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PREFACE

The consultant spends most of his time on applied problems, and is
likely to complain that he never gets a chance to back off and take a
broader and deeper look at his area of specialization, even though he may
feel his background and experience suit him well to do so. As a consultant
I felt this way, and said so. The Office of Naval Research called my bluff
by funding this study, which provided for a broader and deeper look at the
subject of manual control than I had ever expected to be able to undertake
while working in the consulting field. I'm afraid the process has been
much harder than I had anticipated. I hope the end product justifies the
investment, and makes it easier rather than harder for the next consultant
with a similar complaint to obtain backing for a project dear to his heart.

It appeared to me that we did not really have a theory of manual
control, although we did have a number of engineering models of the
human operator in a tracking task. The applied problems I had encountered
in the manual controlof, €. g., submarines, spacecraft and pipelines, could
only rarely be described via these models, however. Usually the operator
was doing something quite different from tracking. This ''something
different' seemed critical to the tasks performed, and yet it was just
this difference that we had no adequate theory to cover.

.I have endeavored here to develop and to apply a theo‘x\-y of manual
control. It holds that the process of control begins with man and is only
partially extended by control mechanisms. I have therefore started with
man and the way he exercises control when there is no mechanism to aid
him. It briefly discusses tools and control devices, and goes into detail
in dealing with control systems and with the manual control process.

The final chapters apply the theory specifically to displays and controls
for the human operator. No attempt was made to cover material already
adequately presented in texts and handbooks. Throughout, the focus has
been the nature and importance of the role played by man in the control
process,

It might be expected that a psychologist would put man in the center
of a theory of control, and consider control mechanisms as secondary.
Psychologists among my readers will note, however, that the roots of
my theory lie, not in the behavioristic psychology of today, but in the
"hormic' psychology of William McDougall, the British-American psychol-
ogist active during the early decades of the century. McDougall proposed
a theory of human action based on the concept that living things organize
their behavior around goals. The movements and actions of living organ-
isms cannot be understood, he felt, except in terms of purpose, of goals,
and the striving toward them.
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I believe that McDougall was right; Though the words used differ
from those of McDougall, the theory of control presented here is similar
in essentials to McDougall's theory of action. It has the virtue -- and the
weakness -- of being much more explicit than was McDougall. If there is
one reservation I have about my own theory it is that it seems to imply
more structure and specificity in the internal processes leading to control
than is usually there. I speak of the operator's '‘plan', when what actually
exists may be a precise pre-formed program of goal directed activity,
but is often no more than a vague intention. The '"operator's internal
model', which plays a central role in my theory, has not the rigid struc-
ture we associate with physical models; its materials, the materials of
consciousness, are fluid and evanescent, its representation highly selec-
tive and partial. It is, nonetheless, a model. McDougall wrote of human
action with great sensitivity to the many undercurrents and preconditions
from which an act grows. My own theory goes beyond McDougall in
tracing the cause and course of goal-directed activity, and whereas I
have been more explicit and, within the range of activity on which I have
focussed, more complete, McDougall was more subtle and, of course,
ranged through a much wider territory in his several decades of productive
work.

This is a first presentation of a theory and a review and application
of the theory to a field of technology. The theory will need development,
clarification, and doubtless, correction. I expect soon to incorporate
the material of this report in a book. I ask, therefore, that my colleagues
working in manual control write me about errors of commission and
omission, whether in the theory, the way it is applied, or the way I have
reviewed work in the field. In particular, I would like not to misinterpret
or misrepresent the work of others,

As the project progressed it became clear that there was a substantial
volurne of material to which I could not do justice, due to the limits of my
skill in advanced engineering and mathematical techniques. My associate,
Mr. Mitchell, stepped in to fill this need, and thus to round out the report.
His work is incorporated in an appendix, not because it is less important
than my own, but because it is not integrated with my own. It was done
independently by him and thus has no reference to the theory about which
the remainder of the report is organized.

My obligations in this study are many, and I can credit but a few,
The late Dr. Jerome H. Ely, Vice President of Dunlap and Associates,
Inc., and a close friend during all my years in the manual control field,
was instrumental in my getting the opportunity to carry out this work,
as also was Dr. Jack W. Dunlap. The Engineering Psychology Branch
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of the Office of Naval Research provided the necessary funds and, since
they have supported me also in much of my work in the past, I am once
again grateful. I hope that they find this rather different sort of project
one that proves its worth.

Santa Monica, California C.R. K.

June, 1964
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MANUAL CONTROL

I. THE CONTROL PROCESS

Control of the environment is perhaps the most significant of the
activities of living things. It has as its necessary condition knowledge
of the environment. Its motive is the desire to change the course of
events in that environment. Its physical origin is movements within
the body which enable the organism to locomote, to manipulate, to
build or destroy, to make something happen or keep it from happening.
Man's ability to control his environment is unique. It is not a product
of, but is rather syhonymous with, his technology. The most
significant points in its history were (1) the first time tools were
deliberately employed; (2) the first time external sources of energy
were utilized consciously for human ends; and (3) the first time these
were combined, i.e., a tool which employed an external energy source
was used to control the environment, The latter is the human
accomplishment from which the technology of control has grown.

The terms '"control devices'' and 'control systems'' are generally
applied to only a small proportion of the apparatus and organizations
by means of which man exerts control over his environment. They
are a particularly imteresting part, because with them the control
process itself becomes the center of focus rather than the change the
process is designed to bring about. The technology of control devices
and control systems has this self-reflexive character; it is the
technology of the control of the control process.

Manual control is a part of the technology of control devices and
control systems. It can be argued that it is the most important part;
consider only the role that manually operated vehicles and power tools
play in our lives. The position of manual control in this technology is
anomalous, however. The theory and the techniques employed by the
control engineer in developing automatic control systems are not
adequate for manual control. Nor is there any generally accepted
theory of manual control to serve as a guide, although there is a host
of useful special techniques. Since it is the aim of this study to
develop a theory as well as to review existing techniques, we will
begin with considerations fundamental to the control process itself.
These will be formulated differently than is customary in treatments
dealing with automatic control mechanisms and contrcl devices. The
aim here is improved understanding of those control systems in which
man plays an integral part, and of the role that man plays in such
systems.




A. Human Functions Extendedﬁby Technology

Man builds physical products which extend already present aspects
of himself, Technology is based on at least four fundamental categories
of such products, which can be distinguished on the basis of the human
functions they extend. They are:

1. Sensing
2. Information transformation
3. Information storage

4, Control

Sensing devices or systems are concerned with the relation

environment .5, man

This unidirectional or transitive relation deals with the gathering of
information from the environment. Such devices as the thermometer,
telescope, or the gasoline gage in an automobile serve as extensions to
the eyes, ears, and other senses. A military intelligence network or
radar missile warning system serve the same function. These are
classed as sensing systems rather than sensing devices only because
they consist of a multiplicity of elements.

The information gathered through the senses (with their mechanical
extensions) may be changed in many ways by transformational
processes. It may be transduced, so that the information is carried
by a different kind of energy. It may be filtered or "reduced' to
eliminate unwanted information. And it may be subject to a variety of
change: in form to bring out aspects of the information gathered that
are not otherwise evident. Logical and mathematical transformations
are one class of such changes. Computing devices, from abacus and
slide rule to digital and analog computer are examples of devices which
extend the human capacity for the latter class of information trans-
formation, a major function of the brain.

Information storage, the third aspect of man that is extended by
physical devices, is accomplished by imposing a special structure on
some physical object, as marks on paper or magnetic patterns on tape,
from which a pattern of information can be recreated for later use.
Information storage extends the human capacity to remember, a second
major function of the brain.
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+The fourth category, control, is the subject of this study. It
concerns the relation

man .. environment

This also is a unidirectional or transitive relation, depicting a flow

of energy which results in a purposive modification of the course of
events in the environment. Tools, control devices and control systems
extend man's ability to move armund in, manipulate, or otherwise
modify his environment; thus they serve as extensions of the limbs
and muscles.

B. How Control is Exercised by Man

1. Control and the Future

The control process is rooted in the human desire to change the
future course of events. Control is of necessity directed toward the
future. Past and present are immutable, beyond all possibility of
modification; it is only events which have not yet occurred over which
there can be control. Our knowledge of the course of events, however,
is based on information from the past. We do not "have'' the future,
and can only infer from sensory data and past experience what the
future might be and what might be done to change it. In the simplest
case, human control reduces to a man knowing that if he does nothing
X will happen, but if he does A, Y instead of X will result. As long
as he has the choice of doing or not doing A, and can foresee Y and X
as possible outcomes, he has some control over the future; he can
bring about either X or Y.

Control, then, involves a choice or selection among possible
future states, the chosen state comprising the chooser's goal. This
choice is implicit in every control activity, whether action to achieve
it is carried out by living individuals, by an automatic device or control
system, or by some complex arrangement of men and equipment --
and the choice itself is always made by man. True, it can be made
from a remote point in space and transmitted, or in advance in time
and stored -- or a contingent choice may be made which depends on
events to be detected by a sensing mechanism. Nonetheless, the
decision, the choice of a goal, always originates with man. Only the
conscious individual is able to conceive of different possible future
states and to select from them that which he wishes to bring about.
This ability alone makes it possible for man to control the course of
physical events.
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2. The Nature of Goals in the Control Process

The term ''goal' as employed here refers to any possible future
state that is selected from two or more alternatives. The goal may
be ahead any length of time in the future. The president of a
corporation must plan ahead for years; the driver of an automobile
must plan ahead for seconds. Both must conceive of and select from
possible future states as the initial stage in their respective processes
of control. '"'Goal' is thus defined here in the most general sense.
The technology of control has developed principally around more
immediate goals, but the control process is the same in principle for
remote goals as well.

The daily activities of men are filled with control activities. Most
human activity, in fact, involves changing the environment in some way,
and may be subsumed under the category ''control’’. And human
control activity is organized around the selection and pursuit of goals,
short range and long.

Analysis of the goals around which particular human activities are
organized shows that goals terid to be organized into hierarchical
structures, with those nearer in time leading toward the more remote.
The close-at-hand goals may be thought of as subgoals or routes to
more distant goals. However, the conception of and choice among
possible routes or subgoals is the same kind of activity as that
involved in choice of the original goal. In point of fact, the remote
goal may be fixed, so that the only freedom an individual has is in
choice of routes or subgoals.

To illustrate: In driving to work a man's goal may be to reach
the office by a particular time. This is the most remote goal around
which his driving activity is organized. This goal may be determined
by the circumstances of his life so that in effect he has little choice
about it. He may have a choice of routes, however, particularly if
the time constraints for the trip are not severe. The choice of route
then involves the process of conceiving of and choosing among the
"alternative future states' connected with the different possible routes.
Having selected a particular route, the driver is continually selecting
and pursuing still shorter range goals. Shall he drive in this lane or
that? Shall he pass the car ahead or be content to follow it? How
fast should he drive this stretch of road? For each such short range
goal, as for each long, he must conceive of and select from alternative
future states.

This simple example, which is representative of the kind of control
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activities this volume is concerned with, illustrates several important
points about the nature of goals:

+ There may be many possible routes to the same goal.

« The choice of route is a goal selection process in
itself, and the route can be considered as a sub-
sidiary goal or subgoal,

+ Even though the remote goal is fixed, there may be
a number of alternative routes or subgoals to be
selected from,

« Each possible route or subgoal incorporates other
still shorter range goals to be conceived of and
selected from, so that goals are hierarchically
structured.

The hierarchical concept of control will be developed more fully in a
later section of the report.

3. Goal Conception

The process by which man conceives of and selects among possible
future states is the most important and least understood part of the
control process. Man receives information through his senses and
applies information stored in memory to create internally, from the
little understood materials of consciousness, a dynamic model of the
world about him. This model not only represents the structure of the
environment, but also incorporates its rules of operation, e.g.,
temporal order and cause and effect relations. This model represents
the individual's perception and understanding of his environment.

The nature of the modelling process is such that it is not limited
to past and present, but can be used to create representations of
possible (and impossible) future states as well. The mental activity
in which possible future states of the environment are created is the
goal conception stage of the control process.

In controlling a particular environmental variable, the goal
conception process must take into account information about the
variable to be controlled, the environmental factors affecting it, and
the potentialities and limitations of whatever techniques he has available
to affect this variable. When the control process is extended by a
mechanical device, the ""mental modelling' process must incorporate
the capabilities and limitations of the device, or the device cannot be

-5a




used effectively. The ability of an individual to exercise control is
limited not only by the external constraints of circumstances, but by
more severe internal constraints of his knowledge.

It has been stated that control begins with the conception of and
choice among possible future states or goals. This requires the
individual exercising control not only to be able to conceive of
different future states but also to be able to differentiate those which
are possible from those which are not. Since the individual must be
able to initiate a chain of events which will bring the goal about, he
must therefore be aware, not only of possible future states, but also
of how these states can be realized. The conception of goals in the
process of control includes a knowledge of the trains of events which
will lead to the goals, for it is these trains of events which make the
goals ''possible’. The technology of control has developed around
such trains of events.

4. Goal Selection (Planning)

The individual exercising control must choose among alternative
future states, which may be discrete possibilities, a continuous range,
or both. If there were no alternatives there could be no control. The
choice he makes is based on the alternatives conceived of, and on
their expected consequences. Increased knowledge of the alternatives
available provides the individual with more possibilities to select from,
while increased knowledge of the potential consequences of the
alternatives permits him to make a better choice. Paradoxically,
knowledge of the alternatives available widens the range of choice of
the individual exercising control, while knowledge of the potential
consequences has the effect of narrowing it. However, both kinds of
knowledge improve the effectiveness of control by whatever criterion
or criteria govern the choice of goals.

Why an individual chooses a particular alternative can be a
difficult question to answer. It may appear easier, safer, cheaper,
or more enjoyable than other possibilities. When a criterion is chosen,
it imposes on the goal selection process a more general goal, which is
at a higher level in the hierarchical structure of goals. A criterion
for choosing a goal is, after all, a goal in itself that has been chosen
among alternatives in a prior process of control. By imposing a
fixed criterion to choose by, the range of possible choices in a control
process is narrowed and may, in fact, be narrowed to one. Choice may
in this way be much reduced or even eliminated at the lower level in the
hierarchy of control. This does not eliminate the role in the control




process that is played by human conception of and selection among
possible alternatives, buf rather raises this activity to a higher level
in the hierarchy of control processes, i.e., to the level of the choice
of the criterion.

5. Initiating Control

The conception of possible goals in the control process requires,
as was said, knowledge of the trains of events which can be initiated
to bring each possible goal about; it is this knowledge that makes the
goal possible. Having selected the goal, then, the train of events
required to bring it about must be initiated. It is always initiated by
some bodily activity on the part of the individual who conceived of and
selected the goal, be it the purposive movements of his hands, arms,
or larynx, or in other muscular activity. We have elected to call an
individual the director of any control process which leads to a goal he
conceived of and chose, and which is achieved by events he initiated.
It is the unusual manual control process that does not involve some
degree of goal selection, and hence direction by a human operator.

Control requires that the course of physical events be changed
from what they would have been had not control been exercised. The
change in the course of events requires the intervention of energy.
The energetic process which brings about the change originates with
the director of the control process. The director may intervene to
change the course of events by means of his bodily activity alone. On
the other hand, mediation of the change initiated by the director may
involve tools and/or external sources of energy, or a complex and
varied train of events, employing other individuals and mechanisms
and spanning large distances or long periods of time. Such is the
nature of the control process. In every case it has this feature,
however: an energetic process triggered originally by the director's
bodily activity leads to a change in the course of events that brings
about a goal he selected.

The initial process by means of which the director of a control
process intervenes to change the course of physical events is a2 mystery
to the scientist, involving, as it does, the problems of ''freedom of the
will" and of the relation of mind and body. No attempt will be made
here to deal with these problems. The common sense observation
that man does change the course of events in the pursuit of goals is,
however, our basic assumption.




6. Achieving Control

Control is achieved when the future state or goal that was conceived
of and selected by the director of the control process has been realized.
Man always initiates and sometimes completes the physical train of
events leading to the goal by means of his bodily activities. The
fundamental means of control of the environment is through purposive
~“novements, i.e., movements designed to bring about the preconceived
future state about which control is organized.

In the most direct form of control, the ''control director'' carries
out the desired change in the environment himself using unaided
musclepower. He pushes, turns, lifts, builds, locomotes, etc., by
means of movements of limbs and digits. These movements typically
consist of highly organized carefully timed precise chains of physical
events., They are organized about the perception of the existing
course of events and the conception of the change being introduced in
striving toward the goal.

The movements by means of which control is exercised reflect
the hierarchical structure of the goals of human control activities.
Familiar highly practised brief patterns of movements serve the more
immediate short range goals, such as standing, reaching, turning,
striking, etc.; these 'simple" activities are chained together to form
more complex patterns of movements which are organized functionally
about more distant goals. Dialing a number on the telephone, getting
out a paper clip, starting an automobile, etc., involve sequences of
many different '"simple'' movements, organized to bring about goals
which may require an exact pattern and sequence of bodily movements.
These more complex activities are themselves chained together in still
larger patterns of activity which are organized about still more
inclusive, longer range goals, e.g., telephone the druggist to refill
a prescription; send a brochure and a letter to a potential client; drive
home via the drug store; taxi the aircraft out for takeoff on runway 36.
These in turn may be incorporated in still larger sequences serving
still longer range goals, and so on, as the hierarchy of control is
ascended.

When man reaches a goal, whatever level that goal may be, he has
achieved control at that level. Control is achieved when a goal is

reached. To summarize the total process of control:

1. The course of events is perceived.

2. Two or more possible future states and events
that will lead to them are conceived of.
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3. One of these future states is chosen as a goal.

4. Bodily movements are employed to initiate a
train of events leading to the goal.

5. The train of events initiated by the bodily move-
ments (which train of events is in some cases
monitored and modified while in progress) brings
about the goal.

This is how control is exercised by man.

C. The Mechanical Extension of the Control Process

Control is achieved by man when he has successfully altered the
course of events to bring about his goal. Frequently man cannot make
the desired changes in the course of events by unaided musclepower.
Man possesses an ability almost unique among the animals to make use

of things external to his body to expand his control over the environment.

Tools, external energy sources, and their combination are the essential
non-human ingredients of the technology of control. Their use expands
enormously the possible changes man can make in his environment.

1. Tools

The simplest mechanical extensions of the human control function
are tools. So universally are tools used by men and so rarely are
they used by other species that man has been called the ''tool-using
animal'. A tool is an object used byman to change the environment
by the direct application of muscular energy. Man supplies the force
which renders the tool effective. With it he may cut, pound, grind,
propel an object, etc., with an effectiveness otherwise inconceivable.
The tool enables man to apply his musclepower with great effectiveness.

Certain tools serve as an almost literal extension of the hand and
arm. Cutting, scraping, and pounding tools illustrate this kind of
extension of functions of the hand. More sophisticated tools employ
human musclepower in ingenious ways in which the extension of the
limbs is not so literal. This is true, for example, of tools used to
throw something, like a spear, sling or sling shot, or bow and arrow.
The limbs, after all, are attached to the user.

Tools include highly developed mechanisms recent in history, and
new tools are still being invented. The treadle-operated sewing
machine, block and tackle, hand-operated pump, and the bicycle are as
much tools as are knife and axe.
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2. External Energy Sources

Tools all suffer the fundamental limitation of the amount of energy
man can apply via the tool. The limitation can be overcome only by
tapping an external energy source. One such source is the muscle-
power of other living things, animal or human. This is, in principle,
the simplest use of external energy, involving just the enlargement of
the principle of the muscle-operated tool to one or more other individuals,
Slave or animal driven treadmills and windlasses are highly developed
devices illustrating this concept.

The use of non-living sources of energy to operate tools required
a major innovation in human thought. The sail capturing the energy
of the wind to propel a boat may be the earliest example. It illustrates
the enormous power of this innovation, for this single application of
the principle greatly affected the course of human life on the planet.
Subsequent early applications of the principle also captured kinetic
energy occurring in nature, as in the wind or stream operated mill.

The controlled use of fire no doubt dates back to the early tool-
using days of prehistoric man. The external energy source provided
by fuel was applied for millenia to provide warmth, to cook, and in
time to smelt metal for tools. Getting kinetic energy from fuel
required another major innovation in human thought, however. It
required, in addition, a highly developed technology, so that the
concept antedated its practical realization by hundreds of years. The
steam engine as a practical method for converting thermal energy to
usable power for pumping, milling, etc., is an 18th century device,
and the internal combustion engine was developed in the 19th century.
Like the sail, these innovations changed the course of history, ushering
in the technological revolution. The discovery of electrical energy
and its application to modify the environment extended much further
man's ability to utilize external energy sources to modify his environ-
ment. One of its effects was to speed the development of devices to
convert one form of energy to another.

3. Powered Control

When man modifies the environment via a tool rather than by
direct use of his body, the process of control is changed. Musclepower
is not applied directly to the environment, but to the tool, which in
turn affects the environment. Control may be more effective, but is
less direct, When external power is employed for control, the process
is changed again, perhaps even more radically. Man is no longer
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applying musclepower to the environment at all, but instead uses it
to regulate the external energy which brings about the change. The
relation between what the man does and what happens to the environ-
ment is rendered still more indirect. Figure I-1 illustrates these
changes. The '"controlled variable' is the aspect of the environment
being modified in each case.

The changes are marked by the increasing indirectness of the
relation of man to the variable under control, and by the increased
role played by thought and the senses and the decreased role played
by muscular strength. The muscles must still be relied on to
produce an appropriate ''control signal' (even though some external
power source supplies the energy of control) and this may, in fact,
be a very demanding muscular activity. Skill, however, assumes
more importance in such activity than strength.

4, Automatic Control

The senses play two different roles in the control process.
First, they provide perceptual information to enable the director of
a control process to know about the environment and to conceive of
and choose among possible future states. The senses thus aid in
setting the goal of the control process. Secondly, after the goal is
chosen, the senses provide feedback information to make it possible
to modify and guide the activity of control. These two sensing
processes are functionally discrete, even though they are going on at
the same time within an individual. The sensing activity that results
in goal selection leads to a man, i.e., the control system director,
irrespective of how the information originates. The sensing activity
providing current information about the control process, i.e., the
feedback loops of Figure I-1, need not lead to a man, however. The
next major development in the mechanical extension of the control
process has as a characteristic feature the use of signals produced
by mechanical sensors to control a source of power without human
intervention,

Utilization of mechanical sensors required a second development
before automatic control was possible, however. The application of
power to carry out control activity in pursuit of a goal depended not
only on the feedback of sensory information about the course of events
connected to the control process; it depended as well on information
as to the goal of the control process. The controller, then, produces
a signal governing the control precess in accord with (1) desired, and
(2) expected values of the controlled variable.
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Historically controllers have almost always been men. Only in
the last few decades has automatic control come into its own. It has
been made possible by the development of both mechanized sensors
and mechanized controllers, although the distinction between these
was not sharply drawn in early automatic regulators. When the
desired value of a controlled variable is a constant, (as is so
frequently the case) its actual value seems paramount in the control
loop. It is when the desired value changes with time or when two or
more sensing signals are utilized in the controller that the function of
the controller, as distinct from sensors, begins to become clarified
It is the controller which determines how control is put into effect,
the pattern of control response with time.

The development of automatic control required the isolation of
functions performed by sensors and controller, Previously these
functions had been confused with each other and with the process of
goal selection, because they had all been performed by man. With
automatic control only the choice of goal had to be carried out by man;
all other roles in the control process could, at least in principle, be
mechanized (see Figure I-2). At the same time, applications of the
control process grew in scope and complexity, and vehicles, power
tools, and other mechanisms grew in size and power. And so the
control system came into its own.
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I. THE CONTROL SYSTEM

The term 'control system' has been used to refer to two quite
different systems. Certain large military, space, and industrial
organizations by their nature require a closely integrated command
apparatus. Examples would be the Strategic Air Force, the North
American Air Cefense Command, or the ground operational support
system for a manned lunar spacecraft. Systems for exercising control
over such large, complex but necessarily closely unified organizations
of men and equipment are, unfortunately, sometimes referred to as
"control systems''. The better term for these is '""command and
control systems''. This leaves the term ''control system' to designate
the type of system to be described in this chapter, which consists of a
single apparatus for bringing about some desired effect on the
environment, albeit sometimes the single apparatus is large, with
multiple human and mechanical elements. We will discuss the
concept of the controlled variable, the six elements that compnse the
control system, and '"open loop' centrol.

A. The Controlled Variable

The human control process may be directed to many varied aspects
of the environment; the control system, however, is by nature limited
to a few at most, and usually to only one. The aspect of the environ-
ment which a particular system is designed to affect is the ''controlled
variable'' with which that system deals. The state of the controlled
variable is the control system '"output'. The term 'output' is often
used more loosely, however, as though it were synonymous with
"controlled variable''.

Control processes have been described as processes for changing
or modifying the environment or the course of events. To avoid
confusion, it should be said that one of the ways that many control
systems change the course of events is to hold something constant that
would otherwise fluctuate. Keeping a room at constant temperature,

a vat of chemicals at constant pH or an aircraft at constant altitude are
typical goals of the control process.

A controlled variable will usually be subjected to effects other
than those produced by the control system. What actually happens is
thus a result of a combination of effects, those stemming from the
environment and those arising from the control system itself. Unless
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the effects of the environment are small compared to those of the

control system, changes in the controlled variable are best considered

a summation or resultant of the two effects. Precise control, therefore,
requires that control effects be varied to compensate for different
environmental effects.

The controlled variable may be easy or difficult to define or
represent quantitatively for a particular control system. Since the
control process is hierarchically structured, there is a different
controlled variable for each level in the hierarchy, with longer-range
more inclusive ''outer loop'' processes incorporating the more immediate
"inner loop'' activities necessary to bring them about. To illustrate,
consider steering an ocean liner. Depending on the hierarchical level
dealt with, the controlled variable might be considered: (1) the position
of the ship's rudder; (2) the direction of the ship in the ocean; or (3)
the position of the ship with time in the ocean. Control systems for
achieving these successively more general controlled variables might
be called: (1) the rudder positioning system; (2) the ship steering
system; and (3) the navigation system, respectively. Each successively
more general system incorporates the preceding system(s).

When analysis deals with one of the more limited systems, the more
general system is treated as part of the ""environment' that is being
affected by the control process, Thus, the ship's rudder is the
""controlled variable in the environment' that is affected by the helm
wheel and hydraulic motor of the rudder positioning system. In
considering the ship steering system, however, the rudder is part of
the control system, the ''controlled variable in the environment' being
the ship's instantaneous direction of motion. The entire ship is within
the navigation system, however, the controlled variable being the
location of the ship with time.

B. Description of the Control System

The control process has been described as the purposive modifi-
cation of the environment. Originating as the typical activity of living
things, it has been extended in man by tools, the use of external energy,
control devices and control systems. A ''control device'" is a mechanism
which utilizes an external source of power for the purposive modification
of the environment. A control device is also a simple control system.
The term 'control system'' applies as well to more complex or extensive
arrangements of human and mechanical elements which have the same
functional relations as do the essential parts of control devices. The
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essential elements of the control system are the following:

1. Goal Selection (Planning) System: That human element or group
of elements centering about a man who decides the desired modification
in the environment that the system will operate to achieve. ’

2. Controller: The device which produces a signal to the control
"junction'' to release or modulate the energies of control as a function
of information from both the goal selection system and the feedback
sensor(s).

3. Power Source: The source of the energy of control.

4, Control Junction: The junction at which energy from the power
source is released or its flow regulated in accordance with a signal
from the controller.

5. Control ""Effector': The element of the system applying energy
from the power source to modify the environment; the major active
part of the usual control system,

6. Feedback Sensor(s): An element or elements transmitting to the
controller information about the aspect of the environment being
modified.

Engineering descriptions of control systems omit the goal selection
stage, beginning with an input signal which represents the goal. For
purposes of the present study, the inclusion of this stage of the process
is essential. (See Figure II-1.) The remainder of the control system
is regarded as an extension of the goal selector's means for controlling
the environment, while the human element within the control system
typically functions by selecting and achieving subgoals at his level of
the control system hierarchy.

1. Goal Selection (Planning) System

The conception of and choice among possible future states, and the
initiation of a train of events to bring about the selected state or goal
is the function of the ''goal selection system'. That it is a fundamen-
tally human process is evident; mechanisms have no power of conception.
However, the person who selects the goal of the control system may be
aided in his choice by non-human extensions of the processes by which
he perceives the environment and stores, makes transformations in,
and uses information.
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Man does more than sense the environment, he perceives and
understands it. To repeat, from the poorly understood content of
consciousness, he generates a dynamic model of the environment.

This model is affected but by no means determined by information from
past and present about the environment, not only with reference to
appearance, but with respect to the environment's basic structure,
including its response to the application of energies of control. By
manipulating this internal model and through it foreseeing the results

of various possible applications of the energies of control, man conceives
of possible future states, one of which is chosen as a goal.

The input to the goal selection system is the information, present
and past, that permits certain of the various possible future states to be
imagined. The output of the system is a signal designed to bring about
one of these states. The output of the goal selection system forms the
input to the controller and thus to the remainder of the system. The
remaining components of the control system can in principle all be
mechanized. Treatments of automatic control customarily begin with
an input signal representing the system goal as ''given', and proceed
from there.

2. Controller

The controller is the element which produces the '"control signal"
to release or modulate the energies of control. It does this in response
to an input from the goal selection system which represents the desired
value or state of a controlled variable, plus (ordinarily) one or more
sensing signals representing the actual value or state of the controlled
variable. The special case of open loop control will be discussed later.

The controller is historically the last control system element that
has been mechanized. Previously, the control signal was of necessity
produced by man, and its production was frequently the most difficult
part of the job of control., The separation of the function of the
controller from that of goal selection and sensing has made it possible
to automate the controller's function entirely -- and this in turn made
it possible to use man in different roles in the control system. No
longer required to produce the control signal, he could be employed in
various other roles in the system -- as just a sensor, for example, or
to perform transformations on signals, or to serve as an ''adaptive"
element adjusting an automatic controller.

The controller has at least two inputs, i.e,, signals representing
desired and actual states of the environment or values of a controlled
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variable. It has a single output, however, the control signal which
operates the control junction. This signal is usually amplified in some
way before it reaches the control junction.

3. Power Source

The power source forms the source of energy employed in the
control system to modify the environment. Examples would be electric
power or fuel capable of driving a turbine or internal combustion engine.
Sometimes a power conversion is made, as when a control system is
operated by hydraulic or gas pressure, and fuel or electricity is
employed to operate a compressor or hydraulic motor to maintain fluid
or gas pressure. Whatever conversions of this kind may be employed,
the power source of the control system as defined here is that source
of the energy of control that is present at the control junction and
released or modulated by the control signal. The input to the power
source is fuel, electricity or other source of energy, the output the
power, whatever its form, transmitted through the control junction.

4, Control Junction

""Control junction' is perhaps a poor term for this element of the
control system. Control ''valve'' better suggests the function involved,
but is overly specific, implying as it does a particular kind of juncticn.
The control junction is here defined as a device by means of which
energy is released or regulated as a function of a control signal. The
energy which brings about the modification of the environment is
normally large compared with the energy present in the control signal.
"Control junction'' is thus employed here as a generic term for devices
for the continuous control of large amounts of energy by small. A few
examples may help clarify the function, which plays a central role in
every control activity,

a. The pre-eminent example of a control junction is biological,
the production of animal movement. In response to a weak neural
message (control signal) muscular activity results which leads to
controlled movements involving relatively high energy expenditures.
The power source is the metabolic energy stored within the muscles.

b. More commonplace to the engineer is the hydraulic valve.
The adjustment of a valve aperture regulates the rate of flow of fluid
maintained under pressure behind the aperture which forms the power
source. The fluid flowing through the valve supplies the energy to the
control process, and the adjustment of the aperture via the valve is the
control signal.
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c. In the internal combustion engine of, for example, an
automobile, it is the rate of flow of fuel into the carburetor, regulated
by a control signal relayed via the accelerator from the driver's foot,
that supplies controlled energy to the engine.

d. The traditional electrical example of the control junction is,
of course, the vacuum tube triode, with the weak control signal on the
grid regulating the much more powerful current flowing from cathode
to plate.

In many control systems the control signal goes through several
stages before the control junction is reached. For example, a human
operator may produce the control signal by positioning a control which
varies an electrical voltage via a potentiometer; this may be converted
to alternating current and amplified to position a servomotor; the
servomotor may then operate an hydraulic valve, which serves as the
control junction proper. (This is, in fact, a fairly typical example.)
Intervening stages may occur between any of the elements of the control
system, of course, but are most likely between controller and control
junction as part of the transition from the low power output of the
controller to the high power output of the control junction.

The control junction has two inputs, an unregulated input of power
or available energy that is usually large in energy magnitude compared
with the second input, the control signal. The control signal is
usually a relatively weak signal that regulates the flow of energy through
the junction. The output of the control junction is the regulated pow=r
which operates the ''control effector''.

5. Control Effector

""Control effector' like ''control junction'' is a somewhat awkward
expression. It is borrowed from the psychological literature, where
""receptors and effectors'' refer, respectively, to an organism's means
for receiving information from, and for affecting changes in, the
environment. The control effector is here defined as the control
system element which applies the energy fed through the control junction
to bring about the desired modification of the environment. The control
effector is likely to involve a major part of the physical structure of the
system. The effector portion of an automobile would include engine,
motor drive~train, wheels and chassis, all of the parts in which the
energy generated by gasoline combustion is channeled to move the
vehicle. In a control system consisting of a power tool, the control
effector ' is essentially the tool itself, (e.g., the saw blade or the drill)
and the structure required to make use of the tool.
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The input to the control effector is the modulated or regulated
power from the control junction that operates it, Its output is the
effect on the controlled variable which is the raison d'etre of the entire
control system. As indicated in discussing the controlled variable,
what is control effector at one hierarchical level may be considered
part of the environment at a.lower level in.the hierarchy.

6. Feedback Sensors

Feedback sensors are distinguished from the sensors providing
information to the goal selection system. Feedback sensors have as
their function helping the system achieve an already selected goal by
providing information about the variable under control, and (sometimes)
about other information related to this variable. In open loop control,
feedback sensors are absent entirely, and there is no feedback loop.
This distinction is elaborated below in the discussion of open loop
control.

The input to the feedback sensor(s) is information about the
controlled variable., This information may be obtained through a
human sense organ, through a sensing device appropriately responsive
to an aspect of the environment, or through a sensing system, e.g.,
a radar system. The sensing system might contain both mechanical
and human elements, The output from the feedback sensor(s) is a
signal to the controller carrying information about the controlled
variable. This may include information about factors in the environment
affecting the controlled variable and/or information from the control
effector itself.

C. Open Loop Control

The above six elements are found in most but not all control
systems. One class of system in which they are not all present is the
open locp control system. Here there are no feedback sensors, human
or mechanical. In fact, the best definition of open loop control is
control in which feedback information is absent.

All control is of necessity made with reference to the environment,
and all control systems are of necessity governed in part by sensing
information. Knowledge of the environment is a necessary condition
for control. In the case of open loop control, however, the knowledge
is gathered prior to the control activity by the sensing process that
feeds the ''goal selection system', In open loop control, there is no
means for modifying control activity in progress as a function of current
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information from the environment. The control activity is pre-
programmed, and runs its course irrespective of what is happening.

Some discussions of open loop control appear to class systems as
open loop in which feedback information is supplied by man. Such a
usage is confusing. If feedback information from any source can modify
control in progress, the control process should be classed as ''closed
loop'". The confusion results from the failure to include as part of the
control system functions that are performed by a hurnan operator,

Open loop control systems are actually a rather special case, and
most manual control problems involve closed loop systems. However,
the human operator does behave for brief periods in a pre-programmed
""open loop'' fashion in certain continuous control tasks, while such
common discontinuous manual control problems as firing a bullet or
other ballistic projectile can be classed as open loop tasks.
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IlII. THE CONTROL SYSTEM HIERARCHY

As the goals of a control process are organized into subgoals and
sub- subgoals, so the control systems designed to achieve these goals
are organized into subsystems and sub-subsystems. The very
definition of the control system depends on the hierarchical level under
consideration, for what is part of a control system at one level is part
of the environment being controlled at a lower level in the hierarchy.

A. The General Control System Hierarchy

The control system hierarchy comprises chains of events that are
utilized in the process of control, with smaller, more immediate
events which employ less energy serving to bring about larger, more
distant events involving more energy. The control system is built
about a chain of cause and effect, and it is by utilization of this chain
that small forces are able to bring about large and significant effects.
Each variable in the chain of cause and effect utilized by the control
system might be considered as the output of one level or loop in the
hierarchy of control, the progression being from inner to outer loop
as the hierarchy of control is ascended. To illustrate, consider the
control of an environmental variable X, where X is brought about by Y,
and Y is brought about by Z. The energy of control is applied to Z in
the innermost loop. Z is varied to bring about a desired change in Y
which will in turn bring about the desired change in X in the outer loop.
Figure III-1 diagrams the relationship. Separate control systems
might be involved to control each of the three variables, the outputs of
the outer loop controllers forming the inputs of the controller for the
next loop in, or the same control systern might be employed to control
all three. It is important to note that the desired state or value of an
outer loop variable does not usually specify the inner loop variable that
brings it about, but only sets limits or constraints on it. There are
usually not one but many routes to a goal, not one but a range of
outputs that will satisfy the requirements of control.

To illustrate the concept of control hierarchy by means of a more
concrete example, consider once more the control task involved in
bringing a ship from one location to another. The hierarchical
structure of the task can be described in terms of goals and subgoals,
the first or highest of which comes from outside the ship control
system from some still higher hierarchical level.
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1. Carrypassengers and freight from point A to point
B within constraints of schedule.

a. Apply thrust along ship's axis via screws.

(1) Call in desired speed from helm station to
engine room via engine order telegraph.

(a) Operate engine throttle controls.

b. Maintain appropriate ship heading in face of
disturbances as ship is underway.

(1) Adjust rudder angle via helm wheel to apply
appropriate moments to ship to maintain
desired heading.

(a) Open and close hydraulic valves to move
rudder to position desired.

Each control task at a given level includes the lower level tasks
necessary to carry it out. Thus it is appropriate to speak of the
longer range tasks as outer loop tasks, which incorporate within them
inner loop tasks necessary for their completion. The inner loop tasks
themselves may contain within them inner loop tasks necessary for
their completion, etc. The above hierarchy of tasks can thus be
diagrammed as in Figure 11I-2, which illustrates the ship steering
portion of the hierarchy above.

The relation of outer to inner loops defines the structure of the
control task each loop represents. The outer to inner I6op relation
is one of goal selection or planning; the outer loop forms the means
by which the operations required by the inner loop are specified. The
inner loop to outer loop relation is one of cause and effect; the inner
loop forms the means by which a goal established in the outer loop is
reached. Inner loop tasks generally involve smaller elements of the
environment that change more quickly and more frequently than the
outer loop changes they bring about.

B. Control Order

Not only are inner loop processes generally smaller, higher
frequency, etc. than outer loop; they also bring about only rates of
change or accelerations in the outer loop variables they affect. Thus
the position of a hydraulic valve in the rudder control system (inner
loop of Figure III-2) results in a rate of movement of the rudder in the
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next loop out; in this next loop, the position of the rudder results in an
angular acceleration of the moving ship; the angular position (heading)
of the moving ship results in a rate of change of lateral position with
respect to the desired course in the outermost loop. In this typical
example, progression from inner to outer loops involves not only
larger more slowly changing elements, but also the progression from
derivative to integral functions. The chains of cause and effect in
continuous control processes are not usually of the form ""Z causes Y
which causes X', but rather, e.g., '"Z changes the velocity of Y which
changes the acceleration of X', Expressed more generally, it takes
the form, '"Z changes the Nth derivative of Y which changes the Mth
derivative of X''. To the extent that hierarchical relations between
inner and outer loops in control processes correspond to the mathe-
matical relation of derivative to integral, the hierarchy of control can
be described more formally in terms of control order. Higher order
terms are higher derivative terms, and represent the inner loops of the
control system hierarchy.

When a concept such as that of control order is applied to real
physical processes, the application frequently becomes complex,
although the general principle is simple. All control systems modify
certain aspects of the environment through the expenditure of energy.
The modification takes place according to processes which can usually
be described in terms of known physical laws. Control of the position
of objects having mass can be described using Newton's laws of motion,
while heat exchange, chemical processes, electrical and magnetic
effects, etc., may be involved in other kinds of control processes.
Physical science has provided techniques for describing changes in each
of these categories that may be brought about by control systems. The
most elegant and precise descriptive tool is the differential equation.
The differential equation is, by its nature, structured in terms of
"'"order'.

It is instructive to examine some effects of control order in
itself, Figure III-3 shows some of these graphically, The smoothest
kind of change in a controlled variable would, if achieved by changing
a fourth derivative function of that variable, require as an absolute
minimum five changes in the direction of motion of a control. To
apply this to our previous example, if the upper (zero order) curve
corresponds to the lateral position of a ship with respect to a path in
the ocean, the first order curve represents ship's heading, the second
order curve rate of change of heading, the third order curve rudder
angle, and the fourth order curve rate of change of rudder angle, which
on large ships may correspond to helm wheel (and hydraulic valve)
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Figure III-3., Control Order illustrated by changes in a con- |
trolled variable and in its first four derivatives. |
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position. The higher order inner loop functions are of necessity
higher frequency. (There is a mathematical exception to this rule.

The derivative of a sine wave is a sine wave of the same frequency,

so that if the upper curve of Figure III-3 were varying sinusoidally,

the curves below would have the same frequency. Practically speaking,
however, frequency increases with control order.)

Any high order control system can be structured hierarchically
with successive inner loops corresponding to derivatives of the
controlled variable. This control order hierarchy is a particular and
particularly important form of the generalized hierarchy of control.
Figure III-4 shows an idealized third order control system structured
in this way. The three integrations diagrammed on the right represent
the physical law relating the output of the control junction and the output
of the system controlled. The computing operations performed in the
controller are here broken into stages by control order, there being a
zero order stage plus a stage for each integration of the control junction
output, or a total of four stages for a third order system. The boxes
labelled 0, 1, 2, and 3 show the signals required at each stage in the
controller for a simple, smooth change in output, as previously
illustrated in Figure III-3., (Figure III-4 should be compared with
Figure III-2 to see how these functions compare with the actual case of
ship steering.) Beginning with the output of the goal selection system,
operations in Figure III-4 may be performed mechanically or by man or
in combination. In particular, man may assume but a part of the
operations of the controller. When this is the case, the part that he
assumes is highly significant.

C. Control vs. Display Augmentation

If the human operator who is sharing the function of the controller
with mechanical elements produces the controller output, i.e., if he
himself operates the control junction, he is necessarily tied to the
inner loop of the multiloop system as shown in Figure III-4. The
mechanical elements perform one or more of the outer loop controller
functions, operating on signals before they reach the human operator
and displaying the computed result to him. Such systems are said to
have an ''aided', "augmented', or ''quickened'’ display. When man's
muscular strength is employed directly at the control junction to turn
a steering wheel, position a control surface, or open and close an
hydraulic valve, it is natural to turn to operations on man's input, i.e.,
to improve his display, in order to simplify manual control. Display
augmentation is one of the several major techniques available for
improving a display.
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If man senses the output of the multiloop control system directly
rather than via mechanical sensors, this too serves to fix his position
in the system, but this time in the outer loop as shown in Figure III-4.
Mechanical elements sharing the controller function with him may, in
this case, operate on the signals produced by man and by inner loop
sensors, perform the necessary computation on them, and produce the
control signal mechanically at the amplification necessary to operate
the contradl junction. Systems performing such operations on the
output of 2 hurnan operator are said to have ''augn:ented control', or
in vehicle applications, this type of arrangement is sometimes referred
to as an ""augmented vehicle'. Stability augmented aircraft, in which
there is an inner control loop independent of the operator, are an
example.

In terms of Figure 1II-4, the completely manual system would have
the operator perform all of the sensor and controller functions. In
display augmentation, however, one or more of the outer loop sensing
and controller functions would be performed mechanically, and the
result displayed to the operator. The operator would perform the
remaining operations, including a final amplification of the control
signal at the control junction. The time structure of the operator's
output for a smooth change in system output would still be that of the
highest frequency and most complex signal of the series of four shown
in Figure 1II-4.

By contrast, in control (or vehicle) augmentation, one or more of
the inner loop sensing and controller functions of Figure III-4 (including
any final amplification of the control signal prior to the control junction)
are performed by equipment after the human operator performs his
functions. The time structure of the operator's output for a smooth
change in system output is, in this case, one of the lower frejuency,
less complex signals of the series shown. Which one it is depends
upon the amount of control augmentation that is employed.

When all of the controller functions are performed automatically
but the human operator is retained in the loop, it may be with a
completely augmented display or completely augmented control,
depending on whether he is retained in the inner or outer loop. If it
is in the inner loop, he serves as a simple amplifier of the controller
output, Such systems are sometimes called ''semi-automatic' or
"fully quickened'. The time structure of the operator's response is,
of course, the more complex inner loop one.

In the outer loop or augmented control case, the operator serves
to sense the desired and/or actual output, either directly or via a
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sensing instrument, and to enter a signal representing it (them) into
the controller. In this case, the operator's response is the less
complex outer loop one. Some tracking systems are of this variety.

The two roles of the human operator have these important
differences:

LCisplay Augmentation Control Augmentation
Can employ man's muscular Can employ man's senses to
strength at the control junc- observe the controlled vari-
tion to move a control surface, able and the environment.

open an hydraulic valve, etc.

Man is kept aware of control Man is kept aware of system
signal, output.

Requires higher frequency, Requires simpler, lower
more complex human output. frequency output.

These characteristics will often dictate which of the two methods of
splitting control system functions between man and equipment are best
in a given case,

It should be pointed out that control and display augmentation are
by no means the only ways of simplifying the task of a control system
operator. In particular, it is often possible to leave all the controller
functions to be carried out by 2 human operator, i.e., rather than to
assign either inner or outer loop functions to equipment, to simplify
the manual control task by displays. Display simplification may take
other forms than display augmentation as defined above, as Chapters
V1 and VII will indicate,

D. The Hierarchical Evolution of the Control Process

As the operator becomes skilled in control involving a number of
levels or loops, he pays more and more attention to the outer loop
processes, while the inner loop processes become increasingly
automatic, The student driver is aware of what he is doing with his
hands and feet, but as he learns, he will focus on where the car is
going. Having decided where he wishes to drive, the motor processes
which achieve the goal will be triggered and run their course. In the
course of training, the control process evolves in the direction of
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increasingly automatic performance of the inner loop activity, which
makes it possible for the operator to attend more fully to the goal
selection process further out or up in the hierarchy of control.

As control systems involving men and equipment evolve, it is the
contention of this author that they, too, should naturally tend to develop
in the direction of automation from the inner loops out. 03 any controller
functions are to be automated, it should usually be the inner ones.
Control augmentation is normally to be preferred over display augmen-
tation. The planning capabilities of a human operator should usually
receive precedence over considerations of his muscular strength and
motor skill, even though the latter must continue to play a key role in
many manual control systems.

-34-




IVv. THE HUMAN OPERATOR: 1. CONECIOUSNESS
AND PLANNING IN MANUAL CONTROL

Human control activities have two aspects, planning (as we shall
now call goal selection) and motor performance. Planning activities
are unique to man, stemming from the fact that man, unlike any
mechanism, is able to perceive and understand the environment, and
to choose how he wishes to modify it through the control process.

The motor performance aspect begins where the planning aspect leaves
off. When the operator has planned what to do, he must put it into
effect by means of bodily movements., In terms of the hierarchy of
control just discussed, planning activities are ''outer loop' activities,
while motor performance deals with the "inner loop'' of the human
control process. The present chapter discusses the planning stage of
manual control, while that which follows deals with motor performance.

Man's ability to control the environment stems from his ability to
perceive and to understand it, to observe the operation of cause and
effect, to predict what might be the consequence of this or that activity.
All control processes, manual or automatic, derive ultimately from
such conscious processes. There has always been controversy about
conscious processes, for they are poorly understood. In particular,
the way in which conscious processes relate to the rest of nature is a
subject that occasions dispute. The basic assumption followed here
is that an individual's conscious processes (such as perceiving and
understanding the environment and planning to change it) do bring about
the physical behavior that forms or initiates the control process. The
control process originates, not with the observed physical behavior,
but with the conscious processes which give rise to it. The nature of
such processes is therefore of concern.

A. The Nature of Conscious Processes

There is an immense difference between physical nature and its
representation in .consciousness. Physical nature is an organization
or structure of energy and nothing more; it is a world of geometry.
The familiar world of oLjects, people and events is a mental creation,
an internal model we build that represents a selected part of the
physical world outside. It is related to the physical world only as a
model is related to the object modelled. To understand it we must
understand something about how the modelling process works.
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1. Consciousness as a Natural Unit

Perhaps a most notable first fact about the world of consciousness
is that each individual has his own, and it is private, discrete from
that of every other individual. We can only observe first hand our own
conscious processes. Our ability to interact with the environment
depends on the accuracy of our internal model of it, and our ability to
communicate with other individuals rests on the common features of
our respective conscious models of the world.

If direct observation of the conscious processes of others is
impossible, observation of our own is surprisingly simple. Con-
sciousness is a unitary process. Stimuli reaching different structures
of an individual are easily and effortlessly related in consciousness.
For example, unfamiliar shapes projected on one side of the eye can
be recognized on the other, even though different sets of neural fibers
leading to opposite areas of the brain are involved. As another
example, shapes can be felt and then recognized by sight. Mind
transcends particular bodily structures. It cannot be explained in
terms of the activity of restricted parts of the organism's nervous
system, for it integrates physically discrete events which occur in
separate parts of the body whenever these events reach consciousness.
For this reason, many present-day scientists conceive of mind as
something akin to an energy field embracing the entire organism, and
transcending its particular structures.

2. The Content of Consciousness

The content of conscious life is qualities: over-all qualities of
feeling, like joy or fear or anger; specific sensory qualities like red
or hard or salty or high-pitched; qualities of objects or people like
beautiful or dangerous or honest. These qualities of experience are
the material from which our internal model of the external world is
made. As the physical world is a structure or organization of energy,
the internal world is a structure or organization of qualities.

Qualities of experience do not exist in the physical world. They
are the material of our model of the world, not of that world itself.
However, we ascribe to the external world properties which are
qualitative arnid refer to our internal model. The redness of a book on
my desk appears to me a property of the book, yet I know that the
redness I see is a sensory quality with no physical existence. True,
the book is reflecting long wave lengths of light and absorbing others,
but this physical fact is not the quality of experience 'red'". True, the
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nerve fibers of the retina respond differentially to wave length, so there
is a pattern of neural discharge which corresponds to light composed of
longer as opposed to shorter wave lengths, but this physical fact is also
not the quality of experience ''red''. The information this neural
discharge contains is only used in building this red object in my internal
model of the world., Were I color blind, or completely lacking color
vision, an insect, or a creature from outer space, the book would appear
very different. The red opaque book I see is a personal creation, part
of my model of the external world, but not to be confused with that
world. I am able to communicate with and understand other individuals
only because their model of the world is similar to my own.

The qualities of conscious experience are the building material
employed in the four major classes of conscious activity -- feeling,
sensing, remembering and thinking -- that are to be discussed. Each
of these contributes to the control process as it originates within the
human operator.

3. Feeling

Those qualities of experience called the ""basic emotions' or just
"feelings'' comprise the most primative conscious events, and underlie
the whole of man's experience and behavior. We recognize them by
their undifferentiated, often intense character. Feeling qualities are
pervasive; they involve the whole organism. They provide the motive
force, the energy behind the control process, and the means by which
we evaluate its outcome. In the final analysis, man is moved to
modify the environment by the way he feels about it, and he passes
judgment on the modifications he makes in the same way.

4. Sensing and Perceiving

As living organisms evolved, the relation between the organism's
feelings and certain physical events affecting the organism developed.
Certain qualities of feeling became triggered only by specific patterns of
energy or sequences of events, The presence of the given quality of
feeling thus became a signal for the events. This process marked the
beginning of the sensing function. It proved enormously useful to the
evolving organism, and developed, as we know, in the most elaborate
way. Specialized structures evolved that were responsive to particular
aspects of the environment, and produced their own specialized
conscious qualities, e.g., odors, tastes, sounds, colors, and shapes.
These qualities carried information about the external world.
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As the sensing function developed, sensory information assumed
less the character of special signals and more that of a model of the
environment. This marked a long and important chapter in evolution.
The unitary nature of consciousness served always to integrate sense
data from all modalities. A model of the environment created only
from sensory qualities has one severe weakness, however: itis bound
to present time. Sensing signals refer to external events of the moment.
Perception and understanding of the environment could occur only with
conscious processes free from this time restriction. This begins to
occur in remembering.

5. Remembering

It is one of the most curious and extraordinary facts of conscious
experience that it has reference not only to processes occurring in the
present, but also to events of the extended past. Conscious experience
makes use of present sensory processes and traces of past experience
in building a model of the environment that is not tied to the present.
We see a face: if it looks familiar, if we recognize it, if it reminds us
of someone, or even if we only recognize it as a human face, the
remembering as well as the sensing function is at work.

The past is gone, The fact that past events play such a major
role in conscious life owes to some sort of structural residues of past
experience which are utilized in remembering. The nature of memory
traces has been the subject of widespread speculation, but little is
really known about it. The physical basis of memory traces remains
a major scientific mystery.

Sensing involves the creation of qualities of experience based on
the neural response to forms and patterns of energy. In remembering,
traces of past experience are energized and they, like patterns of
sensory neural response, serve as the basis for the creation of qualities
of experience. While energy patterns from the external world bring
the organism information about present events, energized memory traces
provide it information about the past. Remembering may be considered
a process of sensing appropriate memory traces,

Given an organism that creates conscious qualities in response both
to patterns of sensory-neural discharge and to memory traces of past
experience, a major problem concerns the way in whichappropriate
traces are selected and energized. The amount of information
accessible to memory is incredibly large. The means by which
appropriate selection is made from this mass of information is perhaps
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the major problem in understanding the process of remembering.
Anyone who has ever struggled with problems of filing and retrieval in
an office or library must have wondered at the remarkable speed and
efficiency with which these functions are performed in human remem-
bering. How is the contact between particular conscious events and
relevant memory traces established?

The individual is probably never twice exposed to the same
conditions of stimulation., For example, in terms of the pattern of
energy striking the retina, a familiar person never looks the ''same"
twice, yet recognition takes place most often with remarkable ease.
Remembering is not tied to the particular sensory patterns that give
rise to it., Rather, the sensory patterns give rise to the creation in
consciousness of a model of some aspect of the environment, and it is
the model, which is largely independent of the original sensory patterns,
which is remembered. When a similar model is created in the future
(regardless of the stimulation giving rise to it) traces of the earlier
model are aroused. The basis of the arousal is qualitative similarity
between the percept (new model) and the traces of the past. Memory
traces are laid down and aroused by means of this qualitative similarity
principle. Certain Gestalt psychologists have suggested that trace
arousal is accomplished by a kind of resonance, implying perhaps a
characteristic frequency associated with qualities of experience that
arouses traces laid down at similar frequency in the past. This is an
intriguing speculation but hardly more at present.

Remembering frees conscious processes from present time, and
allows the model of the environment to incorporate temporal as well as
spatial relations. The simple relation of succession, ''event A is always
followed by event B' -would be forever beyond the grasp of the organism
which retained no trace of event A when event B occurred. Yet the
grasp of such simple temporal relations marks the beginning of the
understanding of the relation of cause and effect, and so of the control
of the environment.

There are many types or levels of remembering, from the simple
recognition of an object that is present to the senses to the recreation
in consciousness of remembered objects or events. The latter process,
which may be independent of present stimulation, is the most highly
evolved. It closely resembles the still more developed process which
we have labelled simply ''thinking''.
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6. Thinking

We cannot add up feeling, sensing anc remembering, and obtain
something that looks like human conscious processes. The most
characteristic feature of mental life is not included in these functions.
The distinguishing feature of human thought is that it is not bound to
either the experienced present or the remembered past, but is free of
both. The qualities of experience involved in perception and memory
are used in new combinations in thinking. The model of the world
which is created in consciousness may include the near or the remote
in time or space, the real or the imagined, the past, present, or
future. Man creates models, not just of objects, but of actual and
possible courses of happenings, of possible future states of the environ-
ment and the events necessary to bring them about.

The mental modelling process operates on a fast-time rather than
a real-time basis, in that events may be thought about much faster than
they occur. Events are schematized and compressed in consciousness,
with significant points and end results included but much of the remainder
omitted, The human operator in a control system may consider several
possible courses of action in less time than it takes to carry out one of
them.

B. Conscious Processes in Manual Control

The significance of the fully developed capacity to model real and
imagined environments in consciousness goes far beyond those factors
that are crucial for understanding manual control. The development
of symbols, objects of thought which represent things other than
themselves, is in itself one of the most significant chapters of human
development. Vicarious learning, i.e. learning via symbols or other
indirect experience is another. Manual control, involving as it does
an immediate relation between an individual and some variable in the
environment that is controlled by the individual, is concerned with
certain aspects of the thinking process and not with others. If thinking
is for our purposes defined as building in consciousness a dynamic
model of real and imagined events in the environment, then manual
control is especially concerned with these aspects of thinking:

1. Goal conception, i.e., predicting (envisioning) possible future

states of a controlled variable, (a) if nothing is done to affect it, and
(b) if certain of the available control actions are taken.
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2. Goal selection, i.e., planning the desired future state of a
controlled variable by choosing from the range of possibllities perceived.
This selection is made with reference to appropriate criteria for making
a choice,

3. Programming the hierarchical sequence of events in the environment
required to bring the desired state about, together with the control
actions required to initiate and carry forward this sequence.

4. Carrying out the programmed sequence.

These together comprise the activities of the human operator in a
manual control task. Discussion of the third and fourth is reserved
for the following chapter.

1. Prediction

It is commonplace in engineering literature to state that control
systems function so as to reduce the difference between their input
and output, i.e., the desired and actual values of the controlled variable,
This is not true of the human control process nor of man-operated
control systems. Because of the operator's ability to think, to
extrapolate forward in time, the manual control process is oriented
around the future. This can be stated as a basic characteristic of
manual control:

Manual control systems function to reduce the dif-

ference between what an operator wants to happen

to a controlled variable and what he thinks is going

to happen unless he institutes a change.

What the operator wants to happen refiects the operator's planning
of the desired future state, as discussed below, What the operator
thinks is going to happen represents the goal conception or prediction
process, the extrapolation into the future of the state of the controlled
variable in the operator's dynamic internal model of the environment.

Prediction thus plays a key role in the process of manual control.
The freedom of conscious processes from present time, the ability to
envision the future, forms a major part of manual control skill. Since
the operator controls a complex system by reducing the discrepancy
between what he wants the system output to be and what he predicts it
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will be if he institutes no change, his ability to predict is crucial to the
success of his control.

The primary difference between the experienced operator of a
complex control system and the novice is in the ability to predict.
When a novice is given displays that enable him to predict system
output accurately, he performs like a skilled operator without the need
for training. The principal reason for the long learning time needed
to train pilots, helmsmen, and other operators of difficult control
systems is the time it takes to learn to predict system performance
under various conditions. The ability to predict system performance
is in major respects the same as the ability to control the system.

The automatic controller operating only in real time and lacking
the capacity to predict is likely to require the correct adjustment of

multiple feedback signals to control a complex system. The combination

of these signals in the controller provides what is called the ''compen-
sation'' needed to bring about satisfactory control in the face of the
dynamic characteristics of the system. Some workers in the field of

manual control have applied the terms ""compensation'' (or '"equalization')

to control by the human operator. However, when the operator is in
a situation where he is able to predict system performance, he need
not "'compensate'' or ''equalize'!; the ability to predict makes these
unnecessary. By moving his control so that predicted system
performance corresponds to what is desired, the operator controls
without '"compensation'. Cnly when an operator is performing in a
situation in which prediction is not possible can the concept of
'"compensation' be applied with validity to manual control.

It is tempting to the control engineer to say that the ability to
predict makes it possible for the human operator to '""compensate''. He
can demonstrate mathematically that predictive information provides
the information for compensation that is required by the operator.

This is an inversion of what I believe to be the correct view. Control
began with man and was extended to automatic devices; we should not
explain away the basic characteristics of the control process in man by

the less basic concepts developed to describe automatic control processes.

The concept of prediction is more basic in control than the concept of

1Kelley. C. R. Developing and Testing the Effectiveness of the
'"Predictor Instrument', Office of Naval Research Technical Report
252-60-1. Stamford, Conn,: Dunlap and Associates, March 1960,
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compensation, which is appropriate for a device that does not predict.
I believe the proper viewpoint is that in a control device limited to
combining present time signals, i.e., unable to predict, the device
must compensate for dynamic characteristics of the system for stable
control to result. This compensation is a substitute for prediction,
rather than prediction being a form of compensation.

Predictions of more than one kind play a role in manual control.
Contirol action taken by the human operator is shaped by the difference
between the desired state of the controlled variable and that predicted
if no action is taken. Also involved is a prediction as to what will
happen if a particular action is taken, i.e., "if I take this action, then
I predict this will happen to the controlled variable'. Control thus
employs not only a prediction of the result of no control action but of
various possible control actions. In particular, the operator plans or
programs an action or sequence of actions in control based on a
prediction as to what the result will be.

The selection by the operator of the desired value of the controlled
variable, the operator's plan, is limited by the prediction process.
The operator plans system output by selecting from the possibilities he
perceives, that which he considers desirable. What he perceives as
possible depends on the prediction process. In continuous control,
what is possible may often be defined by what would happen if the
operator moved a control to either extreme of a range of operation.,
These extremes define the range of possible system outputs. The
operator selects his desired output or plans his course within what he
believes (predicts) the possible range is.

Figure IV-1 illustrates the role of the prediction process in steering
an automobile. The dotted line represents what the operator expects
would happen if he did not move the steering wheel. Because this
would bring him away from his desired course, he is instituting a
correction, which he predicts will bring him to the path centering on
the dashed line. The two diverging solid lines represent what he
expects would happen were he to turn full left or full right. They
define the limits within which he plans his path,

The dashed area represents the desired path within which the driver
wishes his car to remain while going around the curve, This is the
driver'splan. It is simple here, in the absence of traffic, but can
become complex. It is differences between the desired path and what
the operator predicts will occur if he institutes no change (dotted line)
that are together most useful to the driver in programming his response.
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. Prediction in steering an automobile.
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2. Planning (Goal Selection)

Planning in the control process is the conception of and choice
among possible future states. As such it is the central activity in
manual control. The ability to predict is a necessary condition for
planning, defining what future states are possible, and what must be
done to realize them. The process of planning is the charting of a
course within the limits of what is perceived as possible.

Planning may take place on each level of a hierarchical control
process. Consider the example of the previous chapter in which the
environmental variable X is controlled by means of Y which is controlled
by Z, Z being the variable directly affected by a control system. Ina
completely manual system the operator must plan not only the outer
loop variable X, but also the intervening inner loop variables Y and Z
by means of which X is controlled. There are thus levels of planning
(and levels of prediction) for each loop in the manual control process.

The output of the human operator, the bodily movements activating
the control process, also require a form of planning. This innermost
loop of the manual control system differs perhaps more in degree than
in kind from the longer range planning in the outer loops. Since it
does serve as the transition point between the conscious processes of
planning and the fundamental human output, bodily movement, it is
termed '"'response programming'' rather than ''planning'!, and is dealt
with in the following chapter.

Planning as here defined is focussed on the environment, and the
changes to be made in it. It is first and last a form of thinking, and
is the root of all control processes, manual and automatic. It
presupposes an awareness of the environment, a desire to change that
environment in particular ways, an ability to foresee possible changes
and their consequences, and the motivation to do what is required to
put a selected change into effect.

It is generally true that thought tends to become focussed on the
higher outer levels of control as a manual control process is learned.
This is only to say that as the control process becomes more practised,
the operator can devote more attention to long range goals, to ends
rather than means to those ends. Shorter range lower level inner
loop processes tend to become habitual. This rule is true only within
definite limits, however, It cannot be generalized that outer loop
activities are necessarily the primary focus of attention in highly
practised manual control activities. When the goal of the outer loop
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process has been chosen, it may govern inner loop processes without
remaining the focus of attention, for attention often must be directed
to the means for achieving the goal. Conscious processes are, in
fact, invariably concentrated on whatever levels of control at which
choices are being made, be these in inner or outer loops. When the
outer loop goal is fixed and is no longer to be chosen, attention can
move to the inner loops, where the route to reach the goal is to be
chosen. When inner loop activity,in the form of highly practised
movements of a skilled ope<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>