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FOREWORD

This report documents an analytical and experimental investigation
of human pilot dynamics accomplished under Contract AF 33{657)-10835,
BPS No. 5(6399-8219-62L05364), sponsored by the Flight Control Division
of the Air Force Flight Dynamics Laboratory. The research was performed
by Systems Technology, Inc., at both its Hawthorne, California, and
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 ¥. E. Pietrzak.

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

This technical repcrt has been reviewed and is approved.
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AF Flight Dynamics Laboratory
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ABBTRACT

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 dynamics was used. The effect of the additicnal
information provided by separately displaying both forcing funection
and conbrolled element output (pursuit) rather than their difference
(compensatory) was evaluated using the meen-squared error and a quantity
called the "effective open-loop describing function” (Yg).

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

regults are reviewed, and then a tie-in is made between these and the
current series.
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CHAPTER I
INTRODUCTION

A. BACKGROUND AND MOTIVATION

The usefulness of & control engineering approach to the study and
design of manual vehicular control systems has grown rapidly in the past
decade and is now well established. This approsch requires models of
pilot dymamic characteristics which can be applied in conjunction with
the Tormal methods of control engineering. The models are based on
experimental measurements of dynamic charscteristice exhibited by pilots
in a wariety of control sltuations. A great many past experiments in
which human dynamic measurements were taken have considered so-called
compensatory condltions, i.e., those in which 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-
atlon, i.e., that in which the system forcing function and output are
displayed to the operator and he can utillze both, an@/or their difference
{system error) as his basis for control action, has received very little
attention (Fig. 1b). In fact, the only experiments in which human oper-
ator dynamice have been obtained are those of Ref. 3. While thils experi-
mental series comprehensively covered effects of foreing function
variations 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 measures only were
taken (Refs. 1, 2, 9) has demonstrated the overwhelming importance of
controlled element characteristics as task variables. However, the
nature of the dynamic characteristics adopted by the opermtor which
underlie the performance differences noted with different controlled
elements has been unknown. In the absence of an experimental date base,
the models of pilot dynamics in pursuit situmtions have been only con-
jectures. The experimentsl series described here was undertaken primarily
to provide such data. Then, as these and other new data enhance our
quantlitative understanding of pursulit display systems, the next step is
the evolution of a mathematical pilot model which is suitable for

predictive purposes.
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Figure 1. Compensatory and Pursuit Manusl.Control Systems

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

pensatory display (e.g., a predictable foreing function) the operator
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can mentally separate input from output in the displayed error signal.
Then by using a reasoneble facsimile of the system forcing function and
the error as information Inputs the operstor may function in a pursult
fashion. With rendom-appearing Iinputs and complex controlled element
dynemics, 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 1ndlcated above, the provisicn of & pursult display
does not guerantee pursuit operation by the operator.

There are many practical ressonsg for our interest in obtaining a
quantitetive understanding of the human operator response in pursuit
sltuations. These inelude, but are not limited to, the following:

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

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



e Tor 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
pursuit 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 excepticnal 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 many situations, tracking performance (rms error)
with a pursuit display is superior to that for a com-
pensatory display. Determination of a sirple, usable
model for cperator response behavior with pursuit-like
visual presentation of information (from the external
field of view or displays) is required for system
gynthesis activities for which improved performance is
desired.

B. GENEZRAL PLAN

The intent of the experiments reported here was to explore the nature
of differences bhetween pursuit and compensatory behavior for a wide cross
gection of foreing function characteristics and contrelled element
dynamics. To accomplish this the same forecing function and controlled
element task variables were used for two different display configurations.
The human pilot dynamics were characterized by describing function meas-
urements, and the aversge system performance by appropriate performance
measures. Differences in dynamic behavior between the two sltuations
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 dynamie changes
induced by the display differences. The remnant differences between the
two display situations were found by examining the two components of the
mean-squared error, i.e., that due to pilot/system dynamics operating on
the forelng function and that due to the effects of pilot remmant oper-
ating within the closed-lcoop system.



. OUTLINE OF THE REPORT

The preceding introduction indicates that the purpose of this experi-
mental series is to study the means used by the pilot to enhance perform-
ance in pursuilt systems over that in compensatory systems. A quantitative
understanding is desired, preferably to the extent that a mathemmtical

model suitable for predictive purposes is obtalned.

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

appearing inputs which allow direct comparison with our data.

Chapter IIT discusses the system relatlonships that result from the
pllct's utilization of the additional information provided by the pursuit
display. Of major importance is the section "Detection of Pursuit Behavior,"
where it is shown that performance messures alone are inadequate. Supple-
menting these with an effective open-loop describing function is shown
to provide sufficient information to detect pursuit behavicor. This

chapter conecludes with a description of the experimental configurstion.

Chapters II and IIT lead directly to- the desired experimental plan
given in Chapter IV. This is followed by the performance measure and
describing function data, with extensive compsrisons of the present sub-
Jject's compensatory display data with a large population 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 pursult data
were also taken. Finally, the present pursult and compensatory display
data are compared using both performance messures and the effective

open~loop describing function.

Chapter V 1s devoted to data Interpretation. Implicstions are drawn
as to a plausible description of the pilot's utilization of the pursuit
display.

Finally, Chapter VI summrizes the general conclusions and findings
of the study.



CHAPTER II

SUMMARY OF TRACKING DATA,
PURSUIT AND COMPENEATORY DISPLAY COMPARISONS

There have been many studies in which tracking performance for pursuit
and compensgtory 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
information, it was presumed that some advantage would thereby accrue.
Indeed, average tracking performence with pursuit systems is often, per-
haps even usually, better than that with a compensatory system; but this
1s by no means the rule. This is attested to by the summary of past
pursuit/compensatory comparisons presented in Table I. This 1s one of
our two key starting points. The other, which is a notable omission 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 summarized 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 further
irterest in connection with our data. Of these, the ones of primary
interest are the two papers by Chernikoff, et ai (Refs. 1, 2), and the
comprehensive paper of Cbermayer, et al (Ref. 9). Since these consider
some of the 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 i1s an insufficient indication of the effects of pursult versus
compensatory displays. In addition, Refs. 1, 2, and 9 used sine waves
with harmonic relationships. It is possible that this produced & recog-
nizable pattern which the pilot could utilize to reduce tracking errors

belcw that expected for random appearing inputs.
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CHAPTER III

BLOCK DIAGRAM BTRUCTURE,
PURSUIT DETECTION TECHNIQUES AND EXPERIMENTAL CONFIGURATION

The first purpose of this chapter is to discuss the system relation-
ships that can result from the vilot's utilization of the information in
the 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 because pursuit behavior implies two or more pilot
describing functions operating with a single foreing function. The
explicit determination of the pilot's describing functions reguires two
or more independent inputs —unfortunately, the addition of a second
input increases the number of task varisbles and therefore modifies the
control task. Finally, the chapter concludes with a discussion of the

experimental configuration.

A. BLOCK 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 cperator's response in this situation is shown in Fig. 3,
where Yp., Tpg, and ip, 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 remmant, 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, 1(t).

The presence of a pursult display dces not guarantee that the pilot
will utilize gll the information presented. Table II summarizes the six

peesibilities.

Using Fourier transforms, the equaticns of moticn are

1t

C INp, + Fp, + Mip, + W, (1)
E = I-M (2)
M = CYC (5)

1
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TABLE II
POSSIBLE HUMAN OPERATOR RESPONSE STRUCTURES FOR PURSUIT DISPLAYS

TITLE SYSTEM PARAMETERS USED™
6101011071 4T=T5 T 1034t PR N e
Compensatory and feedforward.....co.v.av., e , 1
Compensatory and irmer 1oop...vsrvvernvoss e , m
Compensatory, inner loop, and feedforward. e ,m, 1
Inner loop and feedforward.............u.. m, i
Pure feedforward......ccoiiiierieniannranns i

*For a pursult display only twe parameifers are independent
gince e = 1 — m.

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

Yp, + Y
P P 1
C = = < I+ .~ NC ()+)
L YC(YPe-_YPm) T Yc(Ype_—Ypm)
S _—— oy —
' e
Qic Ppnec
®i1 Preng
1= Yo (¥p +Yp.) [ Y,
m J.
E = ( I - No (5)
1+ Yo (Yo ~Ypy) l‘ * Yo(¥pe ~ ¥p,)
- -~ . . .~ ——
ie ®n.e
ii ®ncnc
Yo (Yp; +¥p,) | Yo
M = I+ Ne (6)
1+ Yo(Yp —Ypm)J 1+ Yo (Ype — Yo, )
. — - —
' "
®im anm
ii Qndnc
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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 ratics of the cross-spectra with respect to I.

Since 1 and n, are uncorrelated, the error spectral density is given by

2 2
1= Yo (Yo, +¥ny) '
Pee = (Dj_j_ + (I)ncnc (7)
1+ ¥e (YPe_YPm) 1+ % (Ype_YPm)
and the mean-sguared error by
e2 = 2—}{-" Pee(w) do = e% +e§ (&)
0
where
2
— o |1 = ¥Yau{¥y, +Y,.
£ - ol 1) (5)
0 |1+ Yo(¥p —Tp,
and
7z R Yo :
= - 0}
" et Jdo |1 + Yaofv, - nne 4 o)
C( pe ™ Yo |
The ratio
Yﬁ = “(I)ie = ; (11 )
1 - Yc(Ypm+Ypi)

has the property that the portions of M and E linearly correlated with

the input are described by

' M o_ I
_I_ B +YB (12)
E 1
: ol (1%)
I 1+Y5

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 irn the compensatory situstion. That is,

& slingle loop closure about Yﬁ results in the closed-loop characteristics.

14



To reduce tracking errors at low frequency the pilot should adjust his
describing function boxes such that ¥g >> 1 at w < we. 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 theorefically

available in pursuit.
In terms of Yﬁ the charscteristic equation is given by
1 +Yg = O (14)

or

1= Yo(Yp +YP1)

= 0 (15)

Setting the numerator of Eg. 15 to zero gives the same characteristic

equation as implied by the denominators in Egs. 4-- 6.

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

function, e%, is related to Ip as

— w 2
2 1f | 1 l

el = — — | ®:: dw (16)
i 2n Jo |1 +¥g)

An example of a simple change in YB is an increase in the effective
crossover frequency, and if Yg = bieﬂawn/jm, then in a fashion analogous

to the compensatory situation (Ref. T),

2 2
°1 . 1%
z —— if . << 17

where the effective crossover frequency is defined by 'YB(Jﬂbﬁ)' =1.

B. DETECTION OF PURSUIT BEEAVIOR
1
For the same input and controlled element, the detection of differences

between compensatory and pursuit behavior has, in the past, relied primarily
on performance measures. A key feature of the experimental program reported

here is that comparisons were salso made in terms of the effective open-Iioop

15



describing function, Yﬁ, which reveals the dynamic effects of the pilot's
system organization. The inadequacy of €2 glone is revealed by Eq. 8,

l.e., a change in e2 could be due to a change in either e% or eg. It

is alsc possible that the change from a compensatory to a pursuit dis-

play would produce no change in 2 but equal and opposite changes in

>
€1

compensatory differences requires the comparison of twe quantities, such
2 < and e% {(where the latier reflects Yﬁ).

and eg. From these factors it is seen that the detection of pursuit/

as e~ and YB’ or both e

As cpposed to detection there are two major unknowns which contribute

to the problem of direetly measuring human cperator describing function

characteristice for pursuit display tracking. These are:;

1. The actual block diagram structure adopted by the oper-
ator, i.e., the system parameters used to generate his
output, is not known, nor is there any knowledge that the same
block disgram structure exists for all inputs and controlled
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 (foreing function) is required to obtain

date for computing the deseribing functlons of the two elements.
It is desired that the control situation be characterized only
by the foreing function i(t) and the controlled element. There-
fore the second inpubt must be such that 1t does not influence the
cperator's normal pursuit response characteristices to the foreing
Punction, and at the same time must be of sufficient amplitude %o
permit accurate cross-spectral or equivalent measurements.

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

assume that Yp, =C. If the second input, d(t), is injected downstream

of the pilot's output, c(t), the cross-spectra ratios are

Pi0 ) Ypi + Ype (18)
q)ie 1 - YcYpi

Q3c

— = ¥ (19)
%3e 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 d(t) to be independent there can be no common freguencies;
therefore Egs. 18 and 19 cannot be solved directly. Two procedures could
be used in an attempt to resclve this difficully.
1. Interpolate the ®i./Pie and ®3./03e data to the
d and 1 freguencies, respectively.
2. Interchange some of the foreing function and second
input frequencies, thus obtaining @4./®ie and 04./%3e
data at the same frequencies but from separate runs.

The problems discussed gbove apply to the direct messurement of the
opergtor's deseribing functicn characteristics for pursuit tracking, and
are applicable to the general multiloop measurement task. An alternsgte
procedure for obtaining additional insight into the human cperator's
pursuit describing functions ie to perform the experiments without the

second input and apply the analysis technicgue discussed in Chapter V.
€. EXPERIMENTAL SITUATION

The experimentsl arrangement and measurement techniques 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. Fhyslcal layout and EqQuipment

The experiments were performed in a laboratory area consisting of
two connected rooms. The larger of the two rooms contained all of the
electronic equipment for performing and analyzing the experiments. The
smaller room contained the manipulator and displsy. In this way the
operator is 1solasted from the measuring equipment and other disturbances.
The describing function date were cbtained using the watthour-meter
ang lyzer described in Ref. T . This machine evwglustes the real and
imgingry parts of the Fourier coefficient of the e, ¢, and m signals
using each input frequency as a reference. In addition, each run was

recorded on magnetic tape.

LN



The general messurements and task varlables involved in the experiments
are shown in Fig. 4. The task variables used in this experimental series
are shown in dashed boxes, l.e., the foreing function and the controlled

element. The Y,'s used were

K,
Ke/s
Ko/s?

REK%'}TT A = 0.5, 1.0, 1.5

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

These controlled elements were selected to provide a very broad coverage
of pilot equalization to ¢lose the loop, ranging over very low freguency
lags to essentially pure gain to low frequency leads (Ref. 7).

2. Forcing Function

The foreing functions, i(t), used in the pursuit experiments were of
the augmented rectangular input spectrum form but with two different
frequency spacings. One set was identicasl to that in Ref. 7 and spectrs
using this frequency spacing are designated by ay, of, where wj is the
cutoff frequency in radians/second and o4 is the rms amplitude in inches,
li.e., as seen on the display. The other set is designated by either E5,
o3, or R4, o1, a notation similar to that in Ref. 3. The following
paregraph deseribes the freguency content and bandwidth of the wvarlous
inputs. The rms values used are discussed in Chepter IV and indicated
in Table III.

The frequency setting, ay, and the number of periods, n,, for each
component in the fixed 240-sec run length, TR, are given on p. 20. For
the ws, oj spacings three approximate o values were used —1.5, 2.5 and

h.o rai/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, 2.54, or 4.05 rad/sec, respectively. The amplitudes of the
remaining freguencies were set to cne-tenth of the low frequency ampli-
tudes (20 db attenuation). The logarithmic spacing (which facilitates
fitting ratios of rational polynomials to the measured values) was
selected to insure the effective independence of the sine wave components

cver the run length of interest.

Wy, 04 BS, oy; R4, o5

ap Py =TRwy/2w wy Ty = Tgon/2r
C.157 6 0.314 12
0.262 10 0.732 28
0.393 15 1.151 L
0.602 23 1.675 6
0.969 37 1.989 76
1.49 57 2.407 g2
2.54 97 4,29 16l
L.03 154 6.17 236
7.57 289 10.1k% 388
13.8 527 14.0% 536

For the other forcing functions all the amplitudes were equal for
the Rk, of input, while the four highest frequencies were attenuated
10 db foxr the BS, oq input. TFigure 5a shows meassured lnput power
spectral magnitudes for the three ay foreing functions, while Fig. 5h
provides a similar picture for the BS and the Ril4 spectra.

The forcing functions selected serve several purposes. The range
of foreing functions 1s covered by the auvgmented wi spectra; these are
also appropriate for direct tie~in and extenslion of the Ref. 7 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 spectra. These were:

e Above a partilcular forcing function bandwidth, compensatory
rms error becomes less than the pursuit rms error.

20
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e At a still higher forcing function bandwidth, a pursult
system is still opersble, but compensatory camnot be
controlled by the operator.

The high frequency bandwidth(s) serve to further explore these conditions.
3. Display and Manipulator Sensitivitiles

The pursult display is 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), consisted 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

Kg = 1 in. (display)/6° (stick)

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

With the L4-in. moment arm, lateral motion

of the operator's hand amcunts %o about
0.07 in. (stick) per degree of stick

7 ( )P & Figure 6. Pursuit Display
rotation. Accordingly, the sensitivity
can be expressed In terms of the linear moticn of the coperator's hand by
dividing the angular sensitivity (in inches per radian) by the moment

arm, i.e.,

1 in./6° x 57.3°/rad x 0.25 in.”
2.%8 in. (display)/in. (stick)

Kg

For controlled elements other than unity, all of the above sensitivities

are multiplied by Ye(jw) and they become dynamic guantities.

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

22
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Rol! Axis ‘ ) TTTTT——
Restoring _
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' | 3 Pitch Axis
! Restoring Spring
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CHAPTER IV
IXPERIMENTAL DATA

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

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

large population of pilote to indiecate 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 a reasonable
tie-in to yet another population.
The particular controlled elements, foreing functions, and display
configurations tested are shown in Table IIT. Exceptions to the rms
input values are indicated by an asterisk. The numbers in each cell
indicate the run sequence. Each configuration was 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 configuratiocn, thereby permitting a large number
of cenfigurations to be examined at minimal cogt. While more subjects
would have been desirable, the exploratory and limited-effort nature of
the experimental series made this unrealistic. To make the results as
representative as possible, considerable effort was made to tie them in
tc other data.

In what follows 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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of long term effects for the present subject to demonstrate the typical
asymptotic performance levels achieved by human operators. These tie-ins

and long term effects increase the generality of the pursuit/compensatory
comparisons in later sections. BSection B compares the performance measure
rezults with those of other experiments. Section € presents a detailed
comparison of Pursuit and Compensatory performance measures obtained in thisz
study. Finally, Section D compares the describing functions for compensatory

and pursuit display.
A, COMPENSBATORY DATA COMPARISONE

1+ Populetion of Pilots (Ref. T)

In general the describing function data, Figs. 8-11, indicate that
the present subject is typical of a pilet population. MNete that the
data frcom Ref. 7 (circles) are plotted at the correct input frequencies,
whereas the current data have been shifted siightly to the right to avoid
overlepping. In each case the data points indicate mean values; the
vertical lines indicate X1g spread. For easy controlled elements (Kc 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 usually has a
higher crossover frequency and low frequency gain, plus less effective
time delazay near croszover and above. These differernces 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 pilots

uged in the Ref. 7 series.

To illustrate the long term effects of practice, ccnsider Figs. 12
and 15 for Y, = K, and Ko/8(s—1.5), respectively. Figure 12, for the
relstively easy but extremely well-practiced case of Y. = Kq, shows
amazingly close agreement for test periods over one year apart. Even
the gubtler data trends are closely duplicated in this comparison, and
we conclude that the subject's describing function had stabilized. (The
slight improvement in tracking error is probably due to reduced remnant.)
Figure 13 shows a gimilar comparison for the second-order unstable element
in which M = 1.5 (near the uncontrollable limit). Even in this much more
difficult case 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.

26



IYpYCIdb

& YpYe (deg)

40

TTTTTTT]

HOr

®
o
TTTTTTTTT
O

-120 A 3l
i

-160 TtL
© Ref. 7 T
~200 A Current
-240
0.l 1.0 100

w {rad/sec)

Figure 8. Comparison of Compensatory Display Deta
with Population of Pilots; Yo = Kg, wy = 2.5

27




s20TTd Jo uotigerndod ystm wyeq Aerdstq Axogesusduo) Jo UOSTIRAWO] 6 9JINITH

oF=im s, U0 ga='m %= Ul gr='m 5o = R e
(293 po1ym . . (oasspou) m . . , {3ss/pDa) ™ N B
Qc_“_ _ o__ _ _ _ , e .. ool ol I 00! ,, _ o't ﬁ 0 vz-
! i ! :
; 1 w ,m :
i i : wainy 9 ; . B ~
—ove- I ovg- — f v 00z
' LNy F aung ¢ ﬁ
. LY & ) Lk © Hﬂ .
; 002 - " P 0oe- - } % 091-
* ! MM uu %_ } 1
“..w - o r a | i N
£y | W o tgal- W m ag- = iyl ; I L _@.4 - azi-
%. m % r _ - m m .ﬂH %% % o] .— L 3
g | IREE , = | | | | :
| o2t- . \M r T y— A oz1- _, 0g -
] . b ! i
nm% W. ﬂ : u+ ,@ § 44 ANE- ,
W% N * ¥ on- \ . |
I I - . - oz- ob- T Joz-
_ I ] ! — o & ..
8 o - 2 il ﬂ = i i °
f o A L o & X m‘% 1 -
et g Ioall | E kA ] ¢ LB s ]
gl | | 6 3 H & || 3
{ =T ! = w L 3 i s 1
. - T oz 2/ . Joz ! -1 _ﬂ%-l oz
IR I “y
_ W _ ; AR 1% | , A “
Cil Y o L
il Dbl o o L | _ o

(88p) 2% 2

28

aP|33%|



snoTtd Jo uwoTaeTndod UaTA Byeq Lertdstq Aroqesusdwmo) Jo UosTIedwo)

gi=tm (g y-5)ss 0w =% (2

ool taasspean al 4]
i i
% Py———
Hnsang -
| %
? i
i
: .
[
b+
- = .Iﬁ
7 Wm o v 3 W m
a mw M. E
|

02¢ -

cBz-

Qpe-

002~

ozl-

o8-

Qz-

oe

o

(bopy &) ¥

quB’,\[

Su=tr1ay-8)s/ %% =% (9

{335/pLa)

m

T

A1ojosuad

we) 7

nsing O

——<—

Lpielieng

09%-

Q2e-

082-

Oop2-

002~

094~

oel-

o8-

Ob-

H ron

oz-

L d

=

AVENANEEF

02

»—u___']——l

or

{bap)&h ¥

QDla,,\I

el

‘Ol SanFTL

§t=tm (g 0-5)5/ %% =% (D

(295 /poa)m

o

Aiojosuadiwon @
pnsing o

! -

fadieig

il L

OgE-

Ote-

09

0di-

0g-

02-

oz

(pep) By ¥

llP|gk|

29



§90T1d Jo uotTyerndod yjts wieq AeTdstq Lroqesusdwo) Jo uosTaedwop * || 2an3Td

Gy =tm igy-syss 2 U (3 §1='m * (o1 -850 = U 09 G1=tm (G0 55y < U0
FUUM\UU.:?, . . _ -.UDm\v_u.;a . . . ﬁUUW\ﬂuLv m o1 o
oo ol , _ 1 Doovn o) O__ _ a _. ] DOle * OMU‘ i _ _ _ am 7 T 09¢-
_ _ I 1 _ : | 3% i } wauny , 7 i
: ; : T 7 ; L3 0 iR X
ﬁ W i 09¢- L s ,k — ooe- - | b 025 -
juauny g I jusungy ¢ i r i |
Lol ﬁ B , L1y a | ﬁ
i T ; I . . o T t - 08z
: : oeg- , cze , ! :
iR ! : e i
! - osz- o8z~ 7 - T | ove-
T ~ i r " [T¢ , ; ]
uA : J E _ [ 3
- 1L = 'y ol =
a g g “ : g i) Py E
- ove- £ .r dove- = : «H , M W 00z-
| ] 3 W ) H 4. i .
. 7 3 w _ 3 | G‘H r - — L. .;r oL .
T . [ SRR I i A — - + _ . oBl-
o : .amw : .ﬂ 002 I oo & % 7
u H ﬁ .W4 | ] i % “ f il i I L * ; | |
! ? 2 N :
W <l - omI- - & ¥ : . ogi- I , I oz
| % | i | w ’ _r h
b i
. R |
o2- 3 ﬁ.lﬁm o il | : 0

Ll

Lo
o
'_q_:-ﬁ)-'
Fom
ar—
——

‘unl!lllL

qunAﬂ,‘l
o

ag)
ro—

°F|°).d).|

g

— g
8

(=
—
]

ot

(6ap) 219y %

50



20

i 5
—_— O ) . X e T
> ol o
> : -
- A o)
e
-20
© December, 1962 o/ = 1.0
A April 1964 (current) og/o; =0.8
0 |
i
-40 %}I—) £ lé%
%
&
-80 =
o
g &
>a -120
-
<t +
@
-180 + Lo
-200
0.1 1.0 100

w (rad/sec}

Figure 12. Long Term Variability of the Current Subject’'s Describing Function
Yo = Kq, Ril Input

31



20 % 1 T T T T T T T TT7
g 4 5
G g A
© 8
2 0 I— 5
:ﬂ ® March , 1963 ge /o =0.95 A
- A April 1964 lcurrent) op/oi =0.86 ©
_20 T
o S
i A
- 220 e e e R NS — 18-
2 Q '
e
> 260 |—F% T
>
ﬁ. f
\ l
-300 T
i @-3:0
-340 | 1l L 1 1 11 ] | | L1111
o 1.0 10.0

w (rad/sec)

Flgure 132. Long Term Variability of the Current Subject's Describing Function

Yo = Ko/8(8—-1.5), wf = 1.5

32




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 can be considered typical 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. Population of Students (Ref. 3)

In order to tie in with the body of dats generated from Y, = XK, =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 foreing funections and
manipulators similar to those to be used in our other experiments, yet
alsc similar enough to Elkind's to effect a reasonable connection.
Fortunately, Elkind's B6 foreing function amcunts, in our notation, to
wy = 3.0, 1 in., so the wy = 2.5, 1 in., forcing function was thought
to provide reasonably close spproximgtion. 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 (With 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 data 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 =Ko =1, 2, and 5, respectively. The differences between Yy 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 data from the current experiments.
Elkind's comparsble data for ay = 5.0, 1 in., are also shown in Fig. 14.
These data are averages of four four-minute runs, two from one subject
and one run from each of two other subjects. It is clear from Fig. 14
that the regults are remarkably compatible with the Elkind data, with
the current subject giving a slightly better match for low frequency
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amplitudes. In fact, this extremely close correspondence between dats
taken years apart, by different experimenters at different locations, with
different subjects, different analysis apparatus, and slightly different

foreing functions and manipulators, etc., 1s very satisfying especially
considering the subject selection procedures:

® Reference 7 used three naval test pilots, each trgined
to & stable performance level (as measured by e2/o§) for
each configuration.

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

® Reference 3, utilized highly trained students.

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

conclusions drawvn there.

B. COMPARIBON OF PERFORMANCE MEASURES
WITH RESULTS OF OTHER EXPERIMENTERS

While ocur describing function data can only be compared with Elkind's,
the performance measure results can be compared with those of Refs. 1, 2, 3, 9.
Flgure 15 shows the normalized mean~squared error for pursuit and compensa-
tory obtained in our series with those Tound by Elkind. Our augmented
rectangular forcing function spectra are similar to his rectangular
spectra, differing primarily by the addition of s few low arplitude waves
to form & high frequency shelf. Thus, the Elkind R.24, R.L4, and R.6k
forcing function spectrs (where the .2%, .4, and .64 are in cycles/second)
correspond roughly to our ay = 1.5, 2.5, and 4.0 rad/sec, respectively.
Also, ocur Rik (highest frequency, 14 rad/sec) spectrum is akin to his
Rl .6 or R2.4. As indicated in Fig. 15, the trends between compensatory
and pursuit exhibited by the two sete of data are generally similar;
both sets of data indicate lower mean-squared errcr for the pursuit
display except at the higher forcing function bandwidths (B5, R4, and
R2.4) . Although Elkind had a forcing function similar toc BS, the

relative mean-squared errors 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 meke up the foreing funetion. These input spectra do not
have a meaningful "bandwidth" as such. Consequently, to show a rough
comparison between these and our results they are classified in terms of
the maximum forcing function frequency (neglecting the high frequency
shelf in our data). The result for Y, = K, is shown in Fig. 16. The
indications are that all the data are reasonably comparable, and
that pursuit performance measures are smaller than compensatory for all

but the very lowest frequency input used in Ref. 9.

Similar comparisons for Ye = Ko/ and K‘C/s2 are also shown in
Fig. 16. These comparilsons are both ambiguous and confusing. For
Yo = Ko/8°, for exammple, the current data and those of Ref. 2 indicate
that pursuit is superior, whereas the date of Ref. 9 show precisely the
opposite. For Y, = Ko/s both Ref. 2 and Ref. 9 are in opposition to
our regults for higher frequency forcing 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
fregquency foreing function for Ref. 2 i1s in direct opposition for the
medium frequency input of Ref. 9. The causes of such differences are
subtle indeed, for critlcal examinatlon of the conflleting data shows
no defect in method or procedures. About the only conclusion that can
be drawn from the Yo = Kc/s data is that performance with either form
of display can be supericr to the other under highly restricted

circumstances.
C. CCMPARIBON OF PURSBUIT AND COMPENSATORY PERFORMANCE MEABURES

Figures 17— 21 present the performence measures obtalned with
pursult data plotted on the ordinates and compensatory date on the
abscissas. Both the total relative mean-squared exror, g§/o§, and its
components (EE/UE, ;E/cg) are presented, These figures also contain
plots of ;E, E?, and ;g (not normalized). The average performance
measures are given at the intersections of the lines which have short

hatch marks on thelr ends to indicate the range of the measurements.
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A summary of the performance measures (eg, eg,

Table IV, where the letters "P" (pursuit) or "C" (compensatory) indicate

and eﬁ) is given in

the configuration having the smaller measure. In Flgs. 17—21 when the
equivalent (i.e., P = C) line falls within the range of measures a "PQ"
or "CP" is used, with the first symbol indicating the smaller mean.

The numbers in parentheses are the relative rms performonce measures.
The results for the five configurstlions have been grouped into those
showing clear superiority of the pursuit display [Yc = Ka, Kc/sg, and
Kc/s(s-x)], £.2., the relative rms performance measure is sbout 0.8,
and those showing little or no ccensistent difference [Yc = Kc/s and
Kc(sﬂ-0.25)/(s-+5)2]. More detailed conclusions are for:

Yo = X (Fig. 17)

Pursuit is better than compensatory for both e2 and e? for
low bandwidth inputs (augmented w; spectra), becoming essen-
tially the same for high bandwidth inputs (B5 and R14) (This
was discussed in Subsection B above.) Note that while ed is
erratic it is gquite small, so that it has 1ittle effect on

62-

Yo = Ko/82 (Fig. 18)

Generally pursuit 1s increasingly betier than compensatory
as wj increases for both e2 and e%. Results for eg are gcattered

and generslly small enough not to affect ;E or e2. An excepticn

2

is the wi ®n

= 2,5 compensatory results, where a small value of

mekes the e pursuit nearly egual to 2 compensatory.
Yo = Ko/8(8—1) (Fig. 19)

Pursuit ie increasingly better than compensatory as i
increases. This holds for both components of e2, Here eg
is on the order of eg.
Y, = Ko/s (Fig. 20)

Compensatory is slightly better at low and high bandwidth
inputs for e with egsentially no difference for moderate band-

width inputs.
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TABLE IV

SUMMARY OF PERFORMANCE MEASURE DIFFERENCES®

FORCING FUNCTIONS
Yo Augmented uy Spectra Extended Band Spectra
1.5 2.5 4.0 B5 R14
;ﬁ/og P (0.76) | P (0.81) | P (0.80) | ¢ (1.1) Same
K, ;?/of P (0.79) | P (0.81) | P (0.76) Same Same
€2/} P PC PC c CP
e?/c% | P (0.78) | P (0.95) | P (0.78) | P (0.81) | P (0.71)
Ko 5
= e2/of | PC (0.93) | P (0.89) | P (0.82) | P (0.72) | P (0.77)
2/ P cP P Same PC
YC
0 0.5 1.0 1.5
2/d2 | P (0.78) | P (0.71) | P (0.66) | P (0.59)
FCESY) SKf Y 5?/0% PC (0.93) | P (0.81) | P (0.61) | P {0.47)
e2/c§ | P (0.65) | P (0.60) | P (0.72) | P (0.71)
FORCING FUNCTIONS
Yo Augmented wy Spectra Extended Band Spectra
1.5 2.5 4.0 B5 R14
e_2/c»:°E e (1.1) | ¢ (1.27) Same Same 1CP (1.07)
K J—
—sc- ef/uf ¢ (1.2) | ¢ (1.2) CP Same P (0.87)
;g/cg P C Same Seme C
e_é/o? ¢ (1.05) | P (0.92) Same
Ke{s +0.25) —5
Pt E/o?L Same P (0.91) | P {0.86)
e2/ a2 CP PC C

*Letters indicate configuration with lower measure, P (pursuit) or ¢ (compensatory)
Numbers indicate relative rms performance megsure
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Yo = Ko(s +0.25)/(s +5)2 (Fig. 21)

For the bandwidths tested there is no significant difference

between displays.

Thus, in general the performance improvement with pursuit display is

largest for the more difficult controlled elements and inputs.

The mean-squared pilot output, ¢, and its components, c% and c%, are

also shown in Figs. 17 — 21 . The ¢? data show quite consistent trends,

ag does E?:

To = Ko (Fig. 17)

<2 and E? are larger for pursuit display than for compensa-
tory display. This increased pilot actlvity has resulted in

less mean-squared error. c2 and c% decrease as wy increases.

g

order of 10 percent or less of ¢? for the low frequency inputs,

tends to increamse as wy increases, but cg is only in the

50 the run-to-run varlabillty of cg doesn't mean much.
Yo = Ko /82 and Ko/8(s—1) (Figs. 18 and 19)

;E and c% are lower for pursuit than for compensatory. Thus

the improved performence (62 and e%) is accomplished with less

pilot activity. This contrasts wlth the case for Yo = K, above.
EE is somewhat lower for pursuit for the augmented ay inputs,
perhaps higher for BS and RlL.

Y. = Ko/8 (Fig. 20)

c% is lower for pursuit, whereas resulis for ;E-are mixed.
It appears that slightly better performance with the compensa-
tory display is obitained with slightly higher effort.

Yo = Ko(s +0.25) /(8 +5)2 (Fig. 21)
Results appear consistent. 02, c%, and c% decresse (both
2 and cg

the trend appears tco be that the operator works less with pur-

for pursult and compeunsatory) as @ increases. TFor c

suit for ay = 1.5, mbout the game for wy = 2.5, and more for

2 2

wj = 4.0. These trends roughly parallel those for e~ and ef.

L6



The mean-squared error and mesn-squared pllot cutput results indicate
that the pursuit display is desirable for the harder controlled elements,
Ko/s® and K./s(s—1), in that the performance improves and less pilot
activity is required. For Yo = Kq the pilot can also take advantage of

the additional information presented, but he must use more activity to do so.
D. COMPARISON OF FURSUIT AND COMPENSATORY DESCRIBING FUNCTIONS

The describing function differences between the pursuit and compensatory
displays are given in Figs. 22 -26 in terms of the effective open-loop, ¥a
(Eq. 11). Average data are shown with the range of the measurements indi-
cated by the hatch marks. The pursult data are plotted at the correct
frequencies, while the compensatory data have been shifted slightly to the

right. Detalled comparisons are:
Yo = K, (Fig. 22)

For the augmented uwy spectra the P has a slightly higher uyn
and low frequency gain which leads to less ;? (Fig. 17). Tor
the B5 and R14 inputs, P has a slightly smailer W, but larger
low frequency gain, such that ;? is about the same as C (Fig. 17).
In general, P has more phase lag {10°-30°) than C at mid-band

Yo = K./8% (Fig. 23)

The most significant difference is the much smaller low
frequency phase lag for P for all inputs. In addition, the P
amplitude, which is nearly the game at low w;, becomes much
smaller at mid-frequencies than the C as w; increases. Ordinarily
this would lead to greatly increased g? according to the one-third
law approximaticn (Bq. 17). For this controlled element, phase
lag has a large effect on ;? because the phase margin is small
for_g. Thus the increasged phase margin for P has a larger effect

2

on ei

Yo = Ko/8(8—1) (Fig. 2h)

than the reduced amplitude ratio.

The effect of the increasingly unstable controlled element
(at @i = 1.5 rad/sec) is a slightly smaller low frequency phase
lag for P. For A=1.5 the P low frequency amplitude beccmes
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slightly larger and the w, becomes slightily smaller than the C.
Here, as for Yc==KC/52 above, the performance improvement is due

mostly to the increased phase margin for the P.

Yy = Ko/ (Fig. 25)

For the lower wi's, P has slightly less amplitude at low
frequency and at crossover leading to a larger ;§'(Fig. 20). The
game amplitude trends hold for the B5 input but now the P has
slightly less phase lag, such that ;% shows no difference. For
the R4 input the P amplitude ratic is much smaller and there is

less phase lag, leading to an improvement in e§ (Fig. 20).

Yo = Ka(e +0.25)/(8 +5)2 (Fig. 26)
Very little difference between P and C.

Thus, the describlng funetion and performance measure comparisons
indicate that the pursult display is superior to the compensatory display
for Yo = Ke, Ke/52, and Ko/s(s—1). For Yo = Ko the subject improves
performance by lncreasing the bandwidth of the effective open-loop, Yﬁ,
but must increase his activity slightly. For Yo = Kg/82 and Kq/s(s—2)
performance improvements are obtalned by drastic changes in the phase of
¥a but with less pllot activity.
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CHAPTIER V
DATA INTERFRETATION

The data in the previous chapter indicate the differences between
pursuit 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. Ag indicated in Chapter III, the explicit determinaticn 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 ag well as his

operation on the input.

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

where the system error and output spectra are, from Eqs. 6 and T with Ypm: O

z 2
bom = (i * Yo e o e (20)
am - 1 + YpeYc 11 1 -+ YP Yc nCnC
2 2

0 e (21)
e~ [+ Yp Ye

Yp;

m
Ype

Figure 27. Single-Axis Pursuit Tracking

*The data were also examined using the assumption that Yp. = 0 thereby
leaving Ype and YPm to describe the pilot's behavior. However, this
approach did not result in any useful interpretation of the data.
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Since system stability and low frequency error reduction are determined
by YPe’ an appropriate model for the pilot to adopt is that which results

for the same controlied element in the compensatory situation, i.e.,

Tp, = Yp {22)
If Ypi is selected so that
/
Tp; Yo = 1 (23)

then the system output (neglecting the remnant) approximately equals the
input resulting in smaller error. Thus, the pilot cen take advantage of
the additional information in the pursuit display by adopting equalization
that is the inverse of the controlled element. The system then becomes
nearly open-lcop through the feedforward, with the feedback acting as a

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

To test this hypothesis an implied feedforward, Ygi, can be calculated
from the agsumption that YPe for the pursuit display is the same as the
measured Yp, for the corresponding compensatory display. Thus, Eg. 11,

* , : r-
repeated below, can be solved for Ypi on the assumption that lpe = ch

*
Pim (YPi * YPC)YC
Yo = 7 = (2k)
ie 1 —-Y%iYc

Solving for Y§1Yc yields

Yq — YeY,
* B ¢ Pe
R (23)

The implied feedforward was calculated using averaged data for YB
and ch. The results are given in Figs. 28—30 for the cases that showed
large performence differences, i.e., Yo = K,., Ko/sz, Ko/s(s —~ 1), respec-
tively. The resguits are given in I%iYc form to illustrate the extent
that the ideal adjustment given by Eg. 23, in the light of the assumption

given by Eq. 22, is approached. Detailed comments are:
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Yo = K, (Fig. 28)

Y§iYc is less than one and approximately constant, bubt with

lagging phase at high frequency similar to that of a2 time delay.
Yo = X/62 (Fig. 29)

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

tive at high frequency.
Y, = K/8(8-1) (Fig. 30)

Generally Y;iYc stays closer to unity at all frequencies
than for ¥, = Kc/se, although the general character is the same.
As M\ increases, YgiYc 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 freguencles
probably due to taking differences between large numbers (numerator of
Eg. 25). Nevertheless, the pilot appears to be able to invert the con-

trolled element at low frequencies up to just below crossover.

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

assumptions and procedures are:

® The divigion of the pilot's actions cannot be unigque, so
any combination of YPi’ Yp,.» $pm compatible with the data
is equally appropriate on %heoretical grounds .

. The pilot adjustment rules for the compensatory situation
(Ref. 7) can be utilized for Yp,» and & first-cut estimate
for Yp; can be made on the basis of Y..
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CEAPTER VI
GENERAL CONCLUSIONE

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

ences between pursult and compensatory systems. Unfortumstely, many of

these distinctions are subtle and the ones that are e¢lear-cut are not

general.

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

slons of the data and need not be repeated here. The broader and more

general conclusions are, however, summerized below:

T

The descrlbing function data and performance measure trends
for the Y, = K, series correspond very well with those of
a previous Investigation by Elkind.

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

A suffilcient indlestion of pursuit behavior is that Yﬂ-
pursuit differs from YB-compensatory.

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

The provision of a pursuit display does not necessarily
induce pursuit behavior, This is shown conclusively for
Yo = Ko(8 +0.25)/(s +5)2, for which Yg 1s the same in the
pursult and compensatory conditions.

For those systems where pursult and compensatory dgnamic
differences were present, in three cases [Kc, K./s=, and
Kc/s(s-—l)] pursuit was superior and in one case (K./s)
compensatory was better.

For the augmented w; spectra the normalized mean-squared
errors are smgller for pursult display in all cases where YB'
pursuit is superior to Yﬁ-compensatory.

The relative superiority of pursult over compensatory,
when present, increases as the controlled element becomes
more difficult to contrel, i.e., higher bandwidths or
larger instabilitles.

The differences between pursult and compensatory behavior
are often subtle and confusing. A plasusible description
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of pursult operations 1s:

The compensatory loop portion of the pursuit system
has dynamics similar to those of the corresponding
compensatory system. Thus the analytical/verhal

model for compensatory cperation can be applied to
pursuit.

When pursuit behavior is actwally present the pilot
operates dlrectly on the forcing function, thereby
adding an additional describing function block, ¥py,

to the system structure. To a first approximetion

the feedforward, Yp;, is adjusted such that |YpsYel 21.
Such adjustment hag the net effect of making M/I < 1
and E/I & 0 over a wide frequency band.

This model for pursuit action is not a unigque description of
rursuit operation, although it becomes so when the constraint
1s applied that ihe compensatory portion of the pursuit
system will be the same as that measured for the compensatory
display.
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