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SUMMARY

The use of mathematical models of the human pilot in analyses of the pilot/vehicle system has brought
& new dimensicn to the engineering treatment of flying qualities, stability and control, pllot/vehicle
integration, and display system considerations. As an introduction to such models, elementary coacepts
and specific physical examples are used to set the stage for & step-by-step development of what is known
about the human pilot as a dynamic control component. In the process, guasi-linear models for singie-loop
systems with visual stimuli and multiloop systems with visual stimuli are presented and then extended to
cover multiloop, multi-modality situavions, Bmpiricel connections between the pilot dynamics and pile*
ratings are also considered.

Some of the most important uonlinear features of human pilot behavior in adapting to changes in the
character of the stimull are described and tied to the quasi-linear models via the Successive Organization
of Perc-ution (SOP) theury, which is reviewed and elaborated. Dual-mode control models necded to describe
‘he p  .'s behavior in response to sudden transients are present:d, along with pursuit and ccmpensatory
elementd of the SOP continuunm.

The current status of mathemetical pilot models is shown to cover random, random-appearing, and
trunsient fnputs for single- and multi-luop system configurations. An extensive bibliography of applica-
tions and a ~ummery of analysis problems which have been addressed is included, as is a short general
status sammazy and critique of existing mod:ls in the form of a listing of shortcomings and problem areas.
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CHAPTER I
INTRODUCTION

A. TURPOSE AND CUTLINE OF THE REPORT

From the authors' standpoint, the genesis of this report was a request from the AGARD Aerospace Mludical
Panel to prerare a concise and critical review of mathematical modeling of the human pilot as a control
element {as distinet from the somewhat parallel technology in pussive bledynamic modeliug). It was hoped
by the "anel that this would higalight the most relevant and reliable conclusions abont human operator
mathematical modeling to be drawn from the available literature.

Jur approach to this tack ls constructed upon two bases. The first is an indication of what is known
about the human pilot as a dynamic control component; and the second is, in the light of this knowledge,
that further is needed, or where do we go from here? There 1s an adequate veriety of substantiully current
surveys of the literature and medels readily available to the specialist. Therefore, it is not our inten-
tion to contribute another survey. We will, instead, attempt to distill out concepts and models which
represent the essence of current gereraliied empirical know.edge. These are inherently syntheses of umedels
and empirical date based on the efforts of many investigators. Our emphasis will be on quasi-linear
deseriptions for the most part, since these are the most complete and have been most extensively applied.
On the current frontier ars nonlinesr and non-stationary situations, o these will also be treated to the
extent possitle. The next sections of this introduction glve brief bavkgrounds of the aistory, intended
nature, and fundamental corcepts of human pilot rathematical descriptions. These remarxs set the stage
for the remainder of this report.

Chapter II presents scme elementary concepts for the quantitative description of human aynamic response
in :losed-loop systems. The intent in this chapter is to introduce the basic coucepts and rhenorena in a
nrimarily descriptive and Intuitively understandable nanner. By weans uf concrete examples, we develop
mathematical descriptions {integro-differencial egquations and transier functions), the concept of the rem-
nant, and other facets of hwnun operator rathematical deserirtions. The physieal epproach of this presenta-
ticn is eaphasized by reliance on time hist.rles to estublish the concepts and zpproximste nathematical
relationships. The lata for the several specific cases presented are then synthesi.ed into a simple overall
model which characterizes the dynamics of the human and control system. The rathematical implications of
this model are then explored in detail to indicate the types of estimates and predictions one could make
about control systems which behave in the fashion exhibited by the simple model. Sufficiert detail is
provided to permit the simple "back of the envelope" calculutions so dear to the heart of practical
scientists and engineers.

The descriptiors of Chapter II are for une pllct subject and the model building there Jepends on cemi-
qualitative measurenents. Chapter IIL describes the more general state of affairs shich obtalns when wany
subjects are present and when a more respectable mathematical theory is used as the basis for messurement.
Thus, the four key types of varisble which affect the pilot's action are deseribed in detnil, and the
nature of quasi-linear measurements is introduced.

Chapters IV and V summarize the current status of juasi-linear riodels for compensatory situations. We
start in Chapter IV iith single-loop systems for visual stinuli. The presariation in:ludes an indication
of the experimental Jatu aveilalle and interpretation o these in terms of the most elaburate current
nodels. Chapter V follows with the extension of the single-loop quasi-linear compensatory model to ru..i-
loop visual input and to nultiloop, multi-modality situations. Sore enmpirical conne:tions between pilot
dynamics and pilot ratings are considered in voth Chapters IV and V.

Chapter VI examines the endpoints of key features of human operator nonlinesr behavior, that is, the
adaptive changes in behavior induced by changes in the character of the stimulus presentea. Pursuit and
"precognitive’ behavior ic introduced and tied together with compensatory behavior via the Successive
Organization of Perception (30P) hypothesis, which is reviewed and elaborated. 3Step inputs and nearly
periodic foreing functions are among ‘hose considered, and the dual-mode control model needed tu describe
the pilot's behavior in response to sudden transients is featured as one element in the 30P continuum.

The status quo summerized by Chapters II-VI provides the prologue to Chapters VII and VIII. Although
this report is no! intended 4¢ provide a survey of applications techniques and g2xamples, part of an ade-
quate status report is an indication of application.. Therefors, Chapter VII briefly summarices, »ith the
ald of an extensive biblicgraphy, the types of pilot,vehicle analysis problems which have been addressed.

The critique portion of the report follows in Chapter VIII. This takes the form of a listing of
deficiencies in the existing models which therety define shortcomings and problem areas. 3cme attempt is
made to make this critique counstructive by noting, where uvailable, analytic or other approaches which
might be adopted to alleviate the shortcomings.

B. HISTORICAL BACKGROUND

Piloted aircraft have always required a satisfactory match of the air.raft characteristics and the
controller properties of tlie human pilot. This was explicitly recognizel in the December 2%, 1907, Signal
Corps Specification, No. L8¢, for a heavier-than-air flyirg machine, as "....it must be steered in all
directions withcut difficulty and at all times under perfect control and equilibrium." (Ref. 1). But,
need for good men-machine integration was thoroughly appreciated even earlier by the Wright Brothers. For
instance, in a talk before the Western Society of Engineers in 1901, two years before their first powered
flight, Wilbur Wright said (Ref. 2):
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"Men already know how to construct wings or aseroplanes, which when driven through the
air at sufficient speed, will not only sustain the weight of the wings themselves, but
also that of the engine, and of the engineer as well. Men also know how to build
engines and screws of suftficient lightness and power to drive these planes at sustain-
ing speed....Inability to btalance and steer still con{ronts students of the flying
problem....When this one feature has been worked out, the age of flying nachines will
have arrived, for all other difficulties ave of minor importance."”

Although essential for surcess, an agreeable marriage between the dynamic properties of the inanimate
ajveraft and the animate pilot is not spontureously achieved in the design process. Indeed, the provision
of proper aircraft flying qualities has often poseu serious problems which the designer must solve. Until
fairly recently these solutions relied very heavily on intuitive cnt-and-try procedures. Over the yesrs
this ad hoc empirical approach fostered many of the adventures and uncertainties of flight testing!

The desire to handle aircraft stability and control problems in & more araly - cal fashion was recogni.ed
tong ago. As an illustration, before World War II Koppen stated (Ref. *):

"Since the controlled motion of an airplane is a combination of airplane and pilot
cheracteristics, it is necessary to know scwething about both airplane and pilod
characteristics before a satisfactory Joi of airplane design can be done."

But the centrei Aifficulty in understanding contrelled motion was recognized eurlier still. For example,
W. Crowley and 3ylvia S¥un remarked in s 1970 Aeronautiel Research Committee report (Ref. 4):

YA mathematical investigation of the controlled mrtion is rendered almost impoasible
on gecount of the edaptability of the pllot. Thus if it is found “hat vhe pilot
operate’ the controls of a certain rachine according to certain la.s, und s cbtuins
the ve. t rerforrance, it cannot be asosurmed that the same pilot would applv the sume
laws to znother machine. He would subconsciously, if not intentionally, change his

methods to suit the new conditions, and the various laws possible to a pilot are toe
nerous for s general analysis.™

Jetually, uatters sre even woese than Crouley and Sken recogni.ed; for while much of the pilot's dynumic
behavior is goverucd by the aireraft dynmiles, many additional fauctors also afrect his properties.

Psychologists oo pointed to variability as the hallmark of human behavior, and organiied much of the
theory useful in exverimental psychology 50 ag to coye with interaubject aad intrasubject differences.

But, the biggest problem confronting anyone vwho wished to study the control?~d motion of aircraft —
=hat e would today ~ail pijot ‘vehicle snalysis — was not the human's adaptabi.ity and variability bat
the absence of an underlying juaniitative theory ~n which to erect a structured appreach to the manual con-
trol ~f aireraft. Wha' .as needed was a theory for feedback control systems, and this became available
in a ~surficient)y rature state in the early 1940s. Witn feedback control theory available as a paradign,
onli, a uneed had to be at hend for attemphs to be made to overcome the a priori pesvimisw. And at the
te~iyning of the 'Cs there »as no end to the vneeds! Thus, necegsity was the mother »f human dynamics

rae2ar h. Compler Jeapons vere evolving vhich could only fuaction in concert . ith hwwan operators, so an
ureent requirement for engineering data aros~.

Yhe pioneer in human operator dynemic reasurerments was JArnold Tastin, the elactricat engineer, in
Engiand during World War IZ. Tustin extended the required feedback control theory frameinors oy introducing
the concept of "des:ribing function" and "remnant" weasures and quasi-linear srste-

S in ~eneral (Ref. ' .
He then upplied the ~oncerts to actual human operations. In re-orting on nis ctoide~ of wamal control of
a pouar-driven gun ‘Refs. « and ' h:

"Tha opje~t of the Cferdes of tests .a5 to investirats the nuture of the layer’s
rezponse in n number of particular caser and tn attenpt to find the laus of rels-
tion~hips of moviment to error. In particulur, it wao hoped that this relaticn-
ship might bte found (vithin the rangs of praciical req.irvenents) to be approximately
linear »nd so permmit the well developed theory of "Miusar cervomechanisums® to be
arplied Lo tunusl control in the sare way ae 1t} a3, Iea to aubomstic folicuing.”

Aleo Jaring the Se.ond World War and responding to the rfame urgent needs but acting independently of

Pes L, A. Iebecrk ana R 3. Phillips at the MIT Radiation laburatory (Bef. ™) and H. K. Weiss (Refs. o
aind 107 a* Abardeen froving Ground presumel juasi-linear operation in % series of stadies an aided trarzing
of funs.

Y fter the war trese seminal efforts, and the nope for a rore rational ayproach to the design of airoraft,
L2 i Las Chattler ~F the USI Burean of Aeronantics and Charles Westbrock of the US alr Force Adreraft Lstors-
tory 4, sponsor sore duall-seale ~outract research efforts aimed a. determining the Jdynamic ~haracteristi:s
of hretan pilots.  lor the ldavy, the Goodyear Alrcraft group of R, Meade, L. biarsntides, and A. Caclopps,
headel vy R. "ayne, Jeveloped exewllent analog coupiter representations for pilats for two specific tasi-
variable situatiens /Refs. 11-1.). The Air-Force-sponsocrnd activity 2t fran<iin Institute (Ref. 1 )},
frinceton University (Refs. 1+ «17), and Control Specialists, tne. (Refs. 1+ and 1) chose to exploit cross-
correlation and crosc-spectral techniques to ectablish human pilot dynaaics. Parallel university research
48 mderway b MIT with n remarkabtle Master's thesis by Lindser Russsll (Ref. [0) and an extensive and
nzeful doctoral disscertation by Jerome Elkind (Ref. “1).

The end of the pionearing era in exrerimentation can be ~onveniently put with the publication of
"bvnaric Response ~f Human Operators" (Ref. 19) in O~tober, 19 ¢, and its Journal summary in Ref. ?7. This
volume codified and -orrelated the available hwman response data, developed predictive models compatible
with these data, and prescribed preferred forms for he nperator «hich yermitted spe-ification ot "ideal”

characteristizs for the rontroiled element compatible «ith Lhe man in the mannal control system.
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Since 1957 an enormous number of measurements have been made for single-loop, i.e., single-input/
single-output manual control systems of all kinds. Using mcre and more refined measurement and data redue-
tien techniques, many orgenizations and individuals have contributed in the U S. and abroad. Many of these
will be mentioned later when we attempt to define where we stand today. In terms of the historical record,
it is probably fair to say that now much more is known about the input-output charscteristics of some kinds
of single-loop systems than remsins to be learnsd. The single-loop experience also provided a fim founda-
tion for subsequent extensions.

Going from single-loop to multiloop situations Is an enormous step — so large, in fact, that it is
still in progress. The first attempts were muiti-modality experiments in which a number of fundamental
dynamic response measurements were made in aircraft and moving-base simulators to determine the effects of
lirear and rotary motion cues on the pilot's dynamics. Ordinarily, these studies compared fixeu- versus
moving~-base situations on the basis of effective visual input pilot describing functions. In two or three
instances it has been possible to separate uniquely the motion and visual trancfer characteristics by using
independent forcing functions. As will be seen later, all this amounts to an excellent start, although
muach of importance is on the docket for the future.

As one wight expect from this brief historical account, three decades of joint engineering and experi-
mental psycholegical attempts to characterize nathematically the dynamic characteristies of human pilots
has resulted in an enormous collection ~f literal.se. Because most of the work, in che United States at
least, has been sponsored by the Government, notably the Air Force Flight Dynamies Laboratory, the National
Aeronautiss and Space Administration, and the Naval Air Systems Command, or has been the result of univer-
sity research aﬂfivities, the complete documentiation is predominantly in Government, reports and university
theses. Stemming from this enormous base, like the visible tip of an iceberg, is a journal literature
whi~h is slso extensive. Much of the original work is reflected in the IEEE Transactlono (Human Factors in
Electronics; Man-Machine 3ystems; Systems, Man, and Cybernetics), the AIAA Journal of Aircraft, the Journal
of the Huran Factors Sn-iety, and Ergonomi:s Partiﬂularly comylete documentation in recent years has come

about from the "Annual Manual," officially the Annual Conference on ianual Control, sponsored by NASA and
the USAF (Refs. [7°-"R), Theue international anmual meetings present summaries of the latest word in manual
eontrol technology as well as a useful, buy incomplete, cross section of applications. Extensive biblio-
graphies are given in Refs. 79-=1. This literature reflects the application of almost every conceivable
control theory approach to moleling the human operator, as well as the application ¢. appropriate models

to the zontrol of almost any imaginable vehicle.

As befits the rapid evolutiva of mathemetical models for the human operator through the past three
decades, a serles of summary surveys have apprared aperiodically (Refs. 19, 32-38). Thus, not only the
dynami~ characteristicc and models ~f the human operator but some synthesis, as depicted in summary surveys,
are well represented in a readily available literature.

C. MODELING PILOTED SYSTEMS

Ergineering models, a5 we use the terms, comprise analytic and verbal descriptions of the phenomenon
of 1nt¢rn t fo expressed that the key variables are expl-cit, the ranges and rules of application ar» well
jefired; and 21l ~f th2 relevant constructs described in operatiocnal terms compatible with such other
rmodels as may be pertinent. When this has been done such models are (and to be at all couvincing must
he) capable ~f being validated, »'gmented, or disproved by researchers other than the originators. These
wodels wre a2k rore than :onvenieno and erficient summaries of data; they are predictive tools for
ra*lun;l systens cynthesis. In fact, the most compelling iubtxflcation of any model is its capacity to

tubsre past experinental results and to prndict the outcome of future experiments especially contrived to
axerciss the roizl bey-nd its orisinal scope. Once these engineering models have been validated, they
Serve raveral purpstes.  rov instance, they:

1. Frovidr "aws" vhich can be used v. estimate or predict pilot dynamic behavior.

. Charagterirse
aoonomies in d

"J
,_‘ a

observations with simple analytical forms, thereby achieving
Lption of experimental data.

the connectimg Lelween woudel purameters and sivuation
the pilot.

Eotablish the busis for a ravionale shich ~an be used to better "understand" the
wars i which the pilot behaves as a ~ontrol system component.

3e~2132 the rarpose »f englneering nodels is application, a host of variables which appear to be
interasting Intaitively -can easily turn Hut to te irrelevant to the pacticusar application and, thereby,
vt the model. douever, Jhether they b2 relevant or irrelevant is not an intuitive judgment. The decision
felicus ey 9 'areful, alrost tedious, statement of potentially relevant variables and the establishment
of sheir inflnence oitier & plrically or theoretically, so that these can be made analytically and/or
verbully explizit in the model.

We have denotel the relevant varinbles as key variables and have divided them into four categories:
tary, environmentsl, pilot-centered, and procedural. They will be described in detail further along, but
the point for now ic the need to recopgni.e and take into explicit account the principal factors which
underlie hrean operator varlability =~ thus educing to a minimun the inevitable component of variability
whirh ramoins unascigned. The engineering model then becomes more generalizable in that its parameters
are affacted in an empirically Jiscoverable way by the identified key varzableo. Further, our understand-
ine of vypiely lerined . ey varinble elements, 2.¢., "motivation" or "fatigue" as typical pilot--entered
variables, is firther enhinnced by assoclabing quantltative changes in measurable pilot parameters with
Tmnges introduced in thece variables. In summary, an effective model of humen dynamic operation must
recogni e that inter- and intra-subject vuriability exists and that much of this varlability can be
assipnad as the effects of key variables on the model's parameters.
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D. PILOT DYNAMIC BEHAVIOR IN CONTROL TERMS

A pilot's actions are many and their range is broad. We are interested in those actions which exert
control on the aireraft, and we will outline the model structure implications of these activities. Subse-
quently, we will indicate the variety of factors which can influence the resulting performance; for by
limiting Lhe conceptual context and defining these factors it becomes possible to convert an unmanageably
complicated general problem to a manageably complicated set of specific problems.

The conceptual context derives from the following three fundamental concepts which constitute the
essential substance of pilot-in-the-loop systems analysis:

® The establishment of appropriate control loops among the display, pilot, and vehicle
system elements.

® The optimization of the loop properties by suitable pilot adaptation.
® The penalties for this adaptive control.

The initial concept i3 that to accomplish guidance and control functions (as in flying upproaches, inter-
cepts, formation, regulating asgainst atmesphere disturbances, etc.) the human pilot est. lishes a variety
of closed loops acound the airplane which, by itself, could not accomplish such tasks. The greatest amount
of information and experience exists for the single-loop case for which the pilot is applying his full
attention to one control task. Because many piloting problems involve one axis dominantiy, and bacause a
wide variety of displays, configurations, vehicle dynamics, and manual control mechanisms can be reduced

to 1 single-loop block diasgram, concentration on this simplified structure has been highly productive.

When multiple inputs and lrreduzinle multiple loops exist, more complicated analysis cannot be avoided. It
is often the case that the input data upon which the pilot depends and the loops he elects to close are not
immediately ~bvisus and must be Jeduced from his measured dynamius and performance. After recognizing such
dota sources and loops it 15 possible for the system engineer to enhance their utility for the pilot by
appropriate lesign refinements. 1In this lashion the peculiarly human contrioutions to the system may be
strengthened and the pilot will be treated with more design "respect."

The second major concept Ls that to be satisfactory these various closed-loop systems have to behave
in & cualtaole fuollon, althoigh animate and inaninate :omponents are interacting, the overall system must
share certain of the jualitative features of all "good" closed-loop control systems (stability, accuracy,
simplicity, etc.). As the aduptive means to sccomplish this end, the pilot must make up for aiy dynamic
deficiencies of the effective controlled element a. a whole by appropriate adjustments of his own dynamic
properties. The wview of the pilot is that of an active, sophisticated, and knowledgeable system component,
not an afterthought which, in some guasi-mechanisti: manner, must fit into the control system. The pilot
expresses his operational julgments on criteria for system performance and on satisfactory system stabili-
cation by his actions. In every sense he is in zontrol and serves to enrich the system's task capability
repertory.

The third major concept states that there is a cost to the pilot for this adjustment: in workload-
induzed stress; in concentration of his faculties; and in a reduced potential for coping with the unexpected.
The neasures of the cost to the pilot are pilot com.entary and pilet rating, possible task-associated changes
in the pilet's dynamics, and other workload-sensitive physical and psychophysiological measures sucl as
heart rate. The cost to the system is expressible fu terms of diminished operational relisbility and effec-
tiveness. Jince these costs zan be Ligh indeed, eflorts to predict their onset and magnitude by measures
based on the pilot's behavior are of great potentiai benefit.
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CHAPTER II

ELEMENTARY CONCEPTS FOR THE QUANTITATIVE DESCRIPTION OF
HUMAN OFERATOR DYNAMICS IN CONTROL SYSTEMS

When a hunan is successfully engaged as an active element in a feedback control system the combined
behavior of man and machine is such as to satisfy overall man/machine system purposes. Machines and their
manipulative controls differ; the externsl environment and surround {rom which the operator derivas sensory
input may be highly diverse; and control purposes may bear little resemblance to one another. Yet the human
controller counters all this diversity by modifying his characteristics appropriately to match the many
possible control situations. The fact of these adjustments and adaptation is characteristic of the human;
the consequence is a bewildering range of behavior which makes quantitative description of the human opera.
tor enormously complex when vieled in the large. Because the entirety is incomprehensible, in ovder to
gain quantitative understanding it is necessary to partition the whole into parts. If we are lucky, these
parts can be selected so as to have behavioral properties which efficiently capture the dominant effects
and are susceptible to simple quantitative description. In this way, there is some hope of obtaining an
ensemble of reasonably simple gquantitative behavioral models, each of which has adequate generality in its
rectricted sphere. Then, vhen efricient models, each suiteble for one of several related facets, are
availatle, further inductive generalization may be feasible. This is the approach we will pursue here.

The situations which are most susceptible to nquantitative desceription involve control of inanimate
elements which have constant characteristics, and an operator who has learned by extensive practice to con-
trol the system effectively with little fluctuation in the man/machine system performance measures. When
the stimuli impacting on the system are random or random-sppearing time-stationary processes, the skilled
operator will ultimately adjust so that his control actions (as time signals) have similar random and time-
stationary properties, at least over all but a very short or very long period. The simple,* manual control
system, Fig. 1, which fits these characteristics is the so-called single-loop compensatory system with
visual stimulus, which iz the paradigm
for many much more complicated appear-
ing configurations. The system forcing
function, i(t), is a random or random-

- Mowng Line appearing time function which has sta-
o, . tionary or quasi-stationary properties.
; Ercor The compensatory display presents ithe
e(t) operator with a visual stimulns vhich
\ AN shows only the difference between the
~__ Stationary Reference system forcing function and the system
Line or Point

output. Typicully, the operator's task
is to minimize this presented error
signel, e{t), by trying to keep it
superimposed on a stationary roint or
line on the display. This is accom-

COMPENSATORY DISPLAY

System . Operator Operator System plished by manipulative control acticn,
F":?':g;:‘gn "e'("‘;' s‘{l':“")‘l’l{s O“:f;" OI‘:"(?)" c(t), which affects the controlled ele-
: Disploy ohomon £ cg;‘;m‘:f ment and gives rise to the system out-

- pero® pus, m{t), being controlled. The usual

purpose of a system of this nature is
to make the system output clesely
resemble the system forzing function
or, in other words, to make the output
follow the input. The quality of this
following is indicated by the system
error which is directly proportional
Figure 1. Display and Functional Block Diagram of to the operator's visual stimulus.
Simple Compensatory Manual Control System

In order to obtain some piysical

appreciation for human operator behavior

in such systems, we shell coisider a
few simple cases. Several kinds of human operator dynamic behavior can be evoked by changing the controlled
element dynamins while retaining a common control pu=pose, i.e., minimization of the error for gll the con-
trol systems stidied. For each control situation, a simplified characterization of the humen rperetor will
be determined. Then the human operator models for the several specialized control situatione will be con-
sidered as rerresentative elements of all single-loop compensatury manuaal control systems sibjected to a
stationary ranaom-appearing forcing function in an attempt to generslize. The generalization achieved will
te a simplified overall model of manual control system dynamics which connects human operator and controlled
element dynamic forms by a simple equation. This equation also reveals how the operator's dynamics are
affected by controlled element form.

The simple mathematical models for menual control system dynemics developed on this ad hoc basis define
a particular form of feedback control system. The malhematical laws for this type of system will then be
exercised to illustrate their use in analysis and prediction.

A. APPROXIMATE DESCRIPIION OF HUMAN OPERATOR DYNAMICS
FOR ELEMENTARY COMPENSATORY SYSTEMS

In this section we shall consider several pieces of experimental davs taken with a single highly trained
operator for a variety of controlled element dynamics composed of combinations listed end described in
Table 1. To make matters as physical and specific as possible, the experimental data and discussion wilil
emphasize time histories and time domain operations. Nonetheless, the controlled element properties given
in Taole 1 indicate both time and frequency domain characteristics and illustrate how the element's defining
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parameters are reflected in each dnmain. This serves .
as a con’enient introduction to the frequency domain System Tl .
which will be used in subsequent chapters. Forcing .

Although the controlled element dynamics in
Table 1 are very simple, they have many parallels in
practical control systems. For example, the rate
(velocity) controlled element is an idealization for
pitch attitude control with a heavily augmented air-
craft, heading con.rol in automobile driving, bank
attitude control in an aircraft which has a rapid
roll subsidence mode, etc. But the most important
feature these elementary controlled elements share
with their more complex cousins which represent real-
world control situations more adequately is that,
with the exception of the proportional type, none of
them vill stay put by themselves. That is, they
respond to an oper.tor input in a dynamic fashion so
that the controlled element output, m(t), continues
to change or remains non-zero after the operator's
output, c(t), has stopped. Thus, to cause the system
output to behave as desired, the operator must exert
centrol activities much of the time. In the compen-
satory situations to be considered here, this contcol
action is inherently of a feedback system nature
because the operator's sole stimulus is the error
presented on the display. In describing the opera-
tor's behavior then, the key question is how the
operator, as a dynamic element in the closed-loop
system, equalizes, scales, and adjusts quantities
derivable from the error signal to form his control
output, c(t). In other words, we wish to investigate
the dynamic functional relationships between stimulus
and response in the closed-loop system context.
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As a starting point, consider the signuls present at various points in the closed loop when the con-
trolled element dynamics are Ye = Ko/s. A semple set of such signals is shown in Fig. 2. These were

generated using as a subject a professional instructor pilot who is also highly trained in the contreolled

tasks to be presented here. The control situation is compensatory (Fig. 1) and involves a random-
appearing forcing function which is to be followed by the controlled element output.

The system error is
presented on a cathode ray tube and the operator manipulates o stiff stick grasped between thumb and fore-

finger to exert control over the controlled element dynamics generated in un analog computing setup.
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The first thing to notice about the typical time histories is that the system output, m, follows the
system forcing function, i, very closely. Only a slight time lag heeps the output from being a nearly
identical duplicate of the forcing function. The actual difference between these two quantities is shown
by the error, which is quite smull and fluctuates about zero in a random-like fashion. It is in response
to this stimulus that the operator develops his output, c. Here w, find & remarkable thing. The operator
output tends to look very much like a scaled and delayed version of the error. In fact, if we simply .
advance the outpul trace by a time, 15 = 0.14 sec, the two signuls appear Lo be directly proportional, with
a proportionality counstant, Kpo, except for a few tiny "random wiggles" here and there on the output. If
we now grace this observetion with a quantitative description, we can write that the operator output is
approximately related to the system error or operator stimulus by:

c(t + 15) Kpge(t) (1)

or:

te

e(t) Kpre(t = 15) (2)

If the relationship is considered exact rather than approximate, a transfer function equivalent can be
derived by Laplace transforming to obtain:

Y -1 0
Yps(s) E :) = ere Tas

ite

(3)

These ejuations all Indizete thet guantitatively the operator behaves uas a proportionzl controller (pure
galn) with pure time delay.

Although it is easy to imagine from Fig. [ that the delayed proportional relationship between stimulus
{=ause) and response (effect) obtains, the operator's output is not precisely given by the operation of the
transfer function on the stimulus. Instead, there is a sliyht difference between the delayed and amplified
error signel end the actual cutput. This is e kind of residual, or "remnant," and appears to have a random
flaztasting nature akin to a randon noise. Since it is generated by the operator, we can consider, for the
morent at least, that the remnant is operator-induced noise. Then, the above equations in the vime domain
can be rewritten with the remnant added and the approximate equalijty removed.

Besides the major system signals, i(t), e(t), ¢(t), and m(t), two other time histories appear in Fig. .
These are the differential EMG, obtained by differencing muscle action potentials frcm the major agonist
and antagonist muscles involved; and the average EMG, found by summing the two muscle action potentials
(Fig. *). The JEMG time trace thus represents the operator's neuromuscular system force output which tends
to move the manipulator, while the TVEMG indicates the average tension or tension operating point within the
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Figure 3. Muscle Action Potential (EMG) Processing to Obtain
Effective Musele Actuation Signal and Average Tension

actaator cystem. In Fig. 7 the AEMG is similar in general trend to the operator's output, with a fairly
large nearly-periodic wiggle of about 10-11 Hz superimposed. This oscillatory component is a high-frequency
mode in the neuromuscular system. The TEMG is fairly constant but not cero, indicating that sone steady-
state tension is present and that the agonist and antagonist muscle groups are loaded against each other

even when no net force output is acting on the menipulator. The neuromuscular system will be discussed
later.

If the controlled element free s is moved slightly into the right half plane, a first-order divergence
is obtained (fourth type in Table 1), This situation is unstable and requires constant attention to mein-
tain control, although for moderate values of divergence rate the control required is similar to that for
Yo = Ke/s. A typical example is shown in Fig. L, where Y¢ = Ke/(s=2). A careful comparison of expanded-
scale original records reproduced in reduced form as Figs. o and s revealed that the operator output is
approximately proportional to the system errors for both, but that the delay is much less for the diver-
gent condition, i.e., 1} 2 0.07 sec as opposed to 7z = 0.1k sec. There is also some higher-frequency con-
tent to the system output trace, indicating that the system output response reflects the presence of a
closed-loop 4ysten mode in addition to the system response to the forcing function.
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Let us turn now to typical data for a proportional
controlled element, Kqo. These are shown in Fig. 5.
(These data ere for a different subject than all the
rest, a relatively untrained non-pilot.) The system
output follows the forcing function in this case very
well, but then compared with the Yo = Ko/s data the
high-frequency fluctuation is more apparent. This is
because the operator-induced noise is passed directly
through the controlled element without any filtering
due to the controlled element dynamics. This is also
evident from the direct correspondence between the
operator's output; c¢(t), and the system outpuc, m(t).

Because the operator does so well in this kind of
system, the error is very small. Consequently, the
e(t) trace shown has been amplified to show its nature
on a larger sc¢ le. If we now examine the relation-
ship between stimulus, e(t), and response, c(t), we
find that unlirke the rate case, there is little appa-
rent resemblance. So, the human operator is clearly
not acting as a proportional controller operating on
the error. If, however, the integral of the erkor is
;ompared with the operator output, we see a great
similarity. Again, the output trace has more higher-
frequency "wiggles," but the main trend is e near
duplicate to the integral of the error, delayed by
1y = 0.8 sec. Thus, we can again consider a cause-
effect proportional relatisnship, but this time
between the integral of thc stimulus and the response.
In equation form:

e(t +1y) = Kplfe(t) at (5)

The egquivalent trunsfer function is:

~T18
Y . C(s - Kple (6)
Py T E{s) 5

This implies that the operator acts as an integration
or smoothing filter on the stimulus, which is quite
different indeed from the proportional action exhi~-
bited in the two previous situations.

For the fourth exa%ple, the controlled element
dynamics are Yo = . For this case, as shown in
Fig. 6, the system output follows the system forcing
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Figure 5. Man/Machine System Response
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function well enough, in general trend, although with some displacenent to the right indicating time delay.
But here the point-to-~point correspondence is novhere near as good a: for the above examples. Instead,
there seems to be en almost pericdic, function in the system output, m(z), or e(t) and c(t) for that matter,
which is mot present in the input, as if the closed-loop system possersed an under-damped, relatively high-
frequency wode of its own. Except for this, and the Ye = Ko/(s~2) exsmples, the outgut has been a faith-
ful enough representative of' the input to suspect that operator-indu.ed noise rather than any closed-loop
system dynamics was affecting the match.

Comparison of the error and output reveals little connection between the two except a general oscille-~
tory quality. On the other hand, if the integral of the cperator's output is compared with the errvor,
these time traces are similar. A roughly proportional relationship appears to exist when the error is
delayed by 1x = 0.43 sec and then compared with the integral of the operator's output. So, again, we can
demonstrate 2 roughly proportional relationshlp betwsen stimulus and some function of the response, i.e.:

fc(t) at = Kpse(t - 1'3) 1)
Ax z transfer function, this will be:
cls ~Tx8
Yp5 = B(s = Kpsse (8)

Thus, the operator behaves as if generating a first-order lead (with a break at a very low frequency) on
the stimulus or, slternatively, as if operating as a proportional control on stimulvs velocity.

An intermediate example between the rate (Kc/s) end acceleration (Kc/sz) controlled elements is the
second-order system:

Ke
Yo = T+ 1) (8)

Time history exemples for this controlled element form with T = 1/ sec are given in Fig. T. The system

output follows the forcing function quite well, with the higher input frequencies being somewhat accentuated

in the sutput. The operator output does not correspond at all well with the system error as it would if

the controlled element were just a rute controlj and, in fact, the integral of the output (not shown) also
does not show the type of correspondence
expected for the acceleration control. For
this intermediate controlled element, the
operator output lagged by:

(s + /1) = (s 3

Sysiem
:0':‘;“01 is proportional to the error signal delayed
v °"°' by about 0.16 sec. The operator character-
istics as a transfer function would then be:
System
Output . C(s -T218
m ; YPB' - Al KP%'(S'+3)E 5 (10)
siiessgtechee e lidedmriiabminiy
SE::::_" oo oo This result implies that the operator develops
{ Operator Ve - - DAY a lead which is approximately equal to the
Stimulus) B s first-order lag component of the controlled
e S S IEEIELIE P LIRSS element dynamics.

. f - - As the sixth and last of the examples, a
£ more complex set of controllel element dyna-
(543) V/\f/ . /\/\j mics will be considered, i.e.:

: ; R I . X, o
Operator : - .- e = GraG=n "
et o ob teeset eireen This is a combination of the first-order lag

Differentiol ) g :ndli'izstiorder divergencehelementgry con-

EMG it rolled element dynamics shown in Table 1.

A EMG i adiab /*WW/V The unstable root, A, creates an output motion

which is always tending to diverge, so the

- system requires continuous control efforts by

Average the operator. This need for continuous opera-

EMG tor attention is not present for Y, = Kg,

Z EMG where the operator's action was motivated
primarily by a desire to have output match
input. Any lack of operator action in the
Yo = Ko situation will not incur the penalty

Figure 7. Man/Machine System Kesponse lime of a system output divergence. On the other
Histories; Yo = Ko/[s(s/3 +1)] hand, to the extent that the operator
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motivation in both systems is error minimization, then his actions will tend to be similar in kind, if not
in detail. The actual signals in the control system for this controlled element are depicted in Fig. 8

for @ = % and » = 1.5. Again, the output follows the input rather well, with the inevitable deley, but the
operator output is not in any recognizable way & proportional function of the stimulus. Yet, if the con-
troller's output signel is passed through a first-order lag with time constant, T = 1/3 sec, the result
appears to be approximately proportional to the error signal delayed by T = 0.20 sec. Again, a propor-
tional relationshiy is reasonable, and the appropriate approximate equations describing the human operator's

action are given by the transfer function:

. Cs
Yp = -Has

~Ty 8
KP},(S + 2)e ] (12)

The result is very similar to that obtained in Eq. 10 for the second-order controlled element with the

free s,

As a final point in this section, we should emphasize thaet the simplified examples discussed are by no
means academiz. They are all approximately representative of variocus flight control circumstances. Scme
are also applicable to other vehiculer control situations, such as automobile driving. Table & presents
the exemplary controlled element forms considered above »ith a listing of control situations which these

forms idealize.

The several examples described above make plausible the first concept tnat some linear function of the
operator's output can be related approximately to another linear function of the operator's stimulus. The
second concept introduced is that these relationships are different from system to system; that in fact

they depend explicitly on the controlled element dynamics.

Tne third concept illustrated is that the

actual relationship between stimuluc and response contains a random component, &t least when the operator's
output is considered to be predominately linearly connected with the input. These kinds of data form an
empirical basis f~r the description of human operators as quasi-linear systems comprising describing func-

tion and remnant components to characterize human behavior.

This will be formally pursued in the next

chapter. The examples taken in concert can be explored more fully in an a%tempt to develop scme approx-

mate laws of huwnn behavior. This will be done below.

System

Forcing

Function
i

System
Output
m

System
Error

Opesator /™ /\/'\’\/V \\f'%\/v"\,-/\/\/\/\/

Stimulus)
(4

RN AP AV VYV AP ANy

Operotor P M
v NS - % it
0 Lput N /""\, "\A /\J\'r/ ‘/\f"\\/‘ '\j

Differentiol

AEMG Vifadeden i SN AN st M
EMG

- e — Bree sem Lee e
Average
EMG
ZEMG .

Figure 8. Man/Machine System Response Time
Histories; Yo = Ko/[(s+3)(5~1.5)]

B. AN APFROXIMATE CROSSOVER MODEL FOR
HUMAN DYNAMIC OFERATIONS IN SINGLE-
I00P COMPENSATORY SYSTEMS

The human operator transfer functions
developed for the controlled element set
investigated above are compiled in Table 3.
As indicated there, the human's transfer
function is different for each controlled
element, but the open-locp system function,
i.e., Yp¥e, is essentially the same in form
for “our of the six cases. In fact, in fre-
qiency response terms, all the cases fall
into the same category for velues of fre-
quency greater than A.

Although the form is common, the compo-
nents are quite different. As will be seen
in subsequent chepters, the “crossover
frequency," a., which always contains the
operator gein, Kp, as & factor, is different
ror each of the controlled elements consid-
ered. We have not thus far applied the
appropriate analytical tools to determine
Kp from the data presented, so the ramifica-
tgons of this point wiil await more complete
development subsequently. For the examples
we have described above, the effective time
delay has been approximately determined from
the time traces by superimposing the two
nearly proportional time history quantities
and shifting them about until a maximum
degree of overlay occurs. This is, of
course, an eyeball rather than mathemati-
cally based determination. Nonetheless, the
effective time delays determined show an
interesting ordering across the five con-
troiled elements for which we have data for
the same subject. Froportionul control
action, which is exhibited when the con-
trolled element transfer function itself is
an integrator, can be taken, temporarily,
as a bageline. When the operator has to
generate low~-frequency lead, a larger delay
is incurred. Even when only moderate amounts
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TABLE 2

EXAMPLE APPLICATIONS OF IDEALIZED CON{ROLLED ELEMENI' FORMS

CONTROLLED ELEMENT
FORM

AEROSPACE CONIROL

AUTOMOBILE CONTROL

Attitude (pitch or roll) control with
an attitude command, attitude hold
command augmentation system (CAS)

Speed control

Attitude (pitch or roll) control with
a rate command CAS or with a damper
stability augmentation system (SAS)

Heading control at low to
moderate speads

K,

s(?s + 1)

Roll attitude control of conventional
aircraft with roll subsidence time
constant, T

Attitude (pitch or roll) control of a
spacecraft with damper off

Limiting case of roil attitude control
of conventional aircraft as roll
subsidence time constent becomes
very large

Iongitudinal position con-
trol

Leteral path control with
only positional cues
(e.g., locel lene markers)
and little preview

Heading control, with rndder, of con-
ventional aireraft spiral mode

Pitch attitude control of unstable
short period

Heading 2ontrol of oversteer-
ing car above critical speed

TABLE 3

SUMMARY OF HUMAN OPERATOR APFROXIMATE CHARACTERISTICS

APPROXDMATE OPEN-LOOP TRANSFER FUNCTION
!
e ormn | HuMAN OPERATOR -
ER FUNCTION TRANSFER FUNCTION FORM EFFECTIVE TIME DELAY
1o (see)
Yo p Tp¥e For the Exemple Pilot Subject
~118 ~TaS
Kpe ! age
s <.
Ke 5 3 17
~TaS
Ko ~T 58 age ©
R er s O.1h
Ke Kp(s + a)e—r3s *Ce—reS 0.1%
s(s + a) P T i
~Ta$
ES =T3S age  © 0.l
e Kpse S 43
U -
Ko ~T58 age © .
('s"__)\) (] (S—)\) 0.0[
TeS
~Te
Ke —Ty8 wee
s+ a)(s = %) Kpls + ale (s-n 0.20
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of operator lead are present, as in the Yo = Ko/s(s + &) and Yo = Ko/(8 + a)(s — ) cases, the delay is

g greater than with proportional control. Qualitatively, at least, it thus appears that low-frequency lead
equalization of the system which is accompliched by the uperator incurs & cost which can be measured in
terms of effective time delay introduced. In the other direction, the introduction of a mild divergence
A in the controlled element resulted in a smaller delay for the operator.

In subsequent chapters, more elaborete mathematical and analysis procedures will be applied to many

1 more complex situations. As a consequence, the cperator's dynemic behavior will te quantified in much
greater depth and detail than that presented avove. Yet, when all is said and done, a common thread
through almost all situations which we shall cmsider, and the only thread which has any pretensions to

% general applicatility, is the form expcsed in 'Table 3 above. This is the "erossow =z model," which relates
the operator and controlled clement iransfer ¢iaracteristics by the equation:

~Joot
e Jurte

Yp{do)¥alde) = %

(13)

The reason Tor the “erossover" appellation is connected with the model's frequency range of validity,
which was irtrcduced above in connection with the divergent controlled elements, and which will be elabo-
rated on extansively throughout the report.

C. MATHEMATICS OF THE CROSSOVER MODEL ——~ INTRODUCTION
TO MAN/MACHINE SYSTEMS ANALYSIS AND FREDICTION OF
HUMAN OPERAWIONS IN COMEENSATORY SYSTEMS

R sy eSS A

v One »f the results of the first two sections in this chapter is the crossover model as an approximete
quantitative description of man/machine system dynamics for single-loop compensatory systems. The model
does net distinguish explicitly between conirolled element and operator characteristics, although it is
plain from what has been presented thet the two parameters, oo and e, depend on controlled element dyna-
mics. It will later turn out that these quantities are dependent also on other control system task vari-
ables and on experimental situation variebles whick have an impact on the operator. Discussion of these
possible dependencies will be deferred while the system dynami-s and performance for the crosscver model

as a contral system is derived and discussed. To accomplish this, o nventional methods of feedback systems
analysis will be used.

The purpose of this exercise is twofold. First, it serves a tutorial function in presenting, by way
of an elementary example, some sitple methods which are useful in the snalytical treatment of manual con-
trol systems. Second, all of the generali:zed data on the dynamics and performance of the crossover model
developed =an be used to make estimates or interpretations of menual control system properties by specializ-
ing the results with par.. ular assignments of t and w,. The answers obteined will be valid for those many
circumstances in which the human controller behaves in a fashion similer to that depieted by the crossover
model,

When the loop is closed about the open-loop crossover model, as depicted by the Fig. 9a block diagram,
the result is the system dynamics summarized in the system survey of Fig. 9b and ¢. The survey shows a
aumber of related plots. The most familiar are probably the G(jw) Bode plot (or open-locp jw Bede) and
the conventional root locus. As shown in Fig. 9¢, the jw Bode diagram gives the open-loop amplitude ratio
and phase in dB and degrees, respectively, versas the normalized frequency, tw, on a logarithmic scale.
The amplitude ratio plot is a straight line with a slope of -20 dB/decade. The phase lag, while increas-
ing at an ever-increasing rate in these coordinates, is linear with frequency. This diagrem represents
*he open-loop frequency response characteristics, and can be manipulated {e.g., using a Nichols chart,
Ref. 3) and interpreted to determine the closed-loop frequency response properties. The conventional root
lo~us shown in Fig. 9b indicates the closed~loop roots of the system. Each closed-loop root corresponds
to a different open-loop gain, which is the basic parsmeter along the loci. Damping ratio is directly
indicated for a particular root vector by its angle made with the negative real axis; this angle is cos™! €.
On Iig. 9% thesc § values are celled vubl ralher than the gains as parameters along the compiex locus.

The root locus and jw Bude are directly correlated at that value of gain for which the sysuem is
neutrally stable. At this point, the phase angle on the Bode plot is —180 deg, and the normalized gain,
Twe, is n/2. The reference O dB line shown in Fig. 9c is constructed for this gain value as it corre-
sponds to neutral stsbility. The underdamped quadratic locus branches (only the upper one is shown) of
the root lozus cross the jru axis at this value of gain on their way from the left to the right half plane.

The closed-loop system dynamics reluting system output and error to the foreing function are given by:

M(s) G(s
Gnifs) = IE:) =73 +(gzs)

‘s ——1 when [G(s)] > 1 (1%)
wee

5 + age TO

*In some cases the operator-induced noise or remnant is large enough to be of major consequence. The{
answers provided by the crossover model mey still be valid, but only Lo provide the linearly correlated |
(with forcing functions or disturbances) components of signals within the control loop. The remnant intro-
duces another source of system excitation which must be taken into account.




. E(s) _ 1
Gey(s) = Iés; = T ¥6(s)

R N ey

— L,-(-‘-s-}-when [G(s)] > 1 (15)

S

5 +awge S

. Perhaps the most significant property of feedback systems is that whiczh obtains when the open-loop transfer
characteristic is much larger than 1, for then the system oubput 13 almost exactly equal to the system input
und the system error is very small. From examination of the G(Jjw) Bode plot it can be seen that this occurs
at low frequen~ies and is, of course, the reason that the system output and system foreing function were
similar in a° the examples given thus far. At high frequencies |G(Jw)! << 1, so the closed~loop relation-
ship between M(jw) and I{juw) is substantislly the same as the open-loop, i.e., the feedback loop iz effec-
tively inoperative. For the crossover model, the frequency which divides these two regimes of near-ideal

3 following of the forcing function and little or no feedback action is the crossover frequency, we. In

Fig. 9c this is the intersection of the O dB line established for a particuler gain with the G(jw) Bode
plot. The name "crossover frequency comes from this crossover intersection of the O éB line by the open-
loop frequency response characteristic. For stable operation of the system the nermalized erossover fre-

: quency, twe, can renge from O to x/2.

LA i

When tw, is relatively small compared to n/2, then tw, is also tantamount to the closed-loop system
"pandwidth" {the frequency at which the output smplitude is 3 dB less than the amplitude of an input sinu-
4 soid) For highber cressover frequencies this direct equivelence between 1w, and system bandwidth wegredes
1 because of' o peaking in the closed-loop frequency response near the crossover frequency, but even for this
; kind of a system tw, is always equal to or less than the bandwidth and thus provides a lower bound.

While the conventional G(ju) Bode plot is useful in frequency domain deseriptions to illustrate the
fundemental properties of feedback as it affects output/input relationships, the root locus best emphasizes
; the closed~lcop system roots. The root locus plot shown in Fig. 9b indicates that the root which starts at
3 the origin for open-loop (zero gain) conditlons progresses further into the left half plane as the gain tae
is increased. At the point 10 = ~1 (for which tw, = 1/e), this brench of the locus meets with the first of
an infinity of branches present because of the e~TS term (the other branches are not shown). The quadratic
: formed by the two branches then inereases in undamped natural frequency and decreases in demping as gain
E is increased until neutral stability occurs at the gain twe = n/2.
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Figare 9. System Survey for Crossover Model
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The connections between the dominant closed-loop
second-order wode and open-licop parameters are (rod)  (deg)
rendily developed. The damping ratio can ba related -"é'- - 90} 4o
directly to the phase margin from the G(jw) Bode
plots. For a particnlar openr-loop gain, 1w,, the 8or-
phase margin is given by: Ay 10} r o
8| 2 I8 2
i S 60~ .
z - 6 " £
N 7T e (16) x| § %o . 8
4 2 gl 1+ 2
L3
The relationship between closed~-loop damping ratio, 8 agl .;
{e, &nd phase margin, @y, is shown in Fig. 10 {with wl &7 &
open-loop gain as an alternate ordinate). This could 8]  2of 19
also be expressed in terms of the gain mergin,
lGMlgp » vhich is: oy
B R e e e o
- 1 ) 2 3 4 %5 & 7 8 89 102
& (2“}4/“)] 4B Closed-Loop Domping Rato , .
It is apparent from the Bode root locus (Fig. 9e) Figure 10. Fhase Mergin as a Function
that for the values of normalized gain, tw,, which of Closed-loop Demping Ratic

result in an underdamped closed-leop system dominant

mode, the logarithm of the closed-lcop undamped

natural frequency of the quadratic modes is linearly

related to the legarithm of the crossover frequency 2.0

{or gain in dB). The actual relationship can be - T ]
shown to be: - 3
Normalized »"E
Undomped [ [ologe J03I1 LL~"" ]
1nn/2 1o n/2 Naturol C L~ ]
inn/? Inen/z Frequency |q ;"/ i —
wy = (eteg) = (et) TWn T e~
(17) 8 T, FleTiod)l i
0.311 6
= {etw,) 3 4 & 8 10 20
Normalized Gain , Twe
Thus, the relationship between closed-loop undamped Figure 11. Closed-Loop Undamped Natural
natural frequency and open-loop gain is a straight Frequency as a Functicn of
line in iogarithmic coordinates. This is illustrated Crossover Frequency

in Fig. 11 for the range of tay from 1 (at the ren-
dezvous point on the root locus) to s/Z at neutral
stability.

The same information available on the conventional root locus is also present in the so-called Bode
root iocus. This cemprises two elements: the "siggy plot" of |G(~0)|ap versus to; and the complex branch
plotted as a dotted line versus x[sl. The direct correspondence between the two root locus plots is indi-
cated on Figs. 9b and 9n by the labeling of the branches 1, 2, and 3. On the Bode root locus, to isa
perameter and gain is the ordinate; wheress on the conventional root locus gain is a parameter. The Bode
root locus places on ore common figure both the frequ:ncy response and closed-loop pole-zero relationships.

In system Jlynemic operations, the system output response will contain two components. The first is the
forced response, i.e., an output which derives from the system operating upon the foreing function. The
second outpat component is the ratural modes of the system as transients excited by the forcing function.
for the crossover model these modes are an overdamped second order (1.e., two tirst orders) for tup less
than 1/e, and an oscillatory second order from that gain to the stability limlt, tue = n/2. Vhen the
syslem dynamics are relatively well damped and the for~ing function bandwidth is low compared with the
crossover frequency, then the system output will very closely resemble the system forcing function alone.
When the closed-loop system dynamics are more oscillatory, the presence of t': nataral modes will also be
seen in the system output because this component then does notv rapidly damp out and is constantly being
excited by the forcing function.

If we now view some of the example cases studied in the firsi section we will recall two forms of
following responses. For several of the systems the system output follows the forcing function quite pre-
cisely (except for a very-high-frequency ccmponent in the output which is not explained by the crossover
model). For some of the other systems, the output follu.ed the forcing function fairly well, but another
mode also appeared to be present. We can identify this with the basic closed-loop mode when it is oscilla-
tory in nature. Thus, for those caces which show this quality in the responses, the closed-loop damping
ratio was on the low side, corresponding to a high gain and a low phase margin.

When the forcing function is a stationary random or a hammonic process, it can be characterized by a

power spectral density, 0j4. Then the system's steady-state performance in response to such a forcing
function will be:

B [T =k [ [6.[20 (18)
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where Ges is the transfer characteristic between the forcing function and the error (Eq. 15). For & rec-
tangular power spectral density irput with bandwidth wf and variance af this becomes:

- wy
oo [ el e
3 % °
(19)
1 f‘”’- w' diw
= = - ~ )
: © Jo  wc=2uwe sin av Fud

This integral is not readily evaluated enalytically. However, if sin wt = ut, which is an approximation
good when wyt << 1, thenm:

o 2

_g_g_ = X o’ v dee
cf wf w’-(l“a»c17+u:c

xbc/(x‘l

1 -
(@t —1) [‘ oot =1

-] &4
tanh ! ‘-1-;,/ Aot =1

PRSP DAY

If the tanh™ is expanded and carried only to the second term, the extremely simple "i;3 Law" results, i.e.:

&, 1 (M4 (
Lec 2 L X 21)
e 3()

%

This gives remarkably good results for a large number of practical control systems. When more precise
ansvers are needed the exact results, obtained by integrating Eq. 19, shown in Fig. 12 can be used.
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Figure 12. Crosssover Model Steady-State Performance
for Inputs with Rectangular Spectral Densities
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CHAPTIR 1II
XEY VARIABLER AND MEASUREMENTS

A. XBY VARIABLES WHICH AFFECT THE PILOYT'S BEHAVIOR

As our discussion of the origins of human dynamics theory has indicated, engineering needs provided
the impetus and engineering techniques the methods for much of the early research. The nature and char-
acteristics of this approach is exemplified qualitetively by the presentation of Chapter II. In fact, the
use there of a single subject, with the tacit assumption that single-run segments are representative
responses, exposes the obvious nced for detailed consideration of intrasuoject and intersubject differ-
ences. Here, psychological thinking has had a major impact in calling attention to the many variables
which might .fect the intra- and inter-subject variability of human dynamic performance and, by so doing,
influencing the design of experiments. A strong traditional viewpoint in experimental psychology has
been oriented to the description of behavior in terms of discrete events xather than to the interacting
continuous description demanded by a closed-loop analysis. As a consequence, much effort in psychomotor
research in psychological laboratories was devoted to specifying stimulus and response peirs in motor
behavior under conswrained conditions. Response latencies and simple performence measures were favored
measurements, and tne description and parameters of learning were comnon objects of study. It required
the introduction of closed-loop analysis, which even in simplified form provides a greatly enriched char-
ncterization of human psychomotor properties, to enable the wealth of sophisticated behavior which the
human can generate t> be revealed, understood, and applied to the rational design of control tasks. Two
examples are the analysis of what were previously discrete reaction time measures into components arising
from the plant dynamies, the neuromusculature, and the processing time requirements of the human controller;
and the deseription of the exploitation of the human ability to discern temporal patterns of signals in
improving the performence of a variety of skilled tasks.

Although human controller variabilities can be magnified or minimized depending on what measurements
are taken and where the measurement points lie, there is a need to specify appropriate ranges of reliable
application for human dynamic findings. To fill this need we begin by classifying the plethora of physical,
psychological, physiological, and experimental effects which can affect the human's relevant outputs. This
organization is illustrated in Fig. 13 where the variables — in some cases really parameters — are sub-
sumed under four categories as follows.

Task Variables

Environmental Variables , € 11, Procedural Variables

Tempezature instructions
Vibration Order of Presentation
Accelaration Experimental Design
Ambient Atmosphere Methods cf Administrotion
/ Physiological Disturbances
Ouipu's,é ‘
m——— Perceived Inputs ® System
Mission Commands Qutputs, #EfofS Human Control AC'IOnS,_c- Vahicle Output
ond Control frwemsesmus-t  Displays —-——-—-»l Pilot {Controlled all
Strategy U l.m.e flo Element) ook
n e
Z Psychophysiological
Operator- Outputs,!
Centered Variables
Motivation
Training
Response "'Set"
Fotigue
Arousol

Figure 13. Variables Affecting the Pilot/Vehicle System

1. Task Veriables

Task variavles comprise all the system inputs and those control system elements
external to the pilot which entrr directly and explicitly into the pilot's control
task. Stability of the closed-loop system is always a necessary, though not suffi-
cient, control strategy. Consequently, the pilot's dynamics are profoundly affected
by the display and controlled element dynamics, because his properties must be adapted
to provide the necessary loop stability. The general nature of these adaptations has
been illustrated in Chapter II. The characteristics of the other task variables,
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i.e., disturbance inputs and command inputs related to the mission and control
strategy, also exert direct influences on the pilot dynamics, although their
effects are more in the nature of adjustnent and emphasis than of change in
fundamental dynamic form.

These variables constitute an enormous rsnge of possible conditions. As a
practical convention interest is often focused on a limited number of input sig-
nals having well-defined amplitude distribution, shape, and bandwidth, on a
selection of controlled element dynamics which represent or idealize practical
vehicles, and on a restricted range of both functional and physical displays. The
abstraction of these task variables was accomplished by a combination of engineer-
ing insights (the variables were similar to gust disturbance, the dynamics were
similar to aireraft dynamics, etc.) with the need to make accurate measurements
over a usetully broad range of frequencies (the use of subdued high-frequency
signals, the selection of appropriste run lengths, ete.).

2. Environmentol Variables

The state of the enviromment external to the pilot is shown in Fig. 13 as the
vector ¢. Included as components of this vector are such factors as ambient
illumination, vibration, temperature, accelerabicn (to the extent that this is
superimposed on, rather than controlled by, the pilot), noise, ambient atmosphere,
etc.

3. Procedural Variables

The procedural variables, denoted by the vector g, include such aspects of
experimental procedure as instructions and background indoctrination, training
schedule, order of presentation of trials, and so forth. For those experiments
for which the subjects are experienced engineering test pilots, a carefully
plamed indoctrination briefing can serve to heighten their motivation as well
as to enable them to generate an appropriate mode of response. In many cases,
the experimental control device is structurally a highly abstracted version of
the actual aircraft Yeing simulated and a careful indoctrination can help avoid
a situation in which the pilot's control responses are more appropriate to a pin-
ball machine than to the flying of an aircraft. There is, however, a danger that
in motivating a subject he will become so involved in the experiment that despite
his intentions to the contrary he will influence the results to conform with what
he perceives are the experimenter's hopes. Instructions and indcctrination serve
either explicitly or by means of the mission to establish the performance cri-
terion which the subject will use.

Tre experimental design and tne statistical unalyses used can serve to obscure
actual effects or “reveal" behavioral phenomena which are in truth artifacts of
improper technique. Meticulous attention must be paid to counterbalancing time-
dependent effects on subjects and to meking assumptions explicit. In view of the
generally smoll number of subjects and runs generated by human dynamics experi-
ments, it is necessary to develop techniques for controlling extraneous variables
rather than depending on randomizetion over a large number of subjects and condi-
tions in the experimental design.

L. Pllot-Centered Variables

The operator-centered variables, denoted by the vector g, include the char-~
acteristics the pilot brings to the control task: training, motivation, "set" to
respond, physical condition, ete. Many of these factors are difficult to quantify
in terms meaningful to a given experiment. They can, however, ut least be quali-
tatively graded by pretest, interview, etc., or controlled or modified by proce-
dures (therefore there is some interaction between x and g). "Set" to respond,
for example, as established by a particular set of experimental experiences can
be compensated for by counterbalancing the order in which subjects are tested.

The subject's performance criteria are another pilot-centered variable which can
be modified by procedures.

B. DESCRIPTION OF HUMAN PILOT BEHAVIOR

The most obvious aspect of human dynamic behavior in a control tass is the pilot's control actions
within that task. There exist precedents from the analysis of inanimate systems for specifying which con-
trol actions shculd be measured for a description of the controller's behavior. Such measurements do not
tell the complete story for a human controller, since associated with the control actions are physiological
and psychophysiological outputs, the vectors ¢ and . These include status indicators of the human's
internal environmental control systems, such as respiratory rate and volume, heart rate and blood pressure,
rate of sweating and body temperature, etc., as well as such highly structurzd but nonetheless subjective
indications of workload and pilot behavior as Cooper-Harper pilot ratings.

Both the measures derived from inanimate control device description and the peculiarly human outputs
listed above can be used to provide operational definitions for a variety of verbal concepts commonly
associated with human behavior. Skill, for example, is a concept which has been deseribed in such intui-
tive terms as "sequence of deftly timed responses" and "the outstanding character of rapid adaptation"
(Ref. 29). The availability of dynamic descriptiolLs of human control actions enable us to quantify “deftly
timed" in a fashion not otherwise possible. Similarly, the human abilit,r to adapt can be reduced to
readily quantifiable changes in the mathematiial form of the description of the control actions.
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To make these general statements more concrete presume, for the moment, that the crossover medel
developed in Chapter II was a complete description of operations in a single-loop manusl control system.
Then, the equations of motion for a specific system would be:

L]

e(t) i(t) = m(t)

(22)
n(t)

wce(t ~ 1)

The first of these equations applies for all compensatory situations; whereas the second requires that the
crossover model be velid. The corresponding open-loop transfer function is:

e-TS
Mol - vp(she(s) = = (23)

The human pilot's adaptation to controlled element dynamics is implicit in thls relationship, i.e., for a
particular set of controlled element dynamics defined by Yc(s_) , the human will adopt a transfer function:

wee™ TS

¥p(s) = sYe(8) (2k)

The general form of the h.man's response would thus be determined by the specifics of Y,, and a change in
this task variable evokes a change in Yp such that the crossover model open-loop transfer function is con-
served. The effects of changes In other task variables, or in the environmental and operator-centered
variables, will be to modify w, or 7. These we and v modifications ere themselves the quantification of
changes or differences in key variables on the pilot's control action. In measuring the effects of train-
ing, for instance, we increases with trials until stable cuaditions are obtained for that particular sub-
Ject and set of constant tusk and environmental variables. For circumstances in which the 1/3 Law applies
(Eq. 21), an increase in we with trials will be reflected by a hyperbolic decrease in the system rms error.
Thus, in the contuxt of thi. hypothetical example in which the crossover model is a total representation

of human control actions, the humen's control action will be quantified in terms of the crossover model
gail, g, and/or effective time delay, T.

The human pilot's actions are unfortunately not as readily deseribed, in general, as this hypothetical
example. For one thing, the effects of environmental stresses and operator-centered variables msy mani-
fest themselves in the ¢ and ¥ vectors, as well as in changes in the control actions. Further, the human
pilot is a multi-input, multi-output device of enormous complexity rather then a single-channel control
mechanism. Nonetheless, it should be plain from both the hypothetical and real-data examples discussed
thus far that a great amount of verbally expressed descriptive material and concepts can be quantified and
reduced to operationally usable terms by virtue of a control engineering approach.

A complete and detailel descriptor of a human in this context is one which relates control, physiologi-
cal, and psychophysiological outputs to control and envirommentally-derived inputs. For a large number of
practical cases, however, the § and y outputs are of secondary interest and the ¢ inputs are purameters
over the measurement period. When attention is focused on control actions as the major interest, and
as shall be done henceforth, the pilot's control activity is capable of being described as a short-time
stationary process for a very large number of circumstances.

When the key variables are fived and the signals in the control loop are approximately time stationary

over an interval of interest, the pilot/vehicle system can be modeled as & quasi-linear system. Quasi-
linearization is one of the most fruitful approaches to the description of those nonlinear time-varying
systems in which the relationships between pertinent measures of system input and output signals have some
linear correlation in spite of the possible existence of nonlinearities and short-term (relative to the
observation interval) time variations. The description is valid for only the specific situation; when
conditions (e.g., inputs) are changed a different quasi-linear description is needed.

In a quasi-linear system the response for a given input is divided into two parts — describing function
components which correspond to the responses of equivalent linear elements driven by that input, and a
"remnant" component, which represents the difference between the response of the actual system and an equi-
valent system based on the linear element (Ref. 40). Quasi-linear models consisting of describing function
pius remnant descriptions for random-eppearing inputs and disturbances have been the basis for the vast
majority of man/machine systems snalyses and have also received the lion's share of experimental effort.

The most important class of situations in closed-loop control of aircraft are compensatory tasks in
which the pilot acts on displayed error quantities, e, between desired command inputs, i, and comparable
vehicle output motions, m, to produce control actions, c¢. This class is illustrated in Fig. 14. In this
block diagram the dynamics of the equivalent controlled element and displays are described by a matrix of
transfer functions, {¥,(Jw)}. The signals in this general block diagram, i, e, ¢, and m, as well as the
remnant, ne (considered as a quantity injected at the pilot's input) are all, in general, vector quanti-
ties. Finglly, the transfer characteristics of the pilot are represented by the matrix of quasi-linear
describing functions, {Yp}. The describing functions and remnant depend explicitly on the task variables,
as noted in the functional notstion. (While an explicit functional dependence is not shown, the remnant and
transfer characteristics are also functions of the operator-centered, procedural, and environmental variables.)
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Figure 14. Auasi-Linear Paradigm for the Human Pilot

C. MEASUREMENT FUNDAMERTALS

The detailed nature of typizal measurements in manuel control systems is most easily introduced by
simplifying the general block diegram of fig. 14 to a single-loop situation. Such a figure appears at the
top of Table L. Here, the pilot's properties are divided into actuation-load dynamics and sensory and
equalization dynamics blocks. The manipulator task variable is intrinsically included in the former. The
signals throughout the loop are characterized in several ways: as a time function, x(t); as & mean-squared
value, X°(t); as an amplitude distribution probability density, p,, where p, dx = Prob(xy < x < xp); and
as a power-spectral density, dy.(w). The time functions, i, e, c, and m, are ordinarily available; whereas
special means (e.g., see Fig. 3) are needed to obtain EMG signals proportionsl to the pilot's force, F(t),
which drives the actuation and load dynamics.

For stationary situations the forcing function signal i(t) may, in principle, have two components,
random and periodic. As power-spectral densities these correspond to a continuous power-spectral density
function, w;3{u), and a sum of line spectra. In responding tc this excitation, the pilot's output power-
spectral density will also have, in genersl, random and line spectra elements, but not all of the output
will be linearly correlated with the forcing function. Accordingly, the remnant spectral density, ¢pn(w),
constitutes the difference between the linearly-correlated and total pilot output power-spectral density.
In principle, the remnant spevtrum may also have random and line-spectra components; slthough the spectral
lines will not appear at the discrete line spectra frequencies, wp, present in the forcing function. The
spectral formulas in Table . represent these statements mathematically.

The pilot's dynamics as a transfer element are given by the open-loop describing function, Yp, which
is also represented along with the controlled element transfer function in the closed-loop describing
function, H. These are, in general, obtained using cross-spectral measurements as shown in the table.
Noted there is the sometimes used estimate for ¥ of dec/deas As can be appreciated from the formula,
this measurement can give good results at frequencies where the forcing function power and its consequences
are much larger than the remnant power and its consequences. On the other hand, when the forcing function
effects are not dominant, the answer obtained approaches ~1/Y,. Techniques which help circumvent problems
caused with low forecing function power levels are given in Refs. 4143,

The "linear correlation" and signal-to-noise ratio are useful as indicators of the nature of pilot
operations and as a means for the determination of remnant. These quantities depend on the effective
bandwidth, ay,, of the measuring apparatus or data processing procedure. Clearly, as this becomes more nar-

row, the value of p increases regardless of the magnitude of the remnant, approaching i as uy, approaches
2210,

Finally, relative remnant measures finish off the Table 4 summary.

The principles and practices of measuring pilot characteristics are extremely well developed and have
an extensive litereture. A representative cross section, which includes both time domain and frequency
domain considerations, is given in Refs. 40O, Lh-th. There are many pitfalls for the unwary in practical
application of these methods, with the —1/Y; example noted above being perhaps the most common. The
references cited offer a cross section of others.

A measurement detail of considerable importance is the character of the forcing function or distur-
bance. When compensatory behavior is to be measured the ideal attributes include:

t. Random appearance so that the operator connot detect any internal coherence in the
forcing function and thereby adopt a higher level of behavior (unless the intent
ic to induce that higher level).

2. Frequency content which encompasses the bandwidth of the manual control system
under test, thus insuring that all significent modes of the system are excited.

3. Evoked outputs easily recognized and distinctly differenl from constant-coefficient
linear, nonlinear, constant-rate sampled, and other idealized system forms which
may offer a mathematical basis for human pilot modeliug.

L. Precisely known statistizs, to the extent possible, thereby eliminating a source
of uncertainty in experimental results.

3
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5. Repeatability to pemmit reproduction of meaningful tests under varying conditions.

6. Representation of physical signals such as turbulence, radar noice, evasive targets,
with which the pilot must contend.

T. Pseudo-randomness so that the forcing function will appear ergodic when its time
average is taken over a specified interval.

8. A Gaussian amplitude distribution so that Gaussian input describing function theory
nay be used,

A foreing function comprising a properly selected sum of sinusoids which have frequencies that are integral
multiples of the run length is perhaps the best approach to achieving these desirable features. In second
place would be a recc.':d, and hence repeatable, noise source with precisely known statistics. Sometimes,
special functions or disturbances cannot be used, and the experimenter must then make do with whatever
excitation sources are aveilable, with the concomitant reduction in quality.

The third desirable feature listed above can be especially valuable in providing insights as to the
most appropriate mathematical models to use to describe the pilot's actions. Table & lists the features
of come system types which would be revealed by measurements of the kind summarized in Table 4 when sub-
Jected to a periodic input with Irequency w, and amplitude 04. Careful examination of datae for inputs
with sums of sinusoids in the context of the differences indicated in this table can go a long way in
selecting the best paradigm. Many cf these insighis are lost if a forcing function with a continuous
povwer-spectral density is used. In this case, the remnant for all but the lineer constant-coefficient
system will also be a continuous power-spectral density.

TABLE 5
PROPERTIES OF VARIOUS SYSTEMS
DESCRIBING 2 2
TYPE OF SYSTEM FUNCTION REMNANT ] 0% OF pge
Linear, Constant Coefficient Yp 0 1 1
Linear, Sampled Data Y Léne Spectra 1 <1
{Constant Frequency) ] koo (oyp % mug)
Continuous Spectra
Direar, Random Time Variations ¥p o <1 <1
kofe(w)
Line Spectra
Nonlinear Constant Coefficient Yp(oi) 1 <1
kf(oi)ﬁ(mwo)
Line or Continmuous
System with Noise Injection <1 <
Onn # (o)
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TABLE (. SUMMARY OF SINGLE-LOOP COMPENSATORY SYSTEM DESCRIBING FUNCTION FLUS REMNANT DATA
NUMBER OF NUMBER OF
INVESTT3ATO RANDOM- CCNTROLLED : ,
JATOR APPRARTIG ELEMENT MANTPULATOR CONTROLLED ELEMENMT DYNAMICS;
{Reference) REMARKS
FORC. FUNC. FORMS
TYPES INVEST. | INVESTIGATED
Tgﬁtin - 9 Spade grip, Simulated tank gun turret tracking; both
(7) ‘ spring restraint | Yo & Ko's.
Russell Handwheel, no .
o f ' = ! 2 .
(20) - 7 restraint Ye 50 Ke's, Ke(s+2)/(8+p)
Goodyear ~ " Alircraft control | Simulated aircrafi pitch attitude control
{r2, k) i ’ stick in both stationary and pitching simulator.
Simulated control of aircraft lateral and
Krendel, et al. 2 2 Aircraft control | longitudinal axes in tail-chase, with and
(e 10) ) g stick without airframe dynamics: two-
dimengional input.
P
Elkind . §i3§3;";ge Yo = Keo: single-dimensional input; some
ey s . .
ten) restraint remnant data.
Attitude control of aircraft lateral and
Seckel, et al. . | Aircraft control longitudinal axes in both flight and
() wheel fixed-base simulator; two-dimensional
input.
. Simulated aircraft pitch attitude control
Hall " . .| Aircraft control | while also controlling a fixed set of
(i, 1R, ) ’ . | wheel lateral characteristi~s; many Y. para-
meter variations: two-dimensional input.
: . Control of a wide range of idealized dvma-
MeR £ al Lateral side mics contrived to evoke a complete range
mc.uezzﬂiu.a . = 5 ‘gt{;ku of' operator transfer characteristics;
’ : a many Y. parameter variations: good
. remnant data.
Stapleﬂ?rd, 1’ . Lateral side Simulated nircraft lateral control in a
efiﬁ\" ) . stick tail-chase: two-dimensional input.
E }
Magdnle 1 ) , . ,o.n
Magdnleno - Lo?gitudir§1 side Yo = Ko. Ke's, Keo's'i extreme ranges of
and McRuer : stick: various X
‘8 e ot : s manipulator restraints.
(+8,.35) restraints .
Vigx 1:? - . Rigid side stick | [1rst- and second-order suberitical
‘[Y;nfif). ‘ g “ * | tasks. Good remnant data.
. Tateral bank angle control; simultaneous
3mith, et nl. . " Alrcraft control longitudinal stabilization: both flight
tip, A7) stick and fixed-base simulator: single-
dimensional input.
. Lateral bank angle control; simultaneous
HNewell, et 'al ~ Aircraft control longitudinal stabilization: both flight
reE 0k ’ stick and fixed-base simulator: single-
dimensional input.
Levison and k o, ; Yo = Ke. Ke's, and Kc'sr; single-axis
Elrind B K Spring reftrnined base runs for two-axis experiments: good
: side stick
() . remnant datn.
ﬂ ’ 1| Simulated lateral alreraft control; many
Shirley I Spring restrnined | Y. parameter variations: complete remnant
() stick dnta .
Allen and Jex - Laternl side Yo = Ko/s and Ko 's”i compensatory base
(07 stick runs for pursuit ‘compensatory comparison.
Gordon-Smith " , P:Z:;Eggigfnzgi Yo = Ko/s dynamics: good high-frequency
822D : pre T | neuromuscular actuation system data.
¢ sticks
Stapleford. Simulated aircraft pitch attitude con.
et al. 1 ! gtziiaft control trol: base runs for multiloop single-loop
{79) - comparison.
Magdaleno Lnteral side First-, second-, and third-order sub.
and McRuer 1 % stick: rudder critical tnsks; good neuromuscular

(1)

pedals

actuation system data.




24
3 |-——-—————-—-— CENTRAL ELEMERTS I NEUROMUSCULAR SYSTEM _—“’1
4
‘ il .
A INTEGRAL B Kt Thatt
3 Y u,,,nn(g-.pu)[(:'i).-g,a-u]
Hyel N o
3 %
) |, [PROPORTIONALY | g MOTORNEURON - }
3 X% COMMAND rs'P-;;“_ Tml
g COMMON 4 CEMTRAL WUSCLE MANPULA
SiSTEM SysTEM! sewsoar PROCESSING | 4 : coro | 1 omamics  fumipuatoq] courroson | SYSTER
o f-emd § COMPUTATICNAL £ S Kya~Tw? L ELEMENT
J ¢ | PROCESSING DELAYS i { R Y m
UECHANISMS RATC elvco mit)s L J (""""I(W - "h
3 —— x;"_‘,“‘ - -l
: SPINOLE / TENDON
ORGAN ENSEMBLES
-
3 [ [accereranon] | Kspls ¢ Zfple™ 80}
x‘;g'g"l‘ (i'%,
E b
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. neuromuscular system shown in Fig. 15 has a '
feedback element labeled as spindle and tendon 3o
3 . . -
ensembles, althcugh spindle characteristics am;J
may well be predominant for the smell motion n_,_____*I7Mown ¥ 1_[intrafusal )
1 and relatively light forces involved in most {] | |euronPool Fibee [y +7¢ n
3 measurerients thus far sccomplished. The effec- s a Motor- |18 Agonist | Force A
3 Qe - ]
; tive dynamics of the closed-loop neurcmuscular ety e ‘{:f:’ s
i system, from the alpha mobor neuron command eyl oh o Lle
signals to mani; ulator force, can be approxi- — tgmm %
mated over a wide freguency range by the third- at o 1] a Motor- }_al.. gomst ) 1 5
: order transfer function shown. This form is ¢ e WewronPoot[7T7|_Muscle [T Force} | §
E a . a 3 - (I Motor= 1Y 1 tintratusal { v ¢
3 also compatible with small perturbation dyna vt rﬂumnﬁwd" ratus } @
g nics based on analytical models of muscle and i S e T
menipulator characteristics (Refs. (8, Ti, i : { [Ending) !
T%-7¢ ). The parameter values are strongly H !
dependent upon the steady~-state neuromuscular Suptospinat | Peniphercl 1 Penipheral §
- C gy Spinot Cord Muscle ==} Sensing =
tension, 7o, due to the gamma motor system. Paths Elements tements
The gamma system also affects the dynamics of
the spindle ensembles. This is ceplcted by )
the arrows indicating variation in the .g Figure 16. Functional Diagram of Elemental
and Pgp factors in the neuromuscilar system Agonist/Antagonist Neuromuscular System
feedback block. Elements Involved in Tracking

This degree of model complexity is a minimum to have even marginal value in physiological descrirtions.
It is also often needed for the study of limb/manipulator system dynamics in aireraft control, as in
determining the effects of bobweights aud primary control system hysteresis on pilot-induced oszillations.
For other aspects of pilot/aireraft analysis the neuromuscular dynamics are so high in freguency as to be
relatively unimportant in their details. For thes: cases a puare time delay, typy, or a first-order lag can
be used as a low-fraquency approximation (&t frequencies lower than any ot the neuromuscular system btroaka
points). This delay will be given by:

gy = Ty tm— b oo (~)

Turn now to the central and input elements at £t of Fig. 1%. As shown there, the pilot can
develop a neuromuscular system input command which is the surmation of a lag, proportional, lead, or
double-lead function of the system error. The integral and rroportional chennels have & basic time delay,
T, as8sociated with them. The higher derivative channels have additional incremental delays. These incre-
mental time delays constitute the dynamic cost of pilot lead generation. They are about 1/, sec for rate
(tg) and greater than 1/2 sec for the acceleration channel ().

It is primarily because of the latency differeiices for proportional, rate, and acceleration low-frequency
lead equalization that these are shown as separate parallel channels. The independence schematized is over-
simplified, for common neurological apparatus is undoubtedly present for each function. These are modeled
here by the common sensory pathway block following the system error and the central processing and computa-
tional block following the four parallel channels. 4 slight difference, not shown, in integral and pro-
portional channel effective latencies is indicated by existing data but conceivably these channels could
be ccmbined into a single-channel adjustable lag-lead element.

Besides the different effective time delays, the other evidence for parallel channels is the difference
in respons: quality as a function of low-frequency equalization supplied by the pilot. When proportionsal,
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integral, or a lag-lead combination is exhibited,
the pilot's output ampitude distributions are
Geussian when the input amplitude is Gaussian.
On tne other hand, when very-low-frequency leads
are present, as if operations were through the
rate or acceleration channels, the pilot's output 05}~
distirbutions are distinctly non-Gaussian. Typi- p(JL
cally, these are bimodal, as illustrated in ¢
Ry, 17. Time traces tend to appesr more dis-
crete and pulselike as well. This characteristic
difference is also refliected in changes in the
remnant.

The association of incremental latencies with
differences in the neural pathways and apparatus
takes us back & century or more to the very earlie.
est work in the reaction time studies of Helmholtz,
Wundt, and others (Ref. 76). They cxamined a large
number of situations which exhibited different
reaction times and tried to assign these differ-
ences to various compeonent functions. In their
day, their attributions often turned out to be
wrong, and we can only hope that those indicated
here do not repeat that history!

The channel gains and the time constant, Ty, £
are all shown as variable quantities. To a first e
approximation, they are adjusted such that the
crossover model applies. To a higher order of
approximation the adjustments obey the Analytical/
Verbal model. Both models ars discussed further
below.

Figure 17. Example of Bimodal Amplitude
Distribution for Pilot Output
for Yc = Kc/82

C. CROSSOVER MODEL FOR SINGLE~LOOP SYSTEMS

Consider the crossover model first. Typical data for velocity, first-order subcritieal divergence,
and acceleration controlled elements are shown in Fig. 18 with *10 bands. These data fre move or less
typical of any of the rate and acceleration controlled element data listed in Table 6. Furtier, the
lug/datqn amplitude ratio trend in the region of crossover is characteristically prescut $n wuch of the
Table 6 data with more complex controlled elements. In fact, for thosc dute sources Jrom the last decade,
there exists a remarkable consistency. In most cases, investigators have taken pains to show tle-ins with
earlier results from other investigators., For instance, typical comparisons made in Ref. 66 for the con-
trolled elements Yo = K¢, Ke's, and Kc/se, which cover three widely varying modes of control behavior from
the pilot, are reproduced in Fig. 19a-c. Other comparison data are shown, for example, in Refs. 56, 60,
and 62-69. For a given controlled element such differences as do exist between data sets are ordinarily
attributable to differences in foreing function or manipulator task variables. In other cases, the

experimental conditions are such as to permit the differences to be ascribed directly to the effects
environmental or operator-centered variables.

0 : 200 - Sy
kS \\*
e — I3
.80 lﬂw/Z’lda
‘e‘ﬂﬂe C b 4
120 . (l‘t"2.1>/4/, . s .
g 160 ailwrecal) - =209 = ?//{:?K e 5
g 12— ” § [ / p &ilwre valw) e
=, i . L (-2 >,
%, 200 ; 240 A 1w=2) % ‘
=240 KC 5,7 ~ o ) had =280 Ke 25,7 | B s ken <320 K‘ 2 5,10 }4x « e eneene
19 Runs 8 Runs 1 ' y 18 Runs ‘
=280 T T e PRI S, =320 o STt alls 360 yvmp oty 5 Y
(] 0 100 1 10 (] 10 100
wlrad/sec) ° ° wlrod/sec) ° wlrod/sec)
YerKe/s Yer it ¥, =Ko /52

et 47510d/5ec, re 20185e¢, a 2 Ollwd/sec]
(a)

(b)

lw; 249rad/sec , 1o 2013sec, @ 209 vad/sec] luc 2325r0d/sec , 1,033 sec, ¢ =033rod/sec]

{c)

Figure 18. Data, Simple Crossover Models, and o Crossover Models for Elementary
Controlled Elements; wy = 2.5 rad/sec (Ref. 56)
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Figure 19. Comparisons of Typical Data from Different Investigators (from Ref. 66)

Visunl examination of the data shown in Figs. 18 and 19 indicates that, to a first order at least, the
simple crossover model developed in Chapter II from "eyeball" fitting of time traces is also applicable
when the more sophisticated spectral analysis procedures ar- 1sed. The model is apparently a better

description of amplitude ratio than of phase characteristics. Also, the amplitude ratio for ¢ = K /(ju—~2),
in Fig. 18b, tends to be somewhat flatter than =20 dB/decade.

For the Table 6 data in general the crossover model is neither appropriate nor accurate at frequencies
much less than or much greater than the crossover frequencies. Nonetheless, it ususlly leads to essentially
correct closed-loop dynamic characteristics because the actual shape of the open-iocop descrlibirg function

far from t?e crossover region usually has little effect on the dominant closed-loop dynamics (see Eqs. 1L,
15, and 21).

Although the basic Y. Yc approximate form is the same for the Figs. 18 and 19 data, and for most of the
cases listed in Table £ as well, the numerical values of crossover frequency and effective time delay are
not. These are both functions of the task variables. ror low-pass forcing functions, idealized as rectan-
gular power-spectral densitles with bandwidth oy and rms value 03, the crossover frequency and 2ffective
time delay cun be represented (Ref. 56) as:

-

e wCo(YC) + &L\c((.l)i) 3 m/c(o) : 0

(26)

Te to(¥e) ~ Ate(ny) , Are(0) =

As the forcing function bandwidth is reducud the phese margin also decreases, becoming approximately zero
for uj = 0. Although this trend towards zero phase margin can only be demonstrated directly for «y # 0, it
is a common observation that signals circulate throughout the manual control loop without any forcing func-
tirn as long as the operator is in active control. In the absence of other inputs or disturbances, the

p. sence of these signals implies an on-the-average condition of zero phase margin. So, both the direct
ar.1 indirect evidence indicatec that phase margin is zero when wj is zero. Then, the neutrally stable
crossover frequency, we,, and the basic time delay, 1o, are related by:

Toltey = % (1)

To a first approximation, awc/abi is nearly zero (i.e., Awe = 0) for confirolled element forms encountered
in aireraft (although it is not quite true for Yo = Ko). If this approximation is teken to be exact for
simplieity, then the principal variations in the crossover model are those of 7, with controlled element
characteristics and 41, with foreing function bandwidth.

In general, 1o consists of effective transport lags due to both the pilot and the controlled element.
The controlled element contribution will be approximately the difference between the controlled element
high-frequency (much greater than crossover) lags and leads. With this assumed negligible or otherwise
accounted for, the net 7o depends on the amount of lead generation required of the pilot to establish the
approximate —20 dB/decade slope in the region of crossover. When the lead required has been determined,
the latency can be estimated from Fig. 20a. The curve shown there represents a grand average from a very
large number of experiments, essentinzlly all of those involving crossover region data and spring-restrained
manipulators listed in Table 6. Zero lead units is a pure-gain proportional control; plus-one units is
first-order lead or rate control; plus-two units second-order lead, etc. The time delays shown include
the effective dynamics of the neuromuscular system as an additive component to the central latencies. The
total effective low-frequency time delsy ranges from about 0.3 sec for the pure integral control case
(=1 lead units) through 0.8 sec for the acceleration control. The time delays are plotted as inverse

functions because in this form they are normally distributed and the variability of the inverse time delay
is a constant.

Figure 20b shows the remaining variation of Eq. 26, that of the incremental latency, Ate, with aj.
This result is based primarily on data taken by several investigators with the so-called STI forcing
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functicn spectrum made up of 10 sinusoids (Ref. 56). With other forcing function types a scmewhat more
complicated mdjustment is made. This will be discussed in connection 1ith the "precision model" presented
in the next section. With the approximations made thas far, the Atp veriation in Fig. 20b is proportic.al
to tne phase margin variation with .y since 9y # woglite. This reduction in effective time delay as for-
cing function bandwidth is increased is due primarily to an increase in steady-state neuromuscular tension,
7o0s {shown entering the neuromuscular block in Fig. 15). Thus, the decreased deisy is predominantly a
change in the neuromuscular dynamizs which would be reflected in the low-frequency approximation, Tyy, to
those dynamics.

The foregoing has related tne parameters of the crossover model to the task variables, primarily wy
and Yo. The numerical values were obtained under test conditions —- specified in terms of opevator-
centered, g, rrocedural, s, and environmental, €, variables as discussed in Chapter 7 — so as Lo insure
that Yy determinations would be useful for system analysis and design. The operators, pilots or well-
coordinated simulator pilots, were highly motivated, well-trained males paying full attention to the con-
trol tasks. The vrocedural variables were selected to enhance generalizabiiity. Hostile or disruptive
environmental ver.ables were avoided. Consejuently, the foregoing data are representative of the best
high-dynamic performance, low-sariability parameter values which pilot can be expected to generate. Fox
usual, fiight-encountered situations the values of u, are high, of 7o low.

Ample evidence exists for the dependence of crossover model parameters on a variasb.es. An increase in
gain and decrease in 1e occurs with training and has been noted by several investigators — for example,
Ref. B€. The pilot's performance criteria affect measurements of Y, by Jetermining where he can afford to
relax control and where he must conform strictly to the system's demands. Thus, for example Ref. 55,
large run-to-run variability is exhibited by a pilot in Yp in the low-frequency range for control of Ko/s
or Ke/s€; however, this variability becomes confined to a very tight band in and about we where good per-
formance demands become contraining. Similarly, the variability expressed by the same pilot is practically
negligible when Yo is an unforgiving divergence. Interestingly, pilots exhibit individualized consistent
departures from the crossover model at low fregquencies where performance and stability are scarcely
affected. Such behevi:r is in the nature of personal "style," and in effect it represents decisions on
where to apply trim control.

When 1t is desired to measurc the effects of ¢ or ¢ variables upon Yp, the pilot must Le constrained
so that his dynamics are tightly related to the selected variables. A highly effective manner for & :com-
plishing this is by employing controlled elements of the form Yo = )/sk(s-k), k =0, 1, 2. Since this
divergent controlle* element tightly constrains the allowable pilot equalization near the region of gain
crossover, these critvical tasks leave the pilot's effective time delay, 7o, as the sole determinant of

system stability. When the divergence is gradually increased until control is lost, this "eritical"
divergence time constant is a measure of 7o (Ref. 61).

These tasks provide a sensitive method for reflecting v or ¢ variables onto a restricted measure of
the pilot’s dynamic performance. This technique is being esploited in several laboratories (a representa-
tive group can be found by scanning Refs. 2, 26-28) to study a variety of such € variables as heat and
noise, and o var.ables such as inauced by amphetamine, alcohol, and other drugs; task-induced stresses,
fatigue, enforced bedrest, etc.; and even certain task variables related to displays. The application of
the critical task to measure pilot workload and to aid in understanding pilot opinion ratings will be
presented later in this chapter.

The simplified crossover model discussed above is deficient in two major respects. First, for the
controlled elements with non-zero poles, the open-loop describing function in the reg.on of crossover tends
to be somewhat less than —20 dB/decade. For these cases the data are better fitted with open-loop describ-
ing functions which contain the controlled element dynumics explicitly, as illustrated, for example, in
Fig. 18b. Second, the phase at low frequencies is not described too well by the simple delay. These ptase
lags at low frejuencies usually do not substantially affect the closed-loop characteristics because mogni-
tude IYchl is much greater than unity at the frequencies where the lags are present. However, the




ubiquitous natuve of the low-frequency phase lsgs, and their occasional importance on closed-leop dynamies,
demands attention.

This can be nccomplished simply by adding a cateh-all increment to the low-frequency phase which tekes

into sccount dynamics having amplitude ratio breakpoints below, or in the lowest-frequency vortion of, the

measurement bandwidth. The approximetion derives from considering that the low-frequency phase lsg is due
to an equal number of lags and leads having breakpeints ordinarily below the lower frequencies at which

, the crossover model applies. Thus, for M leads and lags occurring at 1 /Tleadi and 1 /Tlagi.e the phase will

be:

M M
Aoy = 2 tan! T1eady® = 3, tan 1 T1aggw {28)
3 i=1 i=
E When 2ll of the breakpoints occur below the measurement bandwidth or otherwise outside the bandwidth of

crossover model validity, the ph se angle within the measurement or validity bandwidth will be epproximately:

LA 1 ‘{:‘.‘ X1
Ac : ;SO U I SR -~
Plow = jé:] (2 “mlead)i i= (2 )i

A “T1ag
] u
3 « 1 1 1 (
4 s - - 29)
: ® E‘ (Tlag Tlead)i
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t = [\
where
M 1 (
= L T 0
* i=1 (Tlead -\lag)i 30)

o coamaaiia o
T 2

The effective time consteat, 1/c, describes the effect, within the crossover region, of leads and lags below
that frequency bvand. In this sense it is analogous to te, which lumps high~frequency phenomena into a
simple low-frequency epproximation suitable within the measurement bandwidth. In the desecribing function
the low-frequency term is represented as e~Jo/w,

Gl

The open-loop describing functions of Fig. 18 are curve-fitted using both the simple and the a eross~
over models, which differ only in whether or not they include the low-frequency phase correction. The range

of validity for the a component is cbviously less than the lover frequency at which the phase margin will
be zero.

The relationship of the crossover model and Fig. 15 for simple controlled elements is summarized in
Table 7. For more complex controlled elements the channels are appropriately combined to achieve the

TABLE 7
CONNECTION BETWEEN COMPLETE AND CROSSOVER PILOT MODELS
CONTROLLED ELRMENT | . PRESRL | CROSSOVER EPGION | meroczrve ravo
CHARACTERISTIOS | ~ponrvinnr” RATTO TIME DELAY
K
Xe Integral TI% To * TNM
Ko Proportional K
ry oportiona D To + TIM
Kc
;_2' Rate ¥pjw TRt Te t TNy
L Accelerati Ky (Jw)2 + T,
2 cceleration Al o TA + To TN
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crossover model properties. Thus, when a lag-lead equelization is needed, the integral and proportional
channels can both be used to give & net equalization given by:

Ky (K + xI)[-—R-—}%’i 7 s 1]
s T P = {Tgs + 1) (31)

Similurly, when a leed characteristic is requlred, the proportional and ra’e channele can be used together.
Remarkably, there is very little evidence -hat more than two channels sre used simultsneously to create
complex equalization. This observation mav well be an artifact of the particular experiments which have

thus far been asccomplished, for in almost 2.l of these the crossover model characteristic can be achieved
with ao more than two channels.

D. PRECIBION MODEL FOR SINGLE-LOOP SYSTEMS

In order to cover a breoader freaquency range than permitted by the crossover model, & so-called precision
model is usad. The pilot's operation of his acceleration channel is extremely difficult, cannot long be
malintained, and is associated with extremely unfavorable subjective ratings and excessive workload. Because
of these features, this channel is probably never useful on aircraft-like controlled elements. Consequently,
the precision model need not take it intc account. With this proviso, the general describing function form

vhich deseribes the transfer characteristics of the human pilot in single-loop compensatory situations for
all of the Table 6 data base is given by:

VERY~LOW-
FURE TDVE SERIES FREQUENCY NEUROMUSCULAR
GATDN DEIAY EQUALIZATION  LAG-LEAD ACTUATION SYSTEM
— Trjw + 1 Trdw + 1 1
Yp = Kp e Jorr (TL; T ‘) [T{(Jw + l} 2 n;
Tuw K ’ 258
(TN‘Jw + 1)[(:]%)) + W Jw + l:!
L v N
(32)
—Jasw 1 ~July
e Tiie 57 or e
where:
1 1
Q = e
¥ I
and: 2t
. N
T, TN, + ——
N My

The neuromuscular actuation portion presumes the neglect of the very-high-frequency lead-lag of the spindle/
tendon organ ensembles implied in Fig. 15. It can, of course, be approximated at low frequencies by the
first-order neuromuscular lag or, at even lower frequencies still, by the pure time deley. The very-lov-
frequency leg-lead is occasionally indicated in very-low-frequency data by at least the low-frequency lead
breakpoint, 1/Tk. It can also be approximated by the single pavameter, a. There ls evidence that o and

Ty ove covaryiug quentities (Ref. 77) with foreing function bandwidih and/or neuromuscular average tension.

Therefore, the effect represented by the very-low-frequency lag-lead mey be neur~muscular in origin; although
no physiological connections have yet been esteblished.

The major mid-frequency action elements of the precision model are the gain, Kp, latency, t, and the
adjustable lead-lag or lag-lead represented by the ratio (Tpjw+1)/(Tyjw+1). These, of course, derive
from various approximste summations of the "central elements" channels of Fig. 15.

Commonly used simplifications for the precision model take advantage of Jhe very-low- and high-frequency
approximations indicated. For conditicnally stable systems the low-frequency phase can be an important
feature of the manual control system, and an appropriate simplified version of Eq. 32 is then:

%, & Kp(mw + ’) o—dlo(r +Ty) +a/w] (33)

Triw + 1

This form 1s also adequate for most other systems as well. For systems wherein low-frequency performance is
essentially unaffected by the low-frequency phase lag ternm, e-ja/w’ Eq. %3 can be simpliffied to:

Tedw + 1\ _
t & xp( Ldw )eJ‘”(”TN)
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In either of Eqs. 33 or % the e~JUTN {5 interchangeable with (Tyjw + 1)™1. Furthermore, if of < 1,
e~ 2 —{(n/2)jw ~ 11/ [(T/2)dw + 1]).

Essentially all the components of the precision model and its simplified versions are adjusted as
functions of the controlled element dypamics and forcing function spectra. The latter can have many shapes
and slzes, yet we have thus far emphasized spectra which can adequately be defined by a bandwidth, ui, and
& forcing function rms amplitude, o3. These are unambiguous quantities only when the forcing functicn has
a rectangular spectrum, achleved by using many sinusoids as in Ref. 21, or an essentially rectangular spec-
trum plus a very limited number of extremely luw-amplitude sinusolds at higher frequencies, as with tne STI
forcing function. For other spectral shapes the bandwidth can be defined in several ways. The best metric
yet found (Ref. 35) to put different shapes on & comparable effective bandwidth bosis is:

[ o]

j:‘ [Q*u(m)]e o

O‘ie =

This definition for effectiive forcing function bandwidth works very well as a means tc¢ consolidate data for
the 20 foreing function spectral shapes considered in Ref. 2%. It also reduces to uq for rectangular
spectra.

To speeialize the precision model to a particular contrcl.ed elewment and forcing function combination,
the adjustment rules are applied. Those given below are .imilar to the Ref. 72 set, modified by conclusions
based on data of Refs. 68 and 78 and the snalysis of Ref. 79.

Equalizetion selsction and adjustment. A particular equalization is selected from the
general form K(Tpjw+1)/(Trjw+1) such that the following properties obtain:

(a) The system can be stabilized by proper selection of gain, preferz;bly over
& very broad region.

(b) Over a considerable frequency range in the crossover region (that frequency
band centered on the crossover frequency, ag) |YpYelgp aas approximately a
~20 dB/decade slope.

(c) lYchl >> 1 at low frequencies to provide good low-frequency closed-loop
response to system foreing functions (commands).

Examples of form selection and basic adjustment are provided in Table 8.

TABLE 8
TYPICAL PIWOT EQUALTIZATION CHARACTERISTICS

CONTROLLED ELEMENT EQUALTIZER ADSUSTMENTS
APPROXIMATE TRANSFER PILOT
FUNCTION IN CROSSOVER | EQUALIZER FORM | LOW-FREQUENCY | MID-FREQUENCY | HIGH-FREQUENCY
REGION (w << o) (we Region) . > we)
. A — Tj, to partially
Ke Lag-Lead T1 offret 1 +TN
K . Ty, to partially
= dgh-Trequency - — offset 14Ty
N (Trwe < 1)
Ko Low-Frequency iR _ Ty, not available
(jw)? Lead TL to offset 7 +Ty
Mid-Frequency — . _
e Lead (T > 1) Ty =T
Jo{Tgo +71) High~Frequency _ - Ty, to partially
Lead (T < 1) offset © +Ty+T
Low-Frequency 1
el TL - -
K, lead wp«< = L
3 —
Jo\* , 28
(wn + oy Jo + 1 Lag-Lead a . T1, to partially
wn >>-_'F- Tt offset 1 +Ty
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Effective tine delay. After the appropriate equalization form has been adopted, the net

effect in the region of crossover of high-frequency (relative to crossover) leads and

lags car be approximated hy replacing these terms in Eqs. 32-34 with a pure time delay

1 term, e” WTe The effective time delay, Te, is the sum of all the human pilot's pure
time delays and high-frequency lags less the high-frequency leads, i.e.,

n

2t
4 Te T+ Ty, + 35? ~ TLyg {for the crossover model)

T4 Ty = Ty, (for Eqs. 33 and 34)

The notation Try; means that only those Ty's used to partially compensate for high-
frequency phase lags (e.g., see Table 8) are involved; otherwise, TLuyy = O. In general,
T depends on bota the controlled element dynamics and the forcing function bandwidth.
These dependencies are approximately seriasl, viz.,

te(Ye,01) = 71o(¥e) = Orelwyy) where Me(0) =0

W

(a) Estimation of 7o. 7o can be estimated from the effective order of Y, in
the crossover region using rig. 20a.

=

(b) Incremental 7e due to foreing funetion. 71¢ is essentially equal to 1o
when the forcing funciion bandwidth, wj, is zero or very small. As uy is
increased the neuromuscular lag, Ty, and/or the equalizer lead, TLyi, are
adjusted to reduce the net value of 7. A first-order approximation for
this effect, good for all controlled elements, is given in Fig. 20b or by:

Adis it

bty E0.08wg, (36)

A

¥

where Atr, is in seconds and wj, is in radians/second.
e Ly

Crossover freguency, ue-

(a) Rscteanguler and quasi-rectangular forcing function spectra (discrete
power-spectral densities which are essentially rectangular and low-pass

continuous spectra with a high-frequency cutoff equivalent to a third or
higher order lag filter).

(1) Easic crossover frequency, uco: The basic crossover frequency
for quasi-rectangular foreing function spectra is found by
adding the phase angle, —wr,, due to the base effective time
delay, to the phase angles of the contr lled element and the
previously estimated Y, equalizer characteristics. Estimates
for uwc, and the associated pilot gain are then made from the
conditions for neutral stability.

(2) Poase margin. The phase margin for this forcing function
category corresponds to the incremental time delay, Otg, of
Eq. 36:

By = (0.08x, e, (1)

(b) ZLow-pass with a roll-off of less thun third order and augmented {~:slf-
type) continuous input spectra.

(1) Nominal crosaover frequency, we. With equalization and
effective time delay, 7o, selected as avove, the nominael
crossover frequency, u, and associated pilot gain is esti-

mated from the condition to provide minimum mean-squared
error.

(c) we rsgression. Vhen wie nears or becomes greater than 0.8 we, for the
quasi-rectangular forcing fur:tion case or when wie/hb is greater than 1
for the low-pass and augmented low-pass spectra, then the crossover fre-
quency regresses to values much lower than eg and we, respectively.

{d) @ invariance properties.

{1) g «~ Ko independence. After initial adjustment, changes in
controlled element gain, K., are offset by changes in pilot

gain, Kp; i.e., system crossover frequency, ¢o, is invariant
with Ka.
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(2) we — w3 indepandence.

o v o -2 et S b Satd Al i e ’

System crossover frequency increases

only slightly with forcing function bandwidth until cross-
over frequency regression occurs.

(e) Threshold properties. With very low stimulus amplitudes, a threshold char-

acteristic should be included in series with the pilot's describing function.
Also, when full-attention, nearly continuous control actions are not required,

an indifference threshold is likely to be present.
from what would be estimated using Lhe above adjustment rules.

Both of these lower we

The ¢ regression phenomenon mentioned in the adjustment rules refers to a reduction of pilot gain and,
hence, o' crossover frequency when the forcing function baadwidth becomes too large.

underlying this phenorenon is best described by referring to Fig. i2.

The physical reason
Here, it is seen that for a normal-

ized foreing function bandwidth, tw; less than about 0.08w., an increase in gain results in a decrease

in normalized mean-squared error.

squared erroy becomes greater than 1 as gain is increased.

When this approximate inequality is reversea, the normelized mean-
In fact, ideally, for the assumed rectangular

forcing function spectra used to compute Fig. 12, a gain of zero would be indicated to minimize the error

for these cases.

This result is academic for pilct/vehicle control systems, because some pilot gain is

needed to maintain control; but the trend, nonetheless, for high forcing function bandwidths is to reduce
gain. The same regression effect can occur for other than rectangular forcing function spectra (Refs. €8,
8, 79). This regression effect has practical consequences whenever the pilot is required to track broad-

band signals.

The adjustment rules given above are generally adequate for the pilot's lower-frequency dynamics in

tasks with spring-restrained manipulators.

The higher-frequency properties due primerily to the neuro-~

muscular actuation system are included only to the extent that 7y is a component of 7e. The complete

model of Fig. 15 provides for a much more elaborate characterization of the neuromuscular system, subject
only to the proviso that these dynamics reduce to the ™M when viewed from the low-frequency end.

Recent data (Refs. 68 and 71) and modeling efforts (e.g., Refs. 71 and 73-75) can be used to estimate
more completely the neuromuscular actuation system dynamics for a given set of manipulator characteristics.
An example of what can be involved for the muscle-manipulator dynamics (the forward loop element in the
neuromuscular system of Fig. 15) is indicated in the simplified schematic diagram of the muscle arnd mani-

pulator elements shown in Fig. 21.

There the effective driving force, CpAfy, is proportional to the change

in average firing rate, Af,, of the alphe motor neuron ensembles involved. This is essentially the signel x

in Fig. 15. The muscle characteristics are shown as functions of Py, the steady-state isometric tension of

the muscle system operating point.
the gamma motor neuron system dis-
charge, 7,- The tension changes
result in a modified Ty and thus
underlie the variation of 7, with,
for example, wi,. Typical describ-
ing function data for the muscle/
manipulator dynamies are shown in
Fig. 22a and b for rudder pedals
and a hand menipulator, respectively
(Ref. 71). These data indicate that
the muscle/manipulator dynamics for
rudder pedals and hand manipulators
are similar in form and numerically,
in spite of the difference in limb
size and function. The data also
provide an exemplary indication of
the numerical values involved in
this neuromuscular system component.

MUSCLE ACTIVE AND
PASSIVE CHARACTERISTICS

MARIPULATOR

CHARACTERISTICS

The changes in vais average tension are caused primarily by changes in

Control
¢ Posihon
Senes Elostic
Ko 8 Component ond
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Viscous [M] Morputator £ Spnng (¢) Externot
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Figure 21. Schematic of Limb/Manipulator

When the neuromuscular system feedback elements (the spindle/tendon organ ensembles ¢f Fig. 15 with

specific numerical values Zgp = 11 rad/sec, Pgp = 4O rad/sec, and 15p

= k0 meee as gis

Ve

n in Ref. 71) are

combined with the muscle/manipulator dynamics {Fig. 22a2) into a closed-loop system, the resulting neuro-

muscular system dynamics are shown as the curves in Fig. 2%.
the total human operator describing function, Yp, measured for this controlled element.

with very low-inertia manipulators.

The data points on the figure are those for

The closed-loop
newromuscular system curves provide excellent curve fits to these data at the higher frequencies. On

Fig. 23 the closed-loop neuromuscular system dynamics are 1/TN; = 12 rad/sec, wy = 19 rad/sec, and
;N £ 0.1%, These are representative values for stiff spring-restrained, nearly-isometric situations

The neuromuscular system dynamics will change markedly as the manipulator load dynamics are modified.
One of the most important of these possible mod'fications is reduction in stiffness of the spring restraints.

This 1s & common feature of aileron ccntrols, as opposed to elevator and rudder controls.

forces are light the manipulator approsches the free-moving (isotonic) ~xtreme.

tive time delay by approximately 0.1 sec.

delay, T, of Fig. 20a.

close a positional loop about the manipulator.

When the spring

In these cases, the
spindle/tendon organ ensemble feedback elements are joined by joint rece tor ensembles.

These feed back
to highe centers than the spindle organs before they influence the alphe motor neuron commands. They

accordingly introduce into the neuromuscular system dynamics sdditional delays which are not present with
the isometric situation. Available date from Refs. 59, 68, and 71 indicate that the effect of this pro-

priocertive feedback required of the pilot when the manipulator is free-moving is to increase the effec-

This can be added directly to the previously discussed time

It amounts to an additional time delay cost incurred by forcing the pilot to
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!
E E. REMNANT CHARACTERISTICS
L
The remnant component of the human pilot's response ~ 2048
is generally defined as that portion not accounted for 2 | P s A \
by his deseribing function. When all of the system = ogg I~
elements other than the pilot can be described mathe- = A AN
matically in constant coefficient linear and time- o T = T N
stationary, terms, remnant must arise from the pilot's ~~—do 4
action alone. Then, in principle, remnant could result S
from the following sources: -40 “Q\\
o]
1. Pilot responses to inputs other than S -80
the supposed system forcing function. 3 \\
N
2. Nonlinear transfer behavior. ~ =120 |
O
%. Non-st behavior.
g eady be oF -160¢ Ks+L12)e 0"
L. Injection of '"noise" into the loop. (5 +0.56)s+12)[s2+2(0.13)s + (19)?]
an | ! ' i ] }
=200 "
The first can be ignored for the single-loop situa- “ol 10 ) 10 50
tions with a solitary forcing function. For the w(rad/sec
others, the best data to consider are those taken
with a limited number of sinuoids. Then the considera- Figure 23. Closed-Loop Neuromuscular System
tions of Table 5 apply. Existing remnant and describ- Model and Total Yp Dsta; Rudder
ing function date obtained with this type of forcing Pedal, Yo ="1/(s=1)

function indicate that:

1. Remnant is a continuous and reasonably smooth spectrum indicating no spectral lines
v(:hich might be associated with periodic sampling or strongly nonlinear behavior
Ref. 56).

2. For full-attention, continuous-control operations there is very 1ittle nonlinear
dependence of the describing function on forcing function amplitude over a wide
range, i.e., Yp # Yp(og) (Refs. 21 and 56). Threshold phenomena are present
with low-velocity stimuli (Ref. 74), and at very low display gains (Refs. 136).
An ™ndifference! threshold (Refs. il and 19) has also been observed. These can
be significant in special circumstances.

%, The remnant data for a wide variety of controlled elements and forcing function
amplitude)s coalesce best when all the remnant is reflect2d to the pilot's input
(Ref. 56).
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4. When open-loop input-referred remnant is normalized by the variance of the system
L error, the remnant data tend to coalesce further (Refs. 80-82). A sometimes-
refined normalization is with regpect to the variance of the prineipal pilot
channel being exercised, e.g., c?, when the rate chamnel is used to control

Yo = K/s2, has also been observed (Refs. 80-81).

5. The major sources of remnant appear to be located in the human operator prior to
the neuromuscular system (Refs. 71 and 83). This is indicated in Fig. 22a by the
interleaving of open- and closed-loop cross-spectral measurements based on x and
the forcing function as references. These measurements are analogous to the two
expressions for Y; presented in Table L.

6. Some evidence for pulsing behavior when very-low-frequency lead generation is
required is present from output amplitude distributions and time traces (Ref. 56).

T T T

When these findings are compared with the entries in Table 5, the conclusion is obvious that some variety
of rendom time-varying behavior is present in the central elements of the pilot. That this is the most
likely source of remnant is indirectly corroborated by other studies (e.g., Refs. 84-87). The time varia-
tion could comprise fluctuations in gains and/or in the time delays. Figure 15 indlicates the latter, as
shown by the Ty(t). This tentetive assignment of the fluctuations to the effective delay is consistent
with trial-to-trial variations exhibited in reaction time measurements but is otherwise somewhat arbitrary.
By considering it a random change in the delay, the remnant cause can be interpreted as a random change in
phase, akin to a randem frequency modulation, or to variations of sempling rate in a sampled data inter-
pretation of the pilot (Ref. 88).

JE—

N

When interest is centered primarily on power-spectral densities or their time domain covariance equiva=
lents and the quantities derivable therefrom, the effect of any remnant source associated with the transfer
characteristic can be modeled as an injected noise, just as shown in Fig. 1k. Remnant power Spectra are,
therefore, most conveniently inserted at this point and are often referred to accordingly as "observation
noise.” While this use of the remnant as an inserted noise source is adequate for calculations of mean-
squared error if finer-grained detail is needed, such as the probability distributions of signal amplitudes
throughout the pilot/vehicle system, more attention has to be paid to the actual remnant-generating process
as a random time-varying delay or gain.

Jacan £

For single-loop systems an approximation to the remnant form, ¢np,, vhen reflected to the pilot's input,
is given as (Ref. 89):

5 dnng . (0.1 to 0.5) when integral and proportional

. Ug T {a® 4 32) channels are used

A (38)
e . (0.1 to 0.5)

5 = > when the rate channel is used
3 0§ (af +1)

As demonstrated in Fig. 24 these analytical forms bound most of the available data. Note that the remnant
f is smaller, although somewhat more broadband, when low-frequency lead is not required of the pilot. Thus,
another penalty for low-frequency lead generation i3 seen to be an increased remnant. The high~-frequency
- asymptotes for both no-lead and high-lead situations are common. Consequently, the remnant increase when
g lead equalization is necessary is subsumed here primerily by the reduction in bresk frequency.

As already explained, because the kind of remnant described scales with pilot-stimulus variance, it
clearly derives from some signal conditioning operations within the pilot such as the time-varying time
delay. Accordingly, thir component of remnant is a "processing noise." In Chapter V another remnhant com-
ponent due to scanning will be introduced, which adds to the processing noise in multiloop situations.

If remnant were totally of a processing noise variety, it would disappear when no forcing function or
disturbance is present. There is a great deal of evidence, however (e.g., Ref. 61), that some remnant
remains. This is wideband and independent of the stimulus signel variance. This "residual remnent" is
the "motor" which keeps the signals throughout the loop fluctuating in the absence of any external driving
source.

Another occasionally observed remnant component is dither, that is, a sinusoidal-like oseillation
inserted by the pilot (Refs. 14 and 90). This consciously-applied input is often present as an attempt
on the part of the pilot to effectively linearize control system nonlinearities.

Although the primary source of remnant is the effective stochastic variation of pilot characteristics
throughout the measurement run, threshold nonlinearities are occasionally important as well. One type
{Ref. 136) can be significant as a stimulus resolution feature when display gains are very low. Annther,
more severe, variety is a task-dependent "indifference threshold." For many flight control situations the
pilot's control task is intermittent adjustments of controls when the aircraft-alone has departed too far
from some preconceived, mission-oriented level. The main effect here is a substantial reduction in gain
if the operation is viewed as a continuous process. Oftentimes it may be more pertinent to treat these
adjustments as discrete, using one of the models presented in Chapter VI.
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Figure &i. Normalized Remnant Spectra for Various Experiments
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P. CONNECTIONS BRTWEEN PILOT BATING, WORKLOAD, AND
PIIOT DYNAMICR FOR SINGLE-LOOP SYSTEMS

The previous sections have provided a comprehensive review of the dynamic properties of single-loop
pilot models. These are sufficient, in themselves, for a mathematical analysis of pilot/aircraft systems.
But pilots are vocal as well as dynamic elements — they toil, and spin, and talk! And for many systems
the talk is what counts, rather than the dynamic details of the toiling and spinning. Accordingly, we
will present an introduction to pilot rating and workload connections with pilot dynamics. The discussion
will be short tu keep matters as concise as possible; artistic because ratings are fundamentally ordinal
scales subjectively applied and hence difficult to guantify; and incomplete because that portion of the
data base which contains pilot dynemics and pilot ratings and/or comments ls very small indeed.

To develop closed-loop analysis procedures which permit the assessment of flying qualities, system
accuracy, etc., as quantities to be traded off with pilot dynamics and workload requires some generalized
eriterin. That is, the assessment procedures should, as a minimum, cover:

® lMeaswres of mission/task performance

® Pilot workload

® Effects of aircraft dynamics

® Effects of control augmentation systems

These are the kinds of factors which are taken into account by a skilled test pilot in providing a pilot
commentary and an associated rating using, for exemple, the Cooper-Harper Scale (Ref. 93), part of which
is shown in Fig. 25. It is apparent from Fig. 25 that pilot compensation (equalization) and effort
(workload) are key factors in the rating scale. The scale is especially useful as an index for comparing
competing vehicles on a workload, pilot compensation, basis.

Closed-loop tasks are ordinarily critical from the standpoint of pilot compensation or skill required,
and are often critically involved in high workload phases of flight. Consequently, we can expect some
connections between subjective ratings and the pilot and pilot/vehicle system dynamics and performance.
These connections are intrinsically empirical, and correlations are made somewhat awkward because the
rating scale is ordinel. The latter point can be circumvented because the Cooper-Harper scale can be
related to an interval scale (Ref. 95), thereby permitting the use of parametric statistics when using
and discussing ratings. There are many other features of pilot ratings that are important to the analyst;
these are well covered from the pilot's viewpoint in Ref. 93, and from a theoretical standpoint in Ref. 95.

When the tasks being rated can be treated as frozen conditions or are otherwise more or less time
stationary (if orly for a short interval) , & general form of rating functional which explicitly contains
some, and implicitly contains all, of the desired features is given by:

i Se ]
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The subscript notation used here implies that 1 € I
motion and task measures are controlled by k € K
pilot loops actuating j € J control points.
played in Eq. 39 the functional form is general
enough to include the existing (e.g., Refs. 94-100)
approaches to quantitative flying qualities rating
The key closed-loop system
quantities in the rating functional are measures of
mission and task performance.
described by a set of dominant weighted (via Ay) air-
craft moticn deviations and total task accuracy or
error indications.

As dis~

These are conveniently

—- The pilot activity component of pilet effort,
83, is particularly dependent on the level of pilot

For a given gain, &g increases directly with

gmplitude and remnant
Accordingly, both &
ties will reflect turbulence an

and the 5? quanti-

& remnant levels.

The pilot equalization component ol pilot work-
load is represented in Eq. 39 by the slope (in dB
per octave or decade) of the pilot's amplitude ratio

) evaluated at a particular frequency {generally near

Figure 2%

# Oet. J Arofves
SUBPRILEL with SO PRI M AL CONFEONS

Cooper-Harper Handling

Qualities Rating Scale

$ LLEGRI PRIIL a8 ¢

pilot's effort.

erossover).

This is by no means the only measure
available to describe the dynamic quality of the
References 96-100, for example, use

pilot lead time constants as measures; for particular

a desirable alternative.

situations with a sufficisnt data base, this may be
Then, the rating functional

can take a form such as illustrated in Fig. 26.

b) Pilot Raling Functional
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Figure &f. Typical Pilot/Vehicle Model and Form of Pilot Rating Functional
(Specific Values for Hover Task, Refs. 96-97)
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Unfortunately, there do not now exist for all closed-loop tasks scte « £ pilot rating, system perfor-
mahce, and pilot equalization data. Consequent;;, for many situations we must rely on available correla~
tions which do no* include quantities like the qf.

The pilot adapts to the vehicle and forcing function characteristics. He therefore reflects in his
adapted describing function form many, if not all, of the vehicle dynamic characteristics and closed-locp
pilot, vehicle system properties. Consequently, as & first approximation, a functional relationship can lLe
set up between pliot ratings and the objective system factors in terms of the pilol dynamic characteristics
alone. In this connection, it has been found that the Jdominant rating-sensitive pilot parameters are the
low-frequency lead equalization and the crossover gain. Typical relations of this nature are shown in
Fig. 27. Thesc can be used directly to estimate pilot rating once the pllot dynamics estimates are made.
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Figure 27. Pilot Rating Decrements as Functions of Lead Equalization and Gain

The descriptive phrases listed under "Derands on the Pilot in 3elected Task or Required Op~ration" in
the Cooper-Harper 3cale (fig. .!) directly parallel the cor.2lations with pilot lead equalization. There
iz also 2 ctrong connotation of increasing plict effort and w r'.load in the scale phrases. But, workload
iz difficult to define and, conseguently, to quantify. In the spirit of offering a general definition
which can be measured and predicted, it has Leeu suggested (Ref. 101) that workload margin be defined as
the ability (or capacity) to accomplish additional (expected or unexpected) tasks. For example, the pilot
opinion rating scale satisfies this definitiou up to its "uncontrollable" limit point. Furthermore, &
nunber of auxiliary task: also satisfy this definition of workload in that the decrements in auxiliary
tase scores give zn index of demand on the primary tesk. One particular measure offers, at the moment,
unusual promise in integrating many of the measures intc one basic context. This is excess control capa-
city, & major ccnnector with pilot rating and main task effective time delay(s).

The notisn vhat among the causal factors of pilot rating ic the pilot's attention or effort needed to
maintain periowmance is supported by un experimeny which measured a parameter uniquely related to excess
rontrnl capacity (Ref. 9 ). A secondary suberitical tracking task was used to "load" the pilot so that
his performance on the primary task began to deteriorate. A block disgram of these tasks is shown in
Fig. 8. The difficulty of the secondary tack was made
proportional to primary task performance. Thus, vhen
the pilot was teeping primary task error performance
less than a criterion value, the secondary task diffi-
culty was automatically increesed by increasing the
rate of divergence of the secondary instability. Con-

versely, when the pilot was so busy with the secondary 6 I- G pilot | Se Te
tacy that vrimary error was larger than the criterisn YVB - ¢ LCI‘ bttzed BPiem
valyo

value, the gecondary task diffienlty automatically
decreased. The final stationary level of secondary
difficulty was determined by the sensitivity of the
primary task performance to loading. The final"score
is .5, the stationasry value of the secondary unstable
pole (:) in rad/sec. The scores obtained from this
cross-coupled secondary task represent its degree of

Pl Pilot 3o checmdw ${Roll}

S‘E Yoy ™= M /sh)

difficulty; consequently, they also represent the ; . A
"degree of ease™ of the primary task or the excess Ll iGel Lz A 1]
control capacity available with respect to the pri- Ss+i (ib s

mary task. +

e
The achievement of the critical limiting score for ¢
which )¢ = 1/1, in the cross-coupled secondary task
indicates a condition of moximwn available excess con- Figure 28. Single-loop Primary Task with
trol capacity. We speak of the secondary task as a Secondary Cross-Coupled loading Task
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"eritical" task in this limiting case where te is the sole determinant of system stability. Thus, any
activity by the pilot which demands un increase on te on the whole task can be expected to prevent him
from achieving his eriticel limiting score on the cross-coupled secondary task.

Secondary scores obtained for a variety of pri-
mary controlled elements are presented in Ref. Q4.
Figure 29 shows how the scures for the best gein
configurations of each controlled element compare .
with the Cooper ratings. The sgreement is extremely 10 08 06 03 G2 O I-(As/hc)Attentional Workload
good. Even the subcritical task itself in the role ? Oi?. 0i4 0|6 oie IIO A¢/A¢, Excess Controt Copacity
of the primary task, which has been a notable cul- "
prit in other correlations, seems to be correlated ?ﬂ’grg?go?tsﬁeit?:q)g&re
linearly with the other data. In Fig. 29 a score
g = O corresponds to 100 percent of the pilot's
attention being devoted to the primary task or no
excess control capacity, whereas a limiting score
(\g = &.5) means that no attention is required to
maintain primary task performance or that 100 per-
cent excess control capacity is available.

b

Cooper Rating

ms:mc;.-bum

These limited experimental data offer a com-
pelling direct connection of pilot rating to
measures of worklead, thereby quantifying ordinal
scale pilot ratings in these workload terms for
continuous control tasks. The varticular experi-
ment on which these nice correlations are based
is, unfortunately, difficult to perfcrm and general-
ize. A simpler form wherein the side task is not
cross-coupled but instead is used to set a series Figure 29.
of subsidiary worrload levels, each calibrated by
a value of g, is much easier to apply.

w
-

o 244
Aglrad/sec

Subjective Pilot Rating Versus
First-Order Cross-Coupled
Instability Score
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CHAPTER V

QUAST-LINEAR MODELS FCR COMFENSATORY MULTILOOP SYSTEMS

The multiloop sysiea pilnt models discussed in this chapter are fundamentally extensions of the guasi-

linear models for compensat.ry single-loop systems treated in Chapter IV.

single-loop case we vill first describe some of the needs for multiloop control in aircraft.
followed by a review of the data base for visual inputs.
scanning visuel situations is then presented, with emphasis on the adjustment of the multiloop structure.
This basic multiloop model has several variants, depending on the nature of its perceptual stages ir a

particular instance or, in plain words, dcpending on how much scanning is involved.
tion to the multilcop model “akes scanning into account in a first-order fashion via modifications to loop

galns and remnant.

To ease the transition from the

This will be

A continuous-attention multiloop medel for none

The first modifica-

The second modification to the basic multiloop model differs from the first in that the feedbacks

derive from proprioceptive-vestibular signals nssociated with vehicle motion.

This is essentially a parti-

cular “multimodality” model where pilot motion inputs join vision in providing control cues on which the

pilot can operate.

Unlike the single-loop models which are based on three decades of evolutionary improvement, some features

and adjustment rules for the multiloop models are quite new and not yet firmly based on extensive data.

sequently, we can expect much that is written here to change in the next few years.
more likely to occur than with the very tentative connections of multiloop pilot dynamics with pilot rating

described in the section of the chapter.

Con-

Perhaps nowhere is this

Nonetheless, the quasi-linear pilot models for multiloop systems

described here "fly" tracking stages (via multiloop describing functions which close loops about the air-
plane), introduce pilot-induced noise (remmant) in the process, look asbout to gather information and,
incidentally, add more noise (scanning traffic and scanning remnanb}, have some workload margin (excess
control capacity), and "gpeak" rationally (pilot rating).

A. NEED FOR MULTIiOOP CONTROL

At the outset it is desirable to define what we mean by multiloop.
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configuration. The second system shown consists of two single-loup compensatory systems with ne coupling
in the controlled element. A typical example of such a multiasxis situution is longitudinel and lateral
stabilization of an aircraft in straight, wings-level, horizontal flight using aileron and elevator. A
nunber of the studies contained in Table € were for controlled elcments of this nature (Refs. 19, 1(-1f,
2, (2-4, and 69). This multiple single-loop structure was assumed (for Jdata anslysis purposes) and
deronstrated to be appropriate (as based on data results) fer these cases. Multiloop systems differ from
multiple single-loop systems in that interaxis coupling is inherent in thne controller or the controlled
element dynamics; as indieated in Fig. 30c~-r. These kinds of systems represent a higher level of pilot,
vehicle complexity but are, nonetheless, required for many piloting tasks.

Fundamentally, there are three inspirctions for multiloop control. The first is a desire to exert
control over more than one variable; in general, this requires one point of .ontrol ag.lication per cou-
trol variatle as well as meeting controllatility and observability limitations. Althcagh this desire could
hypothetically be met with multiple single-loop systems, a true multiloop contr.. is often the practical
result.

The sec.nd reason is the use of auxiliary quantities (controlled element outputs) as feedbacks in lieu
of series compensation of primary quantities. Common examples of thi. parallel {feedbacn) ejaalization are
the use of piteh attitude {instead of altitude rate) to supply path damping in an altitude cuntrol system,
and bank angle (instead of heading rate) to rrovide path Jamping for a heading control sysiem. Often, the
auxiliary feedback will have advantages in other respects. For instance, it mamy provide a more stable
feedbatk Lor other than the primary modes considered, may be easier tou sense, may suffer less from noise
contamination, or may be itself a suitable outer-loop feedback for some flight control system mode. For
piloted control systems, the auxiliary feedback in lieu of series conpensation can be profoundly impurtant.
This is perhaps best appreciated by recalling that pilot generation of lead ejualization incur. penalties
in incremental time delay, increased remnant, decreased system performance, increased pilot workload, and
poorer prlot ratings.

The third reason for multiloop control ls to achleve coupling or lezoupling purposes. This is a modi-
fication of the effective controlled element transfer function numeravors by auxiliary ..atral fron. another
control point,

Because this list of inspiracions for multiloop control .s particularly [avorable for manual control,
piloted situations may more often ve multiloop than corresponding sutomatic conditions.

The key to multiloop pilot models and actions is also the first fundamental concert of pilot ‘vehicle
analysis: that the pilot ":onstructs" feedback loows about the effective '-utro.led elerent. The feedbscr
quantities actually selected by the pilot will be those necessary to saticfi the fuidance and control needs
and certain pilot-centered rejuirements. The guldance
and control needs are Jituation-specific. Satisfac-
tion of these needs alwuys involves a task- or purpose-
centered outer loop, with posoible sabcidiary inner-
loop and other axis clofures uZ i2aded tu make the
principal feedbacrs worr. Examples of aprropriate
outer and subsidisry loop Structures for typicul pre-

s F""'; """" }F‘t | . cision tracking and precise flight yath cuntrol tasks
*{::]Jté»—{::}ﬂ— 1Rt Angle | cteral Error) are given in Fig. %1, Illustrated there are system
— configurations pertinent to air-to-air combat and/'or

o | A f——lsom] :
P{::]& ? !::lm |, [::I weapon delivery and to formation flight. The task and

CATAGORY A TASKS (Ropid Moneuvering, Precision Tracking,
Precise Flight Path Control )

€
:nmfkmu (Verticol Error) purpose~-centered outer loops are shoan «ith solid lines
Lo rrmmemenmn ~ " (or 03} in this figure, whereas the subsidiary inner loops are
shown with dashed lines. For the tasks noted, the
a) Offenswe Air-to-Awr Combal or an Ar-to-Ground figures may not contain all the inner loops and they

Weapon Delivery do not indicate the crossfeeds or othar-axis closures

which might be desirable from the standpoint of gui-

¢ 5 “ﬁﬁmg dance and contrcl needs. These additional features are,
.. .{::F;’ | more often than not, highly vehicle-specific. None-
=1 asc | ReNomal Acceleraton theless, the unlabeled blocks, each of which represents
2 & S ‘ pilot actions and thus a describing function, are suffi-
H 16 Pdch ciently large in number to imply an enormously complex
el - analysis and measurement sitwation. Fortunately, the
b) Defensive Air - to~Air Combal analytical complexity is more apparent than real, since

there are efficient analytical techniques available
specifically designed to handle these types of systems

(Ref. 102).
r P In multiloop pilot/aireraft control systems, the
Y f"}.gy.{::] g [:]82. B essential features of the system structures are the
b g Heading feedbacks themselves and their equalization. For suc-
Xe S cessful systems, i.e., systems which demonstrate uni-
_“&‘D A7C Lspanel Postion form, reliable, high-quality performance in & given
2 8 9Pitch Relotve  task, etc., the possible feedback structures are very
“@M T &";"%") limited. They derive primarily from guidance, control,
SRR H e and regulation demands, and secondarily from dynamic

recponse characteristics desired by the pilot. From
the systems view it is the satisfaction of these require-
ments that is important rather than the means employed.
Figure 31. Illustration of Outer and Subsidiary In other words, the feedback loops closed is the cen-
Loops for Typical Precision Tracking and tral issue, whether the closures are accomplished auto~
Precise Flight Path Control Tasks matically or manually.

¢) Formation Flight
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Stated verbally, the key guidance and control requirements for most pilot/aircraft precision control
tasks may include:

® Estoblish and maintain the aircraft on some specified spatial pathway or beam (e.g.,
localizer and glide path).

® Reduce flight path errors to zero in a stable, well-damped, and rapidly responding
nannar.

® Establish a (perhaps accelerating) equilibrium flight condition.

@ Limit the speed or angle of attack excursiois from this established equilibriws
flight condition.

The regulation requirements are similar, i.e.:

® Maintain the established flight path in the presence of disturbances such as gusts,
crosswinds, and wind shears.

® Proviie a degree of short-time attitude stability in the presence of disturbances.

These re juirements relate primarily to the relatively low-frequency path modes of the pilut/aircraft system.
In essence, they lefine outer control loops iuvelving those vehicle motion quantities which define the
desired epllilrim state of motion. lMore uften tLan not, such outer loops, when closed about urmodified
afreraft dynamics, do not result in stable, weli~domped, rapidly responding systems. Instead, as already
remarked, epalization of either a series or u parallel nature is needed %o assist. Parallel equalizaticn
i3 most cormon and iz achieved by the use of inner louwps which feed bach such juantities as attitude,
angaler velocity, and sometimes linear avceleration. These inner loops Jdominate the high-frequency char-
acteristics of the aircraft/controller system.

B. MULTILOOP DATA BASE

The Jats Lace available for the construstion of mathermatical pilot models for multiloup compernsatory
situations .ith visusl inguts is glven in Tuble 4. Because of the instrumental neasurement and analvti.ual
Jifficultizs [Raf. 3) inherent in finding unijue pilot describing functions in multiloop systems, only
these tiree studies have baen aceomplished. However, thelr cotwbinel scope is sufficlent to cover nany
2nses of pilot 'siraraft sycten interest, both laterally and longitulinally. Jeveral other experimental
series avold come of the meas.rerent and analysic difficulties by asauming adjusteble fized-forx pilot
characteristics {e.g., Refs. 100, 10 -10y). These rrovide useful, znd in some .ases definitive, data even
thongh she pilot dmanic churachevistics are not unimely defined.

Ancther aspect of tne Table 9 Jdata shich significently enhances thelr utility and broadens their sacre
is that each series ua.s preced~d by an estencive pre-experimentul analysis activity. These preliminary
studies estimated the rilot Jymamizs and pllut;vellcae system dynamics and performance before the experi-
ments were condicted ising the then best zvailable version of the multilecp pilot model. The estimates
sere used both to help configure critical aspects of the experiments and as the basis for the setup of
analog pilnts to permit the assessmaut of nensurement and date analysis techniques. after the experiments
val been conpleted and tne data ansly.el, it .as poscible to coupare the pre-experamwertul estimates with
the notial experimental results. Difference. bet.cen cspectation and realization then .ead Lu rectiflca-
tiou in term: of the model, ac well a5 Lo a more direct understanding of the results. ‘“has application of
1ilot, vehiicle rystem analysis to provide o pre-experimental estimate of shut £0 expect and r'or post-
exparimental raticnalizatlon of uhat occured i5, of course, one of the principal uses of pilot.vehicle
analysic; but nowhere ls this more adventagecus than vhen Jdealing »ith new model development.

C. MULTILOOP VISUAL COMPENSATORY SYSTEM PIIOT MODEL

Ac a cohsequence of the kinds of studies referred to in the last section, a seriex of adjustrent rules
similar to those usad for the single-l.op model can be stated. These are listed bo.ow.

1. The muttiloop situation with full visual field is similar to that shown in Fig. 1
if the signals i, e, e, and m are interpreted as vector quantities, and with the
understanding that the perceptual portions of the central elements for each stimulus
used operate in parallel.

2. The feedback quantities available to the pilot for possible use consist of those:

a. Directly sensed within the general visual field.
b. Observable via visual displays.
¢. Directly sensed using modalities other than vision.

Quantities which can be perceived from the full visual field or other modalities
will show no scanning penalties whereas those which require instrument scan or modi-
fication of the eye fixation point will introduce decrements (described later).
3. The feedback loops preferred are those which:
a. Can be closed with minimum pilot equalization.
b. Require minimum scanning to sense the feedback quantity.
¢. Permit wide latitude in the pilot's adapted characteristics.
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TABLE 9., SUMMARY OF MULTILOOP, VISUAL, COMPENSATORY SYSTEM DESCRIBING FUNCTION AND REMNANT DATA

CONTROLLED ELEMENT DYNAMICS _—

INVESTIGATOR AND CONTROL TASK(S) GENERAL RESULTS AND REMARKS

Single-input, two-control point, 1. Single-loop pilot model is applicable to
integrated display aircraft multiloop system command (outer) loop and,
lateral control. with pocsible re ervation, to luner loops

Bank angle $racking with gcod as well.
lateral (roll subsidence 1/Tp = 5) | 2. When several feedback possibilities are pre-

Stapleford, dynamics and 3 different levels of sent, the pilot will select those which per-

McRuer, and dutch rcll damping ratios: mit best dynamic performance with least
Magdaleno tn = 0.7> (single-loop control), pilot equalization and effort.

(Ref. *7%) Pg = 43 ¢p = ~0.079 (marginal 3. Control crossfeeds were adopted to reduce
multiloop required), PR = §; and inadvertent uscillation of subsidiary mode.
fp = ~0.35 (near multiloop control | 4. Pilot outer-loop dynamics for all config-~
limits), PR = 8. urations were similar, but ratings degraded

Effective system was Flg. 20f with as required level of multiloop activity
ip = Yp,, = 0. increased.

1&

Two~input, single-control peint, 1. Attitude-alone (single-loop task) and atti-
integrated display, aircraft tude inner-loop (multiloop task) closures

Stepleford, longitudinal control. Altitude were very similar.

Craig, and (approach) control in the presence { 2. Successive closure of single-lcop models
Tennant of ettitude and gust disturbances. are appropriate for multiloop situations.
{Rer. €9) Effective system was Fig. 70d. %. Series (Fig. 204} closure model is most

appropriste in that deseribing function
data then take their simpiest forms.

Single-loop, single~control point, 1+ Pitch atti ude-alone date are consistent
integrated display, pitch attitude with singie-loop model, btut lower in gain
nontrol; effective system Fig. *0a. than the Ref. £9 results.

2 single-locp, two-control point, Z. Date for pitch attitude-alone, flight direc-
integrated (flight director) plus tor all-axis control, and one longitudinsl
full panel display all-oxis control cases are reasonably well fitted by
appreach task; effective system arossover xodel forms.

Fig. 20b with sconning added. %. The two pilot subjects exhibited different

Multi-input, single-control pointk, styles: relatively low-gain inner and high-
full panel displey, longitudinal gain outer loops as contrasted to high-gain

Weir and approach control in the presence inner and low-gain outer loops.

HeRuer of attitude and gust disturbances 4+ Resulis were consistent with satiafying

{Ref. 107) {1lateral axer under autopilot con- the guidance and control requirements.

’ trol); effective systenm Fig. 704 *. Series (Iig. ?0d4) structures appear per-
vith scanning edded. tinent for toth lateral and longitudinal

Multi-input, two-control point, full control operations.
panel display, all-axis approach ¢. Both inner and outer loop gains for this
task with attitude and gust dig- study were lower than the comporable
turoances; effective systems for Ref'. 69 results.
lateral and longitudinal each 7. The major contributor to remnant appears
correspond to Fig. ?0d with scan- to be inner-loop operation.
ning added.

Eye movements measured as well as
dirnamic properties.

-
.

Where distinet inner- and outer-loop closures can be defined by ordering the band-

widths {e.g., the higher the bandwidth, the more inner the loop), a series multiloop
structure applies.

Pilot equalization for the outer loop of multiloop systems is adjusted per the crosse
over model, with the proviso that the effective controlled element transfer function
include the offects of all the inner-loop closures. The crossover model is also
directly applicable to many inner-leop closures.

Crossfeeds are commonly adopted by the pilot to direcily negate the excitation of
subsidiary coupled modes.

The adjustment ol the varisble gains in each of the loops is, in genersl, such as to
achieve basically simple (i.e., effectirely second- or third-order) well-damped domi-
nant modes, and nearly uncoupled sets ¢{ aircraft resgonses. Outer-loop gains, in
particular, may be lower than maximum andwidth for this reason.

When scanning is not rresent, the remnant is primarily associated with the inner loop
and is essentielly ke same as that for a single-loop system equivalent to the inner
loop alone. (Seanning remnant is discussed below.)
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Although scanning is avoided where possible, multiple fixations are sometimes required to sense the
appropriste contrelled element output quantities. The basic process of scanning during multiloop control
tasks, sampling the fixated and parafoveal information, and reconstructing the scanned signal is very
complex and little understood in detail. However, the essence of past work in this area {Refs. 91, 103,
110-112) shows that in the process of extracting the feedback information from the displsys:

1. A falrly stationary scanning strategy evolves for a given task and full f£ield/
instrument array.

2. The pilot's output control rotions are much more continuous than a discrete sampling
of inpus signals coincident with eye fixations would seem to imply from the pure
stimulus-responge scquence.

%+ The first-order effects of scanning are to reduce the pilot gein and increase remnant
in the scanned channels.

The Jevelopment of multiloop pilol models complete with svanning effects has gone through several
stages of theoretial analysis and experimental validation. Many of the phenomens cbserved empirically
2an be modeled theoretically with two different multi-input, multi-cutput pilot model forms called,
respeclively, the "switched gain” model and the "reconstruction hold" mcdel. The current version of these
wodels is des:ribed in Ref. 10€. We shall consider here the gist of the switched gain model only, because
it iz appropriate to most eratical multiloop piloting situntions where scanning is relatively limited.
This model is also conceptually the simpler of the two.

This form I scenning model is termed switched gain because it incorporates a quasi-random, finite-
iwell sampling or switching process between the pilot's foveal gain and his effective parafoveal gain on
each of the several displays Lnvolved. Figure 32 illustrates the model with a block diagram. The foveal
rath is 2lesed during the foveal dwell intervasl, and the parafoveal path is closed during the foveal inter-
rapt interval. Each of these raths »ill, in general, exhibit different gains, equalization and effective

time dela; s before the paths are combined in the higher neural centers to send a signal to the actuation
deseribing function.

Function ==
1
|
1

r HUMAN PILOT j
Parafovea! Prece s nyg Noise |
|
A ) |
! Parafoveal |
! riq Equah2ation
1Y Describing |
! |
|
I

I
One | L..)  Quusi- Rondom
Among ,Fimte Dwell
Severgl | , Semphing Process Controlled
Disploys ) Foveal Interrupt : Element
. P -0} T Actuot
e e Interval (1= 7)) T, Residuol ctuation m
L"@ Y4 d . : o [ +] Describing b-m=t1 Y, o
i- [ >/~ Foveat . | Remnont Function | |
m | \Dwel! inerval, Ty . |
Average Sampling e A= l
I Interval ’l'-s with l
| 7]  std Deviation, oy, | |
| I l
| | Foveol e - l
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| . Describing |
I : Function I
]
| ! |
I Foveal Processing Noise l

Figure 22. "Switched Gain" Multiaxis Scanning Model for Compensatory
Multiaxis Tracking with One Among Several Displays

The conceptual block diagram in Fig. 22 can be remarkebly simplified by recalling (Ref. 114) that any
juasi-randomly sampled and processed signel can be modeled by: 1) replacing the sampling or switching
process by a continuous transmission path, and ) adding an uncorrelated wideband noise process which has
a power-spectral density proportional to the variance of the (displayed) signal before samplin_  Since
tle gquasi-random scanning process has a finite foveal dwell interval, the wideband noise process will
exhibit a low-pass power spectrum with a first-order break frequency which is inversely proportional to
the average fove . dwell interval (Ref. 112). The power-spectral density of this foveal /parafoveal
switched gain scanning remnant is given in simplified terms by:
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Heasurements of this switched gain remmant in Ref. 91 have shown that it is so predominant compared with
the other sources of remnant that the other sources cannot even be identified. This makes for great simpli-
fication of the remnant in the eyuivalent switched gain model.

Representation of the pilot's describing function in the owitched gain model can also be greatly .impli-
fied. The foveal guin exceeds the parafoveal gain in all measurements which have been made (Refs. 9i, 110~
111}, This is probably because of the large displacement and increased rate “hresholds in parafoveal pir-
ception by comparison with foveael percepticn. The switched gain model is represented simply by multiplying
the ratio of parafoveal gein to foveal gain (f) by the interrupt fraction {1 — 5) and adding the product to
the dwell fraction (n) to obtain the effective dwell fraction, viz.:

e = n o+ (1 —1) (t1)

where I = xcp/ch = ratl) of crossover gains for continuous parafoveas. tracking relative to continucus foveal
tracking (0 © £ < 1). The effective crossover gain for the equivalent switched gain model for one fovcal;
parafoveal channel is -eugep, Where ucp s the foveal crossover gain in contimuous single-axis tracking of

the same display an” controlled element constraine® by the same task verlables. (For a step-by-step appli-
cation of the scaviing model see Ref. 137.)

There are no apparent phase penalties associated with switched gain scanning as long as arafoveal per-
ception 1s not completely inhibited. Inhibitior can occur eitiier by requiring & multitude of different
widely-ceparated fixations with a time constraint or by indacing "tunnel vision" on one or two displays.
Even so, measurements reported in Ref. 91, where parafoveal perception was inhibited by blanking the
parafoveally-viewed display, show only small effective time delay increments (&tg) on the order of 0.05 to
0.1 sec attribubtable to scanning as the parafoveal-to-foveal gaiu ratio (i) approached zero.

The switrhed gain model has been quite successful in modeling behavior on a main task in laboratory
experiments with induced natural scanning between a pramary tracking task and & secondary subcritical track-
ing task (Ref. 91) and on foveal and parafoveally-viewed displays (Refs. 110-111). For most critical multi-
loop aircraft control tasks the scanning involved ordinarily needs to consider only two or three major
elements {e.g., other aircraft in tail chase, own wing man) within the scan pattern, so this model should
be very useful.

The principal effects of scanning are thus seen to be loop gain reductions and remnant increases. Both
factors separately degrade performance, and their combined effect can be devastating. Limiting conditions
of complete saturation can readily be approached when only a very few loop closures are achieved via
scanning.

D. MULTIMODALTYY PILOT MODEL CHARACTERISTICS

The deseription of pilot dynamics to this point has explicitly assumed fixed-base conditions. Many
importent piloting tasks include accelerating and rotating flight. Consequently, the effects of motion

cues on the pilot's dynamic response can be very important. Generally speaking, tvhese can be divided into
five categories:

® The motion may provide an alerting and triggering stimulus which activates an internal
commend generator. This operates in conjunction with the parallel quasi-optimal con-
trol path of the dual-mode model (next chapter). It is perhaps most important for
recovery maneuvers.

® DMotions indicative of status, such as buffet or stick shaking, provide alerting and
& consequent increase in neuromuscular tension. This has the effect of reducing the
effective time delay in the neuromuscular system, tpyy, thereby permitting the pilot
to operate with a higher gain.

® Essentially steady-state, moderate g levels can improve the pilot's dynamic response
potential via a neuromuscular tension increase similar in effect to that noted above.
At higher g levels the pilot's dynamic capabilities are generally degraded, e.g.,
gains are decreased.




® Motion effects which conflict with the visual modality can cause illusions which
distort the pilot's perception of the state of affairs. These can be so severe
as to affect the pilot's control capability (Refs. 74 and 115).

® The vehicle motions sensed by the pilot are used as the basis for closed-loop
contrel (Ref. 70).

Tlie first three of the effects noted above are taken carc of in the multiloop model described above
either as a stimulus or as an adjustment in one of the model parameters. The last two cffects are more
complicated and require more extended discussion. For this purpose, we will draw heavily on Ref. 70,
which, in turn, relies extensively on data from Refs. 116 and i117. To start, recognize that the pilot
contains neurological elements capable of sensing rotary and linear accelerations. The primary neurologi-

cal elements involved as sensors are in the vestibular apparatus, although other sensors and pathways may
also be involved.

The rotary motion sensor, usually assoclaied with the semicircular csnals, has a basic second-order
response to angular velocity. As shown in Fig. 33a, it is in essence a highly overdamped angular accelero-
meter. Over the frequency range from 0.2 to 10 rad/sec,
the output signal is proportional to angular rate, so
the sensor can functien as a "rate gyro." For pro-

Actual Subjective longed bturning the signal washes out; thus, spurious
Angqular T,s e 02 '”’J_Jé Angulor sensations occur in steady rotations or when the turn-
Velocty | (T, s+1)(O1s+1) VaKTE [Velocily ing motion stops. The threshold element shown in
i Fig. *3a is somewhat of an oversimplification since
the threshold valve, wp, has both inter-axis and
inber-subject variability and is also dependent on
AXis Tilsec) wrdeg/sec) the megnitude and time character of the input accel-
Roll 65 32 eration. It is of the order of 1-3 deg per sec, which
Prtch 53 26 is sufficiently low to assure the presence in the
You go L pilot control loops of the rotary motion sensors in

lerge ~mplitude recovery maneuvers, yet perhaps large
enough to make closed-loop motion effects unimportant
o) Angulor Motion Sepsing Dynomics for precision control near the stall.
Because the rotary motion-sensing apparatus gives
rise tc e vate-tyro-like cue, the necessity for
Linear o Subjective visually-generated attitude lead is reduced. This
Acceleration 067s+1 |Acceleration is particularly important (and has been well demon-
strated in Ref. 70) when the effective controlled
element dynamics are K/se-like or worse. It is also
b) Linear Motion Sensing Dynomics worth mentioning that the primary effect of the rotary
motion feedback can be conrerted into an equivalent
visual-only or fixed-base situation. For instance,
Figure 27. Angular and Linear Motion a fixed-base crossover model can be applied to moving-
Sensing Dynamics (Ref. 70) base btracking by modifying the effective time delay
and resulting crossover frequency. Specifically, the
phase lag is reduced roughly equivalent to a time delay
reduction of 0.1 to 0.2 sec, and the magnitude of the
pilot describing function, Yp, is increased to provide a crossover frequency increase of 0.5 to 1.5 rad/sec.
This means of accounting for the rotary motion cues is both effective and extremely simple to apply in
analysis,

The linear acceleration sencors are ordinarils associated with the utricles. Less is known about the
dynamics of this sensory apparatus, although the effective model between linear acceleration and the pilot's
output acting on that linear acceleration is indicated in Fig. 32Zb. The thresholds in this pathway are
very small, of the order of 0.01 g or less, and therefore have a negligible effect in most vehicular con-
trel situabions. On the other hand, the lay Luue constant of about 2/5 sec is more often than not too
large for the signal to be usefu. for continuous closed-loop control purposes. Further, the utility for
control purposes of acceleration cues is highly dependent on the pilot's location. Consequently, while
experiments have demonstrated the significant advantages of rotary cues for control purposes, only very
limited situations have done ihe same for linear accelerations (Ref. 118). Nonetheless, every situation
where a linear acceleration feedback of this aature would be advantageous to the pilot shows some evidence
of its use. The point is that there are few such situations.

To structure a multimodality multiloop pilct model, the motion cue pathways illustrated in Fig. 3] 2ve
simply added to the vector version of Fig. 15.

In tk riscussion above, the linear and angular motion sen.~rs are treated as if they are parallel
pathways to che visual modality. This is only part of the stery, as is shown in Fig. %4. There, the
Ynystagmus crossfeeds" from the canals and utricle to the oculomotor system will be noted. The nystagmus
crossfeeds produce involuntary eye motions as a function of the excitation of the vestibular apparatus.
Such motions are important in disorientation and illusions which result from the initiation or sudden
cessation of large smplitude maseuvers. There are also other flight operations which have no ordinary
earthbound equivalent and which give rise to similar illusory phenomena. Several of these are of great
importance in producing conflicting cues for flight control. Some examples are given in Table 10. Most
of these vhenomena have only qualitative connections «ith even the most sophisticated versions of the
multimodality multiloop pilot medel.
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Figure 3b. Pilot/Vehicle System for Head-Fixed, Pressure-Manipulator, Attitude Control Tasks
TABLE 10. EXAMPLES OF POSSIBLE MOTION ARTIFACTS IN THE PILOT/VEHICLE SYSTEM
VESTIBULAR SENSORS
PRIMARLILY INVOLVED
STTUATION UTRICLE SEMICIRCUIAR REUARKS
(Gu) CANALS (ng)
Illusion of straight and level
Steady turn X X flight; Gge and Gy terms are
washed out.
Sensation opposite of turning;
Straight and level after % visual sensation of tilt. Gso
steady turn and Gye are dominant in creat-
ing these sensations.
Steady acceleration in hori- S e d . . N .
zontal flight, pushover from X ;2:;233:" of nose-up change in
steady climb *
Sensation of pitch-down change
Deceleration X in abtitude.
Straight and level after high
angular path (> 60 deg/sec) X Sensation of turning.
aerobatics
Straight flight after long % Nystagmus, blurred vision,
time high rate rolls raeversal of background.
High-frequency pibching .
rotations, etc. X Blurred vision

MUT/MILOOP PILOT RATING CONSIDERATIONS

A number of schemes to obtain multiloop pilot ratings from single-loop considerations have been proposed
(Ref. 37); at present the most promising (Ref. 119) is based on excess control capacity concepts. Assume
that the relationship between pilot rating and excess control capacity, Ap = rg/}q, glven by Fig. 29 is
applicable to each loop of a multiloop manual control system.

Then, for each such loop a pilot raving, R,
can be estimated using the single-loop correlates previously discussed (Fig. 27) or, when available, rating

functionals 1like those in Fig. 26 and an excess control capacity, »n, assigned accordingly.
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Single-axis capacity, or attention, values can be comblned to yield the combined axis value by a multi-
plication process {Ref. 120), i.e., the multiaxis excess capacity, Amy, 1s given by the product of the
excess capacities for the individual axes:

m
)\nm = H}\ni (u2)

and for R = A + B\y as a linear fit of the Fig. 29 data:

un

u nIRy — A
A+B>\nm=A+BH)\ni=A+BH( )

Ry B

(¥3)
Ry = A+T——7m1-l ﬁ(Ri—A)
B

Combined ratings are always greater than (or equal to) individual ratings, since combined Ap's are always
less than any individual 2,. Also, the maximum value of Ry, never exceeds A, i.e., for large Ry < A,

i (R=A) =o0.

The 1-_ical value for A is 10.0; B is determined, using the empirical data to be equal to -=8.3. This
results in a good overall fit to all the available multiloop rating data (Ref. 119).
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CHAFTER VI

RECONFIGURING MANUAL CONTROL SYSTEMS:
BY DESIGN AND BY PILOT ADAPTATION

In Chapter I the stage was set for ctubsequent elaborations by presenting some of the caveats which
historically confronted efforts to model the human pilot mathematically. This pessimism was based on the
human pilot's manifest ability to learn new modes of behavior and to adapt them to the changing demands of
the vehicle of which he was in control — an ability which is strongly nonlinear when compared with the
responses of the inanimate components of the control system. It is pilot abilities such as the foregoing
together with multimodal sensory perception and output behavior which lead to a number of possible control
loop structures for piloted vehicles in any given situation. Through higher-order processes, such as judg-
ment and memory, the pilot can evolve and modify his performance criteria, select relevant inputs, decide
between competing control loop structures, and optimize his fine-grained behavior with respect to several
criteria. Clearly, these are marvelous abilities, and, in fact, the reasons for the versatility and
effectiveness of manned control systems. Understanding this behavior can serve to develop rules for the
pilot/vehicle system analyst for selecting the pilot model appropriate to a given situation and ¢/ 1 facili-
tate the development of system configurations which eliciv and exploit this behavior. As we shali see,
this development is an activity shared between the designer and the pilot. In what follows we describe a
dual-channel controller end illustrate the compatibility of such a configuration with pilot behavior for
both random-appearing and quasi-predicteble inputs. A theory for the development of control skills is
developed, and the stages in this development related to known capabilities of pilots. Finally, the
behavior of the pilot in responding to transient inputs is placed within this context for skilled control.

A. SOME FROPERTIES OF A DUAL-CHANNEL CORTROLLER

The well-developed theory for pilot single-loop conirol behavior presented hitherto has treated the
pilot as if he were responding to information arising from e(t; alone. Precise input/output measurements
were made for this single input channel mode of

behavior, but these measurements were not capable
of dictinguishing different cognitive operations
which the pilot might elect to perform upon his Y,
inputs. In Chapters IlI and IV we showed how a * Pi
model for neuwromuscular control and actuation

could be developed from physiological data and
measurements on the intaet, non-physiologically-~ i
instrumented, pilot. We will now present models —t Yb
for the internal cognitive organization of the
pilot's information used for control.

Y
M e
)

Consider a situation in which both the for-
cing function, i(t), and the error, e(t), are
available for use in control. Figure %5 pre-

sents this situation, where Ypj operates .n the Figure 35. A Dual-Channel Controller
irput channel and Yp, on the error chanmnel.

If a systems analyst were presented the controller in Fig. 35, as an unknown to be identified, he would
proceed as discussea in Chapter III and compute describing functions, one of which we will call Yp.

v, = im _ YC(YQE_:;EBSZ (44)
£ 7 bie - I-YcYpi

Yere the woutroller responding to e(t) alone, i.e., Yp: = O, tnen Yp/Yo = = Yp. In the dusl-channel
mode the closed-loop, M/I, and error/input deseribing funcﬁlon, E/I are the following

Mo Yo
I T+ Yf5
(45)
_ Ye(Ypy + Ype)
- T+ YeXp,
E o o1
1 |+ Yﬁ (16)
L6
1 - YcYpi
T+ Yolp,

Subject to the constraints imposed by

starilization demands we would like Yp to be very large so that
1) /12~ 1 and 1E} /1X] 0.

This could - accomplished if the block Yp; were "smart" enough to adjust
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itself so that Ypi¥e = 1. Increasing Ype to achieve the same end would be both potentially destabilizling
and an inefficient use of information. For Ypj to be calibrated to Y,, functional inowledge of Y. would
have to be in Yp;'s “memory." This knowledge could be wired in or it could evolve with experience.

If the systems analyst were to suspect that he was measuring a controller capable of acting in a dual-
channel mode, he could make predictions about the form of Yp. He would expect the vompensatory Yp, to be
present and active if the controlled element were unstable or if the forcing function were such as inher-
ently to induce a remnant (e.g., random~appearing). In these events the Ype loop would have to be closed.
On the other hand, if the controller had & functional knowledge of Yo so as to compensate for system lags,
and knew 1(t) sufficiently well to enable "prediction" of its future course, Yp, could be negligible for
varying intervals of time and Ypi¥e = 1. A feedforward of this sort could exhibit prodigious performance
by acting on estimates of the fulure input to compensate for lags in itself and the plant under control.

The hypothetical behavior described has parallels in human pilot operations. There are variocas means

by which this pilot dual-channel multimode behavior can be facilitated. In the following sections we will
review these means.

B. THE PURSUIT DISPLAY

The most direct means for helping the pilot become
a dual-channel controller — bearing in mind that the

dual channels are cognitive organizutions of input

- "PURSUER" - Moving line,

information which can be facilitated and supported but E"?' . PIp, or cursor

not comypelled by engineering design — is to present i e? ~ TARGET - Moving Iine

the necessary inputs to him., The pursuit display does OumuiA‘ or pip

this by presenting the pilot a moving target which he m(t) j )

rursues in an effort to capture it w.th a cursor he 1 i

commands through the vehicle dynamics. Figure 36 is Wa? “ Stationary Reference
)

a schematic of this display. Three rossible inputs

line or point

are illustrated in Flg. *€, but only two are indepen-
dent; so that the dual-channel model does not result in
any 1oss of generality. Although the boly of research
on pursuit display tracking for which dynamic measure-
ments exist is limited, there are measurements from
which we can determine whether the pilot is capable of
generating orerations which enhance the performance of
a dual-channel controller.

e(t)=mt)-alt)

Figure %6. Pursuit Display

1. Random-Appeering Inputs

In order Lo meusure the elements in Fig. °. one must contrive situations which a priori make one or the
other biock dominant (Refs. 21 and 121), make assumptions about the form of Yp; or Ype (Ref. 122), or intro-
duce an additional uncorrelated input so as to be able to solve for two unknown blocks (Refs. €7 and 7R).
The first approach has been used for data with 2 pure-gain controlled element for .4 « 4 rad/sec inputs;
with the assumption that since the task was quite easy and the error 3mall, signals fed back throagh Ype
were negligible. Under these circuustances measurements of M/I, the closed-loop transfer function, are
identical with measurements of the feedforward, Ypj, and the pure-gain plant. On Fig. *7a, the fidelity

2o§~ 20l-
P
lYpdda ! IYpdde
Or" . ey rwrat TV YL TN O"'
|
«20 p- -20+
LEGEND
olr.. T O A A O © Yp; (Experimentol Data)
— /Yo ; Ye=25/s{s-15)
4 Ypi 4 Ypl
-100 b- L_E_GE_NQ -[00
A Yp;(20)
=200}~ -200}
! i f i ] ] | ! ] I
02 05 1,0 2.0 50 0.2 0.5 10 20 50
wi{rod/sec) wlrod/sec)

Figure 27a, Yp4, Inferred, for Y¢ = Ke Figure 77b. Indirectly Measured ¥pi
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with which Yp; approximates Yo = K {0 dB, O deg phase) over a large range is remarkable. The data were
generated in different leboratories, but were unalyzed to the same end — to determine whether Ypg could
be fit by an optimal linear predictor in the minimum mean-square sense which operated only upon the posi-
tion and velocity of the input signal. It was demonstrated (Refs. 21 and 121) that:

Yp; = (a+ £ jw)e”Tpde (7)

where the prediction interval, Tp, was 0.2 sec. When o/fs was less than about !, Yp; * Yc~1. As the task
increased in difficulty, the approximations which led /I = no longer held, since tﬁe arror looy became
significant.

On the assumption that the feedback, Ype, in & dual channel does not differ significantly from the Y,
of a single-channel compensatory mode for the same subject with similar Y, and i, the feedforward for
the pursuit case can be determined as:

- Y.¥

Y - a 8\
p. = YC i "‘Y‘} (L ’

Here, Ya is measured in the pursuit situation and Yp for the corre.ponding compensatory case.

This calculation has been made for several controlled elements. On Fig. 37b, which was generated using
an unstable second-order system, we note a close correpondence between predicted and computea Ypj magni-
tudes {Ref. 122). Certain data have indicated that when the pilot-generated feedforward cannot effect an
adequate prediction of i(t) so as to allow a lag-free inversion of Yo, & delay is present, i.e.:

This effect nccounts for the relatively ypoor rhas: match on Fig. 37b.

The substitution of ¥Y; for Yy, in the celeulations of Fig. ?7b vwas justified by measurements using an
additional uncorrelated iniui —— the third technigue (Ref. 67). That is, a disturbance, d(t), added to
e(t) in Fig. 7¢ served to srecify:

*q
Ype = -%—: (£0)

and an open-loop describing function for the dual-channel controller, wiich can be designated Ypp, was
specified by i{t):

LT Yp; + Y
Yf5 = -’-3—"— = —1'..__1_)9_ (5])
1Y e 1= YcYpi

Equations €0 and %1 were then solved for Y., and Ybi. The pilot's pursuit behavior was scarcely affected
by the additional input (Ref. £€7). Yp, exhibited a somewhat lower ug and greater pnase margin than Yp-
This could account for some of the discrepancies in Fig. 37b.

2. Predictable Inputs

The most effactive operation of the feedforward requires that i(t) be predictable. As predictability
deteriorates, or involves more internal dala processing, the lag in Eq. 49 becomes irreducible. Thus,
although Fig. ?7a indicates only minor phase lags at frequencies less than L rad/sec, it is clear from
Eq. 47 that the prediction interval, Tp = 0.2 sec, must generate phase lags of increasing impact at higher
frequencies. The data at higher frequencies bear this out. The lags inherent in generating a prediction

of the input signal are analogous to the dynamic costs of low-frequency lead generation illustrated in
Fig. 15.

There exists in practice a large number of examples of quasi-predictable inputs which the pilot
might be able to reproduce with sufficient fidelity so as to minimize or perhaps eliminate these time
costs for predictions. Such inputs arise in a variety of piloting tasks. Examples are: following the
opticel landing beam of an aircraft carrier plunging through deep ocean swells; compensating for low-
frequency, lightly-damped vehicle modes; fighting pilot-induced oscillations; terrain-following flight
over rolling countryside, etc. An example of such quesi-predictable inputs are the actual ship motion
tine histories shown in Fig. 38. A carrier pilot would like to match perfectly the corresponding deck
motions with his aircraft landing gear if this could be accomplished through adequate vehicle response
bandwidth and suitable displays and controls.

There are many examples of how well the pilot can match similar quasi-predictable motion. Pure sine-
waves or simple combinations of a few sinewaves are subjectively and actually clearly predictable and, as
such, thus provide an upper limit for the pilot's feedforward operation. A striking example of how well
the pilot can generate a prediction of i(t) is presented in Fig. 39, where the human continued to produce
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found that the standard deviation of the time inter- 0
vals between i(t) and m(t), analogous to phase varia- 250,
tions, ranged from 4 to 6 percent of the command

tapping rate up to a commanded period of about

200 us.,

Bow Up &°
-~ "Lights Qut" ———
PITCH ©°
input
-0
Up 20 ft
Output
HEAVE © -~ 1sec ot
| 1 1 ) 1 1 \ 1
-20 t —~— Pursuif et Open Loop —
Figure 38. A Typical Quasi-Predictable Input; Figure 39. Demonstration of Pattern Generation
Ship Motion Time Histories (Ref. 123) (Adopted from Ref. 124)
a highly similar, though phase-shifted, version of 0= = e e
the original harmonic signal when he could no longer Amplitude }20
see either i(t), e(t), or m(t) (Ref. 125). Further @) i lineor
evidence of such internal signal generation is found ot !° "z£Me
in Reft 123, 129, and 126). ) ‘05
-0 1
Data from the various previous studies of pure o Rel.75 Freewbestng jo2
sinewave tracking (Refs. 37, 75, and 127) can be BS Ret.127 Limit for
coalesced and presented in describing function form 205 - 5 - ﬁ%pl
to illustrate the pilot's ability in this extreme wlrod/sec)
case of signal predictability (see Fig. 40). Limit- 02 o5 i .
ing conditions exist at the low-freguency end where 05 W2 s M0
the signal's rate of change is so low as to require 50 ey =
the pilot to use the Yp, loop for continual correc- 2 ® ?
tion, and above ~20 rad/sec where neuromuscular {
limitations come into pley. This range of high @
fidetity in frequency generation (note the essen- 100 ‘
tially zero phase lags) is corroborated by a variety CTWWN -
of pursuit lapping output studies in response to +150 Ereoner %
either auditory or visual inputs (Ref. 125). Tt was .200 Yot K ; f
e M
300,55

wirad/sec) 0 00

The foregoing can be summarized in the following  Figure 40. Frequency Response Data for a Single
rules for pilot tracking of sinewave inputs. Sinewave Input at Various Frequencies

® In the region below about 0.5 Hz, it is advantageous to use a Yp; = 1/¥c feedforward
operation, with Yp, present for vernier corrections uand remnant suppression. In
this region rhythms are hard to reproduce accurately. At very low frequencies
{below 0.1 Hz) the operator operates to reduce the error, i.e., uses the Ype com-
pensatory block solely.

® From 0.5 to about 1.0 Hz, rhythm detection permits activation of an internal "pattern
generator" block, probably using proprioceptively perceived patterns. The feedforvard
block, Ypj, aids in producing the "pattern generator" response. The compensatory
locp, Ype, can still be closed tightly to phase lock the output and suppress remnant.

® From about 1 to just under 2 Hz, the pattern generator loop is active, but as the
frequency exceeds the operator's compensatory crossover limit he must open the com-
pensatory loop to avoid exciting undue overshoot errors. In this region control
approaches ultimate predictive behavior with Yp, acting intermittently to prevent
frequency drift, but unable to prevent random phase and emplitude errors.

® From about 2 Hz to the neuromuscular response limit of % to 10 Hz, the operator only

uses an internal pattern generator loop to roughly approximate the displayed ampli-
tude and frequency, usually undershooting both.

Inputs can be scaled for subjective predictability along the dimension of signal shape or waveform
features and their "coherence" or waveform time variations; such scaling, however, is not highly developed.
This scaling of expected inputs would be helpful to the analyst and to the designer who might be able to
either specify or induce Yp; foms and control configurations appropriate to classes of signals. Because
of their apparent similarity to such practical inputs as are illustrated on Fig. 38, bandpassed random
noise provides an attractive idealization of an input of varying predictability. Examining its properties
could assist the analyst in predicting the performance of control systems. It has been found (Ref. 123)
that an effective rating for subjective predictability can be computed from the bandpass (half-power width),
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A, and center frequency, fo, of the narrowband filter through which the random process is passed.

TR

pnoperties of the ratio, v = A/fo, determine subjective predictability as follows:

Predictable

Non-predictable

v < 0,3

v > 0.8

The

For inputs with v < 0.3, there is evidence that the pilot generates a feedforward scting like &
Kalman filter predictor for Y, = Kq!

where 1/To is the center frequency of the narrowband filter.

v sin v e 90
bi v Yc

(52)

The prediction interval, To, is the cost

imposed on the pllot by conditions under which he cannot internally generate the appropriate prediction
but must operate upon the signal instead.

3. Are Pursuit Displays Degirable?

Whether a designer should atiempt to facilitate the generation by the pilot of a feedforward loop by

presenting him with a pursuit display is not an easily answered guestion.

Ambiguities arise hecause the

physical display does not guarantee the extent to which the piiot will utilize tne added information

channels.

ing functions have been measured.

Table 11 1ists the available data comparing pursuit and compensatory displays for which deserib-
Such vomparison data which are in the form of performance measures alone

have not been listed, because there is no way by which the selected pilot control structure can be adduced.

For example, in Ref. 78 it was found that the influence of the Yp;
a Ko/s, and that Yp, predominated.

loop was negligible in the control of
In cther words, theve was very little cognitive difference between a

physical compensetory and physical pursuit display under the measurement conditions. The performance data

confirmed this indifference, but without the dynamic data these performance measures would have been

uninterpretable.

the _pilot may respond to additional control criteria.

on eQ/:E from Refs. 21, 67, 78, and 127. The most definitive findings are for Ye =
plays are superior to compensatory displays in the range from 1 to 10 rad/sec.
compensatory tracking is at all feasible the compensatory display is to be preferred.

range of measurements there is not much 1ifference based on performance measures alone.
exists for Kc/sd indicate a slight preference for the pursuit display.

Comparisons based on relative mean-square error must be interpreted with care, because

With this in mind we can review comparisons besed

Ko where pursuit dis-
Outside this range, where
For K¢/s over the

What little data

There is, however, evidence that

the pilot requires less control movement for Kc/s? in the pursuit than compensatory configuration, and he
appeers to like this condition.

Other bases for comparison between the two displays are presented in Table 12.

As it cen be seen,

there are many desiderata in selecting a control display configuration in addition to performance measures.
Perhaps the most important for aircraft applications is the indicetion of status information as well as
comiand and error present in the pursuit display.

TABLE 11

SUMMARY OF HUMAN DYNAMICS DATA FOR EXPLICIT PURSUIT DISPLAYS

NUMBER OF DIRECTLY
TYPES OF ADDITIONAL . N COMPARABLE .
DIVESTIGATOR | RANDCH- THPUT EEMARKS DISTURBANCE | NWMBER OF TYPES OF | yypy'pepirorp | REMARKS;
APFEARTHG INPUT CONTROLLED ELEMENTS COMPENSATORY NMBER OF SUBJECTS
INPUTS DATA
Elkind 1" rms; (sum of sine- (1), Yo = K¢, pencil-like
{Ref. 21) 2 waves) Yo manipulator ) Yes 3
.
0.25" to 1" mms; all (1), Yc = Kc; Ke/s, Ke/s2
lbgaiiszﬁwd 5 inputec were p;esenc Ko/s(s 5 !
Ma deieno 5 to 3 of the controlled No Kp/s(s - 1.5 Yes 1
8 elements (sum of sine- Ke/l(5~ 0. 25)/(9 +5.,0)2]
(Ref. 127)
' waves) lateral side stick
Allen 0.4" ms, 3.2 rad/sec, 2
2), Ke/s, Kefs 4
and Jex dominant frequency . (2), Ke o2
(Ref. €7) | (sum of sinewaves) Yes Lateral side stick Yes Obtained comments
Filtcred noife,
e ) 4 i % ;;d?éc; 'y 2.8 des, Yes gszliﬁg;tfg/s Yes Disturbance
(Ref. 78 - - magnitude: input
3r::3::cyh::e¥i§: Restraint free stick mugnitude
Filtercd noise
Hare (1), Yo = K
N 4 = 1.2, 1.5, 2,3 tio 04 1€ T 0C No 3
{Ref, 121) anﬁ 2.8 rad/aec 4 Force stick
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TABLE 12
COMPENSATORY VERSUS PURSUIT DISPLAYS

COMPENSATORY PURSUIT
Advuntages Advantages

1

Simple to build instruments, and to simu- 1.

Shows more of available information; peramits operator to adept
late. Most reliable.

separate control criteria for tracking versus regulation;

2 enhances the abllity to control quasi-predictavle inputs

Expanded scale possible; easy to detect

6mall errors. 2. Operator can develop & feedforward path (Yp‘) operating directly

on the {nput to minimize the closed-loop errors. R2sults {n
3. Simple to interpret; only one form of reduced 7,0¢ and higher overall system bandwidth, with lower
action end/or Yp is required. gain and fewer stability problems in the compensatory loop.

4. Can be easily optimized and equalized 3. Inproved "conrormability," i.e., & proper pursuit instrument is
usirg pilot/vehicle eystens analysis, a closer analog to the visual field, permitting easier VIR and

IFR transitions.
5. Cnly type feasible for pure regulation

tasks (e.g., suppreas gust distur- 4, Iezs control motion required for higher-ordsr controlled
bancaes), elements
Disadvantages Disadvantages
t. Cannot scparate disturbances frua com- 1. Scaling set by largest input coomand; mey result in errorg being
rmands; leads to conservative closed-loop too small to use effectively.

stability criteria and larger tracking

errors for low-frequency inputs, 2. Harder to put inputs on instruments, e.g., mancuvering target
position in space is hard to derive except from direct visual
2., Error may not agree with secondary cues field.
(c.g., nomal accelerations versus €,
while tracking s maneuvering target). 3, No improvement for regulation against disturbances {for zerc
inputs cases).
3. Ceoomand patterns mey be masked by
reanant-induced errors, thereby iwpeding L. More difficult to interpret; Yp; and Yp, involved.
improvementes due to more =ffective signal
prediction, 5. More complex to build; less reliable.

C. SUCCESSIVE ORGANIZATIONS OF PERCEPTION

In the preceding discussion of the dusl-input configuration we noted instances in which the pilot
responded to the input sigral as if it were a trigger to release a stored or self-generated program. Such
instances occurred for the perfectly predictable sinewave or simple compound sinewave inputs. The pilot
acts as if the only signals he requires, once he is fully femiliar with the input and controlled element
and knows when to beyin, are those generated by the proprioceptors involved in his control movements. The
level of skill is akin to that exhibited by & trained motorist applying controlled foot pressure to his
vehicle's brakes on seeing a red signal light ahead, or overtaking and passing another car. In these
examples the control skills conttitute repertorises of action which are called up at the appropriate moment
and released. In this manner a variety of different criteria can be realized. The controller may elect a
minimum effort maneuver, & minimum time maneuver, a minimum error maneuver, or he may apply his own rela-
tive veights to the foregoing and other considerations. As with any predictive control technique, this
tyve of behavior requires the rest of the world to maintain its position during the maneuver. If, for
example, after pulling out of the lane and drawing alongside of the car to be passed in a preprogrammed
maneuver the passing vehicle is confronted by a change in lateral position or a forward acceleration by the
vehicle being passed, deep trouble could result. It is the need to watch the rest of the world — or main-
tain an intermittent Yp, — vwhich can contribute apprehension and add to the workload of otherwise simple
tasks. If the Yp, loop is closed foo tightly abeut lateral position, for example, the skilled passing
maneuver is almost impossible to achieve. On the other hand, a monitoring mode is essential to prevent
disaster — however unlikely the contributing events may be. The kind of intermittent open-loop behavior
which we have been describing is called precognitive, and it represents the highest level in a progressive
development of motor skill by stages of information exploitation which are Successive Organizations of
Perception (S0P). The theory has been expounded elsewhere (Refs. 37, Th, 125, 128, and 129) and will only
be summarized here. Figure b1, where remnants and disturbances have been omitted, will be useful in this
regard.

e The initisl phase is the familiar compensatory display. The pilot is capable of
acting ouly in response to the error signal. Some analogies to this level of
skill are: a blind man feeling his way with a cane across stepping stones; a
motorist proceeding in a dense fog by hugging the cartway guideline; or a very
drunken motorist, having generated a dense internal fog, cautiously proceeding

by edging along the curb. The last is an example of a regression from a higher
to a lower level of skill.

® The second phase is an elaboration upon the dusl-channel configuration which we
have discussed in detail, The additional channels are Yp,, the proprioceptive
feedback which is particularly useful in committing simple periodic inputs to a
memory of motor responses, and Yp,, an operator on the system output. Although
a controller can conceivebly develop all three of the transfer characteristics,
Ype, Ypi, Ypp, o0y two are adequate to describe the control process. An expli-
cit pursuit display enables the pilot to more readily advance to the final
phase of skill.

T TP
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® The final or p wcognitive phase can be
conveniently, but not usefully in terms
of operationally defined measurements,
conceived as & series of decision rule
algorithms and stored programs. Fhase
three is the graceful or adept maneuver
mode of' behavior - skilled gymnastic
evolutions, batting a ball, ete. The
components are a stored repertory and a
knowledge of which cues to use in releas-
ing this repertory in a timely fashicn.
The open-loop sequences may be short, as
e timely bang-bang control, or long as
in generating a synchronous sinewave.

Hitherto we have emphasized the pilot‘'s predic-
tive ability as the essential element in achieving
the state of precognitive grace ~— for however
briefly. It should be clear from the description
of precognitive control that an additional element,
the dynamics of programmed responses in the pilot's
rerertory, must alsc be considered. These responses
are those which may be called up while the pilot is
engaged in some form of steady-state behavior such
as continuous tracking or daydreaming. It has been
found (Ref. 74) that such combined transient and
stationery situations can adequately be modeled with
e single input channel dual-mode structure such as
that shown in the simplified diagram of Fig. 42. To
represent a multiloop situation the signals shown in
this block diagram could be considered as vector
quantities. The quasi-linear steady-state path is
the one used for tracking random inputs or distur-
bances. It is the same model described in great
detail in previous chapters. The feedforward elew
ment operates on the transient inputs provided
either from the system, such as a random-ocdurring
step sequence, or induced by an internal commund
repertory from the pilot.

The nature of the switching and the feedfor-
ward element is, in the simplest tenns, such as to
divide the total pilot behavior into temporal
plases, each having a different system organiza-
vion., As an elementa.; example, consider the typi-
cal system step response shown in Fig. L3. In the
first or time delay phase, nothing happens. This
is followed by a rapid response phase and finally
by a more or less oscillatory error reduction
phase. The feedforward element provides the major
component of the pilot's output, c, during the
rapid response phase. The quasi-linzar steady-
state model is predominant in the error reduction
phase (and in general during the time delay phase
if the system is continuously excited by random
distgrbances or inputs other than the step assumed
here).

The output of the feedforward element for a
skilled pilot is peculiar to each controlled ele-
ment 1orm. Some appreciation for this variation
with controlled element dynamics can be gained from
the responses shown in Fig. L&, These are sample
large maneuver responses to step comrmands for efiec-
tive controlled elements given by Ko, Ko/s, Ko/s2,
and Ko/s?, proceeding from left to right, respec-
tively. The mosf important aspect immediately
apparent from these data is the pulse-like bang-
bang nature of the stick deflection control move-
ments. In fact, the pilot's control, ¢, is a
remarkably good approximation to the controller
properties of the nth order (n = 0 to 3), single-
input 1e-output, time-optimal control system
with Ic(t M. Here, the scaler, M, may repre-
sent either a physical limit on the stick deflec-
tion or, more likely in the piloted case, an
implicit restraint imposed by bthe pilot for the
given situation. Xdeal time-optimal traces for
comparison with the actual piloted conditions ere
shaun in Fig. b5.
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Figure LL. Sample Large Maneuver Response Data for Several Idealized Controlled Elements
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A dusl-unode pilot maneuvering model which serves to explain sll the available data is presented in
Fig. 4. The nonlinear error sensing blocks automatically route the errvor signal through the appropriate
channel baged upon wshether the ervor is greater or less than some threshold magnitude of error, ep. The con-
tro! logic for each differant controlled element and as & function of the error state, _e_[e =col (e, é, el »
is given in Table 17 for time-optimal response. Note that M, the constraint on the conirol input, is some
furztion of the step Input height, controlled element gein, and its order. The decision logle model behaves
like a function switch (FSW) and accounts for the initiel increase in the time delay (beyond that due %o
quasi-linesr tracking) in response to a step input.
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Figure L6. Dual-Mode Controller Model
TABLE 1%
CONTROL IOGIC FOR VARIOUS CONTROLLED ELEMENTS
CONTROLLED ELEMENT CONTROL LOGIC
Yo £e)
Ko (A/MK g de(t)
Ke/s e{v)
Ko/s? é ¥ ./a‘chTé-I sgn e
Ko/s e + (1/3)8 + s +W[(1/2)e2 + w22
W=+ for [& + (1/2)8]3]) >0
=-1 for [é + (1/2)8]¢]] <O
(Ref. Th)

This same model is appropriate whe. the step function or other transient input is initiated "inside"
the pilot. In this instance, of cou.se, the internal stimulus is indiscernible; only the response after
any time delay can be seen. Yet tlue skilled pilot's output in programmed maneuvers exhibits at least the
timing of this duasl-mode, quasi-time-optimal character.

The decision time delay called oul in Fig. € includes the decision interval during which the pilot
determines the parameters ol his preprogrammed response. This interval may contain wild fluctuations
under conditions cof suddenly failing dampers, autopilots, or other controlled element transitions. Aan
extensive review of findings under such circumstances has been carried out (Ref. 130). 3imple transitions,
such as * changes in gain for Y¢ = K¢ are detected, and an appropriate response begun within about 0., sec
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and the error stabilized at its pretransition value in about 1 sec. For transitions from Yy = Ko to

: Yo = Kc/32, detection and correction occur within about 1 sec, but there may be an extensive pericd devoted
1 to compensating for the dynamics of the new controlled element., Oscillations from 6-20 sec rre not uncom-

: zon. These examples serve to leave the reader with a caveat about the desirability of operating at the
highest level of skill when controlling an unstable plant. The pilot should moniftor his control with Yp.
et periofs such that any potentially disastrous divergences can be apprehended and controlle¢ This imposes
& practical limit on the durastion thet the open-loop mode in Fig. 41¢ can be maintained.
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CHAPIER VIX
BRIEF REVITW OF PIIOT MODEL AFPLICATIONS

Since its rirst tentative and rudimentary applications in the early 19503, the use of pilot models in
pilot/vehicle system analysis has grown exponentially to the point where it is now commonly applied to con-
sider a very wide range of problems. Some appreciation of the scope of application efforts is revealed in

the bibliography which constitutes the second half of this chapter. There, the s plications are classified
under five headings:

1. Filot/eircraft system single- and multi-loop regulation and control.
2. Pilot/space-vehicle regulation and control.
3. Limits of piloted control.

4. Instabilities of pilot/aircraft systems.

LA

5. Flight control system display design.

This classification selection resulted in a minimum number of' repetitive entries, although a few still exist.
To make the bibliography as comprehensive as possible for the benefit of specialists, the references pre-
sented are ordinarily the original documents. These, more often than not, are limited distribution but

usually available government cr coupany reports. For some of the entries condensed versions in the form of
archival journal articles are available.

The analytical techniques used to exervcise existing pilot models in these applications can be classified
under three headings. These are:

1. Conventional Flight Contrcl System Analysis -— The vast majority of application results

have heen accomplished using conventional feedback system analysis techniques as specisle
ized for aircraft flight control purposes. The techniques and provedures used include
conventional Bode and root locus analysis, coupled with Bode root loci, pole-zerc sensi-
tivity, and multiloop analysis procedures lumped under the general heading of Unifled
Servo Analysis Methods (USAM). A comprehensive swmmary of these techniques with many
application examples for automatic control systems is provided in Ref. 102. With these
methods pilot/vehicle anelysis is accomplished by substituting pilot models wherever
controller properties are required and taking into account pilot ratings as well as
dynamic and system performance characteristics.

Parameter Optimization Techniques — In these procedures, the form of the pilot model is
assumed a priori, hopefully to one pertinent to the control tasks being considerved (e.g.,
by use cf the pilot medel forms of Chapters IV and V adjusted appropriate to the controlled
elements of interest). The pilot parameters are then adjusted via a parameter optimiza-
tion scheme to minimize some performance index. In some cases this performance index can
be pilot rating itself with the criterion then being to adjust pilot parameters such that
pilot rating is minimized (Refs. 96-100).

M

Quadratic Optimal Control —— In these formulations, conventional optimal control theory
is modified to permit a pure time delay and observation noise (remnant) to be given quan-
tities along with the plant characteristics. A "reasonable' performance eriterion is
selected for minimization, and the results of computer-based optimization procedures are
the closed-loop dynamics and system performance (Refs. 131-135).

Fach of these approaches has & common basis in the experimental data and mathemetical pilot medels described
in previous chapters, although the basic information ebout the models uay ve applied in quite different
rorms. Among the cognoscenti there are proponents of each approach, but the authors' view is that of the
middl. .an, i.e., all have merit and tend to supplerient each other rather than compete. In fact, all three
procedures share in the most significant single statement that can be made about the rise of piloi/vehicle
analysis, that it has been established as a fundamental mode of thinking on the part of technical precti-

tioners in the fields of aircraft flying qualities, pilotv/vehicle control system integration, display syn-
thesis, and associated fields.

Although the bibliography titles alone give a cross section of applications, these may not be as readily
appreciated as a more direct statement of pilot/vehicle system problems which hive been addressed using
mathematical models. To illustrate applications in these ways, we have divided the problems into three
categories for convenience, and have presented them in outline form in Tables 14-16 (Ref. 138).

1. Flight Test Problems (Table 14). The first category is also the smallest because it
lists problems initially encountered far down the line in an aircraft development, i.e.,
in the flight test phase, In all of these cases the application of the pilut/vehicle

analysis procedures led to a delineation of the cause of the troubles and further appli-
cation of the procedure led to solutions.

2. Design Problems (Table 15). By far the most widespread use of any good predictive tech-
nique is in the design phase. Here, specific instances are too numerous to list, so
more general classificuations are used in Table 15.




3 3, Simulstion Problems (Table 16). In simulation cxperiments the theory is ideal for
program planning before the experiment, and data interpretation and generalization
A afterwards. Lik%e all good theories it has the supreme attribute of focusing the
3 experimental effort on critical issues. Aud again, like all good theorles, it has
4 the characteristic which permits the fitting of experimental data into a broader,
"; more general, ccntext. These generalizations not only describe the use of pilot
E mathematical models in simulation problems but also serve as a suitable windup for
the entire discussion.
G
3
9 TABLE 14
i
3 SOME PAST APPLICATIC 'S OF PILOT-VEHICLE SYSTEM ANALYSES
g FLIGHT _ENCOUNTERED PROBLEMS
d SITUATION CONTROL PROBLFM CAUSES
. Sensihivity;
3 Pitch(Siagle Loop) Bobwelght/Feel Spring;
i Loss of Pliot Log,
Pifot=induyced Oscdlgtions Clevator Rote Limiting
d Roll {Single Loop) | wp/wg Etfect;
A Lateral Bobweight
Loss of Rel! Loop;
Weapon Delivery He‘;dllng Ai)m Wander Loteral~ Directicnal Muttiloop
00ps Cross Coupling
';‘ Poth Con rol-inability
" Cotrier Londing 10 arres Rateof Sirk} Dynomic Reversalin Path
{2 and 3 toops)
Improper Pilot /7 Stodility
- Attitude Control Pitch(Single Loop) Augmenter Motching
>
3 TABLE 1%
x
PILOT-VEHICLE-DISPLAY SYSTEM ANALYSES:
3 DESIGN
SITYATION ANALYSIS RESULTS
Basi¢ Awframe ond Primory ¥ Predict multiple, closed=1oop pifot~vehicte
Controt System system problem oreos ond assess
possible solutions
3 P.«cl)Slabn'uy Augmentaion Cangdote stobility sugmentation systems,
4 Troces.fs pitot behovior and workloed, system
performance and compromses, reliokinity,
redundongy, el
SAS Failure Effects Pilot 0ch.ons ond resutting sircroft excursions
Competing Poot Display Formots | Information cequirements, scon patferns,
Manyat Control worklood, assessment foctors and ¢riter.o
AFCS Monitaring
Flight Duector Commond disploy laws, status informotion
requirerrents, flight director/pilot/
stobility augmentation trodeoffs
Carrier Londing Ards Optimum FLOLS centrol and stabilization
Cotegones land DI Londing System | Protoddty of approach success, decision “stote
windows’s touchdown stotistics, manual/
o tic tredeotts, guid Ting
Energy~Tnim Manogem.2nt Simplified controts /displays
TABLE 1€
SOME PAST APPLICATIONS OF
PILOT-VEHICLE-DISPLAY SYSTEM ANALYSIS:
SIAUL ATION
SITUATION ANALYSIS RESULTS
Pre-Experimentol Analysis Predict ¢ritical arecs and porometers,
quidance for experimentat design,
pilot briefing , questionnore
1) Post-Fxperimentol Analysis Interpretotion ond generolization of results
Competing Piloting Techniques | Pilot control procedures, system performance
and sofety margin differences. Centrol
system refinsments 1o simplify
piloting technigue
k Motion~Cue Simulation Tosk-dependent motion sensitivity, optimum
3 woshout design
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CHAPTER VIIX
CURRENT STATUS OF PILOT MODELING AND FURTHER REQUIREMENIS

3 In the foregoing chapters we have emphasized the application of quasi-linear models to a large and
useful class of pilot control situations while also presenting appropriate time-dependent models ior tran-
sient and mode-switching behavior.

3 As Chapter I indicates, quasi-linear models for human controller behavior trace their history to World
War II. They have been gquestioned and criticized from their inception to the present. Yet they are still

i with us and continue to ke applied effectively to a large variety of problems, Our previous chepters pro-

: vide insight into why this is the case. Consider the assumptions upon which applications of the model rest:

® The foreing function is a stationary, random-appearing process.
® The time-averaged dynamic proverties of the pilot are statistically stable.

® The controlled element characteristics are time-invarient.

: ® The quasi-linear operator portion of the model characterizes a usefully large portion
3 of the pilot's behavior.

® Remnant, when accounted for as a pilot-induced noise, does not "hide" more fundemertul
phenomena which may be important in an overall pilot/vehicle system context.

3 The first and second assumptions require & minimum time duration of 5-10 sec for the generation of mean-
1 ingful measurements and the correspondingly mesningful application of the model. This is readily realized
E in a very large number of practically useful cases. The third assumption is realized for the overwhelming

) majority of non-emergency conditions. Together these assumptions enable the calculation and use of the
describing function for the gquasi-linear model, It is the fourth and fifth assumptions which have been
historic sources of criticism.

: Early critics voiced the uneasy feeling that there was a lack of elegance or perhaps analytic power

F inherent in accepting a remnant term. The feeling prevailed that imposing the Procrustean bed of linearity,
even though situation-specific, upon the pilot thwarted the exposition of interesting and uniquely human

: attributes, A criticism that could not be dealt with directly for many years suggested that more sophisti-
cated and crafty model making could be expected to account for significant portions of the remnant by means

of nonlinear operations. Chapters IV and V provide the basis for reducing this criticism to an ephemera.

All the available data on the remnant make it clear that for single-loop systems it is dominantly due to

random time variations f the parameters in the pilot's describing function and due to both this and visual

scanning behavior for multiloop systems. The majority of the remnant is thus an irreducible stochastic

variability characteristic of the pilot which depends on the four classes of variables influencing control

task behavior. The remnant rontributes to system error and can superpose small system oscillations, but

it is the pilot's transfer characteristics which determine the system's basic dynamic stability and pro-

vide an estimate of what is usually the major component of the error signal. From our present understand-

ing of the components of the quasi-linear model, its long history of applicability is not surprising; it
should work and it does.

For most practical concerns related to pilot/vehicle system analysis, there are no further critical
research issues for this model, It is in transition from the domain of research to that of routine appli-
cations. There are, however, issues relevant to our basic understanding of humsn control processes, in
general, and second-order effects in quasi-linear control, which remain to be addressed:

® The short time (less than 5-10 sec) behavior of the pilot cannot be deseribed
adequately by constant-coefficient describing functions, Current indications
from remnant data are that the pilot's characteristics derive from a mathematical
time-varying operator containing the temms:

(Kp, * ax(t)]e“[To'+Aw(t)]s

where AK and At are random processes. The distributions which characterize these
random processes are not well known, and their definition and dependence on environ-
mental, pilot-centered, and procedural variables constitute areas for further research.

® The inputs sensed for VFR conditions are currently estimated on the basis of con-
trol needs (i.e., what feedback paths are necessary or desirable for the closed-loop
system). The actual quantities perceived are likely to be linear combinaticns of
these, with the weightings between the independent inputs fixed by the geometry and
perspective rather than being independently adjustable by the pilot. These aspects
of perception can have profound effects on the closed-loop anaiysis of various maneu-
vers (e.g., approach, landing, dive bombing, etc.). There is a need to refine our
understanding of the actual real-world cues used under VFR conditions so that more
precise estimates of pilot dynamics, scanning behavior, and performaence can be made
for VFR conditions and for integrated displays.

® The dependence of the quasi-linear feedback model in its steady~-state form upon task
variables is fairly complete. For specific applications there is a need for codifi-
cation of the influence of environmental, pilot-centered, and procedural (¢, ¢, and
n) variables on the model.
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Scanning behavior has been applied with considerable success in some multiloop

control configurations, but the date base and models are still in a relatively

rudimentary state. More complete data in genersl is needed wherein control and
scanning behavior is measured. Changes in scanning behavior and in the induced
remnant &3 functions of €, 1, and ¢ and the potential work overload and desta-

bilizing influences need examination,

Possible crossfeed elements of the quasi-linear model are presently bused more
on inference than on directly applicable measurements. The potential importance
of such elements to a complete modeling of probably rare but demanding, highly
coupled multiloop situations, warrants the development of a better experimental
base therefor.

Pilot opinion ratings, despite thelr utility and record of validation in the past,
exhibit an artistic quality in their development. The physical contiauam under-~
lying the ratings is multidimensional, and the component dimensions have weight-
ings which depend upon the aireraft's mission, The engineering foundation for
this activity requires st{rengthening.

Although 2 battery of extremely promising techniques based on eritical task con-
cepts is presently available for assessing pilot workload as an excess control
cupacity, the interactions between workload and pilot skill progression have not
been quantified. There exists snecdotal material about the minimum effort char-
acteristic of high skill, but the conceivable tradeoffs between such things as
effort extended in training and potential subsequent savings in plloting effort
are as yet undefined,

Mode switching in response to either abrupt Y, changes or nonstatiorary forcing
functions has been modeled on an ad hoc basis., Our understanding of the pilot's
decision rules, switching criteria, and the mating of transient models with
steady-state models is incomplete.

Our knowledge of the duration of intermittent open-loop behavior in prec znitive
and near-precognitive conditions is sketchy. There are a variety of reszarch
questions in determining in useful detail the parameters of subjective predic-
tability so that tendencies toward precognitive behavior may be either encouraged
or discouraged, depending on the risks involved from potentially catastrophic
transients.
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