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FJOREWORD

This report documents an analytical and experimental investigation
of human pilot dynamics accomplished under Contract AF 33(657)-10835,
BPS No. 5(6399-8219-6240536k4), sponsored by the Flight Control Division
of the Air Force Flight Uynamics Lisboratory. The research was performed
by Systems Technology, Inc., at both its Hawthorne, California, end
Princeton, New Jersey, offices, and, under subcontract, by The Franklin
Institute Laboratories, Philadelphia, Pennsylvania. The project princi-
pal investigators were D. T. McRuer and D. Graham, of STL, and E. S.
Krendel, of FIL., The Flight Control Division project engineers were
Capt. J. E. Pruner and P. E. Pietrzak.

Many others besides the authors have contributed to the results
reported here. All of the principal investigators participated in the
devailed planning phases. An important contribution was made by William
C. Reisener, Jr., of The Franklin Institute, who executed the experiments
and data reduction phases. Thz authors would also like to thank their
co-workers M, M, Solow, who was the subject, and Diane Fackenthal, who
assisted in the data reduction phase; and A. V. Phatak, of STI, who
ascisted in pre-experiment calculations and predictions. Finally, the
report has been significantly improved by the incorporation of many
suggestions due to the careful review by R. 8. Anderson and P. E. Pietrzak
of FDCC. This manuscript was released by the authors in December 1966 for
publication as an RTD Technical Report.

This technical report has been reviewed and is approved.

4 . WESTBROOKC’((

Chief, Control Criteria Branch
Flight Control Division
AF Flight Dynamics Laboratory
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ABSTRACT

The primary purpose of the experimental series reported here is to
investigate, on a preliminary and exploratory basis, human operator
performance differences between pursuit and compensatory displays. For
each display type a wide range of forcing function bandwidths and
controlled element dyramics was used. The effect of the additional
information provided by separately displaying both forcing function
and ~ontrolled element output (pursuit) rather than their difference
(compensatory) was evaluated using the mean-squared error and a quentity
called the "effective open-loop describing function" (¥g)-

As a prelude to the new data, past pursuit/bompensatory tracking

results are reviewed, and then & tie-in is made between these anc¢. the
current series.
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CEAPTRR I
IRRIDTTION

A. BACKGROUND AXD MOTIVATION

The usefulness of a control enxinuering approach to the study and
design of manual vehicular control sys.ems has grown rapidly in the past
decade and is now well established. Tids approach requires models of
pilot dynamic characteristics which ¢~ e applied in conjunction with
the formal methods of control engine>r/» 7. The models are based on
experimental measurements of dynamic ot acteristics exhibited by pilots
in a wvariety of ccntrol situations. A ¢ >vat many past experiments in
which humen dynamic measurements were t:.sen have considered so-called
compensatory conditions, i.e., those in '/nich the operator's actions are
based solely on an error indicating the difference between system command
and system output (Fig. 1a). In contrast, the more complex pursuit situ-
ation, i.e., that in which the system forc’rg function and output are
displayed to the operator and he can utilize both, and/or their difference
(system error) as his basis for control action, bas received very little
attention (Fig. 1b). In fact, the only experiments in which human oper-
stor dyramics have been obiained are those of Ref. 3. While this experi-
mental sceries comprehensively covered effects of foreing function
veriations on operator dynamics, the controlled element dynamics were
mde the simplest possible (a pure gain, Y, = 1) and were held fixed.

A variety of other experiments in which performance measu.es only we 'e
taken (Refs. 1, 2, 9) has demonstrated the overwhelming importance of
controlled element characteristics as task variables. However, the
nature of the dynamic charecteristics adopted by the operator which
underlie the performance differences noted with different controlled
elements has been unknown. In the absence of an experimental data base,
the models of pilot dynamics in pursuit situations have been cnly con-
jectures. The experimental series described here was undertaken primerily
data. Then, as these and other new dala enhimnce our
quentitative understanding of pursuit display systems, the next step 1s
the evolution of a methemmtical pilot model which is suitable for
predictive purposes.




System Forcing Operator
Function Stimulus

i(t) e(t)
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a) Functional Block Diagram for Compensaiory Behavior

System Forcing

Function - Operator =} System
i(i) Humqn OUtpUt Contro“ed OUtpUt
—————3 Element p——e¢—»
Operator c(t) Y, m(t)
e

b) Functional Block Diagrem for Pursuit Behavior

Figure 1. Compensatory and Pursuit Menual-.Control Systems

The compensatory and pursulit manual control systems indicated in
Fig. 1 are intended to represent different behavioral situations. In
compensatory operation only the system error acts as a stimulus for
operator action, whereas in pursult the system forcing function and out-
put are separately ovservable. These two different situations are ordi-
narily defined in terms of pursuit and compensatory displays (Fig. 2)
which actually present the appropriate system signals as visual stimuli.
However, it is important to recognize that presentation of the signals
does not necessarily imply pilot action thereon; for instance, in a
pursuit display the operator may act only on the error, thereby perform-
ing in & compensatory fashion in spite of the presence of the forcing
function and output. Conversely, under certain conditions with a com-

pensatory display (e.g., a predictable forcing function) the operator
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Figure 2. Compensgtery and Pursuit Displays

can mentally separate input from output in the displayed error signal.
Then by using a reasonable facsimile of the system forcing function and
the error as informmtion inputs the operator mey function in a pursuit
fashion. With random-eppesring inputs and complex controlled element
dynamics, the usual way to induce compensatory or pursuit behavior is
by virtue of the display. This always works in the compensatory situa-
tion, although, as indicated above, the provision cf & pursuit display
does not guarantee pursuit operation by the operator.

There are meny practical reasons for our interest in obtaining a
guantitative understanding of the human operator response in pursuit
situations. These include, but are not limited to, the following:

e In tasks where the external reference is present (e.g.,

VFR approach and landing), a pursuit model may be an
appropriate representation for the human's operation.

M




e TFor director (as opposed to null steering) displays in
IFR operations, the type of behavior desired and the
appropriate pilot model correspond to those of the
pursult situation.

e As hypothesized by the Successive Organizations of Per-
ception (SOP) theory (Ref. 6), a pursuit mode of
response by the operator is an interim phase in the
development of exceptional skill. In this hypothesis,
pursuit behavior will occur both in the progression
toward higher skills and in the regression to lower
levels (compensatory) under stress.

e For meny situations, tracking performance (rms error)
with a pursuit display is superior to that for a com-
pensatory display. Determingtion of & simple, usable
model for operator response behavior with pursuit-like
visual presentation of information (from the external
field of view or displays) is required for system
synthesls activities for which improved performance is
desired.

B. GENEZRAL PIAN

The intent of the experiments reported here was to explore the nature
of differences between pursuit and compensatory behavior for a wide cross
section of forcing function characteristics ard controlled element
dynamics. To accomplish this the same forecing function w«rd controlled
element task variables were used for two different display configurations.
The humen pilot dynamics were characterized by describing function meas-
urements, and the average system performance by appropriate performance
megsures. Differences in dynamic behavior between the two situations
were detected by comparing (1) the mean-squared errors and (2) an effec-
tive open-loop describing function for the pursuit display with the
actual open-loop describing function exhibited with the compensatory
display. The latter provided a very sensitive measure of dynamic changes
induced by the display differences. The remnant differences between the
two di:-plsy situations were found by examining the two components of the
mean-squared error, i.e., that due to pilot/system dynamics opersting on
the forcing funclion and that due to the effects of pilot remnant oper-

ating within th

closed-locp gystem.




¢. OUTLINE OF TNE REPORT

The preceding introduction irdicates that the purpose of this experi-
mental series is to study the means used by the pllot to enhance perform-
ance in pursult systems over that in compensatory systems. A quantitative
understanding is desired, prefersbly o the extent that & mathematicsl
model sultable for predictive purposes is obtained.

Chapter II reviews and summarizes past pursuit/compensatory studies
for later comparison with the results of the present experiments. Con-
siderstion is restricted to those previous studies that utilized random-

aprearing inputs which allow direct comparison with our data.

Chapter III discusses the system relationships that result from the
pilot's utilization of the additional informstion provided by the pursuit
display. Of mejor importance is the section "Detection of Pursuit Behavior,"
where it is shown that performence measures alone are inadequate. Supple-
menting these with an effective open-loop describing function is shown
to provide sufficient information to detect pursuit behavior. This
chapter concludes with a description of the experimental configurstion.

Chapters II and III lead directly to the desired experimental p.an
given in Chapter IV. This is followed by the performence measure apd
describing function data, with extensive comparisons of the present sub-
Ject's compensatory display date with a large ropulation of pilots to
indicate that he is a representative sample. In addition, his data are
tied in with those for yet another population :for which pursuit data
were also teken. Finally, the present pursuit and compensatory display
data are compared using both performance measures and the effective
open-loop describing function.

Chapter V is devoted to data interpretation. Implications are drawn
as to a plausible description of the pilot's utilization of the pursuit
display.

¥inally, Chapter VI summarizes the general conclusions and findings
of the study.
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CHAPTER II

BUMMARY OF TRACKING DATA,
PURSUIT AND COMPENSATORY DISPIAY AQMPARISONS

There have been many studies in which tracking performance for pursuit
ani compensatory systems has been compared. Initially, perhaps, these
were motivated by a desire to demonstrate a clear-cut superiority of one
display type over the other. Because the pursuit display provides more
informgtion, it was presumed that some advantage would thereby accrue.
Indeed, average tracking performance with pursuit systems is often, per-
haps even usually, better than that with a compensatory system; but tnis
is by no means the rule. Thnis is attested to by the summary cf past
:ursuit/compensatory compsrisons presented in Table I. This is one of
our two key starting points. The other, which is & notable omiscion from
the table, is the work of Elkind which will be covered at much greater

length as tie-in data for the present series in Chapter IV.

The experiments summgrized in Table I can be divided into two
categories, corresponding to simple and complex inputs. Only the latter,
comprising inputs made up of a minimum of three sinusoids, are of furtho-
interest in connection with our data. Of tnese, the ones of primary
interest are the twc papers by Chernikoff, et al (Refs. 1, 2), and %the
comprehensive psver of Obermmyer, et al (Ref. 9). Since these consider
some oi tne same controlled elements as examined here, actual compari-
sons between performance measure data from these sources and those
obtained in the present series are given later (Chapter IV).

In a sense the data in this chapter is of limited usefulness, since
only performance measures can be compared and as shown in Chapter III
this is an insufficient indication of the effects of pursuit versus
compensatory displays. In addition, Refs. 1, 2, and 9 used sine waves
with harmonic relationships. It is possible that this produced a recog-
nizable pattern which the pilot could utilize to reduce tracking errors

below that expected for random appearing inputs.
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CHAPTER III

BLOCK DIAGRAM BTRUCTURE,
PURSUTT DRTECTION TECHNIQUES AND EXPERIMENTAL CONFIGURATION

The first purpose of this chapiter is to discuss the system relation-
ships that can result from the pilot's utilization of the information in
che pursuit display. Possible block diagram organizations are presented
and their implications for the experimental detection of pursuit organ-
ization, as well as its measurement, are examined. Awkward measurement
problems arise hecause pursuit behavior implies two or more pilot
describing functions operating with a single forcing function. The
explicit determinatiou of the pilot's describing functions requires two
or more independent inputs —unfortunately, the addition of a second
input increasses the number of task varigbles and therefore modifies the
control task. Finally, the chapter concludes with a discussion of the
experimental confilgura*tion.

A. BICCK DIAGRAM BTRUCTURE

With a pursuit display the operator sees both the input, i, and
output, m, of the system, and has as his task the minimization of their
difference, the system error, e. The possible block diagram structure
representing the operator's response in this situation is shown in Fig. 3,
where Ypi, Ype, and Yp, are describing functions indicating the opera-
tions on i(t), e(t), and m(t), respectively. An integral part of the
quasi~linear system description is the remnant, nc(t), injected at the
pilot’s output to account for the portion of the response that is not

linearly correlated with the system input, i(i).

'the presence of a pursuit display does not guarantee that the pilot
will utilize all the information presented. Table II summarizes the six

possibilities.

Using Fouriler transforms, the equations of motion are

C Ipy + EYp, + Myp + Mo (1)
I-M (2)

M = CYg (3)

11
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TABIE II

POSSIBLE HUMAN OPERATOR RESPONSE STRUCTURES FOR PURSUIT DISPLALIS

TITLE SYSTEM FARAMETERS USED®
CompeNSatOTy et vvieerrerrteosronosocorsns e
Compensatory and feedfcrward.........c.0n e ,
Compensatory and inner 1loop....cceeevecess e , m
Compensatory, inner loop, and feedforward. e ,m, i
Inner loop and feedforward................ m, 1
Pure feedforward.. .covveeeeenennenccnnnnns i

¥*
For a pnv
since & -

display only two parameters are independent
me.

Solving for the pilot's output and system error and system output yields

Y + Y
P P 1
c = 1 e 1+ No (%)
1+ Yo Yp, —Yp ) 1+ Yo(¥po~Tp )
~~ ~ - ™ ~~ -
Pic ®nac
i1 ®neng
L ~ Y (Yp, +Yp,) - Yo . -
= c
1+ Ye(tp, —¥p ) 1+ Yo(Ype—Yp,)
~ ~ — . ~ -
bie ®n.e
(bii Nele
Yo (Yp, +Y Y
M = ( 1% 1 Pe) I+ c No (6)
S vV - N ~" o’
O ¢ncm
®i4 ¢ncnc
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In Eqs. 4—6 the parts of E, C, and M which are correlated with the

input are noted by the ratios of the cross-spectra with respect to I.

Since i and n, are uncorrelated, the error spectral density is given by

2 2
Ye

1+ Yo (Ypg— Ypm)

1 = Yo (Ypmwpi)

1+ Ye (Ype—ypm)

bee =

i3 + ®n,  (7)

and the mean-squared error by

o0
— : —_—
2 = - | Geelo) @ - ef + el (8)
Where
_ o |1 Y—.(Y +Y )2
eg = 21_7(] \" Pm "Pi ?;4 da (9)
0 |1+ Ye(¥p Ypm)
and
2
2.1 fe o du (10)
& = 2n Dele
O 1 +Y0(Ype_Ypm)
Thne ratio
Y —_ (b_jm_l _ Yc(Ypi +Ype) (11’)
B = 0s.

ie 1 - Y, (Ypm +'Ypi)

has the property that the portions of M and E linearly correlated with
the input are described by

M _ 7B

I - T+, (12)
E ]

= = (13)
I 1+Y6

independent of the type of display or pilot utilization. Thus Yﬁ is the

effective open-loop describing function, and has essentially the same
interpretation in the pursuit as in the compensatory situation. That is,

a single loop closure about Yﬁ results in the closed-loop characteristics.

14




To reduce tracking errors at low frequency the pilot should adjust his
describing functiorn boxes such that YB >> 1 at @ < ap. For the compen-
satory display this has to be accomplished by a single describing function
ch operating on the error, whereas YPm’ Ypi’ and Ype are theoretically

available in pursuit.

In terms of YB the characteristic equation is given by

1+Yg = 0 (1)

or
1+ Yc(Ype—Ypm)

1 - Yc(Ypm +Ypi)

= 0 (15)

Setting the numeratir of Eq. 15 to zero gives the same characteristic
equation as implied by the denominators in Egs. k- 6.

Using Eq. 13, the mean-squared error correlated with the forcing

functiecn, e%, is related to Yg as

2 IS
es = — f —_— (Dii dw (16)
1 21’[ 0 1 + Yﬁ

An example of a simple change in Yﬁ is an increase in the etfective
crossover frequency, and if Yp = abﬁe_jw“/jw, then in a fashion analogous

to the compensatory situation (Ref. T),

2 2
€4 o1 (9
pal "5(:;) if 4y Koy (17)
x CB

where the effective cressover frequency is defined by IYB(J&QB)l =1.
B. DETECTION OF FURSUIT BEEAVIOR

For the same input and controlled element, the detection of differences
hetween compensatory and pursuit behavior has, in the past, relied primarily
on performance measures. A key feature of the experiment.l program reported

here i5 that comparisons were glsoc made in terms of the effective open-loop

15 t




describing function, YB’ which reveals the dynamic effects of the pilot's
system organization. The ingdequacy of ea alone is revealed by Eq. 8,
i.e., a charge in e2 could be due to a change in either ee or en It

is also possible that the change from a ccmpensatory to a pursuit dis-
play would prodice no change in e2 but equal and opposite changes in

Zg and gg. From these factors it is seen that the detection of pursuit/
compensauory differences requires the comparison of two quantities, such

as e and Yﬁ’ or both ea and e (where the latter reflects Yﬁ)

As opposed to detection there are two major unknowns whkich contribute

to the problem of directly measuring humen operator describing function

characteristics for pursuit dlsplay tracking  These are:

1. The actuwal hlock disagram structure adopted by the cper-
ator, i.e., the system parameters used to generate his
output, is not known, nor is there any knowledge that the same
block diagram structure exists for all inputs and contrclled
elements. Note that of the three unknown boxes in Fig. 3 only
two are independent.

2. A second input that is statistically independent of the
primary input (forcing function) is required to obtain

data for computing the describing functions of the two elements.
It is desired that the control situation be characterized only
by the forcing function i(t) and the contrclled element. There-
fore the cecond input must be such that it does not influence the
operator's norpal pursuit response characteristics to the foreing
function, and at the same time must be of sufficient amplitude to
permit accurate cross-spectral or equivalent measurements.

The requirement that the second input be uncorrelated with the forcing
function further compounds the problem of directly computing both opere-
tor describing function elements. Without loss of generality, we can

assume that Yp =0. If the second input, d(t), is injected downstream
of the pilot's output, c(t), the cross-spectrs ratios are

— = e ]

Pdc
— = X (19)
Qde Pe

16




Thus YPe is measured directly by the second input and YPi can be calculated
from Eq. 18. Note that for inputs which are sums of sine waves the cross-
spectra ratios exist only at the sine wave frequencies of each input. Thus
for i(t) and da(t) to be independent there can be no common frequencies;
therefore Egs. 18 and 19 cannot te solved directly. Two procedures could
be used in an attempt to resolve thas difficulty.
1. Interpolate the ®io/0®ie and 343c/®3e data to the
d and i1 frequenciles, respectively.
2. Interchange some of the forcing function and second
input frequencies, thus obtaining ®1./®ie and ®3./%e
data at the same frequencies but from separate rums.

The problems discussed above apply to the direct measurement of the
operator's describing function characteristics for pursuit tracking, and
are applicable to the general multiloop measurement task. An alternste
procedur2 for obtaining additional insight into the humen operator's
pursuit describing functions is {0 perform the experiments without the

second input and apply the analysis technique discussed in Chapter V.

C. EXPERIMENTAL BITUATION

The experimental arrangement and measurement techuniques are nearly
identical to those in Ref. 7. Thus, the following sections will briefly
discuss the situation for this experimental series only as it differs
from that of Ref. 7.

1. Physliecal Iasyout and Equipment

The experiments were performed in & laboratory area consisting of
two connected rooms. The larger of the two rooms contained all of the
electronic equipment for p~rforming and amalyzing the experiments. The
smller room contained the manipulator and display. In this wey the
operator is isolated from the mes.suring equipment and other disturbances.
The degeribing function data were: obtained using the watthour-meter
analyzer described in Ref. 7 . 7his machine evaluates the real and
imaginary parts of the Fourier coefficient of the e, ¢, and m signals
using each input frequency as a reference. Tn addition, each run was

recorded on magnetic tere.

17




The general measurements end task vuriables involved in the experiments
are shown in Fig. 4. The task variables used in this experimentsl series
are shown in dashed boxes, i.e., the forcing function and the controlled
element. The Yo's used were

X,
Ke/s
Ko/s?

EREEE'XT A = 0.5, 1.0, 1.5

Ko(s + 0.25)
(s +5)2

These controlled elements were selected to provide & very broad coverage
of pilot equalization to close the looup, ranging over very low frequency
lags to essentially pure gain to low frequency leads (Ref. 7).

2. DTForoing Fuaction

The forcing functione, i(t), used in the pursuit experiments wvere of
the augmenteld rectangular input spectrum form but with two differ at
frequency spacings. One set was identical to that in Ref. 7 and spectia
using this frequency spacing are designated by wi, cj, where oy is the
cutoff frequency in radians/second and oy is the rms amplitude in inches,
i.e., as seen on the display. The other set is designated by either BS,
0y, or Ril, i, a notation similar to that in Ref. 3. The f£ollowing
paragraph describes the frequency content and bandwidth of the various
inputs. The rms values used are discussed in Chapter IV and indicated
in Teble III.

setiing, Wy, anl the number of periods, n,., for each
component in the fixed 240-sec run length, Tr, are given on p. 20. For
the wi, oj spacings three approximate w; values were used —1.5, 2.5 and

k.o rad/sec. To define these three inputs, the amplitudes at the lowest

18
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six, seven, or eight frequencies were set equal, for cutoff frequencies
of 1.49, 2.5h, or 4.03 rad/sec, respactively. The amplitudes of the
remaining frequencies were set to one-tenth of the low frequency ampli-
tudes (20 db attenuation). The lcgarithmic spacing {which facilitates
fitting ratios of rational polyncmials to the measured values) was
selected to insure the =2ffective independence of the sine wave components

over the run length of interest.

@, 04 B5, o1; R4, o4
@y Dy = TRoy/2x @p Dy = TRy/ax
0.157 6 0.31h 12
0.262 10 0.732 28
0.393 15 1.151 Ly
0.6C2 23 1.675 el
0.969 37 1.989 76
i 49 57 2.407 92
2.54 97 k.29 164
4.03 154 B5.17 236
7.57 289 10.1k4 388

13.8 527 14.0% 536

Foxr the other forcing functions all the amplitudes were equal for
the RI4, oi Joput, while the four highest frequencies were attenuated
0 4b for the BS, ci input. Figure 5a shows measured input power
spectral magnitudes for the three wy forcing functions, while Fig. 5b
provides a similar picture for the B5 and the R14 spectra.

The forcing functions selected serve several purposes. The range
cf forcing functions is covered by the sugmented wj spectra; these are
also appropriate for direct tic-in and extension of the Ref. T results.
These would be sufficient except that, in the major past study (Ref. 3),
two interesting pursuit/compensatory differences were found for high
bandwidth forcing function spectre. These were:

@ Above a particular forcing function bandwidth, compensatory
rms error becomes less than the pursuit rms error.

20
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o At a still higher forcing function bandwidth, a pursuit
system is stlill operable, but ccmpensatory cannot be
controlled by the operator.

The high frequency bandwidth(s) serve to further explore these conditions.
%. Display and Menlpulator Sensitivities

The pursuit displey it shown in Fig. 6, where the dot for the input
and the vertical line for the system output move laterally. The pilot's
output, c¢{t), cousisted of lateral motions
of a spring-restrained side stick (negli-
gible inertis and damping). For a pure
gain controlled element of unity, the dis-
play and stick are related by

Ks = 1 in. (displsy)/6° (stick)

Fg 2.21 oz/deg (stick) (applied
at top of 4-in. stick)

With the 4-in. moment arm, lateral motion

of the operator's hand amounts to about
0.07 in. (stick) per degree of stick
rotation. Accordingly, the sensitivity
can be expressed in terms of the linear motion of the operator's hand by
dividing the angular sensitivity (in inches per radian) by the mcment

arm, i.e.,

Figure 6. Pursuit Display

1 in./6° x 57.3°/rad x 0.25 in.”
2.38 in. (display)/in. (stick)

Kg

11

For controlled elements other than unity, alli of the above sensitivities
are multiplied by Ye(jw) and they become dynamic quantities.

The pilot/manipulator/display configuration is depicted in Fig. 7.
Only the roll axis was used for this experimental series. Movements of
the stick in one direction produced system output movements in the same
direction.
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_L— Visual Display

Extreme Stick
Positions

Rol/ Axis
Resroring
Force Spring

Pitch Axis
Clemp

Prtch Axis
Pivot

‘-j Pitch Axis
g Locking Bar
Piich Axis
é Restoring Spring

Roll Axis ; P
Pivot Point |---

Arm Rest Q ‘
Pivot Point
Note:

Pitch oxis locked during
rolt axis control trials

Figure 7. Stick Menipulatcr
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IXPERTMINTAL DATA

This chapter presents the experimental describing function and
performance messure data. For this sort of exploratory study a design
which includes a large number of forcing functions and controlled
elements is essentisl. This would be excessively expensive if several
subjects were used. Consequently, in the interests of economy and
meximm coverage a single well-trained subject was used throughout with
several specisl restrictions tc increase the likely generality of the
results. These were:

e Tie-in of this set of experiments with those involving a

large population of pilots to indicate that the subject
used was a representative sample (Ref. 7).

e Tie-in of this set with the only previous comprehensive
describing function measurements (Ref. 3), thereby
corroborating those findings and indicating & reasonable
tie-in to yet another population.
The particular controlled elements, forcing functions, and display
configurations tested are shown in Table III. Exceptions to the rms
input values are indicated by an asterisk. The numbers in each cell
indicate the run sequence. Fach configuration ..s repeated three times
using a single highly motivated subject who was a light-airplane-qualified
civilian pilot with extensive tracking experience. Because of his experi-
ence the subject was able to rapidly approach asymptotic values of per-
formance on any given configuration, thereby permitting a large number
of configurations to be examined at minimal cost. While more subjects
would have been desirable, the exploratory and limited-effort nature or
the experimental series made this unrealistic. To make the results as
representative as possible, considerable effort was made to tie them in
to other data.

In what fcllows Section A presents the subject's compensatory display
data to tie in with that in Ref. 7 for a population of pilots and that in

Ref. 3 (where pursuit data were also taken). Also included is a comparison
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ot long term effects for the present subject to demonstrate the typical
asymptoti: performance levels achieved by human operators. These tie-ins

and long term effects increase the generality of the pursuit/compens&tory
comparisons in later sections. Section B compares the performance measure
results with those of other experiments. Section C presents a detailed
comparison of Pursuit and Compensatory performance measures obtained in this
study. Finally, Section D compares the describing functions tf'or compensatory
and pursuit display.

A+ COMPENSATORY DATA COMPARISONS
1+ Population of Pilots (Ref. T)

In general the describing function data, Figs. 8—11, indicate that
the presept subject is typical of a pilot population. Note that the
data from Ref. 7 (circles) are plotted at the correct input frequencinrsg,
whereas the current data have been shifted slightly to the right to avoid
overlapping. In each case the data points indicate mean values; the
vertical lines indicate *l¢ spread. For easy controlled elements (Ko and
Kc/s) and for low bandwidth inputs, there is no difference between the
present subject and the other pilots (Ref. 7). For the harder controlled
elements and higher bandwidth inputs, the present subject ususlly has a
higher crossover frequency and low frequency gain, plus less effective
time delay near crossover and above. These differences are probably due
to the extensive tracking experience of the present subject (close to 500
data runs plus numerous practice runs) compared to the eight other pilois

used in the Ref. T series.

To illustrate the long term effects of practice, consider Figs. 12
and 15 for Y, = K, &and Ko/s(s-1.5), respectively. Figure 12, for the
relatively easy but extremely well-practiced case of Y. = Ko, shows
amazingly close agreement for test periods over one year apart. Even
the subtler data trends are closely duplicated in this comparison, and
we conclude that the subject's describing function had stebilized. (The
slight improvement in tracking error is probably due to reduced remnant.)
Figure 15 shows 2 similar comparison for the second-order unstable element
in which A = 1.5 (near the uncontrollable limit). Even i) this much more
difficult casc¢ the agreement is quite good, except that there is less
tracking error and high frequency phase lag, indicating a refined tracking

technique over the intervening year.
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Figure 8. Comparison of Compensatory Display Data
with Population of Pilots; Y, = K., wf = 2.5
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While skill level differences may explain some of the differences
between the present subject and the population of pilcts, it's quite
likely that our subject's extensive tracking experience is the largest
factor. Thus, our single subject <an be considered typicel of a pilot

population in that they will reach an asymptotic level of performance in

their well-trained flying tasks in analogous fashion to the present subject

in tracking tasks.
2. Pcpulation of Students (Ref. 3)

In order to tie in with tne body of data generated from Y, = Ko =1
in Ref. 3, a tracking situation as similar as possible to Elkind's had
to be considered in both Ref. T and the present experiments. Ideally,
the tie-in experiments should be conducted with forecing functions and
manipulators similar to those to be used in our other experiments, yet
also similar enough to Elkind's to effect a reasonsble connection.
Fortunately, Elkind's B6 forcing function amounts, in our notation, to
wj = 3.0, 1 in., so the w; = 2.5, 1 in., forcing function was thought
to provide reasonably close approximetion. The lightly restrained stick
manipulator used in this series and Ref. 7 differs substantially in
form from Elkind's freely moving pencil-like pip tracker, although the
movements in both cases were generally lateral (Wwith more rotation
involved in Ref. 7 and the present series). Yet, in our past work we
were able to show reasonable connections with Elkind's date even using
an aircraft center stick (Ref. 8), so any differences due to the

menipulators were expected to be slight.

In Ref. 7 three highly trained pilots tracked two runs each for
Yo =Ke =1, 2, and 5, respectively. The differences between Yp meas-
urements for successive runs for each pilot were very slight; the two
runs were averaged and are shown in YpYe form in Fig. 14 along with the
corresponding compensatory display date from the current experimentis.

Elkind's comparable data for wy = 3.0, 1 in., are also shown in Fig. 1k.
These dats are averages of four four-minute runs, two from one subject

3
H

nA Anma
Gmdrd \AAT

that the results are remarkebly compatible with the Elkind deta, with

- e ~ ~ o v o~ 2 e o mmee O e -
wn from each of two 8. It is clear from Fig. i~

a

¢

the current subject giving a slightly better match for low frequency
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amplitudes. In fact, this ex“remely close correspondence between data
taken years apart, by different experimenters at different locations, with
different subjects, different analysis apparatus, and slightliy different

forcing functions and manipulators, etc., is very satisfying especially
considering the sukject selection procedures:

e Reference 7T used three ngval test pilots, each trgined
to a stable performance level (as measured by Ez/oi) for
each conflguration.

o The current series used a single subject with extensive
tracking experience.

¢ Reference 3%, utilized highly trained studerts.

Thus, all indications are that the current single subject has reached
a stable performance level against which to compare his pursuit display
dats in Subsections B, C, and D below, increasing the generality of the
conclusions drawn there.

B. COMPARISON OF PERFORMANCZ MEASUREE
WITH RESULTS OF OTHER EXPERIMENTERS

While our describing function data can only be compared with Elkind's,
the performence measure results can be cc~pared with those of Refs. 1, 2, 3, 9.
Figure 15 shows the normalized mean-squared error for pursuit and compensa-
tory obtained in our series with those found by Elkind. Our augmented
rectangular forcing function spectrs are similar to his rectungular
spectra, differing primarily by the addition of a few low amplitude waves
to form a high frequency shelf. Thus, the Elkind R.24%, R.k, and R.64
foreing function spectra (where the ~k, .4, and .64 are in cycles/second)
correspond roughly to our wy = 1.5, .5, and 4.0 rad/sec, respectively.
Also, our R14 (highest frequency, 14 rad/sec) spectrum is akin to his
R1.6 or R2.h. As indicated in F4z. 15, the trends betweer compensatory
and pursuit exhibited by the two sets of data are generally similar;
both sets of data indicate lower mean-squared error for the pursuit
display except at the higher forcing function baniwidths (BS, Ril, and
R2.4). Althegh Elkina had a forcing function similar to BS, the

relative mean-squared errcrs for this input are not available.
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Another comparison for Y, = K, is made on the basis of the data from
Refs. 1 and 9. In both these experimental series only three sinusoids
were used to make up the foreing function. These input spectra do not
have & meaningful "bandwidth" as such. Consequently, to show a rough
comparison between these and our results they are classified in terms of
the meximum forcing function fraquency (neglecting the high frequency
shelf in our data). The result for ¥, = K, is shown in Fig. 16. The
indications are that all the data are reasonably comparable, ani
that Jrsuit performance measures are smaller than compensatory for sll
b1 the very lowest frequency input used in Ref. 9.

Similar comparisons for Yo = Ke/s and Kc/52 are also shown in
Fig. 16. These comparisons sre both ambiguous and confusing. For
Yo = Ko/s2, for exsmple, the current data and those of Ref. 2 indicate
that pursuit is superior, whereas the date of Ref. 9 show precisely the
opposite. For Yo = Ké/s both FKef. 2 and Ref. 9 are in opposition to
our results for higher frequency forecing functions, although they both
also indicate compensatory is better than pursuit at lower frequencies,
a trend that would coincide with our results. Finally, the lowest
frequency forcing function for Ref. 2 is in direct opposition for the
medium frequency input of Ref. 9. The causes of such differences are
subtle indeed, for critical examination of the conflicting data shows
no defect in method or procedures. About the only conclusion that can
be drawn from the Yo = Ko/s data is that performence with either form
of display can be superior to the other under highly restricted
circumstances.

C. COMPARISON OF PURSUIT AND COMPENSATORY PERFORMANCE MEASURES

Figures 17~ 21 present the performance measures‘obtained with
pursuit data plotted on the ord;pates and compensatory data on the
abscissas. Both the total relative mean-squared error, Eﬁ/og, and its
components (ggfcﬁ, ;E/of) are presented. These figures also contain
plots of ZE, E?, and Eg (not normelized). The average performance
measures are given at the intersectiorns of the lines which have short

hatch marks on their ends to indicate the range of the reasurements.
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A summary of the performence measures (gﬁ, ;g, and ;g) is given in
Table IV, where the letters "P" (pursuit) or "C" {(compensatory) indicate
the configuration having the smller measure. In Figs. 17—21 when the
equivalent (i.e., P = C) line falls within the range of measures & "PC"
or "CP" is used, with the first symbol indicating the smaller mean.

The numbers in parentheses are the relative rms performance measures.
The results for the five configurations have been grouped into those
showing clear superiority of the pursuit display EYc = Ko, Ko/s°, and
Ké/s(s-—l)], e.g., the relative rms performance measure is about 0.8,
and those showing little or no consistent difference [Yc = Kc/s and
Kb(s-+0.25)/(s-+5)2]a More detailed conclusions are for:

Yo = Ko (Fig. 17)

Pursuit is better than compensatory for both ¥ and e% for
.low bandwidth inputs (augmented w; spectra), becoming essen-
tially the same for high bandwidth inputs (BS5 and R1l4) (This
wes discussed in Subsection B above.) Note that while ;g is
Eznatic it is quite small, so that it has little effect on

82°

Y, = K,/#2 (Fig. 18)

Generally pursuit is &Ecreasingly better than compensatory

2

as wj increases for both e~ and eg. Results fqz_eg are scattered

and generally smell encugh not to affect ;? or e2. An exception

is the wy = 2.5 compensatory results, where a small value of eg

mekes the e? pursuit nearly equal to e® compensatory.

Yo = Ko/8(8~1) (Fig. 19)

Pursuit is increasingly »etter than compensatory as i
incresses. This holds for both components of e2. Here e§

is on the oxrder of e%.

Y, = Ko/s (Fig. 20)

Compensatory is slightly batter at lovw aad high bandwidth
inputs for e2 with essentialily no difference for moderate band-
width inputs.




TABLE IV

SUMMARY OF PERFORMANCE MEASURE DIFFERENCES™

FORCING FUNCTIONS
Yo Augmented w; Spectra Extended Band Spectra
1.5 2.5 4.0 B5 R1L
25703‘ P (0.76) | P (0.81) { P (0.80) | ¢ (1.1) Same
X, -e?/oﬁ P (0.79) | P (0.81) | P (0.76) Same Same
2/} P PC PC c CP
;5/0;% P (0.78) | P (0.95) | P (0.78) | P (0.81) | P (0.71)
'Is% €2/2 |pc (0.93) | P (0.89) | P (0.82) | P (0.72) [P (0.77)
e2/ % P cP P Same PC
A
YC!
0 0.5 1.0 1.5
€2/62 | P (0.78) | P (0.71) | P (0.66) | P (0.59)
-S-SK_‘j a e2/62 | BC (0.93) | P (0.81) | P (0.61) | P (0.:7)
€2/} | » (0.65) | P (0.60) | P (0.72) | P (0.71)
FORCING FUNCTIONS
Yo | sugnenta ®; Spectra Extended Band Spectra
1.5 2.5 k.0 B5 Rk
€2/ | P (1.1) | ¢ (1.27) Sawe Same | CP (1.07)
—KEE %‘-/og‘ ¢ (1.2) { ¢ (1.2) CcP Same P (0.87)
2/03 P c Same Same c
/2 lep (1.o5) | P (0.92) | seme
ch: :;25) %/oﬁ Same ? (0.91) | P (0.86)
e2/ o2 CP PC c

#*Letters indicate configuration with lower messure, P (pursuit} or C (compensatory)
Numbers indicate relative rms verformence measure
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Yo = Kb(s-+0.25)/(s-+5)2 (Fig. 21)

For the bandwidths tested there is no significant difference
- between dilsplays.

Yo, in general the performance improvement with pursuit dispiay is
largest for the more difficult controlled elements and inputs.

The mean-squared pilot output, EE, and 1ts components, cg and cg, are
also sheon in Wgs. 17 — 21 . The c2 data show quite consistent trends,

as does e

Yo = K- (F®g. 17)

2 pud E? ure arger for pursuit display than for compensa-
tory displmy. Ta 3 laec mesed pilot activity has resulted in
less mean-:ared ers.c. c2 and 02 derrease as w; increases.

cg tends to .acrease as w; increases, but c% is only in the

order of 10 pexcent or i¢s of 02 for the lew rrcquency inputs,

s0 the run-to-run varisbility of cg d ..~n't mean much.
Yo = Ko/62 and Ko/8(8—2) (r.25. 18 20d 19)

Z§ and Z? are lower for pursuit than lor compensatory. Thus
the improved performance (;E and ;?) is accomplished with less
pllot activity. This contrasts with the case for Y, = X, above.
Eg is somewhat lower for pursuit for the augmented w; inputs,
perhaps higher for BS and Rik.

Y. = K,/8 (Fig. 20)

Z? is lower for pursuit, whereass results for ZE are mixed.
It appears that slightly better performance with the compensa-
tory display is obtained with slightly higher effort.

Yo = Ke(s +0.25)/(8 +5)2 (Fig. 21)

Results appear consistent. c2, c%, and cﬁ decrease (both
for pursuit and compensatory) as ®j increases. For c2 and c%

the trend appears to be that the operator works less with pur-
suit for oy = 1.5, about the same for wj = 2.5, and more for
wj = 4.0. These trends roughly parallel those for e2 and e2.
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The mean-squared error and mean-squared pilot output results indicate
that the pursuit dizplay is desirable for the harder controlled elements,
Kc/s2 and Kc/s(s-l), in that the performance improves and less pilot
activity is required. For Yo = K; tne pilot can also take advuntage of

the additional infcrmation presented, but he must use more activity to do so.
D. COMPARISON OF PURSUIM AND COMPENEATORY DESCRIBING FUNCTIONS

The describing function differences between the pursuit and compeasatory
displays are given in Figs. 22—-26 in terms of the effective cpen-loop, Yg
(Eq. 11). Average dats are snown with the range of the measurements indi-
cated by the hatch marks. The pursuit date are plotted at the correct
freguencies, while *ne compensatory data have been shifted slightly to the
right. Detailed comparisous are:

Yo = K, (Fig. 22)

For the sugmented wj spectra the P has a slightly higher ay
and low frequency gain which leads to less e% (Fig. 17). For

the BS and R1% inputs, P has a slightly smaller W, but larger

2
i
In general, P has more phase lag (10°~30°) than ¢ at mid-band

Yo = Kb/sa (Fig. 2%)

The most significant difference is the much smaller low

low freguency gain, such that e§ is about the same as C (Fig. 17).

frequency phase lag for P for all inputs. In addition, the P
amplitude, which is nearly the same at low ¢y, becomes much
smaller at mid-frequencies than the C as wj increases. Ordinarily
this would lead to greally increased ;? according to the one-third
law spproximation (Eq. 17). For this controlled element, phase
lag has a large effect on ;? because the phase margin is small
for_g. Thus the increased phase margin for P has a larger effect

% than the reduced amplitude ratio.

Yo = Ko/8(8—1) (Fig. 2k)

on e

The effect of the incressingly unstable controlled element
(at w3 = 1.5 rad/sec) is a slightly smaller low frequency phase
lag for P. For A=1.5 the P low frequency ampiitude becomes

b7
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Figure 2k. Comparison of Pursuit and Compensatory Display Describing Functions

:)ightly larger and the we becomes slightly smaller than the C.

Here, as for Yc=Kp/ s2 above ; the performance improvement is due
mostly %o the increased phase margin for the P.

Yo = Ko/8 (Fig. 25)

Yor the lower wi's, P has slightiy less amplitude at low
frrequency and at crossover leading to a larger -e—g (Fig. 20). The
same amplitude trends hold for the B5 input but now the P has
slightly less phase .2ag, such that ;g shows no difference. For
the R1k4 input the P amplitude ratio is much smaller and there is

less phase lag, leading to an improvement in ;-g (Fig. 20).
Yo = Ko(8+0.25)/(8 +5)2 (Fig. 26)
Very little difference between P and C.

Thus, the describing function and performance mearure comparisons
indicete that the pursuit display is superior to the compensatory display
for Yo = Ko, Ko/82, and Ko/s(s—-2). For Yo = Ko the subject improves
performance by increasing the bandwldth of the effective open-loop, Yg s
but rust inerease his activity slightly. For Yo = K./s2 and Ko/s(s—2)

performance improvements are obtained by drastic changes in the phase of
Yp but with less pilet activity.
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CHAFTER V
DATA INTERPRETATION

The data in thie previous chapter indicate the differences between
pursait and compensatory display situations. The purpose of this chapter
is to interpret the data as to the possible nature of the pilot's organiza-
tion. As indicated in Chapter III, the explicit determination of the pilot's
describing functions is not possible with a single forcing function. Never-
theless, using reasonable assumptions it is possible to imply certain charac-
teristics about the pilot's operation in system stabilization as well as his

operation on the input.

The discussion in Chapter III indicates thot cnly two of the pilot's
describing functions (Ypi ’ YPe and Ypm) are independent, i.e., any box can
be zero and the other two can describe the data. Of the three possibilities,
we will assume that Y@m==0.* The pursuit situation then becomes as in Fig. 27,

where the system error and output spectra are, from Eqs. 6 and 7 with Ypm==0

(20)

P

(21)

Figure 27. Single-Axis Pursuit Tracking

*The data were also examined using the assumption that Ipi==0 thereby
leaving Ype and Yp to describe the pilot's behavior. However, this
approach did not result in any useful interpretation -of the data.

o7




Since system stability and low frequency error reduction are determined
by YPe s an appropriate model for the pilot to adopt is that which results

for the same controlled element in the compensatory situation, i.e.,
Tpe = pe (22)

If Ypi %s selected so that

Yp¥e = 1 (23)
then the system output (neglecting the remnant) approximately equals the
input resulting in smaller error. Thus, the pilot can take advantage of
the additional informetion in the pursuit display by adopting equalization
that is the inverse of the controlled element. The system then becomes
nearly open-loop through the feedforward, with * .e feedback acting as a

vernier control and as a means of stabilizing the controlled element.

To test this hypothesis an implied feedforward, ngi , cen be calculated
from the assumption that YPe for the pursuit display is the same as the
measured Yp, for the corresponding compensatory display. Thus, Iy, i1,
repeated below, can be solved for Y};i on the assumption that Yp e = ¥p c
and that Yp, = O.

¥*
_ %im (YPi * YPC)YC
Yﬁ - 'd)—" = (2h’)
ie 1= Yp Ye
1

Solving fo. Ygiyc yields

Yq — Ye¥p
Y. Yo = PP (25)
121 1 + YB

The implied feedforward was calculated using averaged data for YB
and YPC’ The results are giver in Figs. 28— 30 for the cases that showed
large performance differences, i.e., Yeo = K., K(./se, KJs(s — 1), respec-
tively. The results are given in Y;iYc form to illustrate the extent
that the ideal adjustment given by Eq. 23, in the light of the assumption

given by Eg. 22; is approached: Detai
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Yc = Kc (Flg. 28)

YfiYc is less than one and approximately constant, but with

lagging phase at high frequency similar to that of a time delay.

Y. = K./82 (Fig. 29)

YfiYc is greater than one at low frequency; then becomes
much less than one at high frequencies. The phase is positive
(20°—-60°) at low band and mid-band frequencies becoming nega-

tive at high frequency.

Y, = X/8(8 —=\) (Fig. 30)

Generally YgiYc stays closer to unity at ell frequencies
than for Yo = Ko/s®, although the general character is the same.
As X increases, Y%iYc becomes closer to unity, reflecting the

relative reduction in performance measures (Fig. 19).

For the second-order controlled elements additional dynamics are
present. These are partially obscured by data scatter at low frequencies
probably due to taking differences between large numbers (numerator cf
Eq. 25). Nevertheless, the pilot appears to be sble to invert the con-

trolled element at low frequencies up to just below crossover.

For the single-forcing-function case, the advantages oif the above

assumptions and procedures are:

e The division of the pilot's actions cannot be unique, so
eny combinetion of Yp;, Yp,» Ypp compatible with the data
is equally appropriate on Fheoretical grounds.

o The pilot adjustment rules for the compensatory situation
(Ref. T) can be utilized for ch, and a first-cut estimate
for Yp; can be made on the basis of ¥,.
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CHAPTER VI
GINERAL CONCLUBIONS

The dats and analyses presented in this report indicate many differ-

ences between pursuit and compensatory systems. Unfortunately, many of

these Aistianctions are subtle and the ones that are clear-cut are not

general.

Most of these features have been described in the local discus-~

sions of the data and need not be repeated here. The broader and m.re

gereral conclusions are, however, summrized below:

1.

The describing function data and performence measure trends
for the Y, = K, series correspond very well with those of
a previous investigation by Eilkind.

The compensatory describing function data for the series
reported here tie in fairly well with an earlier serles in
which the present subject was but one member of a population.

A sufficient indjication of pursuit bebzvior 1s that YB'
pursult differs from Ys-compensatcry.

The operator dynamics as measured by the effective open-loop
describing function, Yp, are different for all but one of
the controlled-element/forcing-function combinations tested.
Thus, in all but the exceptional case the presence of tbe
pursuit display is sufficient to induce pursuit behavior.

The provision of a pursuit display loes not necessarily
induce pursuit behavior. This is shown coiclusively for
Y. = Ko(s +0.25)/(s +5)2, for whlch Yg 16 the same in the
pursuit and compensetvory conditions.

For those systems where pursuit and compensatory gnami
differences were present, in three cases Ké, K./s and
Ko/s(s—2)] pursuit was superior and in one case Kc's
compensatory was better.,

For the augmented w; spectra the normelized mean-squared
errors are smeller for pursult display in all cases where Yg-
pursult is superior to YB-compensatory.

The relative superiority of pursuit over compensatory,
when pretient, lncreases as the controlled element beconmes
more difficult to control, i.e., higher bandwidths or
larger instabilities.

The difie.ences between pursuit and compensgtory behavior
are ofter subtle and zonfusing. A plausible description
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of pursult operations is:

The compensetory lcop portion of the pursuit system
has dynamics similar to those of the corresponding
compensatory system. Thus the analytical/verbal

model for compensstory operation can be applied to
pursuit.

When pursuit behavior is actually present the pilot
operates directly on the fercing function, thereby
adding an additional describing function block, ¥py,
to the system structure. To a first approximetion

the feedforward, Yp;, is adjusted such that |Ypi¥el|=21.
Such adjustment has the net effect of meking M/T = 1
and E/I = 0 over a wide frequency band.

This model for pursuit action is not a unique description of
pursuit operation, although it becomes so when the constraint
is applied that the compensatory portion of the pursult

system will be the same as that measured for the compensatory
display.
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