more slowly and thus are
more difficult to detect and are therefore more sensitive to
subject and display differences. The differences in target
azimutn become significant at low visibility levels, and an
explaination for this using the Koopman detection model is
given by Curry, et al (1972). The effect seems to be a
consequence of differences in the rate of change of contrast
with time and with range.

Target Contrast Ratio - Fcr those targets detected with the
high target contrast ratio and under high visibility conditions
without the aid of a PWI display, the trial number and subject
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effects were not significant. This is apparently due to the
fact that the targets were above threshold for the entire time
that they were displayed and that the subjects adorted approx-
imately the same tvpe ¢f scanning strategy. There were slight
differences in target azimuth (p<.05), but these differences
appear to be sinilar to these observed with the low target
contrast ratio.

Workload - One of the more surprising results of the
experiment was that the target detectior periormance during
high workload phases (turbulent air, aigh frequency needle
tracking, constant rate of climb, reporting of altitudes, and
higher target frequencies) was not significantly different
than during a low workload (cruise) phase. Two important
factors in determining the performance during the high workload
conditions are the type of workload that is imposed and the
priorities assigned by the subject to the target detection
tasi: and his cockpit duties.

It was the opinion of all subjects that the workload during
the climb and descent phase of flight was extremely high, higher
than they would expect in a real flight. These tasks, which
consisted primarily of monitoring altitude and responding the
VOR needle, were the type which allowed the pilot to shift his
scan from panel instruments to the windscreen for several
seconds at a time without incurring severe penalties. 1In
other words, the pilots recognized that they could let the VOR
needle stray for a few seconds or miss their altitude by one
of two hundred feet without jeovardizing their safety. An
example of a task that would no doubt lead to a difference in
target detection is one which requires a lengthy cognitive
function, such as an arithmetic task or copying an ATC
clearance, and furthermore a task in which the penalty for
a mistake is high.

The question of penalties is a very important issue and
in effect determines the ¢ .signment cf priorities by the
pilot between his cockpit duties and target detection duties.
Not only will the priority assignment differ from subject to
subject, but it is likely to be different in ground-based
simulations and in the inflight situation be. ause of
additional stresses. Priority assignments will be further
affected by the pilot's past experience with the PWI system,
e.9., his understanding of the detection range and probabilities
of false alarms and missed alarms.
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In summary, it appears that the additional work._ad
level imposed on the pilots did not degrade detection
performance because first, it 4id not interfere with the
task of searching and secondly, the penalty structure was
such that detection duties had higher priority than cockpit
duties. These results point out that the extrapolation
of ground-based simulation results to the inflight situation
are extremely tenuous because the pilot's assignment of
priorities Fetween PWI and cockpit functions will be
meciated by the stress of being in flight and the pilot's
past experience with the PWI system, and the penalty
structure imposed by the immediate situatioa.

VI. SUMMARY AND CONCLUSION®

An examination in the literature on visual target detection
shows that the turget parameters having oprimary influence
are background ocomplexity and illumination level, target size,
motion, and contrast ratio. For targets against a uniform
background, experimental data and mathematical models of the
detection process indicate that there is one parameter of
primary importance, the contrast re :io of the target relative
to threshold (C/GT).

A simulator was constructed for PWI detection studies, and
was built around a Link GAT-1 trainer. This simulator has
a capability of controlling C/C, as would occur for a real
aircraft. +he motion of the tafgét responds to trainer
motion to add further realism tc the detection process.

Four subjects were used in simulated flights to evaluate
the effects of PWI display sector size, meteorological
visibility, pilot workload, and target azimuth. There was
little significant difference between sector sizes of 15°,
30° and 45°, although 43° provided the best performance.
The 180° sector size (audio warning only) display was significantlv
worse in a statistical sense, but the practical significance
remains to be evaluated through more general systems analyses.

The displays and subject differences were accentuated with
high visibility, presumably due to the fact that the target
remains at threshold for a longer period of time an® is there-
fore more difficult to see. Log C/C,, was a good indicator of
detection performance, since in thesz experiments, it was
independent of meteorological visibilities when data for all
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target azimuths were pooled. Detection time was most
strongly influenced by the relative veloczity of the targets,
and this in turn was a function of the target azimuths.

The detection range was most strongly influenced by
meteorological visipility.

Detection performance without the PWI display occurred
at a larger log C/C,, then when any of the displays had been
activated. The implication here is that a pilot searching
in the "warned" state even with 18C° azimuth, performs better
thar the pilot in the unwarned state as me«<ured by the log
C/CT criterion.

There is no significant difference between target detection
in the high and low workload levels supplied in this simulaticn,
even though the subjects felt that the high workload level was
more than they would no:im2lly expect to carry in a ncrmal
flight. One explaination fcr this result is that the type of
workload was such that it could te left for periods of time
to search for targets without adve.sely effecting performancc
on these cockpit daties. The other reason seems to be that
the pilots were placing a high pricrity on the search function
relative to their cockpit duties in this ground-based simulation.
Although one can determine the relarive priorities assigned to
these tasks in ground-based simulations, it is felt Chat the
extrapolation of these data to the inflight situatioin is
tenuous because these priorities will be mediated by tine
additional stresses of actual flight and the piloi acceptance
and confidence in the display which depends on his operating
experience with th. PWI system over long periods of time.
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detection Detection
Source T Range log C/cr
Workload - -— -_
Subjects - — -—
Azimuth p<.05 p<.0S p<.0S

TABLE 2. Suswmary of Aralysis of Variance,
Detection Without Alarm

Detection Detection
Source Time Range log </
Display p<.0l1 p<.CGl p<.01
Worklocad -— -— -—
Subjects p<.0l1 p<.0l1 p<.01
AZimuch p<.01 p<.01 p<.01
Trial No. p<.0l p<.01 p<.01

TABLE 3. Summary of Analysis of Varianc:, Low
Meteorclogical Visibility

Detection Detection
Source Time Range 1og C/CT
Display p<.Cl p<.01 p<.01
Worklozad - - —
Subjects p<.01 p<.01 p:.01
Azimuth p<.01 _ -

Trial No.

TABLE 4. Summary of Analysis of Variance,
High Meteorological Visikility
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TRENDS IN COMMERCIAL AIRCRAFT CREW
ROLES AND MANUAL CONTROL RETEARCH APFL:...STOMS

John DeShon Warner
The Boeing Company
Seattle, vashingtun

Crew oles in commercial aircraft will undergo a change from
current practice when new operationsl requirements anticipeted

as & result of the peed to extend noise abatement procedurcs,
develop improved traffi: mapagement procedures to reduce
congestion and uperate in lower minima begin to be implemented.
This has stimulated development of new types of autamatic aids
and nev cockpit display and control systems. As the crev hecomes
more invoived in navigat:on and guidance decisions, and less
involved ir immer loop comtrol processes, there is a resultant
change in the application of msnual control research knowledge.
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INTRODUCTION

Operational requirements for commercial ajrcraft in ths 1980's and beyond will
be significastly changed from the present, with some notstle implicsatiors o
crev roles. There wilil Ye more stringent demands on the camplexity and accuracy
of operations, whick dictates an increased use of automstic aids (Reference 1).
The crev will, in most situations, be systexs managers as opposed to short temm
contrcllers {Reference 2).

Toe dominant factors in commercisl air trensportation in the future will be
high density traffic, relisble all-weather scheduling, and minimm community
noise. Precision three. and four-dimensional navigation and guidance, imvolving
both improved ATC procedurec and greater aircraft system capability will de
fundamertal to high density operations. Autamatic landing systems, with special
monitoring and control techniques for crew mamagement, will be the basis for
landings iu Category IIJa conditions, with eventual rallout and taxi guidance
systems for Category IITb and IIIc. Curved approaches and departures, coupled
with optimm performance climbs and steep angle descents, will reduce aircraft
noise and displace it from the noise sensitive community.

The capability to perform these operations in the next generation of commercial
aircraft will be provided Iy integrated navigation, guidance and control systems,
Airborne digital computers will form the heart of thesze systems, and camputer-
genersted electronic displays will provide the principel interface with the

crev (Refereace 3).

Significant advances have been made in recen* years in the application of new
display technijues to commercial aircraft. The changing role of the crew is
perhaps best illustrated through an examination of the types of intorritiom that
these displays will present, which is the subject of pert of this paper, The new
displays differ from vhose in current use primarily in that they: (1) are highly
integrated, (2) are pictorial in format, (3) are time-shared and (4) contain pre-
dictive information (Reference 4). They have reach.d a reasonably advanced

state of development as & result of extensive research through simlator tests
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and some flight tests (References 5 and 6). Their use in future aircraii seems
certain if the operstions described sbove are t0 be realiged,

™oe new crew role is also predicated upon advanced comtrol techciques. Pull time
stability augmentation will be provided to campeasate for uuwacceptable handling
qualities; normal manusl control will be turough "control-wheel-steering™ modes of
the flight control systeam; and powered controls will permit tailoring the force-
feel characteristics as dezired. With these aids, the msnual coatrol tasks will
be more in the navigation and guidance processes than in the "inmer-loop” attitude
control processes. Just how this affects the crew role is discussed later in the
paper.

Manual control research has helped point the way for many of the changes in crev
roles, and in display and control systes design, no matter hw rapidly or slowly
these changes caome about. I¢ is not unfair tc ask if the results of manual coantrol
research are in fact applied in today’'s commercial aircraft develcpment. Singleton
(Reforence 7) categorized three types of approaches to display design:

(1) intuitive, drsving entirely upon pilot experience, (2) a systemstic combination
of operator requirement studies ani evailable solutions, and (3) an approsch based
on known priaciples of himcu benhavior and perception. Past praciice has been
primerily in the first categcry. The present development of advapnc~d dicnlays

is more heavily weighted in the secomd category with influences from the first

and third. There ‘s a fairly common atiitude that bandling qualities, display
design, etc., are totally sudjective with littls opportunity for science. Dispelling
this attitude is possibly ome of 4he larger challenges to those who are trying to
implement display and coatrol system changes on a retiopal basis,

Much wvork remains if we ure {0 properly design the sirborne systems for the best
use of the human crev. 7This work can be sccelerated, and false directions cas be
avoided by the kmowledgeable application of manual control and decisin-making
theories now being advanced.

The application of manual control research to the new commercisl aircraft problems
is diascussed at the end of this paper. But a word of caution is ia order. lest the
intent is misinterpreted: obvious application should not be & criteria for tbe



evaluation of the worth of research activity. e cannot afford to be that short
sighted, especially in view of the increased rate of epplication of curreat
research due to the need for continued improved operationel capability for
commercial aircraft.

THE CHANGING CREW ROLE

If all crev tasks sssocivsted vwith pavigat: .a, guidance and control functicms are
listed, it can be found thax they can be organized into interrelsted hiersrchical
levels (Reference 8). At the lnwast lsvel is the %sek of moving controls to cause
displacesent of ailercns, elevators, fuel valves, etc. This activiiy {s a comsequence
of goals set by the crsw om wvhat should be the attitude angles, thrust and configu-
ration. Thir in turn iz preceded by s2stallishsent of desired velocity vector

changes, wbich are & ccasequence of desired positions as a functionm of time. For

the sake Of brevity, these Piersrchical levels can be referred to (in sscending

order) as actuatiom, attitude comurol, velocity vector control (guidance), and position
control (guidance and pavigatiom).

We have knovn “or scme tim~, largey a3 & conrequence of research on manual control
processes, thst the informetiop processing, speed and precision required to perfom
the lower level tasks well are at the limits of husen operator capebility. Autametic
systems can perform the actustion and attitude coatrol tasks far superior {o the
husta operator. The only reason they haven't taken over today in cammercial aircraft
is because of unsatisfactory relisbility of such systeme (Reference 1). This however
is rapidly changing, wvith the result thet the crev will be able to give up these
tasks vith conridence and concentrate on the higher level decision tasks assoclated
with the navigation end guldance functions.

Figure 1 illustrates the various positioms im the total control loop that the forth-
coming commercial aircrsft vilot will (ind himself. Nearly all operstioms will occur
vith the configuraticas of Pigures 1(x) and 1(b).

In Figure 1(a), crav tasks are primarily of a momitoring nature, since presumably
the system would comtinue through a totsl operation without specific action by the
crev other than occasional mode selsction and data entry. Area mavigation systea
control, in which the crev monitors and modifies ¢ stored flight plan through an
slphapnumeric keybosard will be a principal task.
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Figure 1. Comfigurations of Crew/Airborne Systeams (Comt'a)

The active crewv participation tasks in Pigure 1(b), but with full opcraticn of %he
on-board systems, is apt %0 become a common configuration for several very good
reasons. PFirst, aowial control capability in this configuration will be very
similar to the totally sutonatic configuratica, with acceptable workloed levels.
This is because automstic _aing will be concentrated in the display presentations
and in the apparent modification of controlled eiement dynamics to & very ressonable
form. Second, it has been found that good performance in a failure mode, which
creates a bectup canfiguretion like that of Figure 1(c), requires the pilot to be
involvel in the control process prior to the failure (Reference 9).

For the foreseeable future the crew will contimue to perform backup comtrol tasks
in the event of autamatic system failures. There is scme questian however for many
of the aircraft being considered that the crew will ever have to contend with total
failures which put them at the lowest level of actuation tasks. Powered controls
and stability augsentation systems are being designed z0 that probability of failure
can oe classified as extremely remcte.

In sddition to the above tasks which involve the control of the aircraft state
vector and the policies of that control, the crew will have subsystem momitoring and
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control tasks, and cammunication tasks to add to their workloed. However, systems
are belsz developed to ease this burden. Automatic checklist systems will reduce

the "housekeeping” .v-23 t0 a n'nimum, and data link systems will meke communicstions
corsiderably less demanding than today.

DEVELO! ENTS IN DISPLAY AND CONTROL SYSTEMS

A change in crew role ie 3ependent upon changes in the tasks, in the controlled
element characteristics, and in the interface between man and machine. These

changes have been in process over the last several years largely dues to the increased
interest in advances such as sutcmetic landings and area navigation, and because of
the special problems of complex aircraft such &s the SST., Current aircra®t systems
sre generally designed as separate, independent devices., To contimue developing
systems in this manner, as the depenience upon them increases, is not only
inefficient but would probably mot produce the desired results.

The next generation of aircraft will likely have totally integruted aviomics
systems, at least as far as the navigatiom, zuidance and control functions are
concerned. Digital computers wilil perform navigation functions by making position
estimates dased on optimal combinations of redio, air date and inertial senmsor
information. 7Tbe rame cumputors will sxecute guidance lawvs and perform data
processing functions for special information presented on electronic cathode ray
tube displays. Juidance errors will be fed to digital flight computers, or manual
control inputs will be fed through these computers whica im turn interface wih
the actuators fcr control surfaces,

There heve been many individual advainced display developments in recent years,
including head-up displays, map displtys, special purpose monitoring displays, etec.
A fully integrated display system deve.opment, considering all navigeai.-n,

guidance and control tasks, has been underway as well. PFigure 2 shows a simulator
cab in which the integrated displays have been evaluated, along with a simyation
of edvanced guidance and control schemes. The two primary displays, the electromic
attitude director indicator (EADI) on the top and the multifunction display (MFD),
on the bottam present hierarchically relate: information in coumon formats, as
recommended in Reference 8. Situation, predictive and comsmend Asts for vertical
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Figure 2, Integrsted Display System in Sisulsior Cab
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pavigation, guidance sod control is presented on the BAUL, whils iy same tyie

of dats in ithe horizontal plane ic presemted on the WFD, Some bosizomtel informs.ion
is also presented on the BADI %o provide s tie betwsen the two dispisrve, and 1o be
prifagalticient ©  artain bigher workioed situstions such a8 spprosc: sl Ianilrg.

Both the EAD] apd WFD are coaputer-grnersisd cathode ray tube displays. Ome
version of the EADT is 1llustrated in Pigure 3. Az sirvylsme sysbol is ?ixed iz

the center of the screen sz & refs e Tor sttitude deta, The vertical scale
acves with piter stiitude and roistes with roll stiitude, 1ike 3 copventiomsl
sttitude indicator. In depariure froe copveniional displays bowever ie ihe velocity
vector symbol vhich comsists of the pair of rectangles. In Pigure 5. this symdol
is showing s flight path sagle of sbout -1 1/2 degrees. The gap detween the two
rectangles s the instantapeous wvalocity vector.

The four pointed star symbols represemt waypoints (the same as shown oo the multi-
function display} sad portray the present beuring and elevation angle from the
aircrs’ to the waypoint, Trus, vheneve s waypoint is centered in the geyp of
the velocity vector syebol, the aircraft i movipg direcily towerds the wmypoint.
Toe waypoint osu thus be thought of s & comerd for the velocity wector gyebol in
& parsuit ormat. However, i%t iz pure situstion informetion. Also, the Lesk
usually is to approach & waypcint om & specific flight path sngle {in the “mrtical
plane) and om & specific track amg e (im the borizomtal plase). Thus e task is
10 comirol welocity vector orientation such that it sl the waypoiat are colscident
at & specific angle om the limear scals, (The MFD forsat takes care of the
horizomtal task.)

The star with the superimposed X repressniz & wypoirns very oliose %0 the sirocrnft,
with the X telling the pliot that » trazaition i required %o Tiy to .oe peat
waypoint .

Toe small rectangle to the Jeft of the welocity wector symbol shows scoelerstion
slomg the Tligntpetl, When aligred with the wvelocity wector, the sccelsrstion

*mwmm are Tixed, three~dimeni.omel points in spece which Torm tbe delipitiop
of & £t peth.
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ig mero. 17 welow, the wiversln fs decelerveting. Toe gyshol i scaled such

thet it indicetsd the thrust drag dificretce fo terss f stesdy siate elferi o
fiignt pet: sngle (Referemce 3). It proviues the pliot with a direct anticipation
of thruet requived Tor o deslived vhenge fo Tiignt peth sngie, This 5 8 predictive
guslity thet tss peen extessiwely evalisted through Tilght teet with 8 high Tete

9: pilet sceeptance (Beference 5},

of “be terrsin sbend of the eiverell Trom a bl
sircealt, or peroaps Trom 3 special rsdur we ;
despite rednced visibility. The rumway symbol with superimposed
the pilot the predicted touchd lsprovesents sre geede’ for this type of
gymbology toeeever, & Yo perspective renwsy presentstion nas cerdain culrtaniing
deficisncies (feference 10,

oz (Figure Ib) or a direct image

Uher ditpiry ind Aom can be preseoted on the Tlexible BADL; bowever the ssuples
shoaen bere [ilustreats Lhe pore Dovel festures which sffect the memuel control teshs.
Toe Piight comirol systew will operste lp 8 fliget path nugls coptiroi-vieel-steering
wode fn o Ue veriicsl chenpel, Wt Lol wesss le the%, in essenve, control inpute
comrand & proportionsl rete %:W in sctusl flight path sngle. Thus, in such »
mode anmd with the ZADI a3 described, the control loop from pilot to display heas Ls
dymamive, wrich iu knowp io be s degired fore Tor the spperent comtrolied & isuent
{Bererence 11) and which will incresse ihe processing carebilities of the pilot for
other ta*ks  Feferemce 12},

ypoint star, or runwsy symbol on the EADI, crestisg & pursuit tesk, moves in

iy prediciable 7 er becwose of ite pictoriel or reai-worid formel. Even
“ough Jesd iz reguired, sl stor exyerience tas ehown that thiz wenusl cootrol

task is quite easy wnile providing the pilot with informetion promoting his under-
standing of the sittation. The predictive informetiocn on the BADL, the prciictability
of the zarget apd Lhe 1 ige of the situation derived (rom the dicplsy Tormat
sliows the pilot %o bripg nis nigher lewel decision processes to besr dirertly oo

the puidence s coptrol tesk,

Powe 3

Tre wtitwation displey Tormet Tur borizontel mevigetion, gidance snd coptrol is
tilumtrated in Wig “, The givoiare is represented by e trisngle fized iz tre




Figure 4. Horizomtal Bevigation Pormsis om the Multifunccion Display
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eonter of the screen. The desive’ route, wisplayed ss strsight or curved lice
segments between specific waypoints, translates and rotates relstive 1o the sirplane
symbol. Thii is krown st & Lreck-up format, snd is moet useful ip coplure s
Tracking seneuvers. A poribeup, Tixed chart mode s als0 svoilable Tor plaruiog
purposes, & are & variety of chart scales snd other nmavigation dats {Reference 6).

A ey fewiure of the dispiay is the predicted path symboi, illustrasted ir Figure ib.
This is & tireessegment curve, showing predicied peth relative to the desired path
based om . ovsent growd speed and rate of change of treck spele. Each sepgment of
ihe symbol represents thirty seconds of prediction spen, 80 that the end of the
gymbol swiy Trom the sirpianes trispgle is the predicted sircraft position 90 seconds
avmy. Yhie symbol provides the pecessary cue to capture a specific route line, 82
illustrated im Pigure %b. The sywbology is strsightforwaird, snd because of its
direct correlation with bark engle, 19 very esasy to combrol. Thie is Turther
snhasced with control-vheel steericg modes in the Istersl sxiz, io which s bank
angle rate iz commandes vroportiomsl to comtroller displacesent,

Thiz predictive sybology also permite easy "rendezvous” with & moving time slot, s
necessity if precisioe four<dimepsiopal flight peth control iz to become & real’ly.
The sequence in Figure 5 illustrates how the symbology is used by the pilot to
capture & woving Ltime slot, indicsted by 8 rectangie. The three swail circies on the
route shesd of the rectangle are its predicted positiom 30, 60 snd 90 seconds awamy.
The control policy is to metch the gape iz the sirplene predictor symbol 9 the
smell circien., As the mansuver is compisted in Yigures 5b and Sc, it can be zeen
that the alrcreft will be behind the tise slot pince the comtrol policy was not
exsctly sstisfied. This s normeily » complex maneuve : sowewsy Lhe proper type

of diszley informstion has reduced procsssing reguiremerts by the pilot to & minisus,
By use of ‘o proper coptrole-wbesl-steering modess, the control process becomes

wery sasy for the pilos, though there s 5o question that oo iv seepasiely involved
in the totsl procsss,

when monitoring and control tesks beyond four<disepsiopsl flight peth comirel Tuuctions
become complex snd demending, ¢ third multilunction display mey be included,

Figure & illustrates such & display in s possible locstion, portraying sa sltitude-
spesd schedele snd alrereft situstion snd trend. This dleplay could be tise.sbhared
with checklist information, sirplene conligurstion inforsetion, sod 2o on. The




(»)
Figure 5, Movipg Time-Slot Cepture Using the Multifupetion Dleplay




(e)
Figure 5. Moving Time-Slot Capture Using the Multifuscticm Display (Comt'd)

message iz claar: eleciropic, computer-generated displays permit optimum forms of
information presentation to (he crew, making the most desired crev roles feasible.



Figure 6. Silmudetor Luckpit with Second Multifunctiom Jispisy



APPLICATION OF MAMUAL CONTROL RESEARCH

There are Lvo genersl categories of resesrch sctivitlies in the msnusl coptrol

Pipld that are relevant to the development of commercis]l sivereft: applied research
on displey end comtrol systems, usipg humen Tactors criteris, and basic resesrch

oo the understanding of the humen operetor 85 an slsment of the total sysien. In
sfch category there are certsin tyves of regesarch that sre applicable %o the Tuture
rolee of the crev anl their interfesce equipeent e described previously in this
peper. Referepces 17 snd 1k Tor exsanle treat husen performence with predictive
displaye, which iz of interest ip the development of display information sz shown
im Pigures % wpd 5, It is ueually straightforward to identify the spplicebility

af this type of rvesesrch because the tasks arc well defined, and 1t ip often directed
towsrds & specilic application,

it is pore diffienlt Yo determine the applicability of research which snalyzrs the
operstor, since by 1ts wvery charscter it is often more dissasocisted frow the
spplicstion. The importsnce of this ressarch i3 too essily owriooked, But in
faee of ipereasing levels of sutomation, it is lsporitent to understand the relestiive
sapebrlities cf man axd mecnipe in the higher order control processes. With little
¥xnowledge of human operetor capsbilitiee in this area, the Zdefénse of the men ip
the sdvanced roles is based largely on intuition. Az & result, not culy the desipgn
of systemz, but the Justificstion Tur » respomaible srew role will be stiroegly
affected by o sclentific understanding of the husen 8. & nigher lsvel coptroller
snd decin o mekey,

From the oirpiny Zormete described sbowe, 1t can be seen thet pursudt treciing
tasxs wit) predicoable lnput sigoelis are common, AB & resuli, the usefyulness

of models based oo ccepensetory tracking tasks with peeudo random input signsis e
quite 1limited,

The ~outrol tasks of interest siwost siweys will iovolve multiple champel processing.
Having understood for some time the advantsge of integrated displays (Reference 15)
it le not surprising to Tind the mew displiays Pesiuriog & high level of integrestion,
The application of recent research on ipstrument scanning [(Beferemces 16 apd 17)

iz therefore lizited Lo curreni sircraft situsi’/ous. (Hote however that current
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aircraft cannot be practically retrofittei with the advanced integreted displays.
Scanning problems are therefore going to be present for quite a long time to come.)

Because predictive elements are being incorporated into the nev displays, it ‘s
important that we understand the predictive skills of the hmsn operator. Certain
preliminary human operator decision models may form the dbasis for this understanding,
and permit determinstiom of whether a display enbances control skills or predictive
sbilities (Reference 18). With previev being an important ingredisat of predictive
displays, the previev models of the humen operator also should be cloesely watched

by display designers (Reference 19).

There hazs been considerable recen work on optimal control models of the humen
operator. Weile the application of these models may be somewhat disteant yet, seversl
experiences vith advanced dieplays have demonstrated the need for these models. In
particular, it has been cbserveu ..<Juently that when subject pilots are given
predictive and situation displays, tney tend to use different control policles,
betra—-ing different concepte of the cost functiom to be minimized. This latitude

is purposely designed for im the new displays, but predictability of pilot respanse
has diminished as a result.

The philosophy behind the predictive display cumcept of course is to use the

adaptive capebilities of the pilot. As e direct consequence there is a significent
trend avay {rom commend-only symbology, such as flight directors. Flight directors
have teen &n aid for sometime, but they do little to increase the pilot's under-
standing of the situation. Wwhile flight directors are in wvidespreed current use, and
may be used ever, witu the advanced displays as an optiomn or for backup, the eppli-
cation of compensatory tracking models to flight director design (Reference 11) is
probably of most interest to present aircraft.

The backup role of the crew, though infrequent, i3 neverthelezs of contimued
isportance. Handling qualities studies are applicable here in designing stability
augmentation syctems, but normal control modes with control-wheel-gsteering will have,
by definition, superb handling quelities. The change in contrclled-element dynamics
in case of a failure could be quite significant. The case for pressing for the
development of a theory of manual adsptive control to treat this type of problem

has already been well made (Reference 20).
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Andther probles for the backup control modes is the preparatiom of the crew to
handle them. One question might be: What displey features used in normel
operation are also useful as training devices for backup control modes? If we
understood the training effects due to information presentations, we might be
better equipped to treat this problea.

The largesy tesks for the crew are the system managesent decisions, bringing us
finally to the need for decision models and high level control models. The

decision processes alone have been analyzed to the extent of providing moce. guide-
lines (Reference 21), and other starts have been made on understanding monitoring and
sempling behavior (References 22 and ”3}. An example mounitoring and control problem
to be found in commercisl aircreft operetions (incluling future operation of curreat
sircraft) is the modification of waypoints in a flight plan through the ares nsvi-
gation computer. This modification is made to minimize a complex cost functiom,
subject to complex constraints. The ability to do this depends om the pilot's
knowledge of the relation between his adjustaent inputs and the cost functioms.
Recent research, such ss that of Reference 2k, may help us understand this very
camplicated, higher order procesa.

COmCIUSION

Crew roles in commercial aircraft will be changing for better use of the crew in
the presence of nev operational requirements. Though significant results of manual
control research are applicable to certain display and comtrol problems pertinent
to current types of pilot tasks, we need to acquire such more knowledge to treat
the future crewv role.
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HEAD-UF DISTLAY FOR THE ViSUAL APPROACH
J. M. Naish

Douglas Aircraft Company

Long Beach, Caiiforania

Abstract

Discussion ol the information requirements for a superimposed disziay for
the visual approach. Analysis of methods depending or the presentation of

a fixed angle of depressina, or the J.:enlis. ui the flight path. Consideracion
of the influe1ce of wind, and ~fiects of errdr ani noise.

Introduction

It has previously been shown that the pilot's natural forward view yields
little in:ormation determining the flight path in the ve_tical plane‘l). An
accv-ate approach can unly be made with the help of auxiliary information,
which is normally supplied by the flight instrument panel: for example, the
altimeter may be used in conjunction with known grourd positicns to deter-
mine the giide slope. But the pilct then has to d»2] with twr- visual fields,
separated in position and undzrstood vy different m2thods of interpretaticn,
so he needs time to transicr attention from one to t - other. In these cir-
cums.ances, the information; -‘cess is discottinuocus.

.he continvity problem is a..1:2#d when the auxiliary information is provided
by a ground aid, whick may show a change of shape, a change of coler, or a
change of pulse rate as the pilot moves abuve cr beiow the glide slope.
Another method of ensuring a continuous informatior process is to super-
impose a ""heas-up' display on the forwa:d view by means of a reflecting
ccllimator, thus allowing display and forward view to be combined. In-these
methods, the pilot gains information, froux the ground a‘d or the aisplay,
without having to relinquish contact with the foiward view.
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Since visual ground aids are not universal, there will be -xccasions when only
an airborne method is admissible, and the present aim is thus to consider
how the Head-Up Display (HUD} may be used for the visual approach. This
system was previously developed for mzinly instrument flight purposes, and
could be used with ILS guidance fcr the all-weather approach. It has now tu
be adapted for the case when no guidaace signal is availabie and info:rmation
is generated within the resources of the airplane.

There are two basic methods for the head-up visual approach. The fixed
dep-ession, or selected fligkt path method consists in showing the grovnd
position of an elevation line (or planej passirf through the eve position at a
fixed angle of depression from the horizontal{2 The velocity vecter, or
flight path method(3), consists in projecting the impact point of the line along
which the airplane is considered to be moving. As will te shown, the methods
differ in showing either preseat position with respect tc a s2lected pith, or
future position with respect to the {ouchdown zone, and it is to b2 asked
which of the two kinds of information is boit~- ‘or the visual approach. It
si:ould then be possible to select frem th: methods, or some combination of
methods, .0 define the ~~=t-.{ ot the display format. ~

At this stage, it becomes desirable to reconcile the new ty '? of display tor-
mat with organizational ccacepts developed in sarlier work!#), and witk more
general perceptual ideas. It is, moreover, necessary to consider effects of
error and noise insofar as they reduce the performance expected of either
method. Finally, since the format is to be changed, ang since the type of
informaticn presented has an effsct on the field of vxew{ ‘', 1t 1S necessary to
cocnsider the field ruquired in the present application.

Head-Up Visual Aporoach Methods

(1) Fixed Depression _Selected Flight Path) Method. With the help of an
inertial platform, it is uscally possihle to set up a plane which remains
parallel with itself for aay position or attitude of am aircraft. Such a plane
can be used to show the pos .tion of the aircraft? iz relaticn to an ideal
appro.ach path. Thas, a plane passing through A, Figure 1, and depressed
from the horizontal by a selected pa'1 angle, I, intersects the ground plane
in a line through S, where both this line and the depre<sed plane are taken
as being perneandicular to the plane of the diagram. If .\ is also the eye
position of the pilot, the ground line through S, if rendered visiple, would
appear as a line ss' in the pilaot's ‘rontal pilane, Figure 2. Whaen theaircralt
is at B, a similar plane intersects the ground in a line through L, which
would be seen as 11' in the {rontal plans. Then if T is the desired puint of
touchdown, and another U - plane is drawn through T, the lengths L7, TS
are obviously prouportional to the offsets of the aircraft from this plane, BB',
AA'.

The ground intexcept of a  {-~plare may be shown to the pilot simply by
superimposing a horizecntal line symbol in his frontal plare. as HUD alicws,
and deflecting it from thc direction of the airplane axis by the angle ¢ + T,
where @ is pitch attitude. Position with respect to the selected approach
path is then observed as the angle between tnis line and the touchdown zoue.
Thus, the angle between 11' and tt' in Figure 2 represents displacement
above the selectea path, where tt' is the position of the lire syinbol for zz.0
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disp'acement. Accuracy will perhaps be improved if a reference line is
maintained at tt’, but this means having to compute a stabilized ground
positiou.

{2) Flight Path Method. When the flight path of the aircraft is known, it
may be represented immediately in the pilot's frontal plane. All that is
needad is to displace an appropriate symbol by the anzle of attack, a.

from the position of the aircraft axis. When co azimath informatioa is
available, or if it is considered unnecessary to provide lateral guidance
because the forward view provides ample informationa for this purpose, the
symbol may be a line such as if’ in Figure 2, representing the point F at
wh..> the path AB intersects the ground plane. The pilot is thus shown
whe re the fiight path terminates. ~

Relation =f (uwiormatiom tc Control Task

At the simplest lcvel the task in the 2ad-up visual appr<e«ch is to seach
the touchdown zone. Whether this task will be achizved is shown directly
by the flight path meti.od. The fixed depre<szion method does not give this
information direcily, although 1* allza = the destination to be inferred, as
the position of the symbol, when the path displacement does uui vary. 1he
flight path method therefore provides more accessible information at the
most elementary levvel. This conclusion is entered in Table I with other
results obtained in the present section.

More reahisticaily, it is requisite not ouly that the touchdown zone be
reached, but that it be reached with the correct speed, especially if the
longitudinal touchdown dispersion is to be small. As a means to this eod,

it may be convenient tc reduce the num.~r of variables with which the pilot
must deal, as is possible by selecting a p. *icular approach path. Or, »
selected approach path may be needed for obstacle clearance or noise abate-
meant reasons. Path displacement is then of prime interest, and may be used
to estimate the speed change expected in reducing the displacement. The
fixed depression method provides this information but the flight pach method
does not, excepy* in the special case of constant zero dispiacement.

A consequent requirement is that devitions fromn the desired path be reduced
gradually, to avoid oscillation of the flight path, so it is desirable to know
crosstrack velocity in the vertical plane. The fixed depression method
offers some help in this respect because crosstrack velocity can be inferred
from changes in displacement {rom the ideal path, as shown by symbol
movements in the frontal plane: ‘cr example, from ss' to l11' in Figure 2.
The flight path method, however, gives no indication of cross*rack velocity
becac<e it shows only the end point of the flight patn, which can be reached
fror aver2l directions and, therefore, with an unkrown normal compeient:
for example, two paths meeting at ¥, Figure ], may intersect thc desired
path through T at different angles. The fixed depression method should thus
be more usef:i! in achieving a desired path smoothly.

Extending the Jast argument, it may be supposed desirzble to supply pitch
attitude iuformatioa a~ a means for controlling crosstrack velocity. In

either method this is possible, simgply by noting changes in the position of
an aircraft veference symbol with respect to the framework of the visual
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background. But, of course, this information cannot be so used in the flight
path method because crosstrack velocity is unknown.

Another consequence of the selected path concept is the desirability of
rapidly Jetecting an incipient departure from the path. Assuming an initial
on-path condition, departure is shown in eithe r methcd by the symbol moving
away from the touchdown zone. In the flight path method, it moves at the
onset of the condition causing a departure. In the fixed depression method,
it moves only as a departure occurs. The flight path method is therefore
better in showing the onset of a disturbance, though less useful in correcting
it because the extent of the disturbaace is not shown.

Finally, there is a differe~: capahilily for showing the initial on-path condi-
tion which has been 2ssumed. The fligh: path method cannot, of course, be
used for this purpose because it does not show displacement: in the period
before intersecting the approach path it only shows that the flight path is,
say, ho-izontal. Thus, the path AF in Figure 3 appears as ff' in Figure 4.
On e other hand, the fixed depressicn method shows directly when a
<‘arting position is reached, at the momen: the symbol coincides with the
touchdown zone, and path dispiccemsnt beco zero. Referring again to
Figure 3, as the vehicle mcves through A an_ _ to the on -path position C,
the symbol moves from aa' through bb' to cc’'.

Perczptual Workload

It was found in developing HUD for instrument flight that a low workload is
secured when the display is g'?terprefed by rules similar to those applicable
in the natural forward view!”); that is, when display and forward view are
conformable. A similar conforn-ity shauid be advantagcous when HUD is
used for the visual appraach because the user agaiz interprets a display
superimposed on the forward view. This relation between workload and
corformity can also be derived from the following informati =~ model.

Information rep-esented in some visual form can only be acc -4 when the
nature of the representation is perceived. For example, sym.cis used in

a display fcrmat may be perceived to convey meaning by a scale and pointer
relationship, as when a movable index shows present height by its position

in a range of possible heights. An essential part of this kind of acquisi-
tion is in placing a given perceptual event (the pointer in its present positior)
withia a framev >rk of possible events (the scale), and information can only
be conveyed when this framework of interpretation is understood.

When there is .o ambiguity about the framework of interpretation, (because
only one frame is admissible, or because only one frame suggests itself, or
because the frame is foreknown) the user may proceed directly (o evaluate
the relationship of the perceptual event within the framework. In otner
cases, since his attentgon cannot simultaneously be given to considering
alternate frameworks{®), time is lost in arriving at the correct choice.
Clearly, if a new event occurs before the right framework is established,
information is Jost or, at least, work is done in recalling the former event.
According tc this model, it will be generallv ~dvantageous to reduce the
number of alternate frameworks with which wne user is :onfronted; that is,
to increase the degree of conformity.
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In applying this conclusion to HUD in the visual flight mode, it has to be
considered how the symbols providing assistance in the vertical control plane
are related to the background against which they Lre seen. In the previous
application to a flight director symbol, it was only necessary o secure con-
formity ~f direction (for example, "turn right tc a given heading" was shown
as a command displacement to the right in geographical axes); conformity of
scale was not important because there is no absolute scale of command.
Also, attitude information was shown at reduced scale because it was only
used in a supporting role, to show the nature of the maneuver being com-
manded, and because it could in any event be interpreted in isolation, as a
relation between scale and pointer within the display fcrmat. In the present
application to visual flight, the situation is different because attitude infor-
mation is of greater significance. Moreover, the symbol positicn, showing
either 1flight path or fixed depression, has to be understood in relation to the
external world, and has little or no meaning when isolated within the display
format. It follows that the display symbols, for either of the methods of
improving visual approach accuracy, are conformable, and thus conducive
to low workload, when presented at one-to-one scale in the framework of the
external visible world.

As regards relative workload level for the two methods, the flight path sym-
bol is easier to understand at the lowest level of interpretation, because its
meaning is shown directly, while the fixed depression symbol has to be inter-
preted as showing path difference. At a higher level, the flight path method
provides little information, thus adding little to the total workload. The two
methods theretore differ in workload, but they also differ ir information
content.

Error Effects

Each method is subject tc errors arising in the displ'ay equipment, and
errors due to the way the equipment is used. Equip:i-enc error results in

the display symbol being driven to the wrong angular position, through inac-
curacies of data sources, transmission, computation and calibration. Expe-
rience suggests that the tot2l equipment error is unlikely to be less than

0.25 degree, and may well be twice as large. Personal error arises thrcugh
limitation of tke ability to discern symbc! position in relation to a background
object. Under optimurn conditions, personal error is expected to be of the
order of one symbol linewidth, norainally cne miliiradian or about 3 minutes
of arc: more generally it may be twice as large.

In the fixed depression methoi, the effect of an equipment error, 7, is
simply to aiter the angle of the selected flight pa*h from { to L+ 10,

since this is determined entirely by the angle of depression, Figure 1. The
airplane still arrives at the touchdown cone, bvt with a more difficult task
of energy management because vertical speed now differs from the nomiral
value. The effect of a personal »rror, ¢, is to make the airplare arrive
at - ooint offset from the touchdown zone by this angle. The effect is small,
it a creases with range, and it is independent of 7: at a distance »f one
mile it should amount to a path error of about 5 feet.

In the flight path method the efiects are more complex, and there is an
important relation between tke two kinds of error, because equipmen! error
cavses a displacement of the symbol which eventually becomes discernible,
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If the airplane is at A, Figure 5, and tke flight path symbcl is located at T,
the actual flight path is AB, where < TAB = 3. As the airplane moves
along AB, the symbol diverges from T to the point T', where BT' is parallel
to the original directica of the symbol, AT. The process continues until TT®
subtends r at B; that is, uat’l AB also -ubtends ¢ at T. The flight path may
then be rotated by the angle ¢ until the symbol again lies over T, and the
airplane proceeds along BP', where TEP' = 7. The same process is
repeated each time a new segment of the flight path generates the angular
subtense ¢ at T, and by the time the airplane reaches the ground, a total of
N segments are formed such that Ne = 7, where 7 is the initial flight path
angle. At any of the turning points, t - pathlergth to T can readily be found,
since

TB = TA [coso -sinecot(n+e )]

and each succeeding pathlength, TC, TD, T....... Q. is related to its
predecessor in the same way. The final pathlength, TQ, is the ground
intercept and this is

TQ = TA [cost - sin ¢ cot('ld»()]N ..... (1)
where N is taken as an integer.

Variation of the ground intercept with 4 and ¢ is illastr>ied in Figure 6 for
an approach from a teight of 1000 feet on a 3-degree path, with ¢ held con-
stant at 0.1 degree for the n-curve and with 1 = 1 degree for the ¢-curve.
It is seen that the intercept cannot be made small simply by reducing ¢ but
has a minimum value which is not negligible, being about 50 feet in the
choscn case. On the other hand, TQ can be made small by reducing n,
aithough the approach to zero is slow at smzll values of . These results,
‘which obtain generally from equation (1) and also for negative values of n,
show that. errors have a significant effect on longitudinal dispersion in the
flight path method. It 1s beneficial to inake equipment error as smallas
pcssible but even when 1 = 0.5 degree the ground intercept is still not negli-
gible, being about 80 feet.

Noise Effects

The methods used to adapt HUD for virual flight depend on airborne data
sources and are thr s prone to noise eftects. This is especially true of the
flight path method, where angle of attack is the esseantial information, an
this is obtained by probing the airstream directly. Earlier investigztion
showed the diff.culty of smoothing the resulting signal without loss of signif-
icant information: either the signa:t = :s smocthed but out of date, or it was
up-to-date but noisy. With the help of an inertial platform and advanced
smoothing techniques, it may be possible to derive a more useful form of
fligkt path signal from a combination .:f vertical and forward speeds. Pre-
limiaary results with this method are encouraging” .

The fixed depression method is less p-one to noise because it presernts a
direction fixed in relation to ar. esseni ally stable daturn, namealy, the arti-
fizial horizon. Moreover, this datum is provided by equipment which 1s
generally available, such as the vertical gyro. There is ample experience
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to show that adequately stable information can be obtained in this way for
hcad-up presentation.

Influence of Crosswind

In a crosswind approach, the optical axis of the display is generally turned
away from the runway direction because the HUD optical syste. moves with
the airplane. This is of comparatively little consequence when the format

is of the flight director type, involving no absolute direction, but it directly
2ffects operation in the visual approach because both of the proposed head-up
me*nods depend on showing a relation between runway and symbol. The for-
mazt, it is true, can be slewed to compensate for drift, and thus bring runway
and symbol into the same vertical plane, but only within the field of the upti-
cal system. The operating conditions in HUD visual flight are thus limited
by the display field.

The type of system which can be installed without major changes in cockpit
design has a fairly small field. Previous flight tests have shown that the
format can then only be slewed about 8 degrees in either direction(4), and
this 18 insufficient for general purposes. It may well be that about twice as
much drift compensation is needed, in which case the display facility will
have to be corsiderably enlarged. )

Influence of Longitudinal Wind Component

The effect of a longitudinal wind component is to alter both direction and
displacement of the flight path, and thus influence both methods of presenta-
tion. The information needed tc determine the proper position of the flight
path symbol may not always be available, however, in the airplane. If the
8ymbol is driven by a signal derived from angle of attack, it does not show fu]]_y
the effect of longitudinal wind. If the driving signal is derived from high
quality inertial data, wind is included. On the other hand, the fixed depres-
sion method reflects longitudinal wind directly in its effect on path displac-
ment. The facility provided by each method for detecting wind shear can
therefore only be considered comparable if adequate informatior is avail-
able for computing flight path direction.

Summary

There are tv-c vasic methods of using HUD in the visual approach to provide
much-needed info,mation in the vertical control plane. A symbol depressel
from the tr e horizan by a constant angle can be used to show displacement
from a given flight path. A symbol displaced from aircraft datum by the
angle of attack can be used to show termination of the current flight path.

Chcice of method depends on the significance attached to the type of informa-
tion. presented. If the main consideration is to reach the touchdown zone,
the flight path method provides adequate information directly, while equiva-
lent information cun only be obtained indirectly by the fixed depression
method. If it iv important to control displacement from a given path, only
the fixed depress:cn method can be used generally. In the special case w'.ea
displacement is constaul »nd zero, the flight path method is usable, and with
the advantage of showing an incipient departure immediately. From this
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analysis, it appears that th: fixed depression method should be chosen -vhen
energy management is important, or when a specific profile is to be achieved.

Workload considerations give little guidance in the choice of method. By
analogy with previous results and by means of a proposed iniormation model,
both methods are conducive to low workload when presented cenformably, so
as to allow a comrmon interpretative scheme. In the present-coutext, this
means a one-to-one relation between display and outside world. Ongrounds
of self-evidence, the flight patn method is easier to interpret b-.c this advan-
tage is offset by a lower level of information content.

I-oth methods are subject to equipment and personal errors. The former is
the greater by an orde:- of magnitude, and has the effect of simply altering
the path angle in the fixed depression method. In the other method, the two
kinds of error interacrt and increase longitudinal touchdown dispersion,
though this is not very sensitive to change in rergonal error. The influence
of noise is more difficult to suppress in the flight path method because of a
dependence, airect or indirect, on roisv source data. The fixed depression
method is thus to be preferred on groand. of error and noise; it is also more
easily used to show wind shear. Both methods require an enlarged display
field because real orld symbols are used. These results are collected in
Table II.

This work was performed under the sponsorship of the Independent Research
and Develcpment Program of the McDounell Douglas Corporation.
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EESPONSE STRATEGIES WITH A C20SS-COGPIED CONTEOI SYSTEM

PETER NcLEOD
Radical Reseaich Council, Applied Paychology Unit, Cambricdge, England

ABSTRACY

A croes—courled control syetem is oae in whichk there is an angular
oisparity between the frames of -eference of the control and the
controlled object. Naval ratings performed s pursuit trackirg task,
#ith a lagged rate contirvl, in which the croes-coupling (c—c) angle
varied sinusoidally with time. Separate groups of six Se tracked
with different combinations of maximum o~c angle and simusoidal
frequency. For some groups the c—c angle was displaved visually.
Performanca was dependent oo maximum c-¢ angle and independsut of
rate of change cof c—c angle.

The results were predicted with error< 5% by a mydel which rssumed
thzt Ss adopted an heuristic response strategy wiich ignored the
value of the c—c ang.e. 7The results would mnot be predicted by any
mcdel which asasumed that S's individual responses are related te the
inpu¢e A successful model would heve to assume that only the sum of
responses integrated over time was related to the desired result.



It might de reasonatle tc assume in a taak of the sort typifisd
by tracking, that as performsnce improves with time, the skilled man
it learning the ortimm set of =avexents tc produce the result he
requires. This assumption ie implicit in any model of the man in the
corirol loop which assumes that each individual contrcl movesen: is
relat-a directly tc the cdesired result.

Tris peper will descrite a contrel task in which it is not true
tc say that the man tries to lecrn the optima]l set of movemente. Es
scquires an effective strategy for coping with the system while ignoring
the poesidble optimal ciontrcl movements. It seems likely that it is
only in simple conirol tasks that individual responses bear a close
relationship to the ortimsl respense. In a difficult control task it
is necessary for s wcdel of the human operator to ignore individual
cortirol movenents and look instead st the esult of movemeris
ictegrated over a period ¢f time.

The task is tracking with a croess-coujled control. A crose-
courled control system ir one where there is an angnlar disparity
batween the frames of reference of the control ar? the conirclled
cbject. Briggs and ¥aters (1556}, Todosiev (1967), Bernotat {1570)
and Smothergill, Martin and Pick (1971) have studied various comditions
of cross-coupling {c—c) but alweys use a fixed o-c angle on any trial
(that ie, the angular dispurity betwee: contrcl movement and controlled
object zovemont is constant).

Briggs and Watere used a two disersicnal compensatory tracking
dieplay witk simmulsted =ircrs®t control dynamice. They had serarate
groupe with a fixed c—~c anzle bets.oan C° and 68° in the norisorial
dimension and no c—¢ in the vertical dimension. After Tortw,; 310 sec
trials, stread over three days, all grours tracked equally iccurately.
Bernotat used a compensatory display with a second order conircl. Ss
tracked for successive 10 mi. periods with c¢c—c angle increacing in
45° steps frecm 0° to 360°. He found performance at O° and 180C 4c be
equally good, witk a alight decrement 450 away from those angles and s
muc. greater decrement at 90° and 270°., Swmothergall, Martin and Fick
ueed a mare tracing task whero visual -~ “-tick was provided by a
closed~circuit T.V. camera. They rotsted the cemera betvaen trials in
15° steps betiween O° and 180°. They found that time on terget rezained
roughly constant up tc 459 and then svarted {o incresse.

These studies are reasonsbir agreed that a fixed ¢ < angle of
iess than 45° has little effect on trackirg performance. Howeve theze
studies fail to show whetker S alters t*he frame of reference o¢. uis
responses tc overcome the c—C or whether he usee gome othsr resisuse

strategy.

17,

LR



EXPERIMENT 1

This experiment exzained the effect cf a constantly wverying o—c
angle. Ss performed a coatimuous pursuit tracking task, contrclilnmg
8 spot on a CEF, witk a lagged rate contrcl. The angie between the
framas o’ reference of the joy-stick and spot varied sinusoidally with
time. The experiment wae designed to ocomapare the relative effects on
perforzance c¢f the maximm c-c angle and tbe rate of change of c—c

argle.
YETHOD

Apparatus

S faced a circular CET display, 15 oms. in diameter. Between his
khoes was a vertical joy-stiok 3C cms. long. The movement of the free
end in sny direction away from the centre-point was 12 cma. The plene
of movement of the joy-stick was at right-engles to that of the CIT.
The joy-stick was not self-centering. S cottrolled the welocity of a
spot 1 mm in dismeter on the CRT. Maximum velocity of the spot was
18 mm/sec. The joy-stick output was subject to an ~xponential lag
with a time constant of 0.8 scc.

Subjects
Six groups of six naval ratings were used.
Task

S performed a continnous pursuit tracking task. The target, an
anpulus with internal diameter 2 wt and sxternal diameter 4 m=, moved
horisontally with a quasi random velocity; av. vel. = 2.7 mm/sec, max.
vel. = 14 mm/cec, target movement extent 8.6 cms. The target course
repeated every 185 secs during which time there were 11 direction
reversals. 8's spot started each irial 5 cms. above the centre of the
target track,

Training
Before his first trial, S practised (with an uncross—coupled
control) until he appeared to appreciate the relationship between

novement cf the spod and of ths joy-stick. Bach S then had four 30 sec
trials a day for 10 days, with the trials separated by about 10 secs.

Scoring

The score takean was modulus error in the norisontal and vertical
dimensions summated over the four trials. Scorvr wers posted ¢~ xhe
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door of the experimental rcom after each sessiocan.

4 record was taker .. the joy-stick movements of a control group,
with no croes—courling, and a grour with + 46° at 3 opm: The stiok
movemerts were recorded on an Everrhel and Vigncles two chacnel pea
rec( der, one channel showing movemsats from left to right and one
showing sovemsrts away from and tovards 2.

Cross—coupling

All groups tracked for the first three deys with an uncross-
coupled control. This familiarisel Ss with the task and gave a base-
line of trecking atility which »7lowsd better comparison of the
performance of th. groups with cross—coupled controls. Oun the fourth
day ail except the control gZrour vure tola that the task could become
havier sud the spot more difficult to control. They were told that
control ars still pnesiasle and that thair task resained 3s bdefore, to
kool the spot as nsai t0 the centre of the circle as possidlo. Back
group then iracked fo: the remmiriag sevee days with one of the
foliowing oconditions of sizucoidally varying cross-ooupling:

4239 ot 6 opmj + 46° at 3, G or 12 ommj ¢ 69° at 2 cmm.

The crose—coupling was achieved by a mechanicul oscillatioz of the
box containing the joy-sticx. S oculd mot sse this -otaticn, nsither
were any propriocertivy curs available adout the c-c angle.

FESULsS

Haure 1 shown the effect of increaring the average rats of change
cf o-c angle, while leaving the naximum o-c angle constant. The median
scores of the threz groups with ¢ 46° at 3, 6 and 12 cpm are shown in a
Plot of error (vcits) against tire. An analysis of variance over days
4-10 <hws a siznificant effect cf uays F(6,90) = 29.85, p<.071. Thece
is no sigpificant effect due to gaoups, P(2, 15 « 1.10, nor an intersction

b.t'..n mm aﬁd d"., ’(12’ w) - 1.24a

Figure 2 shows the effect of increasing the maximum c-c¢ ungle,
while leaving *he aversge rate of change constant. The melian soores of
the three mmuth123°nt6cu,146° at 3 ciaand + 69° at 2 com
ave showm in a plot cx errcr (volts) againat time. An analysis of
variance over days 4-9 skows a significant effect of days, M5, 75) = 7.10,
p ¢.001, and a significant differencs betweer the groups, F(2, 15) = 6.24,
P <.025. There is no signifiocant interaction betweer groupe and days,
r(10, 75) = 1.84.

Th:s the results nay be surmarised as: (i) for a given average
rate of change of ¢-c angle, performance deteriorates with increasiag
saximum ovoss-coupling angles (ii) for a given maximum cross-coupling
sngle, performance is independent >f the average rate of change of ¢~C angle.
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The stick movement anslyses are shown in Figure 3. The triangies
refer to the group with cross—coupling, and the circles to the oontrol
group. The dotted line, show the error of the two groups (the R.H.
axis) over days 4-8, the first five days of cross~coupling. The solid
lines refer to the L.H. axis. The measure here is the distanca tae
oontroller moves his stick, cummated cver the two dimensicns _..asured,
and averaged over the 3C sec of each run. A Nepn-Whitney U Test on
the ipdividual stick =~ vement data shows that the two groups do not
differ signiZicantly om 4, dut on days € and & the groups am
relisdly differeat (p <.01).

Figures 1, 2 and 3 about here

EPERINENT 11

It sight be thought that the expsrimental gitustion did not give S
a reasonable chance to learm about the c—c angle. Tie oonclusinns
drawn from tbe results might seem invalid in a situation vherc more
information about ths 2-¢ was awvailadble to S thea that arising from the
unexpected movement of his spot. %o check this possibility three nevw
gSoups were run at + 23° at 6 opm and + 46° st _ and 12 cpu. All
corditions except ore were identical with the previcus experiment.
Throughout the experiment a line appeared a3rose the vhole width of
the CET screen at the level of tho target track. The angular discrepancy
between this line and the - risorial was equal to the c—c angle. Thus
on dave 1-3 the line remsired ho.isontal, an on the remsining days it
oscillated with one of the combinstions of amplituds and frequency shown
above, in thase with the »~> applied to the joy-stick output.

Before the first rur on dajy 4 the informaticn availadle from the
l.ne was sxplained to each S at some length and with various practice
trials. He was told that a particular joy-stick movexent would slways
rcesult in the sams movement of the spot relative to the line. Thus, for
exampls, pulling the stick towards his would make the spot move at
right-engles to th line, irrespective of the positiom of the line. Om
subsequent days Se were asked to explain the urpose of the line to E to
snscre that it was understood.

Figures 4, 5 and 6 show the ;arformance of {hese three groups
(triangles) comparod with the thret¢ compareble groupe withcut the
displayed o-c angle (squares). A:> analysis of variance shows that in
sach cass the gioups do pot differ significantly (p).05) ower days 4-i0.

<. may therefore conclude that the discuseion which follon aould
r 0 a system in which the o-c angle was or was not displaved.

Figurss 4, 5 and 6 abovt here
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DIBCUSSIN

There would arpear to de two droad classes of strategy awvailable to
S in this experiment. Either he can try to ocompensata for the crose-
ooupling, adjusting his rssponses by the appvopriate angle. Or he can
make control movements until he finds one vaich produces the required
stimulus event, i.e. tlt spot approaching the circle.

If he chooses the first strate, ¢ach ac-ement might be corrected
by an amount a;™-aximesing to the c-c angle cbesrved on the previous
povement. This mcvement would itsel’ »¢ incorrect by an amount
preportional to the difference im ¢rosz-v0upling angle at mocessive
mcvwment times. This difference viould icresse as the rats of change of
c-¢ angle incressed: The total erro: &'s 45 o-c would de a sunotion of
the sum of differences in c-¢ angis at wmccessive sampling periods.

The error would therefore irmcresss with frequsnocy for a fixed maximum
o—c angle. Since this dces mot happen (See Pigure 1) we may assume ‘*aat
8 doez not try to correct for the o—c angle.

If 8 uses the seocond class of strategy, »e cem produce a model to
predict his performance, provided we iucv the population from which he
drews his movemsnts. The simplest assumption would de that 8 makes each
stiok movement 23 if there were no cross-ooupling. Wta kis next
movement 8 corrects the error, again with a movemsnt which ignores the
cross—coupling of his ocontrol.

Figire 7 ,bout here

S mekes 2 stick movement which with no o-¢ sould make the spot
travel a distance D clong the m0lid lime towards the goal im one
saxpling period. Dus to o—c the spot actually moves aloag the dotted
line, producing an <rsor e. (See Figu~e 7.)

2 . b ain% (6 « c-c angle)

2
© = 6 max
Total error due tc c—c q = sin %
8 =0
G-Gma,x
‘Asing- de
X g 2°
a0
0 = 6 max
Q [—coa-g-]
6 ~0
o [1_00' eznax]
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Therefore error due to cross—coupling & (1 - °® % max )

This model predicts that the retic of errors at meximum erces—coupling
angles of 23°, 46° and &~ will be:

(1-50-5%)-(1-oo.3%)-0.616
(1-coa%)-(1-oos%—)

The experimental value of this raztio can be found from Figure 2, by
taking tne mean value of Error (46°) - Error (23°)

Error (69°) - Error (46°)

over days 4-9. To allow for initial differences in skill between thLe
three groups a constant is added to the scor-es on days 4-9, which would
have given the three groups the same median error score averaged over
days 2-3 (when they were sll performing the same task).

It is reasonsble to assume that the strategy will de developed
over training, so the data from days 4-5 can be treated in two halves,
with the ratio in the second half being predicted as 0.616. Thc
average observed ratios for days 4-6 and 7-9 are 0.98 and 0.59.

The closenese of data and prediction suggests that the strategy
adopted by the practised S in this experirent is tLat ambodied in the
model. Se do not aliter their responses by an angle ocorresponding to the
c~c angle. BRather they make a series of movements, ignoring tbhe cross-
coupling of the system, which produces the required stimulus event.

If this were 80, one could predict which of two types of aided
display would Lelp S most. One could display the c~c angle with cross-
hairs on tze screen (as in Experiment II). If S were altering the franme
of reference of his responses to compensate for the c-c angle this display
would be optimal. Or, alterna.ively, one could attach & line to the eDot
which would poirt in the direction ia which the spot was going to move,
given the current joy-stick demand and c—c angle. If S were following
the .trategy indicated by the model this display would be more useful.

S would have to wait less time to see the consequences of his movements
and meke the appropriate corrections. Thnse two display modes have been
compered by Jernotat (1970,. His Ss tracked for periods of 10 mins. with
fixed c-c angles varying in 45° steps from 0-360°. Separa‘e groups used
an unaided display or one of the two aided displays. Both aided displays
improved performance. But st all anglees the vector disvlay gave better
performance than the d;spxay with cross-hairs. The improvement was most
marked at 90 and 270° » Where the decrement of the group with the unaided
dierlay was greatest.
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Any model of S's benaviour which suggests that he lsarms to make +:-=
coxrx * movements would presumably predict that as he becams more
prac..ed, his movements would become more precise, and thet the distance
he moved his joy—-stick would terd to decrease with time. The model put
Forward in this peper suggests that S is searching with muccessive
impreciss movements for one which will produce the correct effect. The
skilled S will learn to search more rapidly through 2 wider range of
movements. The prediction would therefore “a that as the pserformance
improve=, the extent of stick movezsnt wcuid increase. It is Ji-ar from
Figure 3 that as the tracking skill with the cross-coupled control
improves, so does the extent of the stick movement.

The response mode suggested by this experiwent is an examrle of an
neuristic response strategy. The goal of the spot moving towards the
circle is achieved by a set of individual reaponses which are not all
related to the desired result. Pew (1966) showed for a diffioult control
of a different sort that the atrategy adopted was one wiere it was the
result of responses integrated over a period of time rrther than the
individual responses which was relatad to the required result. It sesas
likely that any model of the men which assumes that individual movements
are related to the desired result would only be an accurate description

of the contrcller in cowparatively easy tasks.
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A PILOT MODEL OR TRACKING WiTE PPEVIEW

By

L. D. Reid
N. H. Drewell

University of Toroanto
Institute for Aerospace Studies

ABSTRACT

A set cf describing functions was measured for subjects performing
a rate control pursuit tesk with preview in an attempt to stucy the time delay
and lead characteristics found in pilot models. The preview utilized ranged
up to 0.8 sec.. appesring as a tail to the right of the target symbol. It
wvas found that the preview had dramatic effects on the form of the descriting
furctiocas.

IRTROCUCTION

The werk cutlined in this peper cocstitutes a preliminery ianvesti-
gation into the ability of human pilot des .ribing functions to model the pilot
vhen the future course of the target is displayed. A more complete description
appears in Pef. 1. Several considerations proopted this research. First,
there is an iaportant class of tracking tasks that involve preview. For example
lov level missions requiring the pilot to follow the contours of the terrain
can irvolve previev. A more dowt to esarth case would be a drive along 8 winding
roed. Results pertinent to iLhese situations would heip to extend the range of
aprplication of pilot models. Second, it was of interest to determine wvhether
the descridbing funstion form c¢f pilot model could be applied to tasks involving
an element of precatevmination in the flight path. The preview task agpeared
to be a step in this direction. Third, the influence of preview on the time
delay and lesd terms in the pilot model were unknown. By employing a range
of previews it was hoped that some light could be shed on the use of the lead
term by the pilot in predicting the future course of the target.

THE TRACKING TASK

The task employed wvas the normal single degree of freedom tracking
task vith a random input and rate control vehicie dynsmics. The unigque feature
was the display system. This allowed the disrlay of from 0 to 2 sec. of input
previev or postview. This system functions as follows. The random input
signal is sampled at SO samples per second and a running 2 sec. history in
digital form is retained in a shift register with b bit precision. A selectable
part of the history is displayed as the wavy lin. shown ir Fig. 1. The point
on this line above the tracking symbol (circle) is taken i be the present
level of the input, all data to the right being preview and all that to the
left postview. The line is actually a serie. of dots with the inter-dot space
representing 0.02 sec. In the present experiment the dots were spaced every
0.1C in. and the vertical resolution was 0.017 in. The pattern moves across
the screen (an 8 x 10 in. CRT) from right to left, withk netw hills and valleys
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appearing from the right, wmoving past the tracking symbol (s 0.13 in. diameter
circle) and disarpearing off the screen to the left.

The subliact's task was to keep the tracking symbol on the tervair
lire by moving & Jcystick in the fore and aft direction. The tracking symbol
responds by climting or descendirng at a fixed borizontal position on the
display. This horizontal position can be set Ly the experimenter to give the
desired amount o~f previevw and postview. In this study only previev was used.
THe amcunt of preview can be aitered by selecting the number ¢ dots to be
displayed.

Thus it is seen that the task is pursuit in nature, the case of
U sec. previev being nothing mcre than a pursuit tracking tack. Further
details of the equipment are giver below.

Vehicle Dynamics - 3ate control, c/s. The open loop gain was set such that
tke target symbol climbed at 0.9% in./sec. for each degree of rearvard stick
deflection.

Joystick - Lightweight with a spring constant of 0.3k ocunces per degree of
deflection. Natural frequency 11.8 rad./sec. and damping ratio of 0.0C67.
Maximm deflection t 17.5 degrees. Hand grip 18.5 in. above pivot point.

Inpu® Signal - Filtered white noise. See Fig. 2 for the pover spec-trum vhere

¢ii(e) 1 6 2 121 N 2
#iilo) ~ 1.0322 ((J-nG) + 0-03 3 eeiat

DC level = 0.0, RMS level = 0.5 in.

Yieving Distance - Subject to display, averags 20 in.

Recording Equipment - Digital tape recorder running at 25 samples per second
ver channel.

EXPERIMENTAL DESIGE

6 male graduate students served as subjects. As a group they
completed 1200 3 min. runs during training and k20 during the main body of
the experiment. Of these {k0 were recorded anc analyzed to produce describing
functions. The main experimental variable was the amount of preview which took
on the values 0, 0.1, 0.2, 0.h and 0.8 sec. All subjects tracked with all
previevs in a randomized design.

CALCULATION OF PILOT DESCRIJING FUNCTIGHES

The problem s to determine a model for a pilot pe.forming a pursuit
tracking task with a non-standard form of display. It is possible to speculate
on a range of models depending upon one's impression of ho« the pilot utilizes
the display. As a first approximaticn we have chosen the simplest approach by
assuming that a compensatory linear pilot mcdel relating o(t) to e(t) is
sufficient. See Fig. 3a. This was based on the results of Ref. 2 where it
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wvas found that for pursuit plus disturbance tasks wvith the present form of
inpvt a single linear pilot model tended to dominate. As can be seen fiom
Fig. 3a any decrease .r the open loop time delay as the result of the pilot
monitoring the future target position will appear in this model along with
the stick dynamics (vhich are negligiile). It wiil be shown that *his
approximaticn was reasonable for the present tracking task.

The pilot describing functions were calculated using *he power
spectral density techniques cutlined in Ref. 2 as

_ ¢%iole)
Yple) = ey

The signals were sampled at 25 samples per second and record lengths of 150
sec. used. Tgay in the iutermediate correlstion functions was set at 9.96
sec. This gave an estimate of the describing functions at intervals of 0.631
radians per seccnd starting at 0.315 radians per second.

In order to demonstrate the relationship between this simple model
and a more coxplex form consider the structure of the model of Fig. 3b. BEere
it is assumed that the pilot views the input signal at a point 1; sec. upstream
¢f the tracking point and responds to this signal, thus taking advantage of
the preview. In addition he closes the loop to form e(t) in order to keep
his open loop response from drifting away from the terrain line. If the linear
model includes the assumption that the remmnant n(t) is uncorrelated with i(t)
then the following applies (Laplace transform notation).

o= EYA(s) +3 e‘leB(s) +n

oy

e=1-o0Als)
o () =0 _(0) Y, (Ju) + e (e Iy g0)
o (w) =0 . (0) -0 (o) A(Ju)
vhich reduces to
o (@) Y, (Ju)+e "Iy (50)

Tw) Jat
’ie‘aj 1—Ai3m)33“‘1YB(Ju)

Thus our simple model Y,ijw) could in actual fact represent the combinaticrn
of several terms of a more complex model.

TRACKING SCORES

Tracking scores were calculated as

As expected scores improved with increasing preview. See Fig. L. Note that
0.4 sec. appears to be a critical previer beyond which little luprovemant
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with incressed preview cccurs. This value of preview also appears to be a
critical point in the descriding function measurements.

CORRELATION COEFFICIENWTS

When using Y.(w) as Gefined above it is customary to deterrcine tke
goodness cf fit for the linear model froa

, IOio(u)l2 ¢+ (w)
p%(v) = OO 1- )

vhere
- _ = 1
P =i Y )
)
and n(t) is the remnant shown in Fig. 3.
It is shown in Ref. 3 that a different fit parameter defined as

¢ (w)
e17(w) =1 - =y
00

is also a good fit parameter and in addition it gives a more pleasing result.
See Fig. 5. The plots in tkis figure compare p? and p;2 for a compensatory
task employing rate contrcl and the input spectrum of the present project.
The difference between the twvo seems to be the influence of the closed loop
system response on p2.

In this report pz will be employed to allowv comparisons with past
wvork.

RESULTS AND DISCUSSION

The data obtained in this study tend to breask into two subsets,
those for previews of 0, 0.1, and 0.2 sec. and those for 0.4 and 0.8 sec.

The results for the small preview cases are shown in Fig. 6. These
plots are based on the mean and standard de:iation obtainel by combining 8
replications of the task by all 6 subjects. The results for O sec. preview
have been compared with those for a similar task in Ref. 2 (with the open
loop gain equalized) in Fig. 6. The close agreement is taken to indicate
that the present group of subjects is typical of those used in the past for
tracking studies. In addition, the : ot that the plots of p2 are equivalent
indicates that the present use of & compensatory pilot model provides a fit
to the human pilot that is at least as good as that obtained in the past for
other tasks.

In general terms, the trends in the data as the preview is increased

go far beyond a simple reduction in t. * open loop time delay term, although
this effect is obviously present in the phase data. Quite surprising was
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the observed shift to higher frequencies found in the resonant frequency
attributed to the neurocemscular system. This cun be noted from the amplitude
plots vhere the resonant peak starts at about 18 rad/sec. for 0 sec. preview
and is almost outside the measuvement range by 0.2 sec. preview. In addition
the lov frequency amplitude characteristics are influconced by the preview,
tending to flatten out as the preview approaches 0.2 sec. The correlation
coefficient does not saem to be influenced to any extent by the amount of
preview.

Au 8 parameter pilot model of the form (Ref. k)

J(uﬂ;) (T Jusl)
TT J“'rl) ('r Juﬂ) (('L) + — 3.4»1)

Yp(u) = Ke

vas fitted to these plots by a computer program developed for the purpose.

The results of this work are shown by the sclid curves in Fig. 6 and the

parameters ia Table 1. One point of intsrest is the fact that for the 0

sec. previev case the program vhich started with an initial value of Ty,
.09 sec. drove this term to zero to achieve the best fit.

The following general trends can be seen vith increasing preview
up to 0.2 sec.

(1) the subjects' DC gain term K increases.

(2) use is made of the preview feature of the disple; to reduce the tiwe
delay term, although the total potential reduction is perhaps not
realized. (Note that the value of t = 0.219 sec. at 0 sec. preview
could be redced in the model by insisting on the inclusion of the
TN; *erm.)

(3) there is no apparent influence of previev on tke lead term Ty. This
may jadicaie that despite the advanrtages presented by the previev display,
tce sudject wishes to achieve the maxismm lead compensation possi®le even
if it wee~~ the generation of Ty, vaich requires some extra effort om his

pert.

(1) <there is an associated increase in crossover frequency (u } and reduction
in phase margin ¢,. See Table 1.

For large previews (0.4 and 0.8 sec.) the variability of the measured
describing functions was much greater than for the small values of preview. 1In
particular the inter-subject variability was too large o allow the data to be
averaged. Fig. 7 illustrates typical measured Gescriding functions for 0.k
sec. previev and Fig. 8 the same for 0.8 sec. preview. The majority of the
describing functions measured for these large previews were similar in general
form to those of subject 6, but showed larger f’uctuations in amplitude and
phase (as a function of frequency) snd had much larger standard aeviations.
Note that the data shown for subject 3 represents only half of his tracking
ruus, the rest looking more like thcse for subject 6. The plots of the corre-
lation coefficients indicate that the model fits for these preview values are
generally as good as for the small previews.
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The data represented by subject 6 is a reasonable extrapolation cof
the small preview data. The phase lag is further reduced at high frequenci's,
the neuromuscular resonance is beyond the measurement range and the amplitude
plot is boosted at low frequencies. (We have not yet begun a detailed analysis
and pilot model davelopment for the large previev data.) Of note is the report
by all subjectz that for large previews they "followed the waves in" (from the
right hand side of the screen to the tracking point). They generally focussed
their attention about 1.5 to 2 in. (i.e. 0.3 to 0.4 sec. of preview, no measure-
ments were taken) tc the right of the tracking point. Any high frequency dis-
turbances were followed visually to tre tracking point in order that these
rapid changes in input could be tracked accurately. High frequency in this
case means any wave with apparent period less than twice the time interval of
0.3 to 0.4 sec., i.e. frequencies greater than about 8 rad./sec.

SUMMARY

1 The measured correlaticu coefficients indicate tuat a simple lin<ar pilot
model can be used to des-~ribe tasks with preview.

2. Preview had no influence on the lead term in the pilot modei for previews
of 0.1 and 0.2 sec.

3. In going from a preview of 0.2 rec. to 0.4 sec. it appears that a significant
alteration in tracking technique takes place.
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THE MATHEMATICS OF COORDINATED
CONTROL OF PROSTHESES .ND MARTPULATGHS

by Daniel E. Whitmey

DuPont Associate Professor of Mechanical Engimeering
Massachusetts Institute of Techmology
Cambridze, Massachusetts 02139 USA

ABSTRACT

The problems of coordinated rate coatrol and position comtrol
of mltidegree of freedow arms are treated together in this paper.
Previous work by the author is summrized and revised, and a co-
herent theory is presented which allows:

1) real time computer control

2) rate control commands expressed in a wide
variety of external coordinate systems in-
cluding hand-orieated coordinates, rectangular
or spherical ccordinates, or motion along
special axes such as line of sight

3) acy nusber of command axes to be activated
simultaneously

4) solution of the position comtrol problem by
msans consistent with the rate comtrol prob-
lem, allowing desired final position to be
specified in torms of meaningful external
coordinates, and obviating ithe need for
ous~~ical search or solution of complicated
¢. wtions to find the final joint angles

5) nsi: ‘ent treatment of redundant arms

6) atteat -a to singularities

7) 1liaison to optimal comntrol of dynamic models
of arms

Work supported by NASA Contract SN®N-54 and
NASA Grant NGR-22-009-002.

Preceding page blank



Introduction

This report briefly susmarizes the result: of several years'
work by the author and his colleagues on the development of coordinated
motion control of computer-driven arms. The basic ideas are set out in
reference (1], a first attempt at hardware realization is described in
[2]), and the latest and most successful realization is contained in [3],
vhich also contains details of hardware and the contributions of many
co~workers.

T.e objective of coordinated control is to allow the operator
of a mechanical arm to command rates of the arm's hand along coordinate
axes which are convenient, task-related, and visible to the operator. A
useful set of coordinates, fixed to the hand itself, is shown in Figure 1.
To accomplish such motions, several joints of the arm must move simultan-
eously at time-varying rates. This is extremelv difficult to accomplish
if conventional rate control (.witches connected one-to-one to the joint
motors) is used. Some means of coordinating the joint motions is needed,
to resolve the useful command directions into the necessary joint mo*ions.
For this reason, the method described here is called resolved motion rate
control. Previous work in this area by others is contained in [4] - [10].

The method allows commands to be exerted in a wide variety of
coorlinate systems in addition to that shown in Figure 1, using arms of
any sufficient nurber of joints. Generally the minimum number of joints
equals the number of command directions, Lut arms with extra joints can
be accommodated. The commands in Figure ]. can be called for independently,
or superposed in any proportions. For example, reach will occur without
the hand's orientation in space changing, since reorientation is controlled
by other commands.

Using the commands of Figure 1 as a base, we could mechanize spher-
ical coordinates with arbitrary center, cartesian coordinates, motion along
or about axes peculiar to some tool being grasped by the hand, and so on.

Computation of Resolved Rate for
Hand-Oriented Commands

Figure 2 shows a manipulator hand with its attached coordirate
frame plus V, the velocity vector of that frame's origin, and §}, the rota-
tion rate - >cior about that origin. The frame 'X, ly, 1z represents the
shoulder or base. The components of V along R, L and S give the reach
velocity, 1ift velocity and sweep velocity respectively while Q's components
give the rotation rates about these axes. A six element vector §_ representing
the command rates along hand axes may be written

(1)

jne
[ ]
!
Dij=a
}
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Each component of § may be expressed as a sum of coefficients times
joint angle rates. Call the six joint angles © and the six joint angle
rates 6. Then $ and 6 are related by

s =308 2

—

where each element in the six by six matrix ,g(g) depends on 9 and is
given by

h component of _§_ per unit éj wken all other

t
dgy =1
Ok-Ofotjfk (3a)

An equivalent expression for this is

= partial derivative of the ith positional cor
angular coordinate ~f the hand with respect
to the jth joi.t angle (3b)

A3

Having obtained J, we may find the required O by inverting J to obt:in
=38 O
For example, if the user wants the hand to 1ift, (4) will

generate the required §. Since the commanded rotation rates are zero,
the hand will not rotate while reaching but will krep a fixed orienta-

tion in space.

Calculation of J by Vector Cross Products

The vector cross product method [11] for computing J is indicated
in Figure 3. A coordinate frame is assumed to be attached to each joint,

the 1™ frame at tue 3™ jotnt, j = 1, ..., 6, with the hand frame being
the 7th and frame 1 »t the shoulder. f)j is the origin of frame j. In

Figure 3, the jth joint, the ghoulder frame and the hand are shown, to-~-
gether with the unit vector E—j along the axis of O,, the vector 9_17 from

0, to 0,, and V, and g1 which result from §, if all other Q's are zero.

3 1 b

Then
zj - gj x Ej’ . Oj (5)
Ly - ©

where all vectors are expressed in frame 1. Using vectors _V_j and Q:, as
is will allow us to obtain hand motion along ot around frame 1 axes,
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useful, for example, for generating lift along a fixed wvertical axis.

To obtain motion along or around frame 7 axes, we nead to express !J

and 91 in kand coordinites. This is done by multiplying by a 3 x 3

rotation matrix. The upper left 3 x 3 partition of AEQ, 1s callcjd’c7
because it expresses frame 7 vectors in frame 1. Its transpose !CI 1s

~7
7‘91, vhich expresses frame 1 vectors in frame 7. Thus
v
- S I TR TR @)
Q
_j
sxpuuu!:' udgj in hand coordinates. Thus the 7Ycoqnonmtof

is é 's contribution to resch, and the 7! component of (_21 is ej s con—
tri.butiun to twist. The columm vector in (?), vhen divided by é s gives
the ;|th colum of J according to (3). Thus

u 5 % b27| etc.

l
11‘—1 17

PR S R

el;s,:

O&B

x by
--- @

!
|
1
|
¢ 6

Although the Argonne !—2 has only turn joints, some manipulators
have sliding joints. If the jth joint 1s a slider then 0, is fixed and

s, , the slide coordinate, is a vsriable. The ;|"’h column of J is then

j’

s 1=1, ..., 6 9)

|° '«.L<
L.____J

vhere —j >y, y ;j
and the lower 3 x 1 partition is :ero. —"j is, as before, the unit vec:.or
along jg, the slide direction as sihowm in PFigure 3.

Other Coordinate Directions

As an example of other possible coordinate directions which cun
be mechanized, consider reach motion along a line of sight from an eye to
the hand. Let the eye be at 08’ the origin of frame 8. Then the desized

reach wotion is to be along the wector 987 and will be obtained if the
*

is 2 4 x 4 transformation matrix vhich converts the position and
orientation of frame 7 into the position and orientation of frame 1. Sea
(3] for details.
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socond row of J in (8) is replaced by

v, = (¥ bg;)/6, for § = 1, ..., 6 (10)

vhere coaversion by 15; is omitted, and

_!1 -'-'-j x gﬁ. ej as befre

by, = unit wvector ai0ny Lo, fxpicread 10
~87  frame 1 coordinates®’

(g_tb) = dot product of a and b

Methods for Cosputing J

We have explored two methods for cbtaining ] in recl tiae,
Each has some advantages. The first method used was rwmerii>l tmoc-
polation. For this, J~' was calculated at a nusber of joint angle
values, corresponding to a center position, e positive extension an?
© negative extension for each joint, the other joints being cemterea
vien each joint was extended. This designated 13 points at which J-'
was precalculated and stored. Values of J~'! at arbitrary points were
computed by interpolation with good accuracy. The value of this method
lies in its use of resi-only memory and fairly rapid computing tims.
Its disadvantage is that accuracy is preserved only within a region of
O values somevhat smmller than the ara's useful range.

The other procedure is to calculate J using (8) in real time.
This uses eraseable storage and takes slightly longer than the inter-
polation, but it allows alrost unlimited motion of the hand. It is the
method currently in use.

Extension to Position Control

For position to position comtrol we assume that the hand is in
some position and orientation such that b,.(6,) and 'C,(6,) are known,

and that we desire the hsnd to move to a new position whose b,,(6.) and
l‘_(;,7(_94) are given, Qf itself, the new joint angles, is not assumed to
be known. Information in the form b,,(6,) and 'C,(€,) could come from

a pointing system or other information source describing the location
and grasp direction of some object we want grasped. Assuvuing that the
hand is to move to the new position in a time interval T, we have
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1T ]
v- .97 © (E]J(Qf) - 217(91))/'1' (11)

= first three components of é_fot ugse in eq. (4)
This says that V in hand coordinates sweep, reach, and lift is obtained
from the initial vector difference in b. 17 (in shoulder coordinates)
projected into current hand coordinates by {~7(9) The current O must
be obtained either by reading the joint angles or computing the in-
tegral
t.
0=0 + of fdt 12)

The last three components of é_are obtativned by finding an axis
vector 2 about which frame 7 should turn so as to change {97(91) into
1C.’(Qf). A matrix C1f exists which will accomplish this rotation.
These three matrices are related by

1 1
L€ = 5, @)¢,, (13)
so that
1T 1
Lie = 5€) 6 Ep (14)

The desired rotation axis Q is the one vector in hand coordinates which
is unchanged during this rotation. That is

=2 (15)

This means that Q is the eigenvector of C if with unit eigenvalue. The

aungle a through which frame 7 turns about axis  may be obtained from
examination of Figure 4. Here {l is the axis vector and is assumed to
have been normalized to unit length. X and X' are the criginal and
final unit vectors along the X axis of frame 7, described here for con-
venience in original frame 7 coordinates. o is measured in the plane
normal to 2. The X component of i is Qx and by definition of  this is

the same as the X' component of {2, ,.
That is

= @X) = @X') =2, = first element of 2 (16)

The projection of X onto the plane normal to Q2 1s X - ng and the coz-
responding projection of X' is X' - ng. The dot product of unit vec-
tors along these projections gives a:
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T
X -9 -9
cos o= : : (17)

[x -] - [x' -3
= x—= = x—

Tr - 02
- XX -9 (18)

1 - 4?2
X

(In case } lies along X, this formula is inapplicable. Reolace X with
Y and X' with Y' in that case.)

Now that a is known, we need only scale { by a/T and then take
this as the rotational rate vector for frame 7. It is alreidy exoressed
in frame 7, so its elements are directly the cates for tilt, turn, and
twist, tius providing the last three elements of §. Barring numerical
or servo errors, this § will carry the hand to the new position and ori-
entation. The calcularion may be made closed looo (hence less errcor
prone) by defining a new 91 reriodically along the traject. cy, calcu-
latirg a new 917(§1) and a new T for use 1in eq. (11), plus a new‘gif,
R and a.

This procedure is an improvement over numerical search methods
{12] or direct aualytical attacks on the geometric equations [13]. The
former can have convergence difficulties while the latter are applicable
only to certain types of arm configuratioms.

Dynamic Control of Arms

The previous sections have derived joint angle rate hisgtories
based on input commands and cocerdination constra.nts which are purely
kinematic. In this section we discuss methcds by which arms having in-
ertia may be commanded to follow such trajectories. Frevious work in
this area is limited to a few papers, notably those of Kahn and Roth
[14], which considers the minimum time control problem for a three-joint
arm, and Monster [15], who studied stabilization and trajectory tracking
problems in the Case Arm-Aid. The main roadblock to the study of dynamic
control of arms is the sheer difficulty of obtaining the equations of
motion. Progress made by Sturges [16) in computer-generation and, more
important, computer-simplification of these equations has made pos ible
the wori. described below. Computer equation generation requires great
amounts of computer memory at present, so that ams with more than four
joints have not yet been treated.

It is for this reason that a simple linearization method, applic-
able to arms with any number of joints, is valuable [17]). The equations
of motion are obtained easilv and quickly in numericai form by con-
sidering a linearization of Lagrange's equations. The result is the foliowing
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stat~ variable vepresentation:

-]
2 RS )
s- s+ T a9
g wy |
vhere -I
. (20)
£ 15 J

is *he 22 x 1 state vector containing sngul- - and angular rate devia-
tions from nominal. All the submatrices in (19) are N x N. 72 represents

inertia, B is a diagonal matrix of damping terms at each joint, K is a
diegonal zatrix of spring constants across each joint, and Y is an K
vector of the torgque sources. A simple and fast computer prograa returns
numerical expressions of the matrices in (19).

Since (19) can easily be shown to be controllable, standard op-
timel regulator theory can be used to stabilize it sbout this nomimal.
Since this requires measurement of both 38 and §8, it is useful to know
that the jystem is cbservable using only measurements of §5.

A trajectory control scheme was developed by assuming that the
above equations applied to the wvhole state rather than to deviatiom from
nominal [18]). Optimel linear servo theory [19] was ised to develop feed-
back gains and control functions. T"hese were then applied to simmlstion
equations reoresenting all 4ynamic nonlinearitieg. A typical result is
shown in Figures 5A and 5B, in vhich angles are in radians and torque in
foot-pounds. Although the arm moves at a leisurely pace, the errors are
quite small, as are the required torques.

Conclusions

We have presented a unified theory of kinematic rate and positiom
control of computer-driven arms, providing coordinstion in a wvariety of
coordinrte systems. Progress in dynamic control is aleo described and it
is concluded that standard techniques are capable of providing adeqnate
perforaance vhen the speed of the ara is not excessive.
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ACTIVE FORCE FEEDBACK RATE CONTROL OF MANIPULATORS

by Paul }ichael Lynch® and Daniel E. Whitney*#
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**DyPont Associate Professor of Mechanical Engineering
Magsachusetts Institute of Technology
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ABSTRACT

A one-dimensional model was developed for a rate cortrol
aanipulator witnh force feedback. A control stick with force
feedback capability was coupled with an anilog computer simu-
lating a manipulator. Subjects were asked to perform simple
manipulation operations with the simulated manipuiator using
the control stick. Subjects' pecformance using rate control
with force feedback was compared to their performance using
other manipulation schemes. Certain rafinements were made to
the rate control with force feedback.

This research was supported in part by NSF contract SNPN54.
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Introduction

The purpose of this research is to investigate the pos-
sibilities and limitations of rate control with force feedback to
the operator's control stick. Conceivably, compact rate control
devices could be used to guide manipulators over large domains with
no loss of precision. Force feedback not only aids in the completion
of manipulation tasks, but the force feedback may also provide in-
formation to the operator which msy be obtained in no other way.

The plan of the research is to develop a model for force
feedback rate control and to simulate t.uis model om an anslog com-
puter. A sudject with a control stick equipped with force feedback
attempts to control the simulated manipulator on a display screean.
His performance is measured and compared to his performance using
other schemes of manipulation.

System Model

A one-dimensional model of rate control with force feedback was
chosen. In this model, there is one dimension of control stick posi-
tion and one dimension of manipulator position. The manipulator is
modeled simply as showm in Figure 1. The msnipulator consists of a
mass m noved by a motor. A rate sensor detects the speed with which
the motor moves the mass. Damping resists the motion of the manipu-
lator. On the end of the mass is a massless bumper spring. If the
manipulator erncounters a barrier, this bumper sprirg is compressed between
the mass and the barrier. It is the force vhich is transmitted through
this bumper spring which is the basis for the force feedback to the
operator's control stick. The bumper spring is compressed only when
the manipulator encounters a barrier; forces required to accelerate the
mass by the motor are not felt by the bumper spring.

Figure 2 shows a block diagram of the manipulator dynamics. The
stick position is transformed by feed forward coefficient C into a
commanded manipulator velocity ic. The difference between the com-
manded manipuiator velocity x. and the actual manipulator velocity x
is transformed by the motor constant M into a force on the manipulator
mass m. Other forces on the mass arise from the damping of the manip-
ulator morion and forces arising from an encounter with a barrier.

From the force sum on the manipulator mass, its acceleration,
velocity, and position are computed. The force through the bumper
spring is multiplied by force feedback coefficient K¢y to produce the
force applied to the control stick.
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Note that if the manipulator is stopped at a barrier, then
the force with vhich the bumper spring is compressed is proportional
to the dizplacement of the control stick. Hence, once an encounter
with e barrier is made, the control stick becomes e manipulator
force control. Nc force can be maintained by the manipulator against the
barrier if zero velocity (that is, zero force) is commanded with the
control stick.

Experiments]l Plan

The plan of the experiment is to couple an snalog computer
simylating a manipulator with a control stick equipped with a force
fcedback capability. The menipulator appears as a dot on a display
screen, and suljects are asked to perform simple manipulation opera-
tions by controlling the dot with the control stick. The analog com-
puter makes changing manipulator designs easy, and also zllows easy
measurement of all variables. Examples of data that may be taken are
operation completion time, final manipulator position error, maximum
force felt by manipulator, or phase plane plots of the control stick motion
or manipulator motion.

The coautrol stick is simply a shaft mounted on and at right angles
to the shaft of a torque motor. The rosition n“ the torque motor shaft,
and conseq.ently the position of the control s.ick, is measured by a
potentiometer connected to the torque motor shaft. The torque motor is
driven by a large operational amplifier controlled by the analog com-
puter.

A cam is mounted on the torque motor shaft. This cam operates
switches which are used to produce dead zones in the velocity commanded
by the coatrol stick. Hence, a small range of stick positions around
zero position actually produces a zero command velocity. The dead zoue
is added to make it easier to command exactly zero manipulator velocity.

riments

The first series of experiments involved e simple manipulation
operation. The subject was asked to move the manipulator from a starting
position to a position nemt to a barrier. He was asked to perform the
operation as quickly as possible, to bring the manipulator to rest as
close as possible to the barrier without compressing the bumper spring,
and to encouater the barrier with as little force as possible. Subjects
performed vith visual feedbaci and no force feedback, with force feed-
back and no visusl feedback, and with both force feedback and visual
feedback.
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It was clzar from the {irst experiments that rate control with
force feedback wias quite stable, depending upon the system parameters.
A Routh criterio. analysis which assumes simple dynamics for the con-
trol stick and human arm shows that unstable behavior could occur for
large values of the feedforward or feedback coefficients, i.e., the
coefficients between stick position and commanded velocity and letween
force through the bumper spring and feedback force produced on the con~
trol stick. In fact, unstable behavior was produced experimentally by
raising these coeffic._ents to large values. However, satisfactory
manipulation was achieved with modest values of these coefficients, and
therefore instability was not a problem in the experiments.

When the subjects were positioning the manipulator against the
barrier withoutr force feedback, their errors seemed to depend almost
entirely on bow accurately they could estimate the position of the dot.
The relative positioning accuracy between visual feedback alone and
force feedback alone seemed to depend on the relative sensitivity of
the two feedback channels for a particular set of task and manipulator
parameters. For example, the stiffer the bumper spring, or the greater
the force feedback coefficient, the wmore sensitive the force feedback
would be to the presence of the barrier, and the more accurately the
subject could position the dot with only force €feedback.

When subjects had force feedback available, they tended to find
the edge of the barrier either by moving the manipulator very slowly and
stopping wvhen they felt a slight force, or by encountering the barrier
to feel a force, then backing the manipulator off slowly until the
manipulator stopped with no force feedback being felt. Wwhen the manip-
ulator is just touching the barrier, there is no compression of the bumper
spring; hence, there is no force feedback to the control stick. Finally,
wvhen the subject was attempting to back the manipulator off slowly from
an encounter, certain ranges of manipulator dynsmics made the manipulator
tend to bounce off the barrier. If the subject was performing with no
visual feedback, he had uc way to tell how far off the barrier he had
bounced.

1wo meanrs of . proving positioning accuracy were considered. One
method was .o . setr. a ¢harp change in the level of force feedback at the
beginning ~f thre¢ cumper spring compression, either by adding a force
derivative fzadbick term to the proportional force feedback or by imntro-
ducing a simp:' ~tep in forcz feedback at the beginning of spring com-
presgion. The second method was to adjust -he ma-ipulator dynamics so
that the manipulator will not bounce off the barrier if the subject
brings the control stick to zero after he has hit the barrier. This
method would require that the subject have a means to know when he has
commanded zero velocity. The second series of experiments concerned
these possibilities for improving positioning accuracy.
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The addition of the force derivative feedback nad a serious
fault in that the more slowly one encountered the barrier, the
smaller the step produced in the force feedback. Hence, the force
derivative feedback disappeared just when it was needed.

Large steps added to the force feedback at the beginning of
spring compression were confusing to the operator and :ould lead to
unstable behavior. The steps moved the subject's hand and the control
stick and also stimulated reflex actions by the subject, all of which
led to unsatisfactory performance. Small steps, however, gave the in-
formation needed without moving the subject's hand noticzably. Con-
sequently, errors in positioning were markedly decreased by the
addition of the small step to the force feedback.

The smallest positioning errors were achieved by adjustments
made to maiaipulator dynamics to prevent bounce off. A microswitch
detent arrangement was connected to the control stick so that the
detent was located at zero command velocity. To position the manip-
ulator, the subject would eimply encounter the barrier, them bring
the command speed to zero by moving the control stick into the detent
and holding it there if necessary. The manipulator dynamics would
bring the manipulator to rest exactly next to the barrier. This scheme
does not depend on any method of feedback once the encounter is
achieved. Hence, positioning errors were essentially zero for cases
using force feedback with no visual feedback, visual feedback with no
force feedback, visual and force feedback, and even with no feedback
at all.

Conclusions and Further Regearch

With proper design, rate control with force feedback is s stable
manipulation scheme. In addition, rate control with force feedback can
be used to perform manipulation tasks without visual feedback--tasks
that could not be performed at all in systems without force feedback.

Experiments are in progress which involve more complicated one-
dimensional manipulation operations. Examples of thes. are to use the
manipulator to push along a box with Coulomb friction, or to try to
push such a box into a detent. Experiments are also being done in whick
subjects must complece their tasks under time limits or maximum force
limits, or both. Finally, research will be done comparing rate control
with force feedback to position control with force feedback.
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Interactive Aspects of Control by Man and Learning Macaine

Amos Freedy
Gershon Weltman
John Lyman
Frederick C. Hull

Perceptronics, Inc. Encino, Calif. and UCILA

A new concept for improving performance in man-machine
control systems by sharing control responsibility between
the human onerator and a "learning” automaton has been
developed. The automaton is able to observe the opera-
tor's responses, learn the task at hand, and take ap-
propriate control actions.

The automaton, termed as an Autonomous Control Sub4ystem
(ACS), is based on a mathemztical modei of learning and
decision making and is implemented on a digital computer.
Its purpose is to relieve the operator of routine or
exacting control requirements, reduce his information-
handling load and permit him to concentrate on his most
effective role as an initiatcr and supervisor.

Technical description of the ACS was provided in an
earlier publication* (wher= the ACS was used to con-

trol a remote munipulator). This paper describes a study
for establishing the "rules” which govern the inter-
action between the human operator and the adaptive aiding
system. A series cf studies examine the effect on

system performance of such factors as: decision feedback
amounts and mode, computer learning rate and machine
decision criteria.

* Freedy, A. et ai "A Computer-Based Learning System
for Remote Manipulator Control”, IEEE Trangs. on Sys-
tems, Man and Cybernetics, Vol. SMC-1, No. 4, Oct.
1971, pp. 356-363.
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Initial work with the ACS revealed that in aadition to
problems of nurely technical irterest, it introduces

a2 novel and unfamiliar dimension to the man-machine
relationship: th.s is the ability of the operator to
derive optimum heip from a syster which generates its
own behavioral patterns. This paper introduces speci-
fic observations and problems associated with such a
system.

Factors of importance to this new relationship include
how the operator approaches his shared task, as well as
how closely the ACS is ad1justed to fit the operator'’s
capabilities. For example, the learning rate of the
machine is adjustable -- the basic question is how c'ose-
ly this rate shnuld match the normal operator's lear:.-
inGg rate, and how it affects the operator's performance.

A related problem is the Feedback aspect of the system.
Here the question is what type of feedback the operator
must have from the learning system (in addition t¢ the
normal reguired feedback which is associated with cpera-
to-r control). Trere are a number of possibilities, amcag
them is te provide a display which indicated to the
operator the level of experience the learning system

has acquired. Such information can be transformed into
a certainty measure which will indicate to the operator
what decision is to be made, and its level of certainty.

The study is based on a generalized control task simu-
lation. A square task space is defined on a 10 X 10
oscilloscope screen. The task invclves moving a spot
cursor over the entire task domain through a simulated
environment or obstacles. The task conceivably ~epre--
se .ts a number of real control situations. as the
control process is configured training of the ACS tc
aid the operator occurs "on the job". The operator
performs the task manually while he is being monitored.
As operation continues the aiding system learns from
the operator the contrcl strategy and k=2qgins to take
over contrnl. The learning system is impiemented on
an Interdata Model-70 computer which is interfaced

for on-line real-time operation.
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This paper provides a discuss.ion of the system para-
meters that are studied and a description of the experi-
mental techniques used. The following system aspects
are described:

(1) BHowv are typical tasks relearned by the aiding system
and the operator individually and in cambination.

(2) Bow major system variables effects task learning.

(3) Can the cperator evaluate accurately the help of
the aiding system and can he devise optimunm help from it.

(4) what human factcrs design features improve the

transfer of information between the operator and the
adaptive aiding mechanisa.
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Mapping an Operato: s Perception of a Parameter Space: II

Richar3 Jagacinski

University of Nichigan

Abstractl’l
Cperators adjusted the parametexs of cze cf %o crosscver wodels having
independent inputs on the basis of pursuit displays of their respective input
and ocutput signals. The operators' task was to make discrete, real-time adjust-
ments of either gain, k, and time delay, t, or of gala, k, and closed-loop
ratural freguency, w , of one of the models until its behavior matched the
style of tracking behavior exhibited by the other fixed model. The average
adjustment tendencies {or each of the two sets of adjustment controls were
plotted in a two-dimersioral (t,k) paras-ter space. The adjustment patterns
in the {1,k) spate showei striking :adividual differences as well as overall
similarities among subjec*s. There uwere also large differences; between the
adjustrxent patterns for the two sets of adjustment controls. However, this
difference could not be taken as strorg evidence against the existence of a
basic underlying two-dimensional per: eptual space, because a city-biock metric
rather than a Euclidean metric was used to de-ine optimal performance.

Introduction

When one goes about analyzing the behavior of a dynamic systea via
formal mathematical techniques, there are certiin parameters that smerge from
the analysis as convenient desrriptors of system behavior. For example,
in describing compensatory trackiag in terws c¢f differential equations, the
parameters of open-locp gain, k, and effective time delay, t, in the McRuer
Crossove: 4odel are two such coanvenient descriptors. A whole family of
different tracking behaviors ranging from very sluggish to very oscillatory
can b2 simply described in “erms of the corresponding values of ygain and time
celay. in other words, these two parameters provide a convenient way of

lating or conparing different systea behaviors.

If we accept the proposition that these two parameters make good sense
from the analytic point of view of control theory, one can ask the question:
Are these two parameters also convenient descriptors at a phenomenal level?
Given a dymz2mic visual dxsplay of two tracking systems, can a person perceive

lx’his research was suppcrted by KASA under Coatract NAS-23-005-364
while the author was also receiving support from a Nationmal Scierce
Foundation Graduate fellowshiy.

2‘l’he author wisnes to thaak Dr. Richard Pew for his guidance throughout
the course of this research.
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how their behaviors are related in terms of gain and time delay? Or, should
the two degrees of freedom characterizing this family of tracking behaviors
~e partitiored in a different manner in order to facilitate descriptiorn at
ta: phcouumenal ievel? For example, differences in closed-loop natural
freguency might be more easily perceived than differences in open-lcop time
delay.

Method

In oraer to investigate this guestion, subjects were seated in front of
a CRT display of the momentary input and output signals of two McRuer Criss-
over Models (Figure 1). The input to each system was di.splayed as a singie
doct moving horizontally. Each output was displayed as a pair c¢f vertically
aligned dots 3/b - inch apart and centered about at imaginary horizontal line
passing through the correspcnding input dot. The twc models had indeperdent
random inputs that consisted of band-liimited pszudo-random noise produced by
skift registers with second-oirder low pass filters cn their outputs. The
filters had cut-off frequencies of 2 rad/sec. One crossover model had values
of gaia and time delay that remained fixed ~t k; = 4.2 sec—+ and 17 = 0.12
sec t..voughout the four veeks of experimentaticn. The other mcdel was ran-
domly -et to different vaiues of k and 1 at the beginring of each experimental
trial, and the subjects' task was to adjust two controls to make the values
of k and 7 in this model equal the values of k. and 1y of the fixed model.
Wren this match was achieved, the two models woula exhibit the same style of
tracking behavior. The two syster outputs would, of ccurse, not be moving in
uniscn, because the two system inputs were independent. However, the dynamic
relationship between the input and ocutput of the adjustable modei would equal
the dynamic relationship between the input and ocutput of the fixed model.

Three college students served as subjects and received six sets of 78
trials each over a four-week period. In Sets 1, 4, and 5 the controls con-_
sisted of four pushbuttons which would increment or decrement k by 0.5 sec™t
and increment or decrement T by 0.02 sec. Subjects could push only one push-
tutton at a time and so were constrained tc move along the rectangular grid
shcwn in Figure 2, one move at a time. The 78 initial conditions pictured
in Figure 2 were presented in each set, but the order of presentation was
randomly varied from set to set.

In Sets 2, 3, and 6, the four pushbuttons incremented or decremented
k by 0.6 sec‘l, and incremented or decremented W the closed-loop natural
frequency cf the tracking system. Since a first order Padé ap rox%gate was
used to simulate the time delay in the two crossover models, wp =T . Eence,
ioci of comstant w, are strajght lines ¢oing through the origin in (t,k) space
as shown in Figure Z 1In order tc achieve this fairly uniform spacing of the
diagonal lines over the (1,k) space, w, was actually incremented and decremented
in equal steps of llwn. Pressing an aprropriate pushbulton incremented or
decremented llmn by 0.011 sec. Subjects were thus constrained to move along
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the grid shown in Figure 3, one move at a *ime. The 78 initial conditiors
pictured in Figure 3 were presented in each set, with the order of presen-
tation randomly varied from set te set. The 78 initlal conditions for the
k,T adiistment controls and for the k,w controls ere both chosen such that
perfect performance would require a totdl of 139 actuations of each of the
fcur pushbuttons.

Sukt jects were instructed to achieve 2 match between their adjustable
tracking syvstem and the fixed tracking system in as few moves as possible.
There was a minimum waiting time of six seconds between moves ir order to
encourage the subjects to choose each move carefully. This six second period
also permitted transients from the preceding parameter adjustment to die out
before the next move was made. The termination of the six second waiting
period was indicated to the subjects by the onset of a 700 hz tone. Trials
were terminated by subjects’ stating that they had achieved a match, bv a
three minute time limit, or by a subjects' reaching one of the boundaries
of the grids shown in Figures 2 and 3. After each trial subjects were told
how mary adjustments they had made, how many more they would have needed to
achieve a match, and what the minimal number of adjustments was for that trial.

Resuits

The data for each set of 78 trials was tabulated ir the manner reported
in Pew and Jagacinski (1971), and the reader is referred to that report for a
graphic presentation of the data reducticn process. At each point in the grids
in (t,k) space, the number of times a subject made each of the four possible
adjustments was tabulated acro.s the 78 trials of the set. These aumbers were
interpreted as vectors indicating the relative likelihood that the subject moved
in each of the four possible directions, and were determined for each point in
the (t1,k) space. The four vectors were then vectorially added and normalized
to produce a summary vector indicating an average adjustment tendency at each
point on the grid. Based on this array of summary vectors, average flow lines
from the periphery of the (r,k) space toward the target behavior were drawn
in by eye as shown in Figure 4.

The data in Figure 4 are from two subjects: Brian cn the left and Gary
on the right. Brian did not have a background in control theory and was not
10ld what the adjustment controls were. He merely knew that there were two
factors controlling the tracking system and that he could increase and decrease
the values of eacn of these factors. Gary, on the other hand, had a thorough
background ir control theory and was alsc told exactly what each of the adjust-
ment controls were. The upper graphs represent the average of the 78 trials
of Set 5 with k,t adjustment controls. The lower graphs are the average of
the 78 trials of Set € with k,un adjustment controls.

Discussion

At the outset of this experiment there was some doubt as to whether
subjects would be able to do the task at all. O0f four subjects who began the
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the experiment, one dropped out after two days, claiming that he simply

did not know how to go about the task. Because the inputs to the two models
were independent, the task was not simply a matter of making the two outputs
move jin unison as was the case in Pew and Jagacianski (1971). Rather, the
subjects were required to match the dynamic relationship between input and
output in the adjustable model to the corresponding dynamic relationship in
the fixed model. The subjects' general success in converging toward the
target behavior (Figure %) is therefore evidence that thev were able to
characterize the dynamic relationsnip between input and output and were able
to reiat= this characterization to the effects of the adjustment coatrols.

Looking at the fine detail of the convergence p.ocess, one notes striking
individual differences between subjects. Brian was unable to converge 1ron
the low 1, low k region of the space with either set of controls, and was un-
able to converge from the low k, high 1 region when using the k,u_ controls.

In contrast, Gary was able to achieve convergence from all regions of the

(1,k) space. Brian also exhibited what might be calied a perceptual bias.

When he thought he had achieved a match between the two models, the values

of both k and t tended to be too low. Gary, on the cther hand, did not exhibit
a bias. On the average, Brian ended up 2.5 moves from the target when using
the k,T controls, and 3.5 moves from the target when using the k,w controls.
Gary's comparable figures were 1.0 moves for the ¥,t controls and 2.5 moves

for the k,wn cont:ols. The inicial location at the beginning of a trial was
an average of 7 ryves from the target. Although hoth Cary and Brian came
closer to tne ii.rget when using the k,T controls, a third subject not reported
in detail her: erme clouser with the k,un controls. Therefore, no simple con-
clusion about the relative superiority of the two sets of controls can be drawn
from these data.

Besides failing to stop directly on target, subjects also exhibited
systematic inefficiencies in the paths they used to traverse tihe (t,k) space.
Since performsnce wis measured by the number of steps taken to move through
the grids, there was no unique optimal path between two points in the space
if the two points differed ox both their k and v coordinates. For example,
if at the begin=ing of a triai, the adjusiahble model was set with both the k
and T values too low, the subject could choose a number of differernt paths
and still reach the target in the minimal number of moves. He might first
increase 1 as much as necessary and tb.n increase k; he might increase k as
much as necessary and then increase t; or, he might al*ernate k and t moves
in any one of a number of ways. If, however, a path doubled back at any point,
then it could not reach the target in the minimal number of moves. This
doubling back phenomenon was the other type of inefficiency that subjects
exhibited besides failing to stop directly on target. For example, starting
from the low.k, low T region Brian had a tendency to increase k up to tr-
target value and then decrease k when using the k,T coatrols. With the
k,w_ controls, Gary had a slight tendency to decrease k and then increas.
it Por starting points wict T too low and k alout equal to the target value.
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It is interesting to note that at first glance both subjects seem to have
exhibited marked doubling bazk in the lower right-hand corner of the graphs
for the k,w, controls. However, this doubling back is only in terms of the
Euclidean metric that we tend to assume in looking at graphs. Actually, in
terms of the city-block grid imposed by the k,w, controls (Figure 3), these
paths do not represent a doubling-back. The subjects first increased k and
ther increased w, in approaching the target from this region. In the process
of increasing k while holding w, constant, the discrepancy between the 1
values of the adjustable model and the target increased, but of course, the
discrepancy between w, values remairned constant.

Laansvere. Questions

The above mentioned phenomenon suggests ar interesting <xperinment. Sap-
pose that subjects were permitted to vary both adjustment controls simu: tane-
ously and that optimal performance was defined in terms of a Euclidean netric.
A unique optimal path would then exist between any two points in the space.
Given this situation, would subjects traverse the same paths through the (t,k)
space regardless of which adjustment controls they used? Such a result would
be evidence for some basic underlying two-dimensional perceptusnl space. The
results of th» present experiment with a city-block metric seem to be evidence
against such a notion. The controls do h.ve a large effect on the paths
through the space. However, the city-block w-tric does not really vrovide
strong evidence against a basic underlying t:°~-dimensional perceptual space,
because optimal performsnce is simply not sufficrextly constrained. Subjects
may be aware of several pa.is between two points in -he [t,k) space but merely
choose one of these. Therefore, the adjustment peiterns in Figure 4 cannot be
considered a strong test of the subjects' perceptuai abilities.

On the other hand, if the results of the present experiment in the lower
half of the (t,k) space were replicated with a Euclidean metric to define
optimal performance, then the paths in the lower right of the graphs for k,w,
conirols would indeed be inefficient. The paths in the iower right-haua
portion of the graphs for the k,t cortrois would also be inefficient in terms
of a Euclidean metric. One would infer that the perceptual space is essin-
ti.lly one-dimensional in the region cf low k. With both sets of controls,
the subject would be forced to increase th- k control first until he reached
a region of the space where he could perceive differences in the other dimen-
sion. Only then could he begin to move horizontally in the space. Therefore,
in the region of low k the set of controls would strongly influence the path
taken toward the target, because the subjects would not be able to perczive
horizontal movement through this region of the (t,k) space. This inference
could only be made, however, with the use of a Euclidean metric. Our results
using a city-block metric must be considered merely suggestive.

Overview

In summary, this research is an attempt to develop a methodology for
describing perceptual spaces. Namely, subjects ars asked to "walk" through
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the spaces as efrliciently as they can, and their average paths ar~ then grapr-
ically depicted. Hopcofully, this methodology will be useful in characterizing
not only perception of dycsmic systems, but p~rception of cther parametrically
defined complex stimuli as weil. Perception of multjdimensional apparent
motion, color perception, and audivory stimulation are all candidates fcr

this type of analysis.
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TRANSFER CHARACTERISTICS OF HUuMAN AUAPTIVE RESPOHSE
TO TIME-VARYING PLANT DYNAMICS

Peter Delp* and E.R.F.M. Crossman

Department of Industrial Engineering and Operations Research
University of Caiifornia
Berkeley, California

ABSTRACT

Previous studies of human response to time-varying
plant dynamics have generally employed stepwise paraseter
changes. However, real vehicles and other plint may suffer
slow irreqular charges. Frequency domain characterization
of human adaptive response would assist in predicting system
performance und:>r these conditions.

The paper presents gain and phase estimates for human
adaptive response, obtained in tracking a quasirandom forc-
ing function with second-order plant and sirusoidal varia-
tion of natural frequency and damping ratio, results being
analyzed by Gabor transformation. Estimated meta-bandwidth
(i.e., adaptive response cutoff frequency) was on the order
of 9.015 Hz, and there was a transport lag on the order of
2.8 seconds.

*Now with the Department of Industrial Engineerang,
University of Wisconsin, Madison, Wisconsin.
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INTRODUCTION

It is generally agreed that the human operator responds
adaptively to time variations in infut spectra and plant
dyramics, mocafying his transfer characteristics to provide
in some sense optimal system performance, within individual
limitations of gain-bandwidth product, equalization c:pacity,
linearity and intermnal noise level.

The value of “his Jdistinctively human adaptive response
is somevhat limited in practice by the time required for its
completion. Thus rapid or instantaneous changes in task
parameters may produce transiently poor performance or tem-
porary breakdown, which may or may not be acceptable to the
designer and system manager. To predict and analyze these
effects wve need data on the dynamics of the adaptive process,
which have not hitherto been available. The present paperv
reports melhodolcqy and results of a study of adaptive re-
sponse dynamics employing sinusoidal time variatioms in natural
frequency and damping factor of a second-order plant, con-
trolled in compensatory mode by moderately skilled experimen-
tal operators, wvith a non-time-varying quasirandom forcing
function. Performance feedback was provided, but this did
not appear to materially affect operator performance,

Tt will be convenient at the outset to introduce a
compact terminciogy for discussing time-varying parameter
systems, and at the same time to set i:c_-th the perhaps
rather obvious conceptual model underlying the experiments.
Starting with a conventional closed-loop manual control sys-
tem with a quasirandoe forcing function (Figure 1), we con-
sider time variations in forcing function input and plant
dynamics as higher level or "meta"™ inputs, occurring in meta-
time. The (meta-) time history of forcing function spectral
paraneters will be referred to as an "input meta-forcing
function , while the time history of plant dynamic charac-
teristics is termed a "plant neta-forcing function®". Both
~f these meta-time histories can also be represented in the
frequency d~main and., if statiscically stationary, can be
characterized respectively as input and plant meta-forcing
spectra.

Continuing in this vein, the human operator's adaptive
responce to input and plant meta-forcing may be ter.~ed his
"meta-transfer characteristic”. The main hypothesis under-
1ying the piesent study was that this meta-transfer charac-
teristic could be modeled as a linear lowpass filter with
a measurable break freqrency or frequencies constant for a
given individual and task situation, though perhaps changing
with (regular)forcing function freguency, practice, and the
task environmen:. In the outcome we found that a first-order
model vielded a good enough fit to the meta-forcing function
response for many design purposes.
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Previous stulies of the® human opera‘*or's response to whatc
may now be termed piant meta-forcing have almost universally
employed transient tim:® functions such as stepwise changes
in forward gain [1] order of control {2,3,4] or ramp func-
tion changes in pole location [5]. These authors have re-
ported adaptation times on the corder of five seconds, cor-
responding to a cutoff-frequency around 0.2 radiars per second
in the meta-transfer characteristics, but study of the tran-
sient adaptive response has not so far yielded a more complete
characterization.

Hess [6] employed sinusoidal plant meta-forcing with a
single sine wave forcing function input. Hence he obtained
performance of a precognitive type, and his data do not sarve
to identify the more normal compensatory meta-transfer charac-
teristic. We were unable to find any reported study revealing
the operator's meta-transfer characteristic in enough detail
to test our linear low pass filter hypothesis, and we there-
fore proceeded to experimental estimation.

METHODOLOGY

A review of methodology for characterization of time-
varying systems indicated that previous investigators had
been handicagped by lack of a robust procedure for estima-
tion of time-varying spectra and nonstationary system re-
sponse from experimental data. Our solution to this problem
has beaen presented at an earlier Annual Manual [7] where we
concluced that an optimum point estimation method for anzalyz-
ing nonstationary data would employ Pourier transformation
of experimental time series with Gaussian data weighting
centered on a sequence of selected reference times. We
termed this Gabor transformation after Denis Gabor who first
pointed out the engineering significance of the Gaussian
envelope for generation of elementary signals [8]. We have
since reduced this method to standard practice, and its use
rendered the present study feasible.

A brief outline of thec uaderlying theory will be given
Werc for completeness.

Siven an arbitrary real time function x(t), we define
its (complex) Gabor transfore G[x(t)] as follows:

- 1/t 2 )
Gix(t)] =f x(t)exp “7(‘?-) - Jur(t‘tr) dt (1)
—. t

where wy, tpy are the reference frequercy and reference time
a- which G[x(t)] is to be evaluated.

is the standard deviation of the Gaussian time
window applied to the data.

¢

2h7



In practice it is not necessary to evaluate the infinite
integrai shown in (1), since the rapidiy decreasing Gaussian
weiaghting renders the definite integral in the range *3 or
t40y a good approximation. In the present study the limits
were *30¢.

The Gabor transfurm G([(x] is a single complex number;
to obtain a spectral meta-time history for nonstationary x(t)
we consider G[x(t)] as a function of wy and t, with constant
Ot, writing this G[x,wr,ty], while to estimate the spectrzl
response meta-time history Y(ar,tr) of a non-stationary two
port system element with input xj (t) and output xg5(t), we take
the complex ratio of Gabor transforms
G[xo.ur,tr]

c[xi'”r'tr] (2)

Y(ur,tr) =

In the present study we formed estimates cf€ the human operator
response H(wp,ty) and plant response Y{u,.tr) ic:zpectively
from the ratios of Gabor transfcrms of maraal output m(t)

and dispiayed error e(t),

G[m'ﬂr,tr]

Hiwg,ty) = ETET;;TE;T ¢ (3)
and of plant response c(t) and manual output m(t),
Gic,w_,t_}
v 3 r r *
Y(wr,tr) w {4)

Thus all estimates formed were "open-locp®.

The Gabor transform yields significantly better esti-
mates than either the classical truncated Pourier transform
(computed by FFT or otherwise) or the auto-cross-correlation
method. First, estimates are synumetrically localized about
a specific instant in meta-time; and second, the spzctral
window is symmetrical with no sidelobes (see Figures 2 and
3). Mathematically, it can be shown that for sinusoidal x(t)

with angular frequency w, we obtain the following Gabor trans-
fornm

Glxiw ] = o /2n exP,:% °tz("""'r)z] (5)

The spectral weighting (the spectral window or filter charac-
teristic) is also a Gaussian function with mean value W and
standard deviation

(6)
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The time and frequency window widths are thus reciprocally
related, which means that we can trade resolution in meta-
time for spectral resolution, and vice versa, by adjusting
a single parameter.

Gabor transform estimates could in principle be analog-
computed, but present technology favors digital methods. We
therefore evaluate (1) as & sw rather than an integral, tak-
ing the usual precautions “¢ avoid aliasing. In normal appli-
cation for human operator studies a set of values of wy and
the time window width parameter o, are selected to match the
forcing function. The Gabor :ransform is then computed for
a sequence of referxance times t., yielding a spectral and/or
response meta-time history. Due to overlap of the Gaussian
time windows, successive estimates covary to an extenl de-
pendent or ot and vanishing at about 40 spacing (ses Table 1).
Hence time variations can be detected in the experimeutal
record in periods on the order of 8gy. Expressing this in
the meta-frequency domain, the Gabor transform onerzies as
a Gaussian lowpass filter with cutoff cn the order of w/4o,
radians/second.

Employed in the manner outlined akove, the Gabor trans-
form provides spectral and response estimates reflecting con-
ditions in the neighborhood of time t, and frequency w,., with
symmetrical and reciprocally-related weighting faliing of:
rapidly and monotonically with departure from tire selected
time and frequency. These properties are ideal for off-line
analysis of experimental time histories, and permit a very
straightforward approach to time-varying spectra and reszunse
functions.

To contrast the effectiveness of Gabor and truncated
Pourier transforms, Figure 4 shows time sequences of log-
amplitude ratio and phase estimates obtained at several forc-
ing frequencies with respectively o¢ = 2.5 sec and truncation
at *7.5 seconds. for a stepwise change in plant dynamics.

The Gabor procedure is seen to yield the expected Gaussian
integral response, while Fourier transformation shows con-
siderable "ringing”.

The procedure is less useful for cnline system identifi-
cation since x(t) muast be known for negative t cut to at least
~30¢, vhich implies a 30y delay in obtaining G[x(t)]. Spectral
and reswonse estimates may be formed more rapidly at a sacri-
fice in res»slution by employing assymmetric exponential

*This relation was previously given as 0, = 1/(20¢) by Crossman
and Delp (7] as an erroneous derivation from data and spectral
window dispersions based on amplitude rather than power.
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weighting. This method was employed by Sheridan [2) in his
classical study of human operator time-variations.

For online analysis in our case the suitably filtered
error e{t) and manual output m(t) were digitized at 4.75
samples/second, and Gabor transformed* with o¢ = 2.5 sec
and 304 cutoff, at reference times spaced 15 seconds apart,
at a single reference frequency. As part of this computa-
tion the sum-squared error and output were also computed *c
provide the feedback performance metric for each ten second
period.

Magnetic tape analog reccrds were also acquired for
offline analysis, performed as above for all forcing function
frequencies with 1 to 5 second spacing. Records were digitized
with 8-bit precision at 10 samples,/second.

EXPERIMENTAL CZSIGN

The experimental control task was conventional compen-
satory tracking with a horizontally displacad CRT display
and a lightly spring-centered automobile steering wheel
control (see Figure S). Simulated plant dynamics (Figure 6)
were provided by an analog computer with sinusoidal parameter
variations implemented by a low-frequency oscillator and
analog multipliers to provide meta-response forcing.

Among the many possible plants, second-order dynamics
of the form

Y(ju) = K (7)

(j..)*(mn+t))z + zju(ﬁ%) +1

n

were selected. This relatively complex pattern of time-
variation was selected to provoke major adaptive response

in the subject wl ‘le avoiding dicscontinuous change and loss
of control. PFigure 7 shows the response variation at each
forcing function frequency as a function of the meta-forcing
input p(t). The plant parameters, w, and [ varied over a
0.3:1 range, each being proportional to a single meta-forc-
ing time function p(t), thus

un(t) 12.65 p(t) rad/sec.

(t) 0.237 pl(t,

(8)

tUsing a PDP-8 computer with FOCZL interpreter.
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where p(t) = 0.35 cos{(Qt) + 0.65. Plant dynamic charac-
teristics are shown as static functions of p in Fiqure 8.

Russell's [9] fiv< component® quasirandom forcing func-
tion was prerecorded on analog magnetic tape and employed
throughout (see Table 2). This was preferred >ver the STI
and other possible functions as having fewer more widely and
uniformly spaced frequency components, permitting use of a
wider frequency window, hence narrower time window and d¢reater
meta-time resolution. Unfortunately, however, operator co-
herency proved too low at the top frequency, 0.83 Hz, and
attempts to analyze response to this component were abandoned
after early trials. Results quoted here are therefore based
on four components in the range 0.1 to 0.7 Hz. Performance
feedback was coded into the vertical line on the CRT, whose
lateral position indicated error magnitude. This was com-
puted online as described above and updated every ten seconds.

The main independent variable was meta-response forcing
frequency Q2. Pive values in the range 0.01 to 0.12 Hz were
employed (see Table 3a). Four .niale and one female non-pilot
graduate student subjects underwent five five-minute training
sessions each, with a stationary plant, the meta-~forcing function
P being set at five different constant values (see Table 3b).

The experimental trials proper also lasted five minutes each.
Both training and experimental conditions werc assigned to
subjects ir a Latin square design (see Table 4), with minor
modifications to accommodate individual problems.

As incicated by protocols, operators varied considerably
in their subjective responses tc the quite challenging ex-
perimental task; there was a marked learning effect through
experimental runs with sinusoidal plant meta-forcinag. 1In
further studi=zs of this type it would be preferable to employ
extended familiarizati-n periods and a quasirandom meta-
forcing function. However, the present results are believed
to be representative of operator response at an intermediate
skill level with only moderate meta-precogniticn.

RESULTS
1. Constant Plant Dynamics

Overall average error power (Table 5) varied relatively
little between subjects, but diminished markedly with the
meta-forcing parameter p. Time average transfer character-
istics were computed for each subject and value of p, the
latter (Figures 9a,b) showing the usual negative slope with
frequency. However, the meta-time histories on which these
averages were based revealed considerable sample to sample
variation; one sukject's results shown in Figure 10 revealed
what may be termed "dropouts” in gain, these occurring more
often at high than at low forcing frequencies. Standard
deviations of log-gain and phase estimates were computed for

*r fifth frequency componen=, 0.83 Hz was added to Russell's
forcing function. 251




all subjects (Figure 11l) showing variation with p. There
was some indication of minimum variance around p = 0.65 at
all forcing frequencies, but we have no explanaiion for this
phenoi:ena.

The results discussed above can be considered as opera-
tor respons<e to plant meta-forcing inputs at zero frequency.
Operatocs € idently show an adaptive response, su-ceeding,
as shown in Takle 5, in stabilizing T‘heir error power scores
w«gainst variation of plant dynamics.

2. Time-Varying Plant Dynamics

Initial analysis showed that none of the operators
responded significantly to plant meta-forcing at the top
two meta-~-frequencies (0.08 and $.12 Hz), at any input forc-
ing fur-.tion frequency; and further study was therefore
restricted to the three lower meta-forcing frequencies
(0.05, 0.02, and 0.01 Hz). This result immediately places
the cutoff frequencv of the postulated human meta-transfer
characteristic well below a tenth of a cycle per second,
for this type of plant and forcing function, an outcome
which was somewhat unexpected in view of relatively fast
"adaptation® observed with transient meta-forcing by
Elkind (3] and others.

Operator response covaried wit.. plant dynamics at the
lover frequencies. To illustrate this a sample time
history for € = 0.01 Hz, is shown in Figure 12 and again
presented somewhat differently as a travelling Bode plot
in Figure 13.

Relatively little can be leavned by direct inspection
of these meta-time histories, and we therefore resorted
to meta-spectral analysis to estimate meta-transfer charac-
teristics. The procedure adopted was to compute the Gabor
transform of the spectral gain and phase meta-time histories
tor each combination of forcing and meta-forcing frequency
thus obtaining what nc< been termed (after Zadeh [10j) a
bi-freguency charactz=riza*ion of the human operator. After
sore trial-and-error, we decided to perform this analysis
on the logarithmic (decibkel) amplitude ratios, for principal
recasor that these are more nearly normally distributed than
the amplitude ratios themselves. BMeta-amplitude ratios
(i.e., ratios of decibel amplitude rotio changes occurring
with adaptation) do not have an inherent (unit gain) refer-
ence such as exists for the amplitude ratios themselves.
Alternate choices of reference are the cmplitude ratios of
the operator estimated by model-fitting ¢t zero meta-forcing
frequency, which may be termed "seif-referred" meta-ampli-
tude ratios, Ag(wj,R), and the instantanecus amplitude ratio
of the plant being controlled at the same meta-time, T (w;,Q)
termed "plant-referred" meta-amplitude ratios.
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Bi-frequency meta-response amplitude, phase, and coher-
ence estimates formed in the former (self-referred) way arc
gresented for one suvbject in Table 6, and in the latter
{plant-referred) manner for 2 subjects in Table 7. Corres-
ponding three dimensional plots are presented in Figure 1l4a
and b with gain and phase of the estimates shown relative to
log @ and log w.

It will be noted that plant referred meta-amplitude
ratios show a gain on the order of 30 db at low and a loss
around 5 db at high forcing frequencies. This reflects ia
meta-frequency domain the phenomenon seen in the meta-tii.e
histories of the estimates, where operater gain varies more
than plant gain at some forcing frequencies, less at others.
The overall adaptive response thus appears to be almost in-
dependent of forcing frequency, but quite highly dependent
on meta-forcing frequency. The operator's response does not
reflect the hignly frequency-dependent variations of this
particular plant in meta-~time. He (or she) appears to re-
spond to variations in the averaged (spectrally smoctbed)
plant dynamics rather than to the detail variations at each

frequency.

3. Modelling the Human Operator's Meta-Transfer Characteristic

While bi-frequency response estimates have been ob-
tained for relativeiy few pertinent meta-forcing frequencies,
and are far from precise, they do permit a tentative model
to be constructed on the lines suggested in the introduction.
As shown in Figure 15, self-referred adaptive amplitude
ratios for Subject 100 conform quite well to a first-order
model with a well-defined breakpoint and 20 dbsJecade slope
while the phase estimates indicate fixed lag e’ ement in the
model. Fitting a model of t'.die kind to the gain estimates
by conventicnal means we obt=ined 1 break-frecuency at about
0.0135 Hz {time constant, T, = 11.8 seconds). An excess
phase lag of about 10° at th:s frsauency indicates a com-
putation or “transport® lac of zhwut 2.$% seconds. The fitted
meta-transfer model thus t:kes the form

e-thQ
(4 = —— e
Aglw:,2) Ka ITaF I (9)
wnere Q@ = meta forcing freguency
T, = 1/93 = (meta bandwidzh) !, time constant of
adaptation
K, = zero frequency adaptive gain (= 0 db)
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We note that the right hand side of Equation 9 is independent
of wj’ expressing the fact that the adaptive response has
essentially the same meta-dynamics at any forcing frequency.

A similar model is fit to the plant adaptation meta-
transfer estimates, referred to "instantaneous" plant dy-

namics: -tAjQ
A(wi)e
r(mi,n) = Tajn | (10)
where T, = 11.8 seconds (2, = —l-z .0135 Hz)
A A TA
T = 2.8 seconds.
L(mi) = zero meta-frequency, input frequency

dependent gain constant.

As seen in Figure 14b, low meta-frequency amplitude ratio,
;r(ai.a)gﬂ=_01 Hz) s Varies considerably across the input
forcing function frequencies, w. This is due to the meta-
transfer estimate input power range: from negligible at

w = .105 Hz to a variation at .679 Hz characterized by a
strong third harmonic (see Figure 7]}. Further analysis will
be required to obtain a satisfactory model for this case.

CONCLUSIONS

While much more could be said concerning the detailed

operator response to plant meta-forcing inputs, and while

the recorded data show. considerable intrz-and inter-operator
variability, our results support the view that the human
adaptative response in tracking has relatively simple dy-
namic characteristics resembling those of a first-order
filter. While without further data we cannot generalize

to plants other than conventional fast-response, zero

through second order dynamics, nor to tasks with other forc-
ing functions, our results do appear to be in rough agree-
ment with those obtained by the earlier investigators cited
above using transient meta-forcing inputs (sudden plant
changes). In all these cases the operator reportedly continued
his pre-change response for at least a second or two, then
required tens of seconds to a minute for final adjustment

to the pest-change conditions. Figure 16 shows the meta-
time bistory predicted from our simple first-order model.
More detailed reconciliation to these investigators' re-
sults is presented elsewhere [1l1}.
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Application

As an illustration of a real-life control task involv-
ing a time-varying plant we may take lateral (steering) con-
trol of an automobile. 1In this case the plant retains basical-
ly second-order characteristics, but parameters vary with
forward speed, vehicle loading, highway surface friction,
tire inflation, and other factors. A variety of plant meta-
forcing inputs are theref). . encountered, some predictable
and others not., Forcing functions are derivad from side-
winds and surface irregularity, as well as command inputs
due to traffic and highway geometry. Time variations in
these present input meta-forcing. System performance cri-
teria include limiting absolute error to values dependent
on highway geometry and traffic characteristics.

The magnitude and speed of required driver adaptation
may be estimated for particular cases. Thus according to
Szcstak [12], the natural frequency w, moves from 11.2
radians/ second for a full size sedan car travelling at
20 mph to 6.2 radians/ second at 60 mph, and about 5.5
radians/second at 80 mph. Since this transition may take
perhaps 15 seconds upward, and 5 seconis downward, meta-
transfer bandwidths cia the order of 0,2 radizns/second would
be desirable. This is somewhat better than our data would
ascribe to the average operator. However, meia-precognition
may assist in this case.

Considering a rear tire blowout at €0 mph, wp drops by
a factor of four, to 1.53 radians/second, perhaps in a period
on the order of 2 seconds. Given the presence of some forc-
ing-function, the operators adaptive meta-bandwidth would
certainly predict large transient error in this case.
Similar considerations apply to encountering ice or snow,
and to mechanical failure in the steerinqg system. We feel
it would be worthwhile exploring such applications of our
results in more detail than has been possible here.

255



10.

11.

12,

REFERENCES

Young, L. R., Green, P. M., Elkind, J. I. and J. A.
Kelly, "The Adaptiv : Dynamic Response Chararter-
istics of the Human Operator in Si.ple Manual
Control." NASA TN D-2255, April 1964,

Sheridan, T. B., "Time Variahle Dynamics ot Human Oper-
ator Systems." AFCRC-TN-60-169 (ASTI™ AD-237045;,
March 1960.

Elkind, J. I. and D. C. Miller, “On the Process of Adapt-
ation by The Human Controller.” IFAC, Proceedings
of the 3rd Congress, Vol. 1:2, 1966.

Weir, D. H. and A. V. Phatak, "Model of Human Operator
Response to Step Transitions in Controlled Element
Dynamics." NASA CR-671, January 1967.

Jex, H. R., McDonnell, J. D. and A. V. Phatak, "A
'Critical' Tracking Task for Manual Contr>l Fesearch."
IEEE Trans., Vol HFE-7, No. 4, p. 138- . Dec. 1966.

Hess, R. A., "The Human Operator as an Element in a Con-
trol System with Time Va.ying Dynamics.” AFFDL-FDCC-
TM-65-34, June 1965.

Crossman, E.R.F.W. and Peter Delp, "Application £ Gaoor's
Elementary-Signal Theorem to Estimation of Non-
stationary Human Spectral Response.” Fifth Aanual
NASA-University Conference on Manual Contrcol. NASA
§p-215, 1969.

Gabor, L., "Tneory of Communicaticn.” IEE Journal
(British), Pt. III, 1946.

Russell, Lindsay, "Characteristics of the Human as a
Linear Servo-Element." M. S. Thesis, M.I.T., May 1951.

Zadeh, L. A.. "Frequency Analysis of Variable Networks."
Proceedings of the IRE, Vol. 38, No. 3, pp 291- ,
1950.

Delp, H. P., "Adaptive Response of the Human Operator to
Time-Varying Plant Dynamics®. Ph.D. Dissertation,
Department of Industrial Engineering, University of
California, Berkeley, 1972.

Szostak, H.. "Investigation of the Dynamic Steering Re-
sponse of a 1965 Ford Sedan Test Vehicle." HFT Group
Working Paper 67-8, University of California, Berkeley,
1967.

256



GWIHOS TOUINOD IVNNVW ONIAYVA-IWIL T T¥NOIdA

uotIewYIS uotIRWTIST
ﬁ||v§_~:..-uﬁ_‘ouosausu OT38TIIIORIRYD
] I9FISURIJ~RIINW ﬁuvuoun:nuu..cuuz
jueTd Jo3raado
=T T T T T 77T T T T T T 7|7 T dEqpesy buixdeiri |
Aaojesuadwod “
_
x a - x I
(X _AuE —~—t CNTI g = — — —
(3)2 (3w _ ()N ()7 |
‘ ‘ ,
x03exado I03RI3U3IS 1
{ juetd uewnH uoraound butdxod:
b e e e e e - e e e e e = - - —
uor3oungd uoT3doungd
Bugoxoj-eIsn butdoxo3z~-e3aN

juetd andul

257



SMOANIM - NILOZdS
YYOXOE GNY OGNS &0 RNSIYVINOD € T001d

*SMOGNIM ‘TVHIOTdS ONIGNOJSTHOD WITHL
3 s o%
1 500 = Y0ug/r = Fo taces gig w F0 3B ¢ 3 GNV SONTIHOIZM VIVA NVISSOND GNY ¥VOX T TwaoIL

TH S0°0 = L/T ‘'s008 07 = I 3(3)q ‘Iwoxog

-ty 2 .
{IH) AONINO3N4 907 Wrerthy IRLURIDU

i
90 10 90 g0 ) £0 | .
[ LIS (5 QLI S T 1 L By - | io ~- ' el i)
L | /] _ |
- \ /A
- 1 /] A
- ~ o1~
. # / . b4
5 :X; / 4 =
.... f Iy 1 \ U __h (») 9 (4)8
' ! ! L 0 o ONILHDIZM { NVISSWD ) 4OGVD (4
A\l ' L
I i
e ’. -4 ™
X \ 1 4
.u £
N 1 - Yz [Yaz~ . .
N 1 A _P R T
" umd¥, oz " v ~
L ‘3R.ZTA'0 . e
B i |||l.'_
F ey : s
*2HT20°0 e (418 —10¢
” . (349
N 4 (») @
¥ oWl 03USIeRI u )
J I I T | IO | i oy ONILMDIZM (UYINONYLOTW) wvOxoa (*
80 *+ 9 o €0 =9

© QIOSNNIS LNdNI OL FAILYI3M ADN3INO3N.S

258



SOINVIXC LNVI4 ORIVINNIS
BN NI SVND JRiS ¥ 40 NOILNTONEN BWIL D&
.8“2..34..« WYOKOR QY NORYD 40 NOSINVENGD ¢ MINDI4
[t (I

‘900 To tole n.n'-.

"0 ft oc st or st ot 1 nite
lIIlII.ﬁllll—l. ll-l _IJ.III’—OIIOJQCC.\1'. -I.lt—lllidl.l L]

m Y 1

wvrro-oooata-...-;socroocccoom-'nccw“-“w t“““WV::\ Mhm-

ml!'.. ..“..“‘-‘ '...&“..‘..'. ..‘. -\‘ ““-

."" - (e ey e P

; _r‘l l”'o“o' l!’} ‘V’)\\ : M ”

” 00°0 ~ 0's
t10°0 $'y
to'o o'y
§0°'0 §°C
1o 0°¢

; 1C0 s't

M”_ ."......J...:_..h..un_.nux_"........_......:_........._..hc..._.... LEERE Jesteal :..o n..n
nH; . tv.'..h'l....ﬂﬂﬂ:. C-sz-ﬂltni. M ncltygl\m t .h ° .O b 4
R S v M w7 e ., \ X 60 0

) .\ A%
AN i;

.y

A._ ,.,.\ RYVARTAYS /\/\vwm\\/ 4y v0°1 0

Bl el 2 servutasg aayenesong | (Yo o suotaswrz ‘spucoeg)
UBLAJIRY UOTAN, 3230) SOVWTINZ UNIMIBE, TY¥AZIOIUT

sy
L35
]

(‘:f

/‘_

.'“‘

L
”n-
»svad

.l—.ln .Xle!‘..l:..

SDHIL RINAIN INDIAiIa
IV HOILY. HOLSNVML WOUYD AQ ODNOJ SLIVWILSZ
ASNINDINA ZATRSAOINS NIIMIIE NOILIVITUNOD ML T T

./ | . ..:.;.-.-ii [

| .
wr.& ...:.ﬁn ._ U (,\4( /«\ @S‘wa.,ﬁw“
mw.....F....r....ﬁ...g.....ﬁ.............. (aTed |

MR PR PR R S R S P T AR TN R RV E IR 4 H

i

259




AWTTA  OHTANYA BWIS VOJ BWWONIG %DOTE 9 TUNOI4

BADIBNNAVE WU/ JO SPUNQINIEY
Asuenbdoay ne7 a0, ueTsvvessadey WeTRATA {q

v

_ 120 Ve ag age B
(vjo * _ v — - (V)

\ r — ssvedewy A0vvredd

WessAg BTWNUAG BUTAIRA-OWTL JO ueyARRVNWETHNE (v

(3)e ‘\f o (Da A*—Gﬂ e
M, - *
¢ — osudony roNn.0d0
g

uotIoun} !:?.o-.-o.e SoUNQANINTPD 20Nowvard ¢ (3)d

PNILLAS TVLNENIUIENT NOLVIONIS 40 SNOAVT ‘s @enors

[T {wivss 01 40N}

WY W INOINSNIG 1Y
o e—— -

NVd WOV

~

Rl
AOBIONS DNiYBRAS

#OWTTY TN MDA LM -4
S

WOLV WIS D008 LLI

260



Phase
(deg)

Amplitude Rasio
(&)

-8y : % o
ot, MORGLIZED WET-TDM

ricoes 7 TINE EISTORY CF CALCGLATED VARIATION OF THE PLANT
TRARSPFER PUNCTION Yiju,t) AT EATs INPUT FAEQUENCY, .-

AMPLITUDE MATIO
(db)

7
-
é 9

)

§3 N o
' -
e J-rs0-
- 180°
1 1 L1111 1
0.l 02 05 19 1.2

10G FREQUENCY w, (Iz)

FIGUrs ¢ BOOE PLOT CF SF ™D ORDLCR PLANT
TRAUSFER CHARA "ISTIC AT V2RIQUS
PARAYETER SETi. .S.

261



1700 0s°¢ oco 0¢L

L0T°0 0L°S . *(TS4T) TTeRSNY WOXZ 3w getouNnDdeIZ X100 wyl
§reo ore *Suyonds u...wo Susen peavioduzixe sea 'm ao:!vo.:...
(Z18X") e $9°0 &
. o ‘..-..m: « 39 ‘uotivaedeg ,
0sT‘0 treot 00°'0 (.11 oes/pex { 3O
Lo o0°2t o't ot Aovendoaz wweaq YaItA BT Iepa0 16233 ¥ ybBnoays pexeITT4d '
Buyduwp’y .-n.:ﬂﬁ
T Sae30uvivg FUFTT ] aueasuoo ‘Yd w (3)d | NSV
18p10 puodesg voyaoung busosog-vaeN

OXOVY I0I0MNINE IJIUTJ IUVROUOD (4

t0'0 T'n 1§14 s €90 w
c'e "L’ ey’ oo i
| M4 vos' 00’ o LL'o 1 141 % Lee 6/9°0| t»
ot e’ 80’ o
o8 R to* - o T 1} & e Lsr'o| te
oot (4 1M 10’ (1} ] 1s'0 1 CotT’ [ 1 289 892°0 LL
Y o4 8
‘ -m POvId _ _loes/eea tsw) Lo 1 oorz* 99'0 | sotro| ow
U ‘uoYIDUNg AuTO204~vIeM (1]
- - - spnaTTdey | pratrdwy (3H) 39 oes/pes (si)
{38) 900 g¢* + §9° = (34 “petearra Yaon " |uoyavavdes e
suny zejsuvivd uetd Buykiva-ewyy (© . -

STIONINON L
NOTIONNZ RONYRNNLSIC VILBNWNVE (¢ TIEVE LNENODIOD NOTIONNA ONIDNOL INdNT 't TI¥VL

262




wosses (vrusEIXedxe Jo e W ooucl_!.u

y t v ¢ . gy ooa
pre | e | oeewe | octee | etee oo : ot s ¢ » 0 o8
(3 { sic e'ee E N 1 e oL ()T .y 1 ] ¢ $0° o
' t t ’ ¢ to’ o
» * [ L ] ,
s'ee | tse | eve | stee | oevee oy ¢ sy umit ot W on
3580 0ovd oots 00
sUnl JueT¢ BuThIvp-ewyy (SH)
¥ v Aouendesy
wefang Buy0304 Aerswesed
[ A 1] es [ %% 1) 99 ' [} 1] -
suerd Bu, Aava-surs (TURY SATAAUPY (Vi Puyiedng
[ M 11 T oy st [ 214 [ 8 9 1]
[ 3819 T'oc 1€ g'oc 6ot (L 1] 4 [ [ 4 1 1 4 ¢ [} 14
‘0 [[1 1
o've | tiee | coe | 69 | eae ota c v 8 ¢ 3 s
’ ¢ % $ 3 §9°0 o€
[ 4811 [ 2% 4 {14 [ M 14 [ 2 1 ()¢ 3 t T [ 4 § [ M) .11
[ 2 [ 4 o't 01d
e s | wefens s ¢
o0ss oors oots 00 901 - 088 ook8 00Le o008 0Nt Ta
OPL UNTE AUEIRLED avefqng L ELIT

WO I030WNIN4 IUNINUOD _.-.m-‘n_ -n.—__:.kk

BNNY NV ONIANVA-EMTE G:N OHOVS R
SNCTE LINIENND NOA SIMODE MONNE WMV s Tt FIVIVLG TVLNSMINEOXE 80 UBONO

263



Aplitude Ratio
(ab)

Phase
(degraes)

L §
g 8

!
g

e

(S100, sS2¢0, S300).

Amplitude Ratio

Phase
(¢aqgreas)
g

-
g

ol B X L1122
ol 02 05 1000 0.2 05 10
Log Frequency, w (Hx)

FIGURE 9b) BODE PLOTS OF IMOOTHED ESTIMATES ﬁ(ju.pi), THE HUMAN
OPERATOR TRANSFER CHAPACTERISTIC FOR CONSTAN'T PLAXT TASKS,

{S400, S500C).

264



* FNOTLIONOD  {sots)

‘
WSLENVINE INV14 SNOTNVA MO (3'7()H SILVMILER NOVE INVTL LNYISNOD ¥ MO4 SELVNILER JILSX
QILSINTLOVNVND MIJENVNL A3SITV WOLVURLO ] .o Yaaun ya -
TAUVA-SNIL 40 SNOTIVIAZG QUVONVS 1t sNnoLd BN 7 (3vX’Al)Y 20 NOTIVINNA 4O AMOLSIN EIWIL 0T NNDI.

I 6P teerneen
I (89" ome oo

LU TSY P aNIo81
M ' cme—

Ll

0018 tldxreng
‘5900« ') et sy,
IS BT YT I TP I

e SR e T e

PRI

wed !l b

L et
WOty oo Mas
WY ww

P I N I N I R N R N R A I I )

MIVS 5" JO «OLVIAIO ¢ .VOViS
-t
.-
St

PP

®

o]

O\ /

®
-

A
o...o.mra.-ﬁ 08y .h..rt&.h:

henuerevnsaaarassocnsnas TR R L LT |

00(s L1088 1078 WOV 12t A A N R T T L R A i L T R L R T L L

S NS TV S0 NOCLVAND CUVOReY1S

b 23 09 ]

265



¥ (jw,kaT)

!l(jw,)!AT)

[

Phase

Plant #3c 100 secs ~'

ST T T IR ol ASLIIRRERRITTIITITICRSILI3. SRS TT TSR o e

B T T N I NI IFIIIRY g

-
B R R R e R A e N e et T s L s T T ot I T et

Human Operator (S100) AT =5.0 secs
Run R60, nk = ,01 Hz Iy =2.5 secs

db 0 2 4 6
Phase 1l 3 S 7

FIGURE 12) TIME HISTORY OF SUCCESSIVE LOCALIZED ESTI-
MATES fi(jw,kAT) and Y(jw,kAT), THE HUMAN OPERATOR
AND PLANT TRANSFER CHARACTERISTICS FOR TIME-VARYING
PLANT RUNS, (°t = 2.5 secs, 8 = .01 Hz).

266



(zB 10°

xopuy eousnrozied = o

LSy [(2H)
goz*
uog3oung Bujoroz-eview = d : SOT* [ 'm

{21} uﬁnn- nu.:. X411 nmu

.clu alass 2 ans pt ase o

351 ;.mu&m :wuumﬁV

. !

- Ay ‘098) ‘SAIVKILET TVIIOTES INVIA ONIANVA-AWIL ONV
YOLVNZLO NVHAH QIZITVYO0T TAISSAOONS 40 «SLOTA FAOE ONITIAVILG

(€T JunOIa

6L9°
(9088 §°Z = 30) ‘zH TO* = My ‘09y
0018 ‘x03wxedo uwumH (L9X'"()H

TR KOG CEI0M BGTAN ATUA RSLIAR RGTAD REIMAR MEIDIE BOAER RICAR TEIE BT ng
e o -. B30 B 000 00 .o.c P I T I T Y BT I MY S S TT R T T I N TS i

Toohap 3% e A s sak 32 AT FM

m YR Y, ~u- L} .*— vh 58 .-.m|W4 wnu wuwwmn.yf. mn-quJum-mamuwmlu.w 1 nwncﬁc mww “n
1 H H :

AT R ﬁ.,

. - X
“. o 3 u« ~u|‘ i H t H H
. u> ./// ; W

Q\

N. ‘o »
R ! !
H i
B eeem e qieirem nee i sinmp - 1.l||1 -
: . T 3 H
. . 1 * .
t 3 t .
: ; :
- : : L
: : H s
‘e ‘e o -
H : i
i H
'} 4 Y
: P :
R S, SR | 4 s—

;

H

!

. ...
; ‘., :
o :c.:!lio.. ._r P
i i
' i
H s. ;Fr F V
O . i . )
1o Py ” h N— -
. : ; H

aseyq

E14
SpULLes 0§ ueTg (622 LLISF

267



PLANT PARAMELER META-PORCING PUNCTION PREQUENCIES

INPUT FORCINL, FUNCTION FREQUENCIES

%k §oe .205m i .268 Bz ., .457ms “ 67 Mz
%)
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| 1
TAME ¢ BI-FREQTENCY ESTINATES OF X (w,,0,}, THE HUMAN GPERATOR
ADAPTIVE GAIN RESPONSE P."-ulxﬁ THEZ RESPONSE OF THE
GAIR ADAPTATION MODEL FOR CONSTANT PLANY TASKS, (S100).
IKPUT FORCING FUNCTION FREQUENCIES
8 e .105 H- w, .268 Hz ] wa .457 Hz w, .67 Hz
s ‘ ]
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ceol Paz.s | 2es |.s67]as.e | 135 | .ees) 3.6 | 148 | .os0f-2.0] 260 | .87¢
S
w1502 2.6 | 135 |.e07 125 | 97 | Lemfo.2| 99 | .esofeo.sf 151 | Le23
JR;;” 22.3 | 187 |.91af 7.5 ] 128 | .927f-«.a | 112 | .830f-¢.9| 136 | _963
.01 ]
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3] .92 15.7 | 159 9s3f 2.2 | 178 s1a]-4.4] 177 711
- o I e e R
k 03 b6 153 l.sse] 7.9 | 122 s67]-7.6 | 131 s23f-6.8] 112 895
o I . L. . . ) . . .

PLANT PARAMETER META-PORCING PUNCTION PREQUENCIRS

TMABLE 7

BI-FREQUENCY ESTIMATES OF F(“i'ﬂk) , THE HUMAN OPERATON
ADAPTIVE FESPCNSE RELATIVE TO

TRANSFER CHARACTERISTIC,

268

THE TIFE-VARYING PLANT
(S100 and 5300).
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.457

FIGURE 1l4a) PLOTTED BI-FREQUENCY ESTIMATES OF 1/ (wi, nk),
THE LUMAN OPERATOR ADAPTIVE GAIN RESPONSE
RELATIVE TO THE RESPONSE OF THE GAIN ADAPTATION
MODEL FOR CONSTANT PLANT TASKS, (S100).
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SOME RECENT EXPERIMENTAL RESULTS PERTAINING TO THE
ESTIMATION OF POWER SPECTRA USING FINITE LENGTHS OF DA™A

Richard F. Whitbeck ind Jares R. Knight
Cornell Aeronautical Laboratory, Inc.
Buffalo, New York 1422}

Abstract

Spectral estimation, using firnite lengths of data, is an important
tool for modeling the human. This paper piresents experimental results which
demonstrate a significant improvement in auto and c¢ross spectral estimates
when a particular combination of time-domain filtering and frequency-domain
averaging is used.

1. Introduction

Under a National Aeronautics and Space Administraction contract
(NAS-1-10514), a modeling approach, which utilizes a matrix of transfer
functio.s to describe the human pilct in multiple-input, multiple-output
control situations, was studied. The approaci used was to extend a well-
established scrlar Wiener-Hop{ minimization technique to the matrix case
and then study, via a series of exp~riments, the data requirements when only
finite record lengths are available. Although the ultimate objective was to
run many variations cn a two-controller roll tracking task in order te assess
the effect, on the pilot model, of increasingly complex tasks, fundamental
problems surfaced in the early stages of the study which ultimately
rest.icted the effort to only one configuration. Identification of ‘hese
problems and the manner in which they were solved are important results of
this study

primary problem was the failure to obtain anticipated results
in estimr . test case dynamics, such as K/5? . We refined ovr computa-
tional aigo thms to the point where acceptable estimates were obtained,
although cver a frequency range which was considerably narrower than one
would anticipate on the basis of sampling theorem considerations. It was
demonstrated that this restricted range was attributable to the prescnce
of certain anomal.es that are introduced by use of firite lengths of aata.
The purposes of this paper are: 1) to describe these anomalies; and 2} to
present experimental evidence of the need for carefui consideration of both
filtering the raw data in the time domain and ensemble averaging the spec-
tral estimate in the frequency domain. In addition, it is pointed out that
comp' tational procedures based upon the theoretical independence of two sig-
nals may be invalid when cross power spectra are computed using fiaite
lengths of data.
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2. Di~ -t Computation of Power Spectra Using the Fast Fourier Transform

Several approaches are nossible tor the computation of power spectra.
One may first use the tiwe sigaals in the computation of the autc-correlation
function, followed bv a Fourier transform to arrive at an estimate of the
power spectra. This is an attractive way to proceed in those cases where an
cstiaste of the power spectra is desired at orly a few discrete frec—encies.
‘n alternate agproach, which is preferable when the power i: oeing estimated
at a very .aige number of frequeacies, is to estimate the auto-c_ cross-
spectra directly from the time signals themselves, using, for example, the
equatior

N
A AR § . . -
Iy (@) = 52— (2.,, X, (-gw) Gz} ()

That is, ore first computes the truncated transform of y/¢) and yi¢) , using
the equations

r
X;lqw) = / ,‘g/t)c”“’ta.'t, (2)
-7
T -gw? ’
T (jw) =/ g(tle ¥ 2. (3)
~r

Theoretically, this is done for a very large number of realizations
of the random varisbles £ and y and then an ensemble average (across
fiequency) is carried out in order tc arrive a‘ a smooth estimate. in the
limit, tne truc Cross power spectrum

]
Bey = 27 E—;—E {x(—,w) Y3 )

is attained as tue number ensembled .cross and the length of each record

a~ roaches iufinity. The advantage (a consid.rable one) in uzing Equation
{1) tc approximate Equation (4) is chat the Fast Fourier Transfc.m can be
used to compute the (truncated) Fourier Transforms. That is, one proceeds
directly from the time to the frequency domain without the intermediate stop
in the correlacion ( 7 ) dJdomain.

3. Time Windows and Their Relationship to iag and Spectral Windows

S:ce th= literatu-e which di: ‘usses the "Lag" and "Spectral”
win.ows i< concerned with tne relationships which eaict tetween the correlation
and freguency domains and sincc cur interest is with relationships which e 1st
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between time and frequency, :t will next be necessary to present a slight
clarification of the relationships which exist between all three of these
domains (i.e., ¢ , v and w ).

Basically, the process of working witn finite lengths of data can
be visualized as multiplying the infinite record length by a signal such as
7 -T<ét<T

f(e) = (5)
0 RAERE

This £7¢) is called a time w.,ndow, and has a corresponding spectral window

of the form (sun w7/wT)>. ihe basic relationships associz%ed with the square
time window are given in Equatics (6), where b,,, is the estimate of the power
spectra, R, is the true underlying correlation function and @(w)is the true
ureerlying power spectra.

5,\( 2; {X(-s) Y(s)}

$:;'-l
, (6)

_SL (w -w )T'!
/ (I———) R(rIe? dr = —-/ Play) L_L_;l Ao,
-&7 w,)r J

Equation (6) can be extended to a more general case, which will
permit the use of temporal windows other than the usually used square one.
This is most important, because the use of the Fast Fourier Transfo.m (FFT)
requires direct computation of the Fourier Transform of the signals. Thus
we are not at liberty to wor:x with the correlation function and filter the
data in the 7 domain -- we aust know what the temporal windows look like in
order to filter directly in the time domain.

Let

feven -7 «<t«T

fe) ‘ (7)
1.9 el z 7

then Equation (6) becomes
&, - {x,{ $YYrl= )} zlr/ R(7) [ f(t)f(r-t)dt}e’f“"dr

. [” or (8)
=4—_r‘7.'[_‘ P(w,) Fz(w—w,)dw, where F(w):= S {f(t)}

Refer to Reference 2 for a derivation.
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It is our experience tnat a2 compariscn between "windows™, using
spectval estimates obtained from only one record length is almost meaningless.
it i not until cone filters the data in time and then ensewbles across a
nusb=~ of estimates (in the frequency domain) that the true distinci:ons
betwe=n the time filters becomes apparent.

The nroperties of three windows are listed in Tabl: I. In this
paper, results “ertaining only to the first two time window; will be presented.

4. Scalar Experiments

The first scalar experiment was the pilot-in-. e-loop roll tracking
task shown in Figure 1. )

wWHITE

K N X D E § K [/
— " L 3 : PILOT - .
NOoIsE| ° v s(s+2)

Figure 1 EXPERIMENT #1

Analog data was recorded and, simultaneously converted to digital
form through the use of analog to digital recording equipment. The various
power spectra were then computed.

The final sampling rate used was 125 S/S, given a sampling frequency
of aprroximately 785 rad/sec and a folding frequency of about 392 rad/sec In
this experiment, the CAL fixed-tase simulator ~as flown by an instrument rated
pilot. The disturbance source was derived from a gaussian white noise source
passed through two cascaded first-order filters.

The second scalar roll tracking task is depicted in Figure 2.

r‘-—"——_‘ﬁ
+1Y
I 0
W :\/, T —» G >
i
|
_________ J

Figure 2  EXPERIMENT #2
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TABLE I
CHARACTERISTICS OF SPECTRAL WINDOWS
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This experiment is an analog .imulation of the "Subject M" run descriv? in
Table 111 of Reference 1, the case where Disturbance (Volts?) = S.61.

The disturbance input in Figure 2 1is obtained by feeding white
noise through the transfer function K/s-7)?while the noise (remmant) is
obtained by feeding white noise through the transfer function «K/(s»7a?

In the analog simulation, the signals 0 , £ , ~# , § and & vere rezcorded.

The main task in this experiment is to estimate tine given iv of
Figure 2, given that the noise source ~ cannot be measured (. e., # is
internal pilot noise). In addicion, it was felt that estimates of «/s 2
should also be mcde since the dynamic range of the .nput power spectra was
quite large (on the order of 60 db on a power basis, 120 on a voltage basis).

5. Computation Procedure

The dat2 was ccllected in digital format via the CAL digital
recording facility (COREC), which consists of a data acquisiticn unit and
4 tape transport.

The data acquisition unit accepts analog or digital inputs and pro-
duce digital outputs suitable for recording on the digital tape transpov:s.
The analog inputs are sampled sequentially and converted to digital c<ignals
by a high speed A/D converter.

Various combinations cof tape speeds and packing densities determine
the rates at which the transports can accept data from the data acquisition
units. These rates, combined with the number of variables determine the
permissible sampling rates for each +°riable. For 5 variables plus a digital
count channel, the choices of sampling rates close to 100 samples/second are
58 5/5, 125 S/S and 350 S/S. The rate of 125 S/S was selected.

The steps in the datc handling procedure are:
(1) Record data on digital tape using COREC hardwave.

{2) Use blocking program (part of CuREC software) to break records
into lengths th-t can be handied by normal computer 1/0
subroutines (32,760 bytes is the maximum physical record
for normal tapes on IRM 370 ccomputers, our data records
were around 203,000 bytes).

(3) Convert the data to normal {luating point numbers while
checking for errors in the input data (missed bytes
because of tad spots on tape or hardware problems). This
step uses the general pvrpose COREC progriam.



(4) Special program to arrange datz into arrays by variable,
for efficient 1/0.

(2) Multiply each piece of record, of length 27 seconds, by
the desired time window.

(6) Use Fast Fourier Transform.
{7) Swvm real ard imaginary pcits of each spectral estimate with
values for these variables and frequency from previous

records (enzemble average).

6. Overview of Computational cfforts

At this pcint, it is appropriate to review the computational efforts
on these experiments in order to make it quite clear that the spectral estimates
presented la this paper represent the 1=t effort of following several alternate
options. First, the matter of data rate vas explored. In each experiment, we
observed a "rol! up" and "break up" pheromcnon (to be defined shortly) which
wes first attributed to folded power (the sampling raie was initially 20 S/S).
However, increasing the sampling rate to 125 5/= did not improve matters.

Nevt, averaging "around" a frequency point was triec. That is, the
hypothesis that frequency estimates in the immedi te neighborhood of a given
frequency were (in some sense) "close" estimates of what was occurring at the
given frequency, gave impetus to the idea of averaging adjacent points in the
frequency dowmain. This procedure was also unsuccessful in improving the
estimates.

Next, the corr:iation (lag) method was tried, even though the compu-
tations were considerably more costly to carry out. The results were essentially
identical with the estimatves obtained directly in the frequency domain.

Increasing record length from 20 sec. to 60 sec. to two minutes did
enlarge the range of freaueacies over which the estirates were beiter, however,
it did rot eiiminate the basic phenomeron cbserved (“roll up" and *break up")
at the end points of :he estimates.

Next, the number of estimates ensembled across was carried to a very
high number { =134) but even this did not eliminate the '"roll up" in the
spectral estimates.

To investigate tne possibility that the problem was noise, generated
by the analog-to-digital recording process, the second experiment was run in an
all digital manner {using a state space approach) on the IBM 370 digital computer.
However, the problem still persisted.

These long series of experiments convinced us that the experimental

anomalies were not due to noise, that ensemble averaging did not elimirate
them and neither did filteiring alone seem to have a great effect.
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Finally a combina:.on of ensemble averaging (in the frequency
domain) and filtering (in the time domain) was tried which produced 3
significant improvemert in the estimates of the power spectra. Moreover,
een with th.s 1mprovement, the deviation from the true values of the sy:tem
J_namics at higlt and low frequencies was significant. This forced us to
conclude that the obser.~d anomalies were truly the consequence of a computational
algoriths operiting on finiie pieces of data. With this hypothesis, it
was possiule, using several analvtical examples, to conclusively demonstrate
the presence of three anomalies i rhe spectril 2»stimates (Reference 2).
We identify these as:

(1; "Roll Up" at high frequency
{(2) "Brea: Up" at high frequency

{3) "Roll Down" at low frequency

7. Roll Up, Break Up and Roll Down

These terms are best inder- Jod with the aid of Figure 3 {(k/s*
dynamics fror Experiment #2}. 'Roll Jp” 1s defined to be an increase in
the vower magnitude for :w>50 rad/sec, "Break Up" is the term ascribed to
the large divergence (oscillations) 1.1 both the phase and magaitude plot
for «» - 50 rad/sec, while "Roll Down" is the term used to describe a
magnitude plot which has decreased t 5 acout -2 db at « = 048 rad/sec when
1t should read around +22 db.

The theoretical analysis given in Reference z demon:trates
conclusively that all three of these phenomena are fundamentally tied
to the finite length of the data av ilable. That is, even when the signals
are weil above the digital noise level, the sampling rate is extremely
high, and a very large number of fixed length records are available, we
will stil) observe the roll up, break up and roll down anomalies in the
spectrcl estimates.

For ruture reference, the K/s? dynamics were estimated using a
triargular time data window and by ensemble averaging across, in thz
frequency domain, 100 estimates.
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FIGURE 3. EFFECT OF ANOMALIES ON THE ESTIMATION OF K/SZ
8. Effect of Data Window

Two spectral estimates of the dynamics (X/5(3*%) are given in Figure
4. The sampling rate was 125 S/S, giving a folding frequency of approximately
390 rad/sec (oa1ly data out to 100 rad/sec was plotted). The cases shown are
tor an ensemble average across 28 estimates of the varicus auto and cross
spectral densities used in the computation of the trarsfer "~ nctions. The
time window used in 4a was the 'square'" window of Table i bserve chat
"reak up" (and roll up) occur at about 20 rad/sec, more t..an a decade away
from the folding frequency. It was this plot which first convinced us that
the break up was truly built into the algorithm used for computing the
estimates and further, that some combilnation of direct filtering on the
remporal data, as well as ensemble averaging, wuvre required to reduce the
bias in the high frequency region (it should be noted that in previous runs
of this experiment (and Experiment 2), filtering appeared to be ineffective
in reducing the variances in the spectral estimates). Thus our idea was to
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employ the triangular data window of Table 1 in the hope of decreasing the
bias while at the same time depending on ensemble averaging to keep the
variance at an acceptance level. The results of this approach are shown in
Figure 4b, where it is seen that a significant improvement has been achieved.
Specifically, the frequency at which break up starts has been moved out on
the order of two octaves and, wmore importantly, the dynamic range has been
extended by approximately 10 d (in power) (For ease of presentation, the

4a plot has been biased upward by approximately 7db.)
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FIGURE 4. SINGLE CONTROLLER ROjL TRACKING EXPERIMENT,
ENSEMBLE AVERAGING WITH (A) SQUARE TIME WINDOW
(B) TRIANGULAR TIME WINDOW



These results show that the triangular time "window" is effective
in reducing distortion. However, it must not be presumed that filtering is
the entire story. In order to demonstrate that ensemble averaging is also
required, a plot of the (K/s(s+2)) dynamics, without ensemble averaging, is
shown in Figure S. Additionzl experimental evidence will be presented in the
next section.
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FIGURE 5. SINGLE CONTRCLLER ROLL TRACKING EXPERIMENT,
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$. The Need for Ensemble Averaging

The improvement in the quality of the estimates of the %%—
dynamics of experiment 2, as the number of estimates averaged across
increases, is shown in Figures 6 and 7. They are for ensembles of i, 5,
10 and 50. {The average across iC0 has been already shown in Figure 3).

The improveme..t hetween the ensemble of one and that of five is
significaust. Indeed, one would conclude that the results for an ensemble
of 10, at lecast for this scalar experiment (dynamic range of 60 db), give
as much information as the average of 50 results. Of course, the ensemble
across 100 is extremely good, at least for the limited freguency range for
which the aforementioned anomalies do not distort the estimate (see Figure 3).
It is estimated that one could extrapolate usable results out to approximately
60 rad/sec before the break up and roll up completely confuse the picture -
thus a useful range on the order of only .2 <w<60 rad/sec is zchieved even
though the upper bound, using the sampling theorem, would be one half of the
sampling frequency or about >5C rz3/sec. In the two controller roll tracking
experiment (Reference 2), which is not discussed in this paper, we encountered
dynamic ranges on the order of 120 db (power basis) when the full scale six
degree of freedom aircraft equations of motion were used. The useful (that is,
believable) frequency range was reduced down to as low as 7 rad/sec even
though the folding frecuency was still on the order of 390 rad/sec. In
Reference 2, it is shown, using an analytical analvsis, that estimates based
on the ratio of a cross to auto spectra can vary dramatically depending on
how fast the input spectra is '"rolling off' in frequency.

10. Cross_Power Between Two Independent Signals

Before corcluding with the second experiment, an important result,
asscciated with the finite length of data will be commented on. The intent
of the Subject "M' experiment was to identify the w transfer function ~f
Figure 2 in the presence o* the unmeasurable noise # . It is hypothe_.zed
that the remnart (& ) is uncorrelated with the disturbarce input O . This
says, for the ideal situstion of infinite record length that the exact
equation for estimating \v ,

- ¢p _diw \
w = L8 2o~ (9)
@pe
zan be reduced to
W ZDS (10)
'2E

because &,,= 0 .
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While this is true for ar. infinite set of records, each of finite
length, it is a fact of life that the estimate of f,, will have, for a
finite number of record data lengths, appreciable power. In Reference 2
it is shown that the magnitude of the estimate of cross power between two
independent signals (call them X and Y) when no ensesble averaging is
employed is,

i$xr| * Ié;" ) I;"I )

Furthermore, the employment of ensemble aversging dim.nishes this estimate of
the cross nower only by pqcf » n being the number of estimates ensembled
across.

To illiustrate this point, results from experiment #2 are given in
Figure 8. In Figure 8, the pilot is eztimated in two ways. In the first, it
is assumed that N~ is measurable (i.e. ¢,, # 0 ) while the second presumes
that & is not physically assessable. The difference in the estimates are
appreciable and are, of course, due to iLhe fact that ¢,, is unequal to zero
for finite data lengths (refer to reference 2 for the justification that the
noise sources D and N used in this experiment were indeed i.dependent).
In the estimate for w in which ¥ is assumed measurabie, the straight line
approximation for the magznitude plot has been d:awn in. Figure 9 is the
same as Figure 8 except that the p. ise plots are also included. (Note the
cendency of _he tan-l routine to jump 180°).

11. Summary of Theoretical Conclusions and Experimental Observations

To summarize the theorerical analysis as w~1ll as the experimental
observations:

(1) ¥hen working with finite lengths of data, the roll up,
Sreak up and ro)l down phenomena are to be expected.

{2) These anvmalies will force a significant decrcase in the
frequency band over which believable estimates can be
achieved. That is, the danger of lcoking at a spectral
estimate which really portrays the characteristics of the
Tiltering algrrithm is very real.

(3) In general, one may anticipate distortion at a given
frequency wher the spectral wirdow, which corresponds
to a time jomain filtering algori:hm, is falling off
more slowly than the true "\nderlying s -ctral density,



1IC —

T— T Y'I'l':'rr Y T T 17177 Iw{vyvx]ﬁ T 17T 1Y lv]v'vl T 1 [1'1.-'“.'11]

%“"\P\’; “‘LM 4
— IR

SUBJECT M, PILOT, AVERAGE 100 (~ IS MEASURABLE)

——————— 3
! _
N |
g WL IEN A
* l s? W = ¢DS - ¢p~
———————— J 8. .
B —
- 0309 657 . 9 .
s I
/ 2
™ (%f 1) -
okt NOTE: 0.309 = -5.1 dB ]
| §
. ‘Mm i
, AR
PILOT = os T e
¢p£ N A g —
[
-0 - '
- .- ASSUME N IS NOT Mf:ASURABLE 7
e L
I
(%)
o]
% SN DUV TR R ST U S it Lt tageld
ol 14 FREQUENCY [F.AD/SEC) /88

FIGURE 8. ESTIMATION OF W IN THE SUBJECT '"M'" EXPERIMENT

288



-

|

< AN

SUBJECT M , PILOT, AVERAGE (100), PHASE INCLUDED (N NOT MEASURANMLE)

SUBJECT M, PILOT, AVERAGE 100, PHASE INCLUDED (N 'S MEASURABLE} 1™

L
]

)
§

- -m

ol 1 traaaaal Lot o raaad 3ol

i0? . J FREQUENCY 1MRD/SEC) %0 »o
AvVC 100

FIGURE 9. ESTIMATION OF W IN THF SUBJECT "M EXPERIMENT, PHASE INCLUDED

289



(4) When we used ensemble averaging with no overt
filtering (i.e., the square time window), the
estimate obtained averaging over as many as 134
estimates was unsatisfactory. For example, in
Experiment 2, had we not known the underlying
dynamics were k/s’, it is doubtful that we would
approximate the estimate as K/s%.

(5) The triangular filtering algorithm in time, which
corresponds to a({snx%/(x/+)’spectral window, produced
results which were an order of magnitude better when
used in conjunction with ensemble averaging.

(6) Regardless of what time domein filtering algorithm is
invoked, the estimate of the cross power between two
independent random variables gc=2s down only as /yn
n being the number ensembled across.

»

Other useful results, too detailed for this presentation are

given in Reference 2.

12.
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PRINCIPAL FACTORS AND TRADE- [-fTS Ik THT RAPIDITY OF OONVERGENCE
QF PARAMETER TRACK S, SYSTEMS.

(Expanded Iibstract)
h‘.
S.J. MERHAV
Department of Aeronautical Engineering,

Technion - Israel Institute of Technology,
Haifa, Israel.

1. General

Common to all types of paraaeter tracking systems is the sotion
of a model M vwhich minimizes its distance in function space to a
linear system S. The two-norm

b 1/2
Hy -z, = F<{yt) - 26, y1) - zx))dj =4, (y,2) (1)
a

defines this distance. y(r) is a system-related output vector and
2(tr) a model related cutput vector. In most problems of iaterest
this distance is cne-dimensional so that:
b
. . . R 2, .1
qz(y,Z) = £f {y(r) - 2(v)] ar}
a

/2 (2)

2. Steady-State Solution:

z(y) which minimizes d,(y,z) provides the best description of S
in the form of a parametex vector {81...8-} contained ir z(t). The
component values are obtained from:

adz(y.z) b
= [ e(1t)o.(r)dr = O; 3Jj=l...m (3)

where e(t) = y(1) - z(tr) and 3z(t)/3B8; = o.(1) are error and
sensitivity respectively and are orthodounal-on [a,b]. If S is
excited by a stationary random signal, d, in {2) is itself a random
variable. Therefore the expectation E[dzzover the sample space of
d2 will be minimized. This leads to

E[e(r)oj(t)] =0 ; j=1l....m (4)

which is « form of the principle of orti.ogorality in estimation theory.[1!
In gereral (4) yiclds m _.onlinear ejuations in B.. Their solution
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may be - licult and u.igrep. ¢ 0L nnd guarsnteed.

et W, ... e ziaeas”y ludependent set) be z fjwite function
. DS i .
basis Wkl h does =, crnll e 2y ..Bm. wWe construct
»
2t - 2 B.w, (1) (5)
. ii
1=1

and we say that B8....8 are the coordinatas of zit) with respect to
the basis {w ...w }. From (4) we have:

m
E{[y(x) - I B w. (x )]'-H ()]} = o, j=1l...m (6)
i=1

This leads to

A8 = u Q)

A is a mm svmmetrical covariance matrix with elements E[- . w.] and
u is a m-vector with elements E[y w, ] A is nonsigular J 6 has
the unique solution

-1
Bopt =A u (8)

o 1If Hin{E[dz]} = 0 we have a zero distance model.

o If lir Min {E[d i} =o0, {"1"'"i} is complete
m>s

o Thus, a complete set can constitute a zex< distance model when m-+.

o E[d2] = 0 implies d, = O which implies e(7) : O.

o If only the class of S is known, its thonomerological characteristics,
such as impulse cr frequency response can br exactly identified at the

expense of an infinite dimensional model.

If the structure of S is kaown, that is,

n
yi{t} = .X uivi(t) (9)
i=1
we sa - that y(7) is n-dumensional with respect to the basis {v ..vn}.
and M can be construcced on the same basis so that
n
z(1) = E Bivi(r) (10}

- ‘.
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n
_tince {v ...V } is linearly independent the error e(t)= I (ai—Bi)vi(t)
“ is zero 1f, and only if, B. = a, for ail i=l...n. i=1
Thus, If the structure of 'S is known, B can bhe exactly determined
cn a finite known basis.

3. Dynamic Performance:

The implementation of the parzmeter tracking system is based on the
steepest descent relation: :

o1
-3_5; E[d2]= “ T ac (11)

(j = 1...m) are pcsitive constants. This leads to:

B=-KAB+Ku (12)
where A and f are as in (7; and K is a diagonal gain matrix.

Assuming “or the present a stationary input and constant system
parameters, one has:

m
1. In the expansicn of E[d.], E[zz(t)] > 0, thus E{[L Biwi(t)]zj > 0,
so that the inner ptoduc% i=

(B, A8y >0 (13)
ard A, vwhich is symmetrical, is also positive defirite.

2. sSirce K is positive-definite, the product K A is also
positive definite.

3. All the eigenvalues of - K A have negative real parts and
the system (12) is asymptotically stable.

4. If all elements in X are equal - KA rz.ains its symmetry
and all its eigenvalues are negative and real.

5 All the eigenvalues are proportional vo k. and to the signal
level which determines the elements E[wi;j] in A .

The transition matrix related to (12) is:

K Alt-t )
$(t,t) = et ~t) =e (14)
o o
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and the solution is:
t L4
B(t) = #(t - t )+ { *(t - 1) Ku(z)dr (15)
o
8, = B(t ). assuming _Bo =0, t = 0, and K u being considered
constant, the "start-up” transient is:

t
B(t) = [f &(t - DAT]K u (s
(o]
- KAt -At_-1

From ¢(t) = e — =Pe P , (15) can be expressed by
m n -
B.(t) = L b.. - L b, e (16)
* k=l X k=1

Thus, since the system is stable, X A, and therefore A,.... A cen,
in principle be made arbitrary larqe so that the " stu%—up transient
defined as an ensemble average can be quite short.

4. Types of Parameter Tracking Systems [2]

Type I: System parameters {a. ... a } are contained in y(1) only.
Here A is independent of {a ...a }"and, for a stativnary input,
remains constant. Variations in {3, ...0_}, manifest themselves
in u = u(t) which takes the form of a time-varying forcing vector
function. This type of system lends itself to ctandard methods
of linear system analysis by using Laplace Transform techaiques:

[s1 + K A] B(5) = K u(s) (27)
8(s) = [SI + KAl K u (s) a18)
The dynamic error AB(s) is readily obtained from (18).

Parameter tracking system based on parallel filters or canonical
models configured in paralle’ with S belong to this type.

Type II: System parameters are contained in z(t) only. Hence
{ol...un} is contained in A, and if {al...an} vary in time,
A "becomes time-varying, while u remaini constant. Stanlard
methods do not apply. If ¢&(t) can be determined B(t) can be
found from (15).



Parameter tracking systems known as "series campensation systems"
in which S is placed in series with an inverse model Lkelong to
this class.

Type III. System parameters {a ...a } are contained both in y(71)
and z(1). In this case, both A and u become time varying so
that:

8= - K A(t)g + K u(t) a9

(19) can be solved if ¢®(t) can be found. Since {a, ...a lgenerally
vary slowly much can ! learned from (18) which can concidered an
approximation for Type II and III as well.

Parameter tracking systems known as "equation error” systems belong
to this type.

S. I_-Elaentation :

2q. (4) is a condition for the ensemble average. In the actrval
implementation, a particular sample of the ensemble expressed in (6)
must satisfy:

1 das.
e(t:)\‘rj (¢) = - k—j-—ldt (20)
The left hand side is the input to an integrator so that:
t
B.(t)=J e(t)w_(1)dr {21)
3 o 3

In the steady-state, as t+» , Bj (t) takes the form:

B.(t) = (t 22
5 = 8 +§J() (22)

jopt
The first term is the average in accordance with (8). The second term
is a zero mean random ~omponent due to e(t) ¥ O. It vanishes only in
a zero distance system where e(t) = O.
m
Let e (t) = y(t) - I
o .
i=)
error. Sulstituting eo(t) into (20) one ohtains:

Biopt wi(t) be called the minimum distance

Be) + K i(tlg_(t) = olt) Kult) (23)

N
A(t) - time varying mxm matrix vith elements wi(t)w ).

3

K - Diagonal gain matrix (kl. . .km)

By - cor(¥ (0.8 ()
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w(t) - C°1{wl(t)"'wﬁ(t)}

6. Concluding Comments:

o No solution of (23) is attempted. Since the ejuation is linear,
and e (t) acts as a forcing function, “he m.s. of any B.(t) is
proporgional to the m.s. of eo(t) so that J

2 _ 2
E[Bj(t)] = CjE[eo(t)] (24)

Cj(j = l...m) is a constant.

o E[B?(t)] is practically indpendent of k if K is large. Thus,

if o(t) is small, the large K required for rast convergence can
also be afforded by consideration of 8 (t).

o Th: closer the system is to a zero distance system (e (t) = 0), the
larger a K can be afforded and the faster a Jdynamic response of the
parameter tracker is obtained.

o In a zero distance system the paramete. vestor 8 is a‘deterministic
. -opt .
set of numbers whereas in general, for eo(t) #0, B pt is an

average determined by (8).

o In a non-zero distance system the dynamic response tends to be
slower due to limitations on Kk and more time is needed to
evaluate the average from (23).

o All the parameter trackers which are constructed on a linear function

basis are asymptotically stable.

o0 More sophisticated measures for minimization instead of d,(y,z),
which include error derivatives, lead to increased values Of the
elements in A. This improves the dynamic performance but does not
alter the basic properties of the system.

o Uncorrelated noise does not arfect (4) and 8 in (8) but will
increase pi{t). Correlated noise will also ify Eop

t
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ADAPTIVE IDENTIFICATION OF PARAMCTERS IN MODELS OF PHYSIOLOGICAL SYSTEMS#
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ABSTRACT

This paper presents a nonlinsar adaptive identification techiique
which 1s utilized to identify and control a physiologimal system's model
parapeters. The techniqus is tased upnn a wodel-reference system configu-
ration and a Liapunov function formulated for this purpose. The identifi-
cation loops are synthesized directly from the tims derivative of the
iLiapunov funetion, A digital computer simulation ailows tha identification
proocess to in*sract with the experimentation in a mutually beneficial way.

I INTRODUCTION

Numerous studies conocerned with the identifiocation of parameters i-
mathematical models of physiologicel systems have appeared in the liters
ture (cee ref. 1-8). Mnst of ths techniques amployed in these studies -
linear and limited to linear system configurations. Experimental evidence
has shown that physiological systems are basisally nonlinear. Therefore,
the utilization of uonlinear techniques becar:ss essential when one desirus
to formulate mathematical models of physioclog.cel systoms.

The purpose of this stidy is to examine the utiiity of a nonlinear
identification technique which emables one to lormmic e mathematlcal models
of physiologioal systems, Tls techniques is based upon a model-reference
system configuration as shown in Fig, 1 and a Liapunov function formulaisd
for this purpose. The reference system is the actual physialogical systenm.
The model system is constructed initially as an approximate mathematical
representation of the reference system and is derived fram consideration of
vhe physiologiocal processe. evident in the actual physiological system.
The Liapunov function is formulated to possess variable characteristics to
take into account the identification dymamics. A digital computer program
is uwsed to allow the interaction betwsen the identification dynamics and
the Liapunov function.

II STATEMENT OF PROBLEM AND SYSTEM REPRESENTATION

Considsr the model-reference system configuration depicted in Fig. 1.
The reference system represents the actual physiological system. It is
assumed that the stimulus-response data are available from experimentation.
let the stimulus be denoted by r and the response by z. Let us assume that
the reference system may be described by the vector differential equation

3=Az+Hr (1)

#This research is partially supported by NASA, Langley Razsarch Center
Grant NGR-33-013-053
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where z = dz/d* and the square matrices A and H :sre unknown. The problem
is to identify thesa matricers, t' :reby obtaining a mathematical descrip-
tion of the reference system. 1. order to achieve this goal one may
choose a tentative model system having the same mathsmatioal form. Let
this model system be deseribed by the vector differential equation

i:B;c; or (2)

where r is the same stimulus (input) as above, x denotes the model's
response and x = dx/dt. The sqgare matrices B and C are also unknown
except that one may assign initial values to these matrices. The restric-
tion on the initial wvaluss is that they must be inside the stability re-
gion of the tentative model system.

It is obvious that initially the response of the reference systein
will ncl be the ssme as the response of the “entative model. The difference
between the model's response and the reference system's response is the
model-reference system error. iet this error be denoted by vector e and
defined as

ezX%X-3 (3)
Then .
e=x-2 (4)

where the dot dauotes differentiation with respact to time. Substitution
of Eqs. (1) & ( into Bq. (4) ylelds, after same algebraic manipulations,
the vector erro: dfferential equation for the model-reference system
configuration

§ = Ba + bulz + &ulr (5)
where

bul = (B - 4) (6)

aw = (C - 1) (7

Note that superscript T denotes the transpose. The form of Eq. (5) is
derived using a phase variable representation of the tentative model system.
The choice for this type of model representation was guverned by the desire
to obtain a controllable realization of the modeli system. Note also that
Eqgs. (€) & (7) contain the identification dymamics for the model system's
parameters. It should be pointed out that otber realizations of the model
system would lead to modified forme of Bqe (5).

IIT ° FORMULATION OF THE MATHEMATICAL MODEL
Equation (5) may be viewsd as consisting of three perturtational
vectors, namely @, u and w. An appropriate Liapunov function should be

positive definite in the error as well as the parameter perturbeticns.
Therefors, one may choose a Liapunov function of the form

V=oMe + uThu « yTQu (8)
where matrices M, N and Q are symmetric square matrices. Differentiating
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Ta J€. U7 ietpest tu time and then substituting Bq. (5) and its trans-
pose, ons obiiins the tiue derivative of the Liapumov function
V= oo o T o T o ST + 2[R0 e 1R e STDR)]y  (9)
whars
D= (5"H+ MB & M) (10)
Liapunov's criterion for stability calls for V> O and i‘.: Ue \Ue way %0
camply with Liapunov's crilerion for stakility and have control over the

identification dynamics is to consirain the elements of the D matrix,
denoted bty du and dﬁ' to satisfy the conditions

ay > 0 ()
and

dj+d; =0 (12)
where 1 and j denots rov and column respsctively and le%

Nz 3T - 2T(pTe) (13)

o= 1T - i) (24)

Ths conditions glven by Bgs. (11)%(12) enable one to evaluats the elsments
of D and M matrices {see ref, 10). At this point ons murt perform a test
to insure the positive definitness of these matrices. Matrizes N and Q
must also satisfy the conditions N > 0, Q > C and are kspt as free design
paraceters in order to influence the coavergsnce rate of the identificaticn
mechanism. Equations (13) & (14) constitute the basic equations from vhich
the identification loops are synthesized.

It should be noted that the resulting V is negative semidef:nite
because it depends only upon the® model-raferencs systsm errur and does not
depend on the vectors w and y. This suggests that ons should exyact same
slight oscillaticns in the mudel parameters at thw end of the idsntification
interval, even if the model-reference system error ¢ is zero.

In order to construct the identification loops one must formulata
a relationship among Eqs. (6), (7), (13) & (14). Assuming that the changes
ia toe refer- .co sysitem are much alowsr than the identification time re.
quirad for the model's paramsters, ons may think of matricos A and H as
bteing time-invariant during the idontification interval, Tharefore, differ-
entiating Eqs. (6) & (7) with respect to time ylelds

B = byl (25)
and .
C=aif (15)

since b and d are constant vectors. (See Bgs. (6) & (7, Rearranging
Egs. (13) & (14), then substituting ths rearranged equatioms into Sqs.
(15) & (16), one obtains after integration
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5= 5, [t i an

C=¢g- / [gg‘_.féq-l . g’q-l(g’ng)]at (18)

o
Substitution of Egs. (17) & (18) into Eq. (2) yields the mathematioal model

M { Bo - / Em’f-“ . s-.’v"&’m]m}p
. ( Co - / E«_h_?dq‘l . g;’q‘lutlg)]dt}j (19)

vhere B, and C; are the initially assumed matricss for ths mathemstioal
model. The mathemmtical model's identification loops are given by Egs. (17)
& (18). The integrals in Eq. (19) represcnt the nonlinsar identification
dynsnics for matrices B and C., As msntionsd before, msirices ¥ and Q xust
satisfy the conditions K> 0, Q> O and are kept as free design paremsters
in orier to influsnos the convergence rate of the idsctifioation mschanism,

Since Bgs. (17), (18) and (10) are nonlinear and interrelated, the
diffioultiss arising in their camputations may be alleviated by using a
digital computer. For this purpose one may form the follouing set of
iterative equationn

(304 + KB, ik) =Dy (20)
t

B, = B, ./ [g_sfi"l . g’l’l(,ptuk_],g)]dt (a)
¢

Cy = Co - [ [isz’éa'l . es’a'lu‘n.,_l,)] a (22)

and zolve them iterativeiy L7 a digital computer. HNots that index
k=0, 1, 2 ecocese B, wbkasre m denotes the end I the identificatiau interwal.

The model is coriidered identified (representing the reference systea)
vhen @ = Os Dus to the semidefinite V, ths model's paramsters cscillate
about soms naminal valuss., Therefore, with this identification technique
ons may consider these nominal wvaluss as being the identified paramsters for
m.trices A and H, Experimentation bas shoun that with the proper choice of
N and Q matrioss, cns achieves a very rapid identi®ication of parameters.
By extending slightly the ocomputer camputation tims ons may obtain a quite
acourate valus of the naminal paramester valuss,

In order to eliminate these cscillatins the presented idantifigation
techniqus is presently being improved. This requires the forcing of V to
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be mgative definite. To force Y to be negative definite cor: has to let

the coefricisnts of 3 and y in 8q. (9) {treksted expressions) be sams,
negaiive odd functior of § and y respectively. This modification of ¥

will produce modified identification loops. In terms of Lispunow's sta-
bility theory this msans tact the model-referenze system will be asmmptoti-
cally steble which, in turn,inpliss thai pot mly ¢ 0 at the end of tie
identifiomtioc interwal bt also y-»J and w-» 0. in this modified spproach
ons should get pesrfect identification of the model parsmsters. This ap-

prozch iz presently being studied.

IV CONILUSIONS

A nonlinear identifioation techniqus bas besn presented far -salizing
mathematical models of certain physiological systems. The present study
has its advantages and disadwantages as indicated tiroughout %he paper.
Imprcvemsnts in this techniqus are baing studied.

A very useftl feature of this study is the dsveloyment of a digital
computer program wiich is easily implemsnted and mcdified concurrent with
experimsntation. lan this way, the identifioation process inleracts with
ths experimental deva in a mutually beneficial may. The we of the digital
camputer permits one also to effectively apply the Lizpunov's function in
the identification process.

Note also the state observers in the model-reference system configu-
ration, These stats obsarvers comstruct state varishle informaticn that
are difficult to measure and are necessary for the realization of the
identification loops. For the design of such state observers see ref, 1.

¥ RSFERENCES

1. R. &, &w, M, hm’k’, C. R, R‘plogl‘, Ve I, Hartzler and
P, A, Roccafarte, "Experimentzl Deterxinatioe of a Portion o' the
Human Vestibular System Response Through Msasuremsni of Eyeball
Counterroll® ISEE Trans, Bio-Medical Engineering, vol. BME-13,
pp. 65-70, April 19