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Preface

The research on equipment design reported in the present volume
was carried out by the psychology staff of the Aero Medical Labora-
tory, Engincering Division, at Wright Ficld during the past year,
and by members of the stoff of the Department of Psychology, AAF
School of Aviation Medicine during the past three years.

Chapters have been written by the individuals who carried out
the investigations reported therein, Many aspects of the research
program, however, cannot be credited to any one individual. Re-
search plans, in particular, usually have been formulated through
the joint efforts of many individuals,

The Psychology Branch at Wright Field owes its existence in
large measure to the support of Col. W, R. Lovelace, who was at
Wright Field, and to Cols. L. E. Griflis and J. C. Flanagan, who wers
in the Office of the Air Surgeon, ITeadquarters, Army Air Forces,
when the branch was activated. After his assignment as Chief of
the Research Division in the Air Surgeon’s Office, Col. Otis O. Benson
gave strong support to psychological research on equipment problems,

The research carried on in the Aero Medical Laboratory, and the
preparation of the present volume, have been made possible by the
support and guidance of Cols. W. R. Lovelace, L. E. Griffis, and E. J.
Kendricks, each of whom has served as Chief of the Laboratory.
Lt. Col. A. P. Gagge and Dr. J. W. Heim have been of invaluable
assistance in initiating and carrying out research,

Many individuals within the AAF Aviation Psychology Program
have contributed to the research on equipment design. Among these
aro Col. A. W. Melton and other psychologists at the School of
Aviation Medicine who initiated equipment research in the AAF.
Credit is due particularly to those men who transferred to Wright
Field after other research units were closed at the end of the war,
bringing with them a rich background of experience in human
problems of aircrew selection and training.

Several individuals outside of the AAF contributed directly to the
research reported in this volume. Prof. I, C. Bartlett of Cambridge
University discussed equipment-design research with the editor on
numerous occasions during the summer of 1945, and permitted study
of rescarch equipment and research techniques in his laboratory. Drs,
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W. F. Hunter and C. . Bray, and other psychologists who worked
on equipment problems for the Applied Psychology Panel of N. D.
R. C,, did much to convince the AAF of the importance of psychologi-
cal research on equipment. Lt. Col. R. V. Gurrett and Maj. Richard
Crane, both long-time advocates of standardization and simplification
of the pilot cockpit, gave much encouragement to psychological study
of aviation equipment. Dr. E. F. DuBois of the Committee on Avia-
tion Medicine, and Mr. D. K. Morrison, who was in charge of one of
the Commitice’s flight safety projects, stimulated a great deal of
interest in the reduction of pilot error through functional cockpit
design,

Rgognition is due also to the Anthropology Unit of the Aere
Medical Laboratory, which, through its excellent work on human
body-size requirements, won wide acceptancs of the fact that human
considerations are important in airplane design and paved the way
for the cordial reception that has been accorded other research workers
in this feld.

Miss Patricia Wall has supervised the typing of the report, Miss
Mary Cowles has been in charge of the art work, Miss Sally Bed-
worth has prepared most of index, and Mrs. K. D. Young has proof-
read the manuscript. Dr. Glen Finch has read and criticized the
report.  Dr. W. F. Grether has been of constant assistance in planning
the research carried out by the Psychology Branch during the past
year and in preparing this report. This assistance is gratefully
acknowledged. ;
Wright Field, 1 October 1948, PaorL M, Frrrs
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CHAPTER ONE

Introduction to Psychological

Research on Equipment Design
Pave, M. Frrns |

ENGINEERING PSYCHOLOGY AS A FIELD OF RESEARCH

‘The purpose of psychological research on equipment design, or
engineering psychology as it may be called, is to collect data on
the psychological capacitics and limitations of individuals and to
apply these data to engineering design problems to the end that the
equipment which is finally produced will be adapted to the require-
ments of the man who is to use it. "This is a relatively new ficld of
psychological research. In the past mest engincering efiort has been
devoted to improving equipment from the point of view of mechanical
efficiency. Engineers have been aware of the desirability of design.
ing equipment to meet the requirements of the human operator, but in
most cases have lacked the scientific data necessary for nccomplishing
this aim. Psychologists, on the other hand, have centered their atten-
tion on the study of techniques for selecting and training men to use
existing equipment ruther than on the investigation of equipment
design preblems.

Experiences of AAF pilots furnish many striking examples of
the need for designing equipment in relation to the psychological
characteristics of the user. The following description by a pilot of
the problems of making an instrument landing approach is an
example in point: “Before you hit the cone of silence everything is
strictly routine. Afterwards things really start popping. You
start putting the landing gear down, changing prop pitch, dropping
your flaps, making radio calls, and at the same time the most difficult
thing is to fly the beam. You only have a few seconds from the cone
of silence to the field, and you want to stay right on tho beam. If
you have a good copilot and you train him properly the two of you
can handle it all.  You only have to be a chauffeur and drive it down
the beam. Nine times out of ten, though, you get your wheels and
flaps down all right but wind up off the beam.” This account is one
of a series of recordings obtained during interviews with AAF pilots.




The following descriptiun, obtained in the same manner, illustrates
further the need for simplifying the pilot’s equipment. “Reaching
back from all the flying experiences that 've had, I find that flying

formation under combat conditions in instrument weather was really -

the most difficult. Not only was there mental strain and uncertainty
because you didn’t know whether you were going to get through to
the target, but you didn’t know whether thers were other ships ahead
of yeu, and you didn’t know where the rest of the group or the rest
of the wing was. You just knew where that ship on your wing was
and that was all. And you knew positively that you were much
safer to stay with him than to break away from him under any con-
dition. You were determined before you got in the weather that
you were going to stay right there, but when you did get in the over-
cast you would start experiencing all sorts of sensations due to the
fact that you couldn’t watch your instruments long enough to con-
vince yourself you weren’t doing acrobatics, that he wasn’t in a steep
turn, that you weren’t losing altitude, and so forth. X found that
it was a mental and physical strain all the time and it took a Iot more
out of me to fly a mission in which I went through even a few minutes
of instrument flying in formation than it did to fly a much longer
one under normal conditions.”

Results achieved in the space of a few years by psychologists who
have worked in the field of engineering psychology, and the growing
demand on the part of engineers for the type of information which
can be obtained only through psychological research, indicate the
scope and importance of this field of specialization in psychology.
Sufficient actual research has already been accomplished to show
that improveinents in operator efficiency which can be obtained from
minor design changes frequently turn out to be much greater than
improvements which can be obtained through months of intensive
training or through careful screening of operators on the basis of
aptitude. In other words, variations in operator efficiency resulting
from design changes in equipment sometimes are far more important
than variations in cfficiency which are due to the aptitude or the level
of training of operatovs. Almost sll types of equipment, whether for
military or civilian use, for business or recreation, can be improved
through the application of psychological research techniques to prob-
lems of adapting the equipment to the user. However, psychological
research on equipment design is especially important as regards those
items of equipment that are difficult or dangerous to use, that can
be operated only by carefully selected and trained men, or that place
a premium on the final degree of proficiency attained by the operator.
Relation of Engincering Psychology to Other Ficlds of Psychology

Most research on equipment design belongs to the field of experi-
mental psychology. The study of perceptual and motor-abilities prob-
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lems demands the application of research methods that date back to
carly psychophysical experimentation in psychology. Problems in
enginecring psychology also involve the psychology of learning, of
individual differences, and of the total reacting organism.

Research on equipment design overlaps to some extent the ficld of
industrial psychology. The latter has in the past been concerned with
such applied problems as the selection, training, and upgrading of
workers for particular jobs, and with problems of efficiency which
are defined by machinery now in use, Few industrial psycholegists,
however, have attempted to improve the basic machines and working
tools used in industry.

Engineering psychology employs many reseapch techniques used
for personnel selection and training, especial procedures for mvasur-
ing the aptitudes and abilities required for differént jobs, and for
studying the effectiveness of training methods. The same criteria of
proficiency used in selection and training studies often can be used
in equipment-design studies, In addition, personnel research often
reveals characteristics of design which make it difficult for an indi-
vidual to operate an item of equipment effectively, and thus identifies
those aspects of the equipment that should be modified,

The principal diflerence between engineering psychology and other
special fields of psychology is in point of view and final objectives,
In most ficlds of applied psychology, and clinical psychology in par-
ticular, the interest is in changing the individual or in placing the
individual in an environment or in a work situation where he can
adapt successfully. Engincering psychology is concerned with adapt-
ing one important aspect of the environment, the machines of a tech-
nological society, to man’s own requirements. Broadly conceived, the
fechiniques of engincering psychology can be applied to many aspects
of our present-day industrial eivilization for the purpose of improv-
ing them in terms of human requirements.

PLACE OF PSYCHOLOGY IN THE ENGINEERING DEVELOPMENT
PROGRAM OF THE AAF

Interest in psychological problems of equipment design developed
rapidly during the recent war. The intense effort to produce new
weapons, the race against time in industrial production, and the magni-
tude of the program required to train men to operate thess new
machines resulted inevitably in many instances in which the final man.
machine combination failed to function effectively.

The carliest large-scale studies of equipment-design problems wero
made by the Applied Psychology Unit at Cambridge University, Eng-
land. Thisunit,early in the war, began work on problems in the design

3




of aviation and of armored-force equipment (1, 2).! Near the end
of the war, the German Air Force also was beginning to conduct psy-
chological research on equipment-design problems (3).

In the United States psychologists working for the National Defenss
Research Comnnittee carried on some research on equipment-design
problems during the war. The NDRC Applied Psychology Panel
initially devoted most of its efforts to selection and training problems,
but later gave much attention to problems of equipment design, espe-
cially the design of fire-control equipment (8). Division 7 of NDRC
also worked on psychological problems in equipment design (5).

Aviation psychologists in the United States Nuvy and in the Army
Air Forces became interested in equipment-design problems chiefly
as un outgrowth of their work on selection and training of aircrew. In
1943 Dr. William McGehee, who had been working on pilot-training
problems at the Naval Instrument Flying School in Atlanta, carried
out an experimental study to determine the effect on flying proficiency
of different arrangements of flight instruments (8). Ataboutthesame
timo the Department of Psychology of the AAF School of Aviation
Medicine, with approval from Headquarters, AAF, initiated & series
of studies on equipment-design problems. Much of the equipment re-
search at this unit was carried out by Dr. Roger B. Loucks (see ch, 8),
and by Dr. Joseph Weitz (sce ch. 13). Dr. Arthur W. Melton, the
Director, and other members of the Department of Psychology staff
collaborated in planning the studies,

A number of other agencies, both civilian and military, have been
active in equipment-design research during the past few years. These
agencies include the Special Devices Division of the United States
Navy, the Naval Medical Research Institute, and the Committes on
Aviation Medicine of the National Research Council. Special men-
tion nlso shoulil be made of the work of Dr, S. S. Stevens and associates
at the Iarvard Psycho-Acoustic Laboratory (7).

On 29 May 1915, the Headquarters of the Army Air Forces issued a
direetive to th2 Air Matériel Command at Wright Field pointing out
the need for establishment of a psychological-research facility at
Wright Field to study equipment-design problems. As a result of
this directive there was activated on 1.J uly 1945 a Psychology Branch
of the Aero Medical Laboratory, This was the last unit within the
AAF Aviation Psychology Fiogram to be established during the
war. The Psychology Branch is now part of the peacetime AAF
Aviation Psychology Program and is the unit responsible for all
aspects of engincering psychology for the Army Air Forces. A list
of personnel assigned to the branch during its first year of opera-
tion is given in Appendix A of this report,

$ Throughout this report, boldface numbders In parentheses are used to refer to the num.
bered references listed at the end of the chapter,
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Organization of Psychological Facilities in the Alr Matérie! Command

‘The official mission of the Psychology Branch of the Aero Medical
Laboratory is to conduct “psychological research to determine tha
capacities of individuals to operate new types of equipment 23 an aid
in tho designing of such equipment to the end that the final project
will be best adapted to the man who must use it.” This responsibility
extends to contracts for psychological research on equipment design
problems carried on outside of the command. Research in the Psy-
chology Branch is conducted by 2 stafl of professional psycholegists
assisted by psychological technicians, apparatus technicians, and stat-
istical and clerical personnel. Thestaff is composed chiefly of civilians.
A few rated flying personnel and a few enlisted men also are assigned
to the staff. The predominance of civilian over military personnel is
in keeping with the general organization of Wright Field, which in
peacetime provides for a stafl composed primarily of civilian engincers
and research workers.

The Aero Medical Laboratory, of which the Psychology Branch
is a part, is one of 15 laboratories making up the Engincering Divi-
sion of the Air Matériel Command. The Aero Medical Laboratory
was initially established in 1935. It is responsible for many aspocts
of human requirements in relation to equipment. Physiologists, bio-
physicists, anthropologists, biologists, physicians, nutrition experts,
physicists, psychologists, and engincers in the several branches of
the laboratory work on a coordinated program of biological research.

The Engineering Division in turn is responsible for development
of all types of equipment peculiar to the needs of the Army Air Forces,
This includes responsibility for development of new sirplanes and
equipment employed in aircraft or used in communicating with air-
craft. The division is nlso responsibie for development of special
training equipment used by the AAF. The primary mission of the
Engneering Division is equipment development. During peacetime,
however, substantial emphasis is given to basic research.

It will be scen that engineering psychology in the Army Air Forces
is centralized in the command that is responsible for all engineering
development, and in the laboratory that houses the biological sciences.
The Psychology Branch is also a part of the AAF Aviation Psychol.
ogy program which is directed through a chief psychologist in the
Office of the Air Surgeon in Headquarters, Army Air Forces.

The advantages of the present location of the Psychology Branch
are numerous. The present centralized organization permits a de-
sirable amount of specialization. Psychologists ean work on prob-
lems that are common to many different types of equipment. For
example, an individual can specinlize in perceptual problems, in
motor abilities problems, in fatigue problems, or in some other field
of primary interest. A centralized organization prevemts duplication
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of effort and lends itself to maximum utilization of limited research
personnel through a juintly planned research program. Other ad-
vantages include close contact with engineers and with the labora-
torics that are working on all new engineering developments. It is
also of advantage to be associated with other biological scientists
and to be able to engage in cooperative research on problems that
overlap several specialized fields.

Activitics and Responsibilities of the Psychology Branch

Activities of the Psychology Branch fall into four areas: (1) re-
search nctivities; (2) coordination of university research projects;
(3) consultation with scientists and engincers from other Wright Field
Inboratories; and (4) liaison with outside agencies. Of these areas,
research is considered most important and receives most attention.
The research program in turn is concerned with problems of three
levels of generality: practical problems that are specific to one or a
few items of equipment ; basic problems that are of importance for the
design of many different items; and broad theoretical problems. In
general, specific practical problems are not investigated unless the
problem is of sufficient importance to justify the effort. The majority
of research projects are designed to obtain answers to basic questions
that are common to many engineering design problems. In the leng
run it is much more efficient to emphasize this type of research. A
certain amount of time also is devoted to research that is of general
theoretical interest and to the study of methodological problems. Re-
gardless of the level of the problem, however, every effort i5 made to
design experiments in such a way that findings will be of as wide
applieation as possible,

Another activity of the Psychology Branch is consultation with en-
gineers and scientists from other laboratories and from industry. Con-
sultation scrvices may involve interpretation of available information
or giving of professional advice on design problems requiring an
immediate answer. Staff members also participate in mock-up studies.

* Many questions that arise in connection with the planning of crew
positions and layout of equipment and working space for these mock-
ups aro psycholegical in nature and can be answered on the basis
of well-established psychological principles.

A further responsibility of the Psychology Branch is the coordina-
tion of research which is carred out by universities under contract
with the Air Matériel Command. After a general problem has been
assigned, it is the policy to allow universities a great amount of free-
dom in designing experiments and in carrying out research. How-
ever, the Psychology Branch offers assistance in defining problems and
in supplying information regarding new engincering developments
to be encountered in future aircraft. The branch also is responsible
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for maintaining laison with other military and civilian organizations
engaged in the psychological study of equipment-design problems as
well as with the aircraft and equipment industry.

RESEARCH AREAS

Problems of equipment-design research can be classified in terms
of types of equipment involved or in terms of the nature of the psycho-
logical questions which must be answered. Classification in terms of
psychological problems is considered to be more meaningful. When
this basis is used, problems fall logically into five areas: (1) design
of display systems in relation to human perceptual abilities; (2)
design of control systems in relation to human motor abilities; (3)
determination of human limits in operating equipment; (1) study of
the user’s acceptance of his equipment; and (5) problems involving
the design of complex systems of equipment. It is obvious that these
various arcas overlap to a considerable extent. The first two are
treated in detail in the two following chapters.

Display Problems ) :

The design of a display system involves the problem of presenting
through instruments, necessary information that otherwise could
not be perceived. Design of devices for providing this information
is in many respects a psychological problem, invoiving sclection of
the sense modality to be utilized, selection of the specific cucs to be
provided the operator, and choice of & method of indication. The
design of aircraft instruments, of radar scopes, of communication
systems, and of warning devices are problems in this area,

An important equipment-design problem is the design of flight
instruments that can be read quickly, yet accurately. The following
account illustrates this particular problem: “An instructor had his
ship and five cadets in AT-0’s at 18,000 feet, Ho gave directions to
break up the formation and descend to 10,000 feet, then practice three-
turn spins and return to the field. This eadet didn’t follow instrue-
tions. Ho started his spin at 18,000 feet, thinking ho would practice
a spin on the way down and break it at 10,000, Of course, spins don’t
break as fast at that altitude. The cadet thought the ship wasn't com-
ing out of the spin. He had been instructed to bail out of a spinning
ship when it got down to 3,000 feet, so he looked at his altimeter.
It read 13,000 but he thought it read 3,000, so he bailed out. It took
him a long time to get down to old mother earth., We lost one AT-0
on that deal.” An account of another pilot’s experience which did not
turn out as well illustrates a similar dificulty with the same instru-
ment: “A buddy of mine was flying at 1,500 feet. e looked up and
there was a bunch of trees in front of him. The funny thing was,
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after it was all over and the plane had crashed, he felt and saw that his
bones were all OK and said, ‘Well, I guess I must have hit a tree’
What had happened was that he had misread his aitimeter. He was
actually flying at an indicated altitude of 500 feet, which was just
the altitude of the terrain at that point,”

Control Problems

Many different types of controls can be used with most machines.
Problems for psychologieal research in this area include investigations
to discover which design variables have an important influence on the
effectiveness with which an operator can use a control. Psychologists
also should determine the quantitative relationship between each im-
portant design variable and the effectiveness of over-all use, so that
controls can be built especially for the kind of control operation re-
quired. Basic to the study of problems in this field is the study of
human motor abilities,

Accounts of flight experiences frequently contain deseriptions of
mistakes in the use of controls which might have been prevented by
better control design. The following experience of an AAF pilot
is an example: “The mistake of which I am speaking was made on the
way from Gander Lake, Newfoundland, to Marrakech, North Africa.
Cur B-29’s were on their way over. We had been out from Gander
Lake about 2 hours when we encountered fuel-pressure trouble in
number-one engine. The gage was reading about 4 pounds per square
inch and the motor was backfiring. I told the engineer to try to clear
it out and bring the pressure up. In trying to do so in a hurry, he
pulled off number-four engine, the wrong one. For a while we sat up
thera with just two engines while he was trying to get number four
started again, Eventually we had to feather number one and go on
into Marrakech on three engines. I believe that the reason why our
engineer, whe was a green man, made this mistake was because the
engincer on the B-29 faces aft. In an emergency he got excited and
pulled the engine control which, if he had been facing forward, would
have been the number-one control.”*

Study of Hun:an Limitations

In the design of many items the question of the limits of human
ability in operation of the equipment is of special importance. Re-
gardless of how well an iteni of equipment is designed in relation to
the human requirements of the operator, there are always finite limits
to the speed and accuracy with which the operator can use it. Such
limitations must be studied and defined in order to predict whether it
will be possible for individuals to use proposed new items of equip-

. ?For an Individunl facing forward In an alrcraft the engines are numbered from left to

right. Iowerver, since the cngincer, in this case, was riding backwards, the number-cne
engine actually was on hils right, The controls, however, were arranged with the number-
one control to his l¢ft and number four control 70 his right.
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ment. ‘The determination of human limitations is especially impor-
tant in relation to the prevention of accidents. In order to bo certain
that equipment can be operated safely it is necessary to know not only
the average performance of individuals who use it, but also what the
extreme range of human variability in its operation will be.

Acceptability of Equipment

Studies of the acceptability of equipment invelve such problems as
pilot comfort, the confidence of the operator in his equipment, and the
amount of pride and satisfaction involved in its use. Many cases are
known of operators whe have refused to use an item of equipment
such as a crash helmet, a pair of goggles, or o new instrument because
they did not like it, in spite of the fact that it was satisfactory from
every other point of view.

It is important that the user have confidence in equipment, such as
his blind-flying instruments, that is used during critical periods.
Pride in his flying clothing, parachute, and other personal equipment
is also desirable.

Comfort is a special problem in this field. Apart from any possible
causal relationship between subjective feelings of discomfort and loss
of efficiency, it is desirable that comfort be considered in its own right.
Problems of comfort include the design of seats (to which anthropol-
ogy has made a special contribution}, the provision of adequate work-
ing space, of adequate lighting, of protection from undue noise and
vibration, and the relief of monotony and boredom.

Equipment Systems Problems

Problems for study in this field include questions of the arrange-
ment of controls and displays for motion and time cconomy in sequen-
tial use, and the arrangement of complex systems of equipment for
efficient over-all operation. A special problem concerns the integra-
tion of systems of equipment to be used simultancously or consecutively
by a number of different operators.

Arrangement of equipment in the pilot cockpit recently has received
much attention. In the past, equipnent often has been located in the
cockpit without particular regard to the over-all problems of pilot
efficiency. Placement of the pilot seat and location and arrangement
of the numerous instruinents and controls in the cockpit so that the
pilot can seo out of the airplane, check his instruments, and operate
controls without getting out of his seat, is a difficult problem. Because
of their complexity, the study of these and other systems-engineering
problems requires the use of special research methods and techniques.

Other equipment systems of importance, especially in new types
of aircraft, are those used by the navigator, the radar operator, the
bombardier, the gunner, and the radio operator, Development of
remote-control systems for guiding airplanes and missiles from a dis-
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tance is another systems-engineering problem which deserves psycho-
logical study.

The communication system between different members of an air-
crew and hetween the ground and the airplane also presents many
psychological problems. A combination of voice communication and
radar equipment is coming into use for controlling airplanes from the
ground. Control of aircraft traffic around an airport and control of
aircraft from the ground during blind landings involves communica-
tion botween the pilot, the ground controller, and often a number of
special radar operators, This complicated system involves many
psychological links and human reaction times. The entire system, as
well as its components, presents a problem worthy of considerable
psychological study.

Relation Between the Various Research Areas

The first two areas discussed above, display and control problems,
lend themselves readily te experimental designs in which one variable
at o time is studied or covariation of a few factors is allowed. The
study of human limitations is in some respects a special case of the
first two areas. Study of the acceptability of equipment to the user is
clearly distinct from the first three areas in that the emphasis is upon
a subjective rather than an objective criterion. The last area, that
of systems problems, differs from the others chiefly as regards the
complexity of the variables being studied. Systems-design problems
do not lend themselves to systematic experimental evaluation of each
variable in the system. In comparing different systems it is possible
to arrive at an over-all quantitative determination of the efficiency of
any two systems; however, the identification of the specific factors re-
sponsible for the superiority of one system over the other or the iden-
tification of features which, if modified, would lead to over-all im-
provement, requires the use of techniques such as those employed in
motion and time analysis. In general, it is believed that the first two
areas uroe the most important at this stage and should receive major
attention.

METIHODS AND TECHNIQUES

In the applicaticn of psycholozical research to problems in a new
ficld, such as equipment design, it is to be expected that many prob-
lems of methodology will be ercountered. Much of the work of the
Psychology Branch during its first year of operation has involved
consideration of techniques suitable for use in equipment-design re-
search.  Most of the following discussion concerns problems of
methodology rather than the answers to these problems.

Methods for Clarifying Psychological Problems in Equipment Design

Initiation of a program of research requires consideration of prob-
lems to be studied and an evaluation of their relative importance.
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The implications of different problems, the likelihood of obtaining
psychological findings of wide application, and the techniques suitable
for use in studying problems are factors to be considered.

Six different techniques have been employed in exploring equip-
ment-design problems to the extent necessary to clarify the psychologi-
cal questions involved. These techniques are the following: (1) an-
alysis of experiences and opinions of operators who have used the
equipment; (2) observation of operator behiavior; (3) participation
by psychologists in the use of equipment; (4) analysis of available
records; (5) analysis of the opinions of engineers; and (8) review
of reports of reluted research findings. Often several of these pro-
cedures are used. Each of these techniques will be discussed briefly.

1. Useful information often can be obtained from individuals who
have been using existing types of equipment. Descripticns of per-
sonal experiences in operating equipment are valuable, An investi-
gation is now under way, for example, in which a serics of 100 pilots
is being interviewed and descriptions obtained of specific expericnces
in taking off, flying on instruments, landing, using controls, and using
instruments. These accounts of specific experiences are relatively free
from most of the biases that influence statements of opinions. Fol-
lowing the collection and analysis of descriptions of concrete experi-
ences, it is often worth while to investigate certain questions in greater
detail through the use of questionnaires or other techniques for obtain-
ing responses from large numbers of individuals,

2. Reports are sometimes received that operators are experiencing
difficulty in using an item of equipment or in carrying out & particular
operation. Often the exact cause of the difficulty is not known. In
this case it may be desirable to observe or to obtain records of be-
havior on the job. In such preliminary observation no attempt is
made to control the conditions of work or to introduce experimental
variations in procedure.

3. A somewhat similar technique is involved when a trained psychol-
ogist learns to operate an item of equipment in order to become
familiar with its use, and to observe his own difficulties as an operator.

4. In some cases records of difliculties or errors in the use of equip-
ment are available and can be studied by the rescarch worker. Acci-
dent reports are an example of records of this sort. An analysis of
navigator logs by the Psychological Research Project (Navigator)
served as a stimulus for the study of psychological factors in the design
of air navigation plotters which is reported in chapter 5 of this
volume,

5. Another valuable source of information in clarifying psychologi-
cal aspects of equipment-design problems is the opinion of engineers,
This source is particularly valuable in the case of items of equipment,
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such as new-1ype radar sets, which have never been placed in opera-
tional use.

6. .\ review of the psychological literature sometimes resuits in the
location of information of value in planning research on a new prob-
lem. In general, however, it has been found that little of the research
reported in the literature gives pertinent answers to the questions asked
by engincers,

Planning Experimental Procedures

Having clarified the question at hand, the next step is the selection
of suitable experimental procedures for studying the problem. This
requires decisions regarding (1) the level of behavior to be studied,
(2) the conditions under which research is to be carried on, and (3)
the experimental design to be employed.

Level of behavior studied—A distinction can be made between
different levels of behavier in terms of the degree of complexity of the
response required of the individual and the complexity of the total
situation employed by the experimenter. The lowest level of behavior
which lends itself to equipment studies is that in which the experi-
menter is concerned primarily with perceptual or motor processes of
the individual. Sensory or motor tasks often can be made quite
specific and one variable studied at a time. The next higher level
of behavior which lends itself to equipment design studies is that in
which the individual is required to carry on some simple perceptual-
motor activity. The study reported in chapter 17 of this report
involving the use of a simple pursuit task furnishes an example of
research at the sccond level of complexity. At a still more complex
level it is possible to simulate in the laboratory the characteristics
of the tutal job situation, Studies such as the one employing the Link
Instrumert Ground Trainer, reported in chapter 8 of this report, or
the study involving simulation of the task of an aerial gunner, re-
ported in chapter 18, are examples of research studies carried on at
this level. The simulated job is a useful experimental situation pro-
vided the task can be standardized and suitable scoring devices de-
veloped. The final and most complex level of behavior that can be
selected for study is the performance of actual tasks, for example,
the study of pilot reactions in the air. Research conducted in the air
is admittedly both difficult and expensive, However, it appears desir-
able at times to verify laboratory findings in the air. In general it is
believed that flight testing should be employed as a final step after
the completion of as much werk as can be dono cfficiently in the
laboratory.

Conditions of rescarch.—Choice of the level of behavior to be studied
often determines also the conditions under which research should be
conducted. Experiniental studies of equipment design can be carried
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on in & laboratory, in a specially equipped aircraft, or at a station
where training or routine flying i3 in progress. The majority of the
work of the Psychology Branch has been and will continue to be done
in the laboratory. Flight testing is carried out on s limited scale.
Field studies usually are limited to the collection of data needed
to clarify psychological questions inyvolved in equipment design.
Occasionally, in addition, it is planned to utilize routine training
activities or flight operations as a means of collecting data.,

Number of subjects—Equipment usually is designed for the average
individual. From this point of view, therefore, it is important to
obtain as representative o population as possible and thus to maximize
the number of subjects. However, economy in the collection of data
usually makes it desirable to secure considerable data on the same
individual, once he has been scheduled for testing. In practice,
experimental designs should call for a suficient number of represen-
tative subjects to provide an adequats sample of the population and
sufficient measures on each individual to provide the required amount
of data. .

In equipment-design studies individual subjects frequently can be
used as their own controls.  Where this is permissible it is much more
efficient to use the same individuals under experimental and control
conditions than to use different individuals.

Chotce of experimental design.—In many equipment-design prob-
lems a large number of experimental variables can be thought of
which it might be important to stady. Tho use of experimental de-
signs which make maximum use of small samples frequently is indi-
cated as an initial step in selecting from this large number of variables
those which are most important in determining operator efficiency.
The variables selected in this manner then can be studied systemati-
cally with larger numbers of cases in order to work out more exact
quantitative relationships between each variable and the criterion.
The study of any selected group of variables demands also that the
interaction between variables be investigated. Frequently it is de-
sirable to determine which variables are subject to interaction effects
and then to adopt an experimental design which permits systematic
control or study of these interactions.

Choice of Appropriate Criteria

The problem of the criterion has been recognized in many fields
of psychology. The choice of suitable criteria is an important step
in planning equipment-design studies. The obvious criterion is pro-
ficiency in using the equipment in question. Choice of a criterion
of proficiency, however, revolves around the purpose for which the
equipment is used. In some cases, for example, speed of operation
may be of major importance. In other cases precision or accuracy
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may be more important than speed. Special items of equipment
place a premium on still other response characteristics of the oper-
ator. Lead-computing gun sights, for example, often require great
smoothness of operation since irregularities in the rates of motion
imparted to the sight are amplified by the computer.

In investigations where the acceptability of equipment is the chief
interest special criteria are indicated. Since acceptability often is
defined in terms of the subjective feelings of the individuals who are
to use the equipment, techniques must be employed for measuring at-
titudes such as confidence in the equipment,

A criterion of considerable importance is the amount of learning
time required to reach a satisfactory level of proficiency in equipment
operation. Apart from the probable relationship between rate of
learning and final level of proficiency, the amount of training required
on a new item of equipment is an important practical consideration.
For example, the design of a parachute opening device, or the opera-
tion of a fire-extinguisher button in the cockpit should, if possible, be so
simple that the operator will be able to use it instantly after long
periods of no practice. Economy in training also is important. For
example, an over-all reduction in the amount of time required to learn
to fly safely would be highly desirable, not only for the training of
military personnel but for the training of civilian flyers.

Often it may be desirable to utilize several criteria. It is common
practice, for example, to obtain both speed and error scores. Often
research apparatus can be designed to provide simultaneously several
different scores. If possible, criteria should be chosen that are subject
to precise objective measurement and to the recording of quantitative
total scores. In the final analysis, choice of criteria involves an evalu-
ative judgment by the experimenter,

Development of Rescarch Equipment

During the first year of its existence at Wright Field the Psychology
Branch has directed a major portion of its work to the design and
development of suitable research equipment Some problems have
been studied without special equipment or with simple apparatus that
was available,

Perhaps the most economical research medium is the printed test.
The rescarch projects reported in chapters 4, 6, and 11 of this volume
employed printed testing materials, This technique is particularly
well adapted to the study of perceptual problems,

The assembly or development of equipment for laboratory studies
of perceptunl and motor capacities is a relatively straightforward

¥ A number of {ndividuals have contributed significantly to the development of research
equipment uscd In the research atudies reported in this volume. Speclal credit Is due to

J. Dakalas, J. F, Boory, J. R. Brick, M. M. Ducody, H. Muechlhaurer, R. J. Roettele, and
R. B, Smith,
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roblem. In many cases existing equipment or modifications of stand.
ard laboratory equipment can be used. Tests employed in the AAF
aircrew selection program, for example, have been used in studying
control problems,

The development of apparatus for simulating activities of a high
level of complexity, such as instrument flying, however, presents a
difficult problem. Many training devices, such as those for simulating
on the ground performance of blind flying instruments and radar
equipment, are already available. Few existing training devices, how-
ever, can be used in psychological research without considerable modi-
fication. DMost synthetic trainers have no provision for quantitative
scoring, and little attention has been given to the requirement of day
to day stability.

It has been necessary, in several cases, to contract for the develop-
ment and manufacturs of special research equipment by outside en-
gineering firms. Plans for the coming year call for the delivery of
equipment for simulating instrument flying problems, and for measur-
ing pilot behavior and aircraft performance in an air-borne laboratory.

Selection of Subjects

It is not possible at the present time to estimate accurately the extent
to which research findings in the field of engineering psychology may
be influenced by characteristics of the population from which the data
are secured. The general aptitude level of the population employed
us experimental subjects is probably an important factor. Pilots and
other aircrew members are very highly selected as regards coordina-
tion, perceptual ability, mechanical aptitude, and similar character-
istics that are important in learning to fly. It has been considered de-
sirable for this reason to use only aircrew members or individuals of
similar levels of aptitude as subjects in studies of aviation equipment.

Age, height, weight, visual acuity, and auditory acuity are other
factors that may be of importance in selecting subjects. In all of
these characteristics aircrew members represent & more homogencous
group than the general population. Thus far it has not been feasible
to investigate the importance of each of these variables in a system-
atic manner, but such studies are planned.

Another question is the desirability of using trained subjects or
of using inexperienced subjects. Where new equipment is to be
used by individuals who have already had a large amount of special-
ized training with similar equipment, it is considered desirable to-
use as research subjects individuals with a similar level of training,
Inother instances it has been considered advisable to use inexperienced
subjects. In studies such as the one reported in chapter 5 of this
volume, in which the design of air navigation plotters was studied,
high-school mathematics students were employed becuuse it was con-
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sidered advisable to use us subjects individuals with no previous
specialized navigation training. An alternative procedurg would
have been to give a group of experienced navigators a consxflerable
amount of practice in the use of the new plotters before ma.kmg the
experimental comparisons. In many cases it will be desq‘able to
uso both experienced and inexperienced individuals as subjects, in
order to evaluate the design requirements of both groups.

RESEARCH OBJECTIVES

The objectives of research on equipment design can b‘e sumn}arized
as follows: (1) identification of those variables in dgs;gn which are
most important in determining the ability of individuals ‘to use
equipment; (2) determination of quantitative functions deﬁmx}g the
relationships between these design variables and operator efficiency;
and (3) application of these findings to engineering design problems,

Much careful research will be required in order to achieve the first -

two of these objectives. However, it is believed that the responsi-
bilities of the research worker do not end with the completion of his
research and writing of a research report. He has a further re-
sponsibility to see that his findings are reported in such a way that
they can be used by the engincer, and that correct applications are
made,

Identification of Significant Design Variables .

As stated in the section on methodology, the psychological research
worker first is confronted with the problem of clarifying the psycho-
logical problems involved in equipment design and in determining
which design variables are important from the human point of view.
The identification of these variables is the first objective of research.
Characteristics of design that are of no particular importance to the
human operator can be decided entirely upon the basis of engineer-
ing considerations. Variables that are found to be important for
the humun operator should be studied systematically so that when

equipment is designed the pertinent data on human requirements
will be availabla,

Defining the Relationships Between Specific Design Variables and Operator
Effectiveness

Experimental psychologists will agree that much of the research in
psychology has been concerned with establishing qualitative differ-

“ences.  The most commonly used statistics in psychological research

aro those employed in testing the null hypothesis. In the field of
equipment design, however, it is usually not sufficient to be able to
sty that one design is preferable to another or that a statistically
significant difference exists between two alternative designs. Most
engincering problems require the expression of psychological find-
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ing in quantitative terms and the determination of functional rele-
tionships over a wide range of conditions. For example, it is not
enough to know that the legibility of instrument dials is influenced
by the size of the dial; it is necessary to kunow how accurately dialy
of various sizes can be read and to express quantitatively the speed
and accuracy of reading for a continuous range of dial sizes, The
engineer may want to know how small a particular dinl can be made
and 2 man still be able to discriminate a given number of differcnces
in the position of the indicator hand. In this example, as in many
other cases, the design of equipment frequently is a compromise
between many conflicting demands, and quantiiative data over a
wide range of conditions are required if the most intelligent compro-
mise is to be reached.

A further objective of psychological research on equipment prob-
lems is determination of the extent to which research findings can be
generalized. It is important ot only to defermine quantitative
relationships but to specify precisely the types of equipment or situa-
tions to which these relationskips apply.

Application of Research Findings to Engincering Design Problems

Psychological findings can be applied at different stages in the
design and production of equipment. The most immediate applica-
tion comes in the modification of equipment that has already been
built. Application at this level, however, not only is expensive but
frequently requires retraining of individuals who have alrendy learned
to use the older equipment. Therefore, it is not feasible to apply
psychological findings at this stage unless sufficiently important results
will be achieved by the modification.

Application of psychological research can be made at the final
assembly or mock-up stage where various finished items of equipment
are being assembled into a complete system. Psychological principles
relating to the layout and arrangement of complex systems of equip-
ment can be applied with great benefit at this stage,

Psychological findings can be applied to the redesign of prototypes
of specific equipment items, Frequently manufacturers make a few
models of a new item and subject these prototypes to preliminary tests
before mass production is started. During this stage it is possible to
change the equipment as a result of psychological findings. However,
only limited changes are possible since the basic design of the equip-
ment has already been fixed.

Undoubtedly the most important point of application of psycho-
logical data is during the initial designing of new items of equipment.
At this stage the engincer has much greater freedom to adopt designs
that will meet psychological requirements, und the human factor can
be given its rightful consideration. Therefore, the primary objective
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of psychological researcl on equipment design should be to provide
information which can be used by the engineers who are engaged in
the initinl design of equipment. This objective often requires that
psychologists anticipate problems that will arise in the development
of new equipment and that they have the answers to these problems in
tims to influence the initial design.

An even more basic application of psychological findings is in
determining what new types of equipment should be developed.
Psychological data could be applied, for example, in determining the
kind of information required by an aircraft pilot in carrying out
specified operations. Psychologically one of the primary problems of
the pilot is to maintain his orientation in three-dimensional space.
Psychologists shonld be able to determine the minimum amount of
information that a pilot must have in order to remain oriented con-
stantly, and to determine also the simplest methods of displaying this
information so that he can fly efficiently without any outside visual
reference. Inowled~e of human abilities and limitations is also
needed in deciding what equipment should be operated by the pilot and
what equipment should be made entirely automatic.

In the practical application of research findings to design prob-
lems a question frequently arises as to the relative importance that
should bo attached to different criteria. The following are ex-
amples of such questions: Should displays be designed for use dur-
ing normal or during emergency flight conditions? What relative
importance should be attached to spced and what importance to
accuracy data? The answers to such questions more often involve
judgment of relative values than an application of existing infor-
mation. TFor & further discussion of objectives of psychological
research on aviation equipment design the reader is referred to a
previous article by the writer (4).

ORGANIZATION OF THE PRESENT VOLUME

It will be apparent to the reader that the present report introduces
a program of research in 2 new field of psychology. The chapters
which follow centain discussions of research problems and objec-
tives and reports of 17 separate research projects. Fifteen of the
chapters reporting specific research projects were prepared by present
or past stafl members of the Psychology Branch at the Aero Medical
Laboratory and two by former staff members of the Department of
Psychology at the AAF School of Aviation Medicine,

Chapters 2 and 3 contain comprehensive discussions of research
problems and suggestions for programs of research in the two most
important areas of equipment design.  These chapters cover percep-
tual problems and human motor-abilities problems in relation to
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design of equipment. The research reports which make up the ma.-
jor portion of the volume will give the best introduction of all to
problems of research on equipment design. Some of these reports
ars preliminary in nature and represent the results of an initial at-
tack on a new problem. It is believed that all of the research studies,
although oriented in terms of more or less practical problems of
equipment design, make a centribution te the methodology and body
of scientific knowledge of psychology.
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CHAPTER TWO
Survey of Display Problems in the

Design of Aviation Equipment

Warter F. GrETHER

INTRODUCTION

In the field of equipment design the texm “display” has come into
common usage as meaning any method of providing information which
cannot be obtained directly through the sense organs. In flying, par-
ticularly under instrument conditions, very little of the essential
information about the attitude, performance, and location of the air-
plane can be directly perceived, and that which can be perceived is
often erroneous or inaccurate. The kinesthetic sensations, for ex-
ample, are notoriously misleading as indicators of the attitude in
space, and must be deliberately ignored by the pilot in favor of visual
displays of the airplane’s attitude on the flight instruments, Infor-
mation regarding the direction of flight, air speed, condition of the
engines, fuel supply, and many other things is likewise registered on
visual indicators. Displays are by no means limited to the visual
sense, however, since hearing and, to a lesser extent, the kinesthetic and
tactual senses are also employed to transmit information to the
aviator,

There are few, if any, situations where the human being is provided
with such a variety of displays to which the appropriate reactions must
be made as quickly and accurately as in the aivplane, Likewise, there
are probably no other common situations where failure to react cor-
rectly to the displayed information can lead to such serious conse-
quences. Thus, the achievement of maximum efficiency in methods
of display in aviation is a goal which should nced no eluboration.

The actual display problems in aviation are as numerous s the
devices and instruments used to convey information to human beings
in any way working with nircraft, either in the air or on the ground.
In this chapter, however, the discussion of problems will be limited
primarily to the equipment used in actual flight or on the ground to
control aircraft in flight. Such equipment may be grouped into sev-
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eral major categories: (1) instruments of all types used to present
primarily quantitative data; (2) visual and auditory warning de-
vices; (3) radar and television scopes; (4) gun and bomb sights; (5)
tables, graphs, check lists. computers, plotters, and maps; (6) identi-
fication marks and operating instructions on controls and miscellane-
ous equipment; (7) radio navigation aids, radie veice communica-
tion and interphone systems; (8) signal flares, airway beacons, and
runway lights; (9) miscellaneous cues, such as flight-control pressures,
control-knob shapes, engine noise, and vibration.

Not all of the multitude of equipment items covered by this listing
can be considered as problems for research in equipment design. In
many cases excellent and successful display methods are already in
use. In other cases, the nature of the equipment is such that even a
crude method of display accomplishes the purpose. There are many
types of cquipment, on the other hand, about which there is consid-
crable disagreement over the best method of presenting information,
or concerning which records of operator errors indicate the need for
improvement. It is toward basic problems in the design of equip-
ment of this latter type that psychological research is being directed.
In the psychological study of aviation display methods, with the aim
toward their improvement, it is helpful to group the existing prob-
lems in terms of psychological research areas rather than types of
equipment. The ensuing portions of this chapter are therefore classi-
fied into sections on sensory discrimination, attention-getting value,
and similar psychological categories,

The discussion which follows is intended not as a complete cata-
loging of the psychological research problems in the field of aviation
displays. Tt is intended, rather, to illustrate the nature of problems
which exist and to point out the kinds of research investigations
which should be most fruitful. Although no attempt is made to in-
clude & comprehensive review of the research literature which
applies to the problems mentioned, occasional references are included
to stud.es which are particularly pertinent.

SENSORY DISCRIMINATION

All types of displays must, of course, involve sensory discrimina-
tion in some form, but i most instances the stimuli to be differen-
tinted greatly exceed the threshold requirements. Where difficul-
ties exist, they are usually in the interpretation of the stimuli rather
than their differentiation. Nevertheless, there are a considerable
number of situations where sensory diserimination constitutes the
basic problem,

Sensory Adaptation
During night operations it is usually necessary to maintain the
best possible visibility of outside objects while, at the same time,
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preserving the effectiveness of visual displays within the airplene,
This is the familiar problem of dark adaptation for which the major
governing principles ave already well known and for which solutions
already are available in terms of cockpit lighting. Adaptation of
the retinal rods can be preserved best by using dimly illuminated
red markings in the cockpit. This can be done with red floodiighting,
red indirect lighting, or with ultraviolet light projected upon reddish
fluorescent markings. Although such systems are suecessful in pre-
serving dark adaptation, their use brings in other problems of main-
taining objects within the cockpit sufliciently above the threshold to
be adequately visible.

A somewhat different problem of visual adaptation arises in the
use of radar and television scopes on which the maximum brightness
of the image is limited. In some situations the operator is required
to shift his fixation from brightly illuminated objects to o dimly lit
scope, and vice versa. Very often this shift must also boe sccom-
panied by a radical change in accommodation of the lens of the eye.
The resulting eye strain, loss of time, and added chance for erroncous
scope readings is obviously undesirable.

Color, Brightness, and Pattern Discrimination

Numerous situations exist in which discriminations of color, bright-
ness, or pattern differences play a major role. Early in the war, for
example, it was found that at a distance the insignia on American
planes were easily confused with those on Japanese planes. This
problem was solved by adding a bar to the American star and circle.
Similar problems arise wherever identification marks or signals must
be noticed and correctly perceived at great distances. Maps, control
knobs, cargo parachutes, navigation lights, signal fiares, and warning
lights are other examples of the use of brightness, color, and pattern
differences to provide essential information. To meet the problem
of achieving maximum visual differentiation in such equipment, the
Iarge amount of available visual data can often be applied success.
fully, although actual ficld tests are desirable as final proof of the
successful application of known general principles.

A somewhat related visual discrimination problem arises in the
identification of targets or other data on radar and television scopes.
Because of static and other imperfections in the scope image, the
eritical pip or blip may be so near the visual threshold that it will
Pass unnoticed, particularly if the operator is not maximally alert
and prepared for the stimulus. In this case, the possible methods
of increasing the discriminability in the image would scem to bo (1)
improvements in image definition, (2) selection of optimum image
brightness and color, (3) selection of optimum scanning vates, and
(4) selection of optimum scope size,
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Acditory Discrimination

Auditory slia rinunation plays an daportant rul_e in the use of soie
ypes of epupaent, partwularly in radio and interphone systems,
The under-tasting of ~peeh, code, or radio-beam signols is often
Qiffieudt by e of atee, unperfeet fum Goning of the equipment,
atd the lugh note bael adhis aireraft. Imprvement of auditory
dise rimination can be bronght about in a pumber of ways, such us
(1) traming i metinels of -peshing and m Jwice of words (2); (2)
shielding «f hesd suts; (1) increase in fadelity of «wund reproduction;
(4) use uf vertain kinds of cleetroms distortion (8} 5 amal (5) «election
of code and radio range sgnals of pusimum diseriminability. The
evaluation of such modifications m the wuipment or operating tech-
niques requires actnal performae compari-ons by means of stand.-
ard puycholugical technigues,
Tactual and Kinesthetle Discrimination

Tactual and kine-thetie discriminations are mvolved in several types
of aviation equipment. Precwure on the flight controls is used by the
pilot as a cue in flying the airplane. Likewise, the shapes and loca.
tions of cantrol knobs aid the pilot, radar operator, and bombardier
in nonvisual identification of controls. Because of the close relation
to moior performance, such diserimination is considered asg a phase
of contrel problems discussed in chapter 3. Some research in this
ares is reported in chapters 13, 14, 15, and 18,

ATTENTION-GETTING VALUE

Although clesely related to sensory thresholds, the attention-getting
vitlue of aviation displays constitutes a fairly distinet erea of research.
The greater the cxtent to which a stimulus exceeds the sensory
thresheld, the more likely it is to be noticed. However, there are
factors besides mere extent above threshold which determine the
attention-getting value of a stimulus.,

Attention-getting value is of primary concern in the design of
various warning devices, although it is often difficult to distinguish
between a pusely warning device and an instrument. Readings on
most instruments, if outside normal limits, constitute warnings of
impending danger.  Ior this reason the practice has arisen of placing
colored marks on instrument faces to indicate tolerance ranges for
several operating conditions.  Other displays, however, serve purely
as wurnings of emergency conditions, and usually use lights or sounds
as stimuli.

Although considerable data are availuble on the stimulus factors
which deterinine attention-getting value, additional studies are re-
quired in simulated flight situations. Tho most helpful research
studies in this field would scem to be the following: (1) relative
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attention-getting value of various changes in visual stimulation,
presented with degree of contrast, area, and distance from the major
fixation point equalized; (2) effectiveness of visual warning stimula-
tjon as a function of location of the stimulus with respect to the area
of major fixation for the best types of stimulus change, other factors
being held constant; (3) effectiveness of warning stimuiation as &
function of color differences for the best types of stimulus change,
other factors being held constant; (1) relutive attention-getting vaiue
of several changes in auditory stimulation presented te subjects wear-
ing headphones (but not presented through headphones) under con-
ditions simulating noise levels cccurring during flight; (5) relative
effectiveness of warning stimuli in several sensory modalities; (8)
effectiveness of warning devices as a function of the number of similar
devices present; (7) methods of differentiating among various types
of warnings and indicating the response to be made; (8) comparison
of tolerance marks on instrument dials with other types of warning
signals.
LEGIBILITY

Legibility, like attention-getting value, is in many respects merely
n special problem in sensory thresholds. But sinee it represents a
rather distinct area of psychological research, numely, the speed and
nceuracy of reading printed materials, it is given separate treatment,
A large number of research data on legibility are available in psy-
chological literature (7). Some additional data are required, how-
ever, for the particular problems of legibility which are unique to
aviation. Some of the more significant problems in this arca for
psychiological research are as follows: (1) print-size requirements
for & variety of specific aviation conditions; (2) style of letters and
digits which are differentiated most casily and are lenst likely to be
confused when rotated from the normal position; (3) speed and
accuracy of dinl readings as a function of dial sizo; (4) speed and
accuracy of dial readings as a function of spacing of dial graduations;
(5) speed and accuracy of dial readings as a function of shape and
sizo of pointer and shape and size of scale graduations. For some
preliminary research data on this problem, see chapter 7.

INTERPRETABILITY

Even though a display may be excellently designed with respect to
sensory differentiation, attention-getting value, und legibility of the
print and seale markings, the operator may still fail to react quickly
and in a manner that is appropriate to the displayed information.
This factor in the design of displays, for lack of a better term, has been
fabeled “interpretability.” Of all the difficulties encountered in the
designing of adequate aviation displays, this is probably the most
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serious and the most clusive. The psychological principles which
, govern interpretability appear to be relatively unknown, and this
would seem to be one of the most challenging areas of psychological
research in equipment design, As an aid to the discussion of problems
in this area, pictures of some of the instruments to be discussed are

shown in figure 2.1.

Graduated Scales

An interpretability problem which is common to many displays is
the design of graduated scales used on instruments, computers, and
other devices. There are many ways in which scales can be varied,
among them (1) graduation intervals (usually 1, 2, or 5 units), (2)
differentiation nmong graduations (usually by length or width of
line), (3) intervals between numerals, and (4) method of indicating
shift in graduation values on nonlinear scales. Suitable research on
these variables should provide general principles which can be applied
in designing a dial for any specific purpose. ,

A unique scale design problem has been noted in the Weems naviga-
tion plotter, where the protractor scale increases from right to left
instead of in the conventional direction. For a more detailed dis-
cussion of this problem and research applied to it see chapter 5.

Linear vs. Circular Instrument Scales

The scales on aireraft instruments are almost universally circular, .
It has been suggested that many types of quantitative values would
be moro easily interpreted on linear scales in either the vertical or ,
horizontal plane, depending on the type of data being presented.
There has apparently been no research comparing the relative ease -
of inter preting circular and lincar scales on aircraft instruments, .

} Dial va. Counter Type Instruments

Another suggestion which has been made frequently for improve-

‘ ment of aircraft instruments is that the dial and pointer be replaced

with a counter type of indicator from which the numerical value can

| be read directly. Although this should eliminate many errors, the

‘ reading of actual numbers may in some cases require more time than

the mere checking of the position of o pointer on a dial. The writer
is not aware of any research showing the relative merits of these two

types of display as aviation instruments, '

j Graphs va. Tables

‘ Many items of information for use in cruise control, navigation,
" and bombing are supplied in the form of graphs or tables. Many
errors are known to occur in the use of these, and the extraction of
| the necessary data may rt:quir? excessive time. There are doubtless
| many improvements possible in the manner in which graphs and
| charts are made up. Furthermore, there is little known about the
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relative merits of graphs versus tables for specific purposes. For
further discussion of this problem and some experimental data, see
chapter 4.

Labdels

There are many items of aviation cquipment on which there are
printed Jabels and rudimentary operating instructions. In some cases
the equipment is for emergency use only, and it is highly important
that the instructions be brief and easily understood. The choice of
words in such displays is very critical. Although it might be difficult
to derive general principles to cover such labeling problems, psycho-
logical research could doubtless make some contributions,

Special Instrument Problems

Many instruments used in aircraft present uniqus problems of in-
{erpretation. In some of these instruments the primary problem is in
the direction of movement of the moving element. These will be dis-
cussed in the following section on “Relation of Indicator to Control
Movement.” One instrument which presents a unique problem is the
clock or watch used by the aviator. Inmilitary usage, time is expressed
on a 24-hour basis, without a. m. and p. m. to differentinte between
before and after noon. Thus, 3: 47 p. m. becomes 1547 in military time,
The reading of military time from o conventional clock thus involves
a mental addition process. But clocks with 24-hour dials, designed
for reading directly in military time, produce interference with firmly
established clock-reading habits. For further discussion and research
data on this particular problem, the reader is refered to chapter 6.

Another instrument which presents an interpretation problem is the
altimeter (see fig. 2.1), which covers the altitude range in 20-foot
steps. This is usually done with three pointers on « single scale. The
first pointer indicates feet of altitude in hundreds, ths sccond in
thousands, and the third in ten-thousands. The synthesis of ‘these
three pointer readings is very confusing to the novice. Moreover, the
altimeter includes another scale for setting in barometric pressure,
which is expressed in inches of mercury rather than pressure altitude
in feet. Some simplified method of indicating altitude and barometric
pressure would be desirable.

Combining of Instruments

The whole array of instruments which the pilot faces is in itself a
serious problem. Under some flight conditions it is virtuaily im-
possible to read and synthesize all the information displayed. To make
the problem more pressing, new instruments are continually being
developed which are added to the instrument panel without others
being removed. To solve this dilemma it would scem desirable to
determine which instrumental indications are most necessary and
then to find the most simple, natural, and direct methods of displaying
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this information in the optimum area of the instrume.nt. panel. . The
instruments of lesser importance, if they cannot be climinated entirely,
might then be located in less conspicuous positions where they can be
read if necessary.

There are a number of current trends toward the combining of
displnys into single instruments.  This would seem desirable provided
the indications are simple and natural.  There is one danger, however,
in carrying this trend too far. It is claimed that continued ﬁxati.on oh
one instrument often induces a hypnotic state which may seriously
impair the pilot’s general alertness.

Radar Scopes

Problems of interpretation alse arise in the use of radar scopes.
The image on the scope has only slight resemblance to the actual land-
scape, or photograph of it, which is represents. The relative bright-
ness of objects is often reversed, details are less clear, the proportions
may be distorted, and the three planes of space may be differently
presented. In some applications it is necessary to present three-
dimensional space on a two-dimensional surface. Al three dimensions
can be represented at present with two separate scope images, but this
introduces possible confusion of range with either azimuth or elevation.
One type of radar scope presentation (B-scope) causes gross distortion
of the terrain presented. For a report on the relative interpretability
of this type of scope, see chapter 11.

RELATION OF INDICATOR TO CONTROL MOVEMENT

Simple Quantitative Instruments

A considerable proportion of the instruments used in aircraft re-
spond directly or indirectly to control manipulations. Some of these,
such as temperature gages, are unrelated to the attitudinal movements
of thie plane. It would seem desirable for the direction of movement
on such instruments to have the most direct and natural relation to the
movement of the control which affects it. Research is needed to de-
termine what are the most natural or habitual relationships between
control and indicator movements.  Additional variables to be included
in such research would be (1) the spatial location and plane of move-
ment of the contre) with reference to the instrument; (2) the form of
the control (whether an urstructured or pointed knob, a switch, or
a lever) ; and (3) the meaning of the graduations on the instrument.
Some experimental data on this problem are presented in chapters 9
10 and 17,

Flight Instruments

In the so-called “flight instruments™ there is an additional major
variable in this direction-of-movement problem. That is the move-

)

ment of the airplane which the display indicates. Here it is im-
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portant to achieve the most natural combination of indicator move-
ment and control movement in relation to the response of the airplane.
This problem can be illustrated by reference to a number of current
instruments (see fig. 2.1). The pointer on the rate-of-climb indi-
cator moves dewn when the plane is nosed downward by pushing
the stick or control wheel forward, and vice versa. The pointer on
the turn-and-bank indicator moves to the left when the plane is turned
to the left by application of pressure on the left rudder. In these
examples the indicator and the airplane can be said to move in the
direction in which the controls are displaced. Other instruments,
however, move in the opposite direction. On the artificial (gyro)
horizon, the horizon bar moves up (with reference to the instrument
panel) when the plane is nosed down and rotates to the right when
the plane banks to the left. The pilot director indicator, used in
Lombing, when displaced to the right, signals to the pilot that he is
to turn to the right. But as he turns to the right, the indicator moves
to the left. On the cross pointer, or localizer glide-path indicator,
used for blind landings, the pointers indicate the direction of the cor-
rect flight path from the airplane. Thus, for example, as the pilot
roses the plane downward the pointer moves upward, in a direction
opposite to the control being made. It would seem desirable, where
possible, to eliminate these apparent inconsistencies in direction of
indicator movements. Before this is done, however, research must
show which movement relationships are most satisfactory. In two
studies of the artificial horizon a reversal of the existing movement
relationships was found to be superior (3). See also chapter 8.

Frame of Reference

The problem of direction of movement is not actually as simple
as the preceding discussion would imply. There are often special cir-
cumstances to be considered. On the pilot’s magnetic compiss and
the directional gyro indicator, the cylindrical card bearing the scale
and degree markings moves toward the same side as the plane is turn-
ing. But this is confusing since the true compass directions are dis-
placed 180° on the card, as is necessary for viewing the card from
the back. On the conventivnal compass and directional gyro, further-
more, it is possible to consider the lubber line as being the moving
clement rather than the card. On the artificial horizon the small
reference plane, rather than the horizon bar, must be considered as
being the moving element if correct sensing is to be achieved. Ac-
tually, in terms of the earth below, the lubber line on the compass
and the reference airplane on the artificial horizon are the moving
¢lements,  In the visual bomb sight an image of the terrestrial target

29




is moeved under a pair of cross hairs which remain fixed in the visual
field. Some bombardiers consider themselves to be moving the cross
hairs, others to be moving the target, ]
The direction of movement problem is thus complicated consider-
ably by the operator’s frame of reference while performin'g the con.tral
task. To specify the optimum direction of movement in any given
display will thus require an understanding of what the operator uses
as his frame of reference. The Gestalt principles governing figure-
ground relationships should be tested for application to this problem.

DIRECTIONAL ORIENTATION

The use of compuss directions is basie to all forms of navigatien,
whether by the navigator, pilot, or radar operator. The bombardier
must also use compass directions in identifying his target and con-
trolling the bombing run.  In the air most of the usual cues for main-
taining directional orientation are lacking, and complete reliance
must be placed on instruments. There is considerable uncertainty
about the instrument designs for most effective presentation of direc-
tional information.

There is, for example, disagreement regarding the optimum design
of the remote-indieating type of magnetic compass, where directions
are presented on a dial. There are a number of possible arrange-
ments: (1) the dial may be fixed, with North at the top; (2) there
may be a fixed lubber line at the top, with the dial rotating behind it;
(3) the dial may be adjustable by the pilot so that he can set his
compass course at the top, with the pointer indicating his heading
with reference to the dial; (4) the dial may be fixed, with one pointer
used {9 indicate the desired course and another to indicate the actual
heading (as in fig. 2.1). No doubt still other arrangements are
possible.  Actual performance measurements, with different methods
of indicating direction, will be necessary to determine the relative
merits of the varions possible designs,

Similar directional orientation problems arise with equipment used
by the navigator, bombardier, and radar operator. Some air-borne
radur equipment is provided with azimuth stabilization which keeps
North at the top of the scope image, regardless of the direction of
flight. The same type of directional orientation of the visual field
may be possible in periscopic bomb and gun sights, There are prob-
ably some situations in aviation where such azimuth stabilization is
helpful, but there has been no adequate determination of which situa-
tions these might be. Probably the direction in which the operator

faces with reference to the direction of flight is an important variable
in this problem.
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INFLUENCE OF ENYIRONMENTAL CONDITIONS

‘The aviator is exposed to a variety of atypical environmental con-
ditions. Some of these, such as extremes of illumination and vibra-
tion, have a direct influence on the effectiveness of a display. Other
envivonmental influences, such as lowered oxygen pressure at altitude,
do not influence the display itself but may reduce the ability of the
operator to use & display. This loss may be cither in ability to inter-
pret the display or in ability to perform the appropriate control move-
ments. It is with these environmental effecis on the operator, rather
than on the display, that this section is concerned. It is important
to identify and measure these effects of the environment so that suit-
able corrective steps may be undertaken. In the past, most of the
work in this field has been carried out by physiologists, probably
Lecause the phiysiological effects of the environment are more easily
identified and measured. During the war, however, a number of
psychologists cooperated with physiologists in such studies, partic-
ularly on anoxia.

Anoxia

The deleterious effect on human efficiency of reduced oxygen pres-
sure with increass of altitude has long been recognized. For moderate
altitudes this problem has been solved by the use of oxygen masks and
pressurized cabins. The prevention of anoxia at extreme altitudes
to be flown in future planes is a problem not yet solved. One of the
carliest and most serious effects of anoxia is known to be reduced
effectiveness of visual discrimination and visual perception.
Acceleration (G)

As the accelerative or G forces encountered in maneuvering aircraft
are increased, resulting in disturbance of the normal distribution of
blood to the brain and other parts of the body, thers is known to be
first a narrowing of the visual field, then complete loss of vision, then
loss of hearing, and finally loss of consciousness. Effects are some-
whot different for positive G (head to foot) and for negative G {foot
to head). Human tolerance to G can'be increased somewhat by the
(i suit and by voluntary muscular contractions, both of which resist
the flow of blood away from the upper part of the body. It is not
known what, if any, losses occur in sensory and interpretive processes
at (i levels below those necessary to produce narrowing of the visual
field. Research is needed to show whether or not such losses occur
“nd whether there is a selective effect on different perceptual processes,
so that equipment or tactics can be modified if necessary. Results
also may have important implications for an understanding of cere-

bral functions. For seme experimental results in this area see chap-
ter 20,
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Fatigue )

The piloting of aircraft on long flights, while causing subjective
feclings of fatigue, is believed glso to rcause an increased tende.ncy
townrd pilot error. One of the most diflicult operations in flying,
landing under instrument conditions, is often required of the pilot
at the end of a long flight when his proficiency is probably lowest.

Fatigue, whether in aviation or other situations, is a condition which
is poorly understood. In the case of physical exertion the cause of
fatigue can be reasonably well identified. The causes of the fatigue
experienced by the pilot are much less specific. Probably the high
degree of concentration required by the task, inability to move around,
the inherent danger, the noise, vibration, and extremes of temperature,
and the monotony are all contributing factors. The effects of long
flights on the pilot’s efficiency in performing his duties have likewise
not been determined. The psychological effects of fatigue are very
elusive when subjected to experimental study. When a fatigued sub-
ject is placed in a test situation he seems to be able temporarily to
counteract the effects of the fatigue on the performance being meas-
ured. Thus, the objective record fails to reveal any loss of efficiency.
‘'wo British investigators, who carried out research on fatigue during
the war (4, 5), suggested that the actual losses caused by fatigue are
not so much in ability to perform the primary task as in more subtle
aspects of behavior; namely: (1) a lowering of standards for per-
formance of the task; (2) a tendency to respond to single instruments
rather than the situation as displayed by the entire instrument panel;
(3) failure to attend to instruments not related to the primary task;
and (4) increase in irritability and tendency to blame difficulties on
the test appartaus. This picture of fatigue is interesting and sugges-
tive but should be subjected to further experimental tests. Adequate
understanding of fatigue is necessary for achievement of maximum
«afety in long flights. Such knowldge should aid in designing equip-
ment such as warning devices or blind-landing equipment which is
much better suited to the fatigued pilot. Morcover, if the major causes
of fatigue could be identified, it should be possible to reduce or elimi-
nate them,

Emotional Streas

Stressful situations arise frequently in the air because of malfunc-
tioning of cquipment, human errors, or weather, It is at such times
that the reactions of the human beings to their equipment become
most eritical. A number of psychologists have asserted that emotional.
stress results in reversion to more primitive reaction patterns, In
aviation situations this would mean lapse of most recently learned
skills in favor of older or more rudimentary forms of reaction. Thus
an instrument which can be interpreted correctly only after consider-
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able training may be reacted to incorrectly during stress. Conversely,
an instrument which displays the information in the most simple,
direct, and natural manner would be more likely to elicit the appro-
priate reaction. The cross pointer (see section on “Relation of Indi-
cator to Control Mevement”) which is extremely difficult to use (1)
provides an illustration of this principle. As the airplane nears the
end of the runway the instrument becomes more and more sensitive.

Many naive pilots, performing this increasingly difficult task, have

heen observed suddenly to reverse their interpretation of the instru-
ment in the course of a last-minute desperate effort to bring the pointers
back to center.

Other Environmental Factors

A number of envirommental influences probably act upon aircrew
personnel in ways which influence their reactions to displayed infor-
mation. Those factors deserving experimental study would seem to
Le (1) temperature, (2) noise, (3) vibration, and (4) clothing and
other encumbering equipment such as goggles, oxygen masks, pressure
suits, and survival equipment worn on the body.
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(HAPTER THREER
An Analysis of Human Motor
Abilities Related to the Design of
Equipment and a Suggested

Program of Research

Jupsox S. Browx axp Wiuruat O. JENKINS

INTRODUCTION

The study of human motor abilities received a definite impetus dur-
ing the war because designers of aircraft equipment, gunnery equip-
ment, radar equipment, and similar complex devices discovered that
the efficient operation of such equipment depends in part upon the
degree to which the design of the device is adapted to the motor capaci-
ties of the operator. As a result it has become increasingly evident
that there is a definite need for basic information regarding the capac-
ities of human heings to make positional, rotary, translatory, and
rhythmical movements of members of the body.

Although psychologists and physiologists have made extensive and
elaborate studies of the sensory and perceptual capacities of human
beings, relatively little time and effort have been expended in studying
motor abilities. Thousands of pages have been devoted to vision,
audition, gustation, olfaction, and touch, but few to fundamental mo-
tor capacity. A survey of current psychological texts and reference
works reveals a somewhat surprising paucity of relevant material.
A few pages are devoted to studies of the acquisition of complex motor
skills, such as typewriting, and to the transfer of such skills from one
member of the body to the other, but little is said regarding the accu-
racy with which an individual can position or move his limbs.

In the present chapter, an attempt has been made to classify motor
reactions into several fairly distinct types and to suggest experimental
procedures and significant variables in each case. In general, the scope
of the treatment is restricted to the study of movements of the articu-
late members of the body. No space is devoted to complex motor ac-
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tivities, such as walking, running, and swimming. which involve more-
or-less gross movements of the entire body, since such activities are,
for the most part, of little significance for the design of equipment.
Furthermore, the complex problems associated with the learning of
skilled movements are not treated herein, In studying the acquisition
of skilled movements, the customary procedure is to hold the task
constant while varying the number of trials, the degree to which trisls
are massed, the amount and kind of interpolated activity, and other
factors calculated to affect the degree and rate of learning. Here,
however, the primary concern is not with the course of learning on a
single task but with the basic initial abilities of individuals to perform
a varicty of tasks. Research of this type can, of course, lead directly
into extensive studies of learning where it may be desirable to discover
not only which movement or serics of movements is most efficient
initially, but also which leads to the highest level of proficiency after
extensive practice, '

It has been customary, in thinking about the psychological principles
of equipment design, to divide the problems into two major groups:
those related to design and operation of control mechanisms and those
related to methods of displaying information to the operator. The
rescarch outlined here bears directly upon the problems of operating
controls, since information about the capabilities of the operator is in
most cases a necessary prerequisite to the design of a psychologically
adequate control device.” It is believed that the accumulation of ac-
curate data on motor abilities will solve a great many of the most
general control problems. Many questions about specific pieces of
cquipment cannot, of course, be answered without additional detailed
reseirch, .

It is Lo be hoped that the material presented here will form the basis
for a systematic series of integrated studies of basic motor abilities.
In the concluding scction, most of the existing publications on motor
abilities that were available to the writers have been summarized.

TYPES OF MOTOR REACTIONS

Iuman motor reactions can be separated for convenience into three
fairly distinct classes. These are (1) static reactions, (2) positioning
reactions, and (3) moverent reactions,

The term static reactions includes all of the instances where a bodily
member is held for a time in a fixed position in space, the maintenance
of that position being the central task imposed on the individual con-
cerned.  Although static reactions constitute, from the point of view
of equipment design, the least important class of motor reaction there
i a definite need for sound empirical data on individual diﬁe’rences

in static motor ability, on the relation of such ability to other more

36

EERPIPRPE S
Aol 19 e N

- M

el =

T



complex adjustments, and on the degree to which static reactions are
affected by the position of the limb, fatigue, knowledge of results,
and numerous other conditions, The two characteristics of static
reactions which appear to deserve sttention are (1) the relatively
minute, high-frequency tremor movements and (2) the large, slow
changes in static position.

Positioning reactions are those in which the members of the body
are moved from a position of rest to a specified position in space.
Here the terminal accuracy of the positioning movement is of primary
significance. The ability to perform such reactions has never been
carefully investigated, and it is believed that a systematic study of
their variability and of their sensitivity to changes in experimental
conditions would provide valuable information about human motor
ability. The study of positioning reactions may be regarded as an
investigation of motor localization—an analogue on the motor side of
the well-known psychological studies of auditory and tactual localiza-
tion. Inexperiments designed to investigate positioning reactions, the
subjects might be required to move their limbs to a point straight
ahead, to a point 90° to the left or right, or up or down, etc. Or the
subjects could be instructed to bisect a spatial interval by moving a
limb to a point halfway between two limiting stops, to draw a line of
specified length, and so forth. Since the ability to make accurate posi-
tioning reactions scems to depend upon the ability to discriminate
direction and extent (in motor, not perceptual terms), the experi-
mental procedures reported in a later section have been divided
accordingly.

Movement reactions are simply movements of the bodily members
at given rates, in given directions, and along specific pathways or
courses. Movement reactions are the most important, the most numer-
ous, and the most complex of the motor reactions being considered.
The number of possible studies of movement reactions is almost un-
limited, since extensive variations may be introduced in the manner
in which the stimulus is presented, in the kind of responses required,
in the mechanism (if any) which is manipulated, and in the methed
of measuring the reactions. In the more detailed outline of move-
ment reactions given later a distinction has been drawn between dis-
crete movements, repetitive movements, serial movements, and
continuous movements,

In the present report, each of the three types of movement is treated
separately, and the suggested research program covers only the study
of each in isolation from the others. The problem of the interrela-
tions of the abilities involved in the three types of movement would
constitute a desirable extension of the present program. A few ref-

erences pertaining to this area are summarized in the concluding
section,
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GENERAL EXPERIMENTAL YARIABLES

A survey of the factors which can be varied experimentally in
studies of motor ability reveals several which apply rather generally
to all types of motor resctions. Theso general variables are the fol-
lowing:

1. Bodily member employed.

2, Limb position: This includes the position of the reacting limb
with respect to the bady; the positions of other limbs; the degree of
flexion of the joints; the point of limb support; and the position of
tho extremitics of the limb with respect to the more proximal joints,
particularly the degree of supination, pronation, flexion, or extension
of the wrist and hand.

3. Knowledge of results: This includes the manner in which the
subject is informed of his success; the amount of information given
him; and the particular sense modalities furnishing the motor-
corrective cues, whether proprioceptive, tactual, visual, or a combina-
tion of these.

4. Environmental factors: Included here are such items as tem-
perature, vibration and jolting, anoxia, drugs, acceleration, and de-
celeration.

5. Work output: This includes the degree to which the reacting
member is artificially vestricted by loading and/or frictional resistance.

6. Activity level: Included here are the amount, duration, and type
of preceding, simultancous, and/or interspersed motor activity of the

veacting limb and other members, including the head and trunk.
Fatigue, frequency of reacting, number of practice trials, and coopera-

tivo use of two limks are subsumed under this heading.

STUDIES OF STATIC REACTIONS

As has been suggested above, the study of static reactions involves

(1) the measurement of minute tremors, and (2) the measurement of

gross drifts of the limb from null position. The experimental pro-
cedures for testing such reactions appear to be relatively simple.
Verbal instructious, supplemeated perhaps by a visually presented
target, would serve to acquoint the subject with the experimental
situation and the desived reaction. e would then initiate and main-
tain the response until notified that the trial was ended. The char-
ncteristics of the response would be measured by any of a number of
graphic or photographic methods. In the case of positioning and
movement reactions, however, the experimental procedures for de-
fining the reaction to the subject and the methods of measuring his
responses are much more complex. These will be discussed in detail
in the appropriate sections,
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From a practical standpoint, the study of tremor may be important
for those motor operations in which extremely fine adjusiments must
be made of delicate mechanical parts cr assemblies having insufficient
inherent inertia to damp out the fundamental unsteadiness of the ad-
justing limb. Experiments in this category would be concerned with
the factors which affect the amplitude, frequency, and plane of oscilla-
tion of limb tremors. As a secondary objective it would be desirable
to study a sufficient number of subjects so that normative data on
steadiness could be provided for each of a number of experimental
conditions.

If the apparatus for recording tremor were suitably constructed,
it would be possible to obtain simultaneous records of both tremor
and the extent to which the limb gradually drifts away from its initial
position. The study of slow changes in the basic limb position,
especially as they are affected by the position or movement of other
limbs and the head, is of practical importance in connection with the
operation of high-speed aircraft at altitudes below abont 100 feet.
In such a situation, an unintentional forward or sideward movement
of the stick may result in a sudden and disastrous loss of altitude.
No studies of these slow changes in limb position have been made, so
far as the writers are aware.

The general experimental variables listed above apply here. How-
ever, the use of vision in providing sensory cues applies to tremor
only, since its use in the case of slow changes would eliminate the
phenomenon being studied.

STUDIES OF POSITIONING REACTIONS

A preliminary inquiry into the psychological factors involved in the
performance of positioning reactions indicates that the ability to
discriminate the direction of a motor reaction, and the ability to dis-
criminate its extent, are of primary importance. In studying such
discriminatory abilities, the use of vision would, for the most part,
be precluded, since its use in either case would reduce errors to an
insignificant level. Because both directional and extentional judg-
ments are involved simultaneously in the majority of positioning
reactions, the relative accuracies of the two judgments can be deter-
niined only by the use of experimental techniques which isolate one
from the other. Accuracy in performing directional reactions, unin-
fluenced by cues arising from the discrimination of extent, can be
studied by holding extent constant and measuring errors in n plane
perpendicular to the fine of movement followed by the limb in arriving
at the terminal position. In studying motor discrimination of extent,
the effect of secondary cues dus to direction can be eliminated by
restricting the movement to a single dimension, errors being measured
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along the line connecting the starting and terminal points. If de-~
sirable, the over-all accuracy of positioning reactions, invelving
both directional and extentional cues, could be determined by measur-
ing errors in three dimensions from the target position,

Data obtained in studies of discrimination of direction would have
considerable practical application in the design of complex equipment.
Information regarding the variability of such reactions as a function
of dircction and remoteness could be used in determining where
control handles or switches should be located with respect to the oper-
ator and how widely they should be separated to prevent errors.
Similarly, studies of the ability to discriminate extent would enable
the equipment designer to achieve a better match between the range
of excursion of controls or their degree of sensitivity and the capaci-
ties of the operator,

Discrimination of Direction

In experimental studies included under this heading, measurements
would be made of the ability of an individual to move his limbs accu-
rately to a specified terminal position. The location of that position
would be varied in azimuth and in elevation, errors being measured
radially about the target in two dimensions. The remoteness of the
terminal position from the subject would be held constant for a par-
ticular group of directional reactions, but its effect upon such reactions
could be studied systematically.

Experimental procedures for defining the standard reactions, along
with relevant methods of measuring the subjects’ responses are listed
later. Also listed are those experimental variables which, in addition
io the general variables given previously, apply specifically to the
discrimination of direction. The question of which variables to com-
bine with which procedures can, in all probability, be answered most
efliciently by exploratory experiments,

Erperimental procedures—The desired reaction could be defined to
the subject in purely verbal terms by telling him to point straight
ahead, directly to the right, ete. His ability to translate such verbal
instructicns into movements could then be estimated by the method of
production® or by the method of recognition.®

The terminal position might be defined by visual means by showing
a subject the target at which he is to point. If, during the time he is
shown the target, he is allowed to practice by moving his limb out to

tIn the method of production, as used here and In succeeding pages, the subject makes
& responxe following a verbal or visunl definitlon of the desired reaction, without having
previousty made that same response in the experimental sftuation, Thus, he emits or
produces the response without benefit of proprioceptive cues from o previous reaction.

*In the method of recognition, the subject mnkes a cholce from amongst a group of
stimull or movements, one of which {s the same as that presented originally. The cholce
would never be made by the use of vision alone, but would always {nvolve elther an active
or passive motor reaction.
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the target, either the method of reproduction * or the method of recog-
nition could be employed in testing his ability, If the subject is not
allowed to practice, the testing procedure is limited to the method of
production.

"The terminal position could be defined by passive movements of the
subject’s limbs to the desired pesition, with either the methods of
recognition er reproduction being subsequently employed. _

Active positioning movements of the subject himself might also
serve to define 2 terminal position. Thus he could be instructed to
move his limb out in any direction, note the point achieved, and then
cither reproduce or recognize the position. In general, this method
would probably be unsatisfactory since the standard reaction is gen-
crated by the subject and is not, therefore, under the control of the
experimenter. :

No especially elaborate apparatus would be needed for the majority
of studies of discrimination of direction. Paper targets could be
mounted in various locations with the subject’s reactions indicated
automatically by & marker held in his hand (see ch. 15). The
labor of record reading could be eliminated by having the subject hold
a stylus to which a thread is attached. The thread would run through
a minute hole in the center of the target and would have a small weight
at tho other end. The position of the weight on a vertically mounted
scalo would indicate the magnitude of the radial error, but not its
direction,

Ezperimental variables—Starting position and direction and re-
moteness of terminal position could be studied. With these factors
defined, limb position and degree of limb flexion are automatically
determined for a subject of a given size,

Temporal factors also could be studied, for example, the time be-
tween presentation of standard stimulus and the reaction, time between
successive reintroduction of the standard stimulus, time between re-
actions, and time between initiation and completion of a reaction.

Discrimination of Extent

In the studies to be included under this heading, measurements
would be made of the ability of an individual to move his limb a
specified distance from one point to another. Errors would be
measured along the line connecting the two points. The experimental
brocedures and variables for this area of research are listed in the
fo!l:)win{; paragraphs,

Experimental procedures—The desired reaction, in this case tho

distance to be covered between two points, could be defined to the
e

ﬂ:{l: ;he method of reproduction, the subject attempts to duplicate a motor reactlon

!nv:l 23 been made previously. 1In a certain sense, every trial following an initin} trlal

" ves repraduction, although In that case it Is not a reproduction of the standard reac.
B but of the subject’s own relatively Inaccurate attempt to duplicate that reaction.
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subject in verbal terms by telling him to move his limb a certain
number of inches from a starting position, or by telling him to move
his limb to a point halfway between two points, ete. The methods
of production and recognition would then be applied.

The correct distance could be specified by means of a visurl display,
the <ubject heing shown the position of two points and the distance
between them. If practice trials are allowed, the metheds of repro-
duction and recognition could be employed, otheririse only the method
of production would be applicable.

The distance could be defined by passive movements of the subject’s
Jimb between the two points marking the limits of the distance. Re-
production or recognition could then be used in estimating proficiency.

Active movement might be required of the subject in defining the
standard distance. Ilere he would be asked to move his limb from
left to right between two stops and then would be required either to
reproduce or to recognize the reaction.

The apparatus could be extremely simple; perhaps o picce of paper
and a pencil would suffice for the most part. However, if it were
necessary to keep the factors of limb loading and friction down to
un absolute minimum, more delicate photographic or graphic record-
ing methods would be indicated.

Experimental variables—In addition to the general variables, the
effect of the following factors could be studied: (1) extent, starting
position, direction, path, and rate of movement; and (2) temporal
factors (see those listed under Discrimination of Direction).

STUDIES OF MOYEMENT REACTIONS

Experimental studies of movement reactions are undoubtedly of
greater importance and of wore general interest than studies of either
static or positioning reacticns. Although data on these latter types
of motor activities are, as has been noted, of some significance for the
design of complex cquipment, such activities are far less frequent in
the over-all operation of control mechanisms than are movement re-
actions. Moreover, although the act of reaching out to a given posi-
tion in space and grasping a control lever (positioning reaction) is
obviously the first stey in operating that lever, the manner in which
it is moved is ordinarily the most significant feature of the reaction
in terms of the effects produced.

A preliminary examination of the many possible kinds of move-
ment reactions suggests the feasibility of dividing them into four
major groups: discrete movements, repetitive movements, serial move-
ments, and continuous movements. The criteria for making these
distinctions stem principally from the experimental procedures and
operations employed in the study of movement reactions. Qualitative
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Jifferences are useless as differentiating criteria because of the fact
¢hat movements in one group may have the same characteristics and
involve the same musculatures as do segments of movements classed
in another group. Altheugh the four groups form a series in which
complexity, loosely defined, increases from discrete movements to
continuous movements, many inversions of the orvder could result
from the experimental procedures empioyed in each ease, In the
material which follows, a detailed description of each of four classes
of the movements is given, along with the operations and characteris-
tics which appear to differentiate them,

Discrete Movements

For purposes of the present study, a discrete movement may be
defined as a single unitary movement of any articulate member of the
body from any position in space to any other. Studies of discrete
movement could be concerned primarily with the rate at which the
movement was made and its path through space. Thus a subject
might be required to move his arm at a constant or varying rute, in
a straight or curved line, in any direction. His accuracy in attaining
the prescribed rate and in following the designated path would be
determined. Because of the fact that the term discrete movements,
liko most topical headings, is not without ambiguity, it is essential
that the labosntory operations and characteristics which differentiate
these movements from others be specified.  These are as follows: (1)
"The reaction occurs after the stimulus has ceased to act, the stimulus
here being the words used by the experimenter or the visual display
introduced in order to define the required movement to the subject,
(2) The accuracy of the movement is defined in terms of the degree
to which it deviates in rate or in form from that of the movement
specified by the experimenter.  (3) On successive repetitions, the same
stimulating conditions are maintained, the same measurements are
made, and approximately the same responss is evoked.

Experimental procedures.—The desired movement could be defined
verbally by telling the subject to move his limb at a constant rate
from left to right, around in an arc, ete. The methods of production
and recognition would then apply. The use of the method of recog-
nition in this case would require that the subject’s hand be moved
passively at several rates over a given course. He would attempt to
recognize the one movement in which a constant rate was maintained
between two points.

The standard movement could be defined visually. Here a static
model, such as a line drawn on paper, would be adequate to indicate
the path, but a moving display would be needed to indicate rate.  If,
turing the presentation of the visual display, the subject were allowed
to practice by moving his limb along the path at the desired rate, his
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ability to perfsim the movement would Le estimated by either the
method of repraduction or by that of recognition. If he were not
allowed o practice, it merely observed the display, the methods of
jeroduction or recoguition would be applicable,

The standard movement might also be defined by moving the
subject’s fimb passively along a given path at a particular rate.
Either reproduction or recognition could be used in evaluating
proficiency.

The rate of the standard movement might be defined by aliowing
the subject to move his hand actively along a visually presented path-
way at his own rate. On the following trial he would attempt to
reproduce both his own self-generated rate and the correct path. It
is probably not feasible to allow the subject to define his own path by
an active movement.

The apparatus used in studying discrete movement should be capa-
ble of recording the rate of the movements and their course (preferably
in three dimeasisns) without appreciably interfering with the move-
ments being studied. Photographic techniques, in which a flashing
light or spark gap is attached to the moving member, satisfy these
requirements reasonably well.  3fuch simpler graphic methods would,
of course, suffico in some cases. .

Ezperimental varickics—The following variables, in addition to
the general variables already listed, are relevant to the study of dis-
crefe movements: (i} rate of movement; (2) magnitude, dircetion,
lucation, and form of the path; {3) temporal facters {see these listed
under Discrimination of Direction) ; and {4) characleristics of the
mechanical system, if any, interpesed between the limb movement
snd the observed movement of an indicator. Thess chameteristics
include the ratio between the smplitude of movement of 2 control
and the amplitude of movement of the indicator; the relation between
the plane of movement of the contrel and the plane of movement of
the indirator; the relation between the fype of movement of the
control {rofary, lincar, ote} and the type of movement of the indi-
cater; the relation of the direciion of movement af the control to
direetion of movement of the pointer; magnitude of lag; and degree
of backlash.

Repsotitize Sfovements

The members of this class, which includes such movements as tap-
ping and turning a crank handle, aro characterized by the fact that
they are, in essence, discrete movements which are performed a num-
ber of times in fairly rapid succession. In some instances, e. g., in
tapping, cach discrete movement is followed by a return movement
functioning principally to bring the Iimb back inte position for the
next discrete movement. In cthers, e. g, turning a crank, the initial
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movement is such that its termination automatically leaves the limb
in a position for the succeeding movement. Here the discreteness of

the movements may become almost completely obscured, and the over- °

all result can be distinguished from continuous movements only by
veference to other characteristics of the situation such as the stimulus
conditions.

For the most part, investigations of repetitive movements would be
dirccted toward the study of the maximum rates obtainable, thie nature
of motor blockage which occurs as the rate is increased to the physi-
ological limit, and thie form of the movement elements as a function
of rate, amplitude, and other factors.

Daia obtained in studies of repetitive movements would reiate
directly to the problem of equipment design wherever erank-turning
movements, tapping movements, or reciprocal pumping movements
are required of the operator. Fewer movements of this type appear
to be involved in the operation of sircraft equipment than in the oper-
ation of artillery pieces, tank guns, and machine tools,

As in the case of simpis discrete reactions, certain characteristi®
conditions serve to distinguish repetitive movements from other types.
These are as follows: (1) The type of repetitive reaction required is
first specified by the experimenter; the subject then performs the reac-
tion in the absence of corrective stimuli other than these which are self-
generated.  (2) Proficiency is determined by recording the number of
moverents made in a given time, by analyzing the shape of the com-
ponents, by measuring the veriability of timing and form within &
series, by recording the occurrence of moter blockage, ete.  (3) The
component unit-mevements ars nearly identical, each involving
approximately the same muscle groups as the others,

Ezperimental procedures~—The desired reaction could be elicited
by verbal instructions alons or by a combination of such instructions
and visual or auditory displays., The method of production would &p-
ply in the majority of instances since usualily the subjeet would be told
to tap as rapidly ¢s possible, or to fap at a rate of, say, once a second,
and =0 on. The methods of reproduction and recognition would
clearly not apply if the subject were instructed to mova at his maxi-
mum possible rate. Nor would they apply to the tasks in which the
:ubject wouid be required to translate a verbally defined rate into motor

erms.

The rate of & repetitive tepping or turning niovement, as well as its
amplitude, could be defined by attaching an appropriate devico to the
subject’s limb which would move it passively in the desired manner.
The methods of recogniticn and/or reproduction might then be
employed,

The apparatus required for studies of repetitive movements would

extremely simple if only maximum rates of tapping or winding were
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to be measured.  Electromagnetically operated counters and tachon:-
eters would meet most requirements. Were it desired to record the
detailed characteristics of the component reactions, however, recourse
wonld be had to more elaborate graphic or photographic methods.

Ezperimental veriables.—In addition to most of the jreneral ex-
perimental variables listed previously, the following apply directly to
repetitive movements: (1) amplitude (of reciprocal movemients) and
radius (of turning movements)—this would include the determina-
tion of optimal amplitudes for various rates; (2) rate;and (3) kind of
movement, for example, path traversed and direction.

Serial Movements

Serial movements may be defined provisionally as those which are
composed of a number of discrete movements involving starting and
stopping of the moving member, changes in direction, and the like,
cach component being made in response to a specific, relatively discrete
change in the external stimulating conditions. Here the primary
concern is with the ability of an individun! te perform the entire series
of reactiens, with little or no significance being attached to the more
minute characteristics of the components. The study of movements of
this variety may have considerabie practical importance, since there
are n number of aircrew positions as well as industriel situations
where it is desirable to be able to perform a series of knob-turning or
switch-throwing reacticns with speed and accuracy. One related
problem which desorves considerable attention eoncerns the ways in
which discrete movements can be combined into a series in the most
cfficient manner. .

Serial movements mxy be distinguished from othier movement reac-
tions by the following properties: (1) The reactions ordinarily occur
in tha presence of the stimuli, (2) The over-all task may be such that
the subject paces his own reactions (i. e., the completion of a reaction
automnatically results in the appearance of a new stimulus), or the
rate of reaction may be predefermined {new stimuli appear at certain
time intervals regardiess of whether the reaction has occurred or
whether it is correct).  (3) Different, relatively discrete stimuli ave
associated with each of the different component movements, (4) Pro-
ficiency is measured primarily by recording the total time required
to complete the series o1 movements and by noting the number of errors
ntade. The detailed characteristics of cach of the components could,
of course, also be measured.  {5) During the initial runs through the
reaction sequence, each response will be relatively independent of
every other, but on repeated trials as learning takes place, some re-
sponses will acquire the eapacity to serve as stimuli for other responses,
and some stimuli will acquire the capacity to evoke responses some-
what removed in the series,
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In many serial-reaction tasks a rather clear distinction can be
made betweenn the movements of adjusting the individual control
mechanisms and the connective movements which function solely to
carry the adjusting limb from one control mechanism to another.
For purposes of exposition, these movements will be referred to here-
after as adjustive and connective movements respectively. By varying
the nature of the serial-reaction task, either adjustive or conneciive
movements may be studied in relative isolation. Connective move-
ments can be eliminated from the task by using a single contzol mech-
anism, such as a knob with a pointer attached, and requiring the sub-
ject to perform a series of adjustive movements with that control only.
The elimination of multiple controls and hence the fuctor of their
spatial separation excludes the connective movements. Likewise,
the task may bo set up so as to reduce adjustive movements to a mini-
mum by requiring that the limb be moved as rapidly as possible fromn
one to another series of points in space, pausing at each point only
leng enough to push a button or make a mark on a piece of paper with
a pencil.

The Complex Coordination Test developed at the AAK School of
Aviation Medicine is probably a good example of a serial-reaction
task in which adjustive movements (as differentiable from the con-
nective movements) have been eliminated. In that test, the subject
moves a stick and a rudder bar to one after another of a series of
positions indicated indirectly by means of rows of lights, Here the
connective mevements are, in essence, the only reactions required ; once
they have been made correctly, the light signals chunge te indicate the
direction for the next connective movement. No qualitatively differ-
ent movement reactions take place after each of the basic positioning
or connective movements has been performied.

In serial-reaction tasks where it is desitnble to include both adjustive
and connective movements, experiments could be designed in which
cither type or reaction is held constant while the other is varied. {See
Experimental Variables listed below.} This procedure is in contrast
with that described previously where either of the reactions could
be reduced to an unimportant minimum. Experiments conducted
along these lines should yield data on how best te combine connective
movements with adjustive movements in order to increase over-all
performance efliciency.

Ezperimental procedures—The procedures fo defining the task to
the subject are less complex in the case of serial-reaction situations
than in the ease of positioning resctions and diserete movements. One
reason for this difference is that in serial-reaction tasks the subject is
ustilly allowed almost complete freedom in determining the exact
Paths his movements will follow and the mtes at which the movements
aremade, It isonly the end result of the movements, i. e, the turning
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of a given knob through an angle of, say 180°, which is ordinarily
specified in detail. In general, verbal instructions, supplemented });.'
visual inspection of the apparatus and perhaps preliminary practice
trials would suflice to acquaint the subject with the task.

The nature of serial-reaction tasks is such that the methods of pro-
duction, reproduction, and recognition, as employed for positioning
movements and discrete reactions cannot be applied without seriously
distorting their original meanings. If interpreted rather loosely, the
method of production is relevant te some extent, since the subject
converts the verbal statements of the experimenter into action and
hence produces the desired response. On the second presentation of
the serial task, or on a trinl following a practice trial, the subject may in
a sense be repreducing his reactions of the previous trials. Since he is
not instructed, however, to follow exactly the same movement paths
on successive trials, but only to accomplish the over-all tosk as rapidly
and efliciently as possible, the method of reproduction is not, strictly
speaking, applicable. The method of recognition could be employed
only if a rather Jarge number of serial-reaction apparatuses were to be
constructed to serve as comparison tasks, a procedure that is obviously
impracticable because of the time, effort, and expense involved.

The type of apparatus required for studies of serial-reaction move-
ments would depend entirely upon the varinbles being studied. In
exploratory studies conducted in the Aero Medical Laboratory, use
has been made of the Finger Dexterity Test employed in the AAF
Avietion Psychology Program. This test consists of a boerd in which
48 squaro holes are cut. Round-headed pegs with square bases are
inserted in the holes. ‘The basic task is to 1ift the pegs from the holes,
rotate them 180°, and reinsert them in the lioles. By varying the
spacing of the pegs and the required direction of rotation, a large
number of serial-reaction tasks can be devised, in which either the
conncctive or the adjustive movements, or both, are varied
systematically {sce ch. 18).

Ezperimental variables—In addition to the general variables out-
lined in an carlier section, tha following apply specifically to serial-
reaction situations: (1) Adiustive movements. For example: Direc-
tion of movement (clockwise, counterclockwise) ; types of movements
(twisting, pulling, pushing) ; amplitude of movement; homogeneity
or heterogeneity of types of movements within the series, ete. (2)
Connective movements. ere variations could be introduced in mag-
nitude, degree of uniformity, direction, in the ways in which different
connective movements are combined, ete. (3) Characteristic of the
mechanical system.  (Sce paragraph with this heading under the ex-
periinental variables listed for Discrete Movements.) (4) Type of
display. This involves variations in the kinds of cues provided to the
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subject so that the adjustive movements can be performed in the right
manner and in the correct order.
Continuougs Movements

‘The movements which appear to fall logically into this class are
those in which continuously changing motor adjustments are made in
response to continuously changing stimulus configurations. The task
of the aerial gunner in tracking a rapidly moving target by the manip-
ulation of suitable controls in a turret is an excellent example of what
is meant here by a continuous-movement reaction. In general, most
of the tasks, which in the literature on psychkomotor tests are referred
to as pursuit tasks or eye-hand-coordination tasks, fall into this cate-
gory. Aswas noted in the intreduction to this report, complex niotor
activities {many of which are obviously continuous) invelving gross
movements of the whole bedy, are believed to be relatively unim-
portant with respect to the design of equipment and hence are not
considered here,

Continuous-movenient veactions may be distinguished from other
movements by the following characteristics: (1) The reactions take
place in the presence of the external stimuli which both evoke and
guide the movements. (2) In some cases, the stimuli are completely
independent of the reactions, whereas in others, the reactions alter the
nature of the stimuli. (3) The stimuli are in a constant state of flux
and demand therefore coordinate variations in the reactions. (4)
The desired movements are not specified in detail by the experimenter
prior to the test peried, but are determined more or less continuously
by the stimuli occurring during the course of the testing. (5) Profi-
ciency is usuaily determined by obtaining o continucusly integrated
record of the disparity between the subject’s control movements and
the movements which would have resulted in a perfect performance,

For purposes of study, the continucus-movement reactions of impor-
tance for this report can be divided into two major classes which are
differentiable in terms of the stimulating conditions presented to the
subject and the reactions he is required to make. The two classes are
following-pursuit reactions and compensatory-pursuit reactions.

In {ollowing-pursuit reaction situations, the movements of the stim-
ulus ave completely independent of any controlling actions performed
hy the subject. As a result, the physical aspeets of the stimulus can
be accurately specified and controlied. Iiere the operator manipu-
lates certain control mechanisms in order to keep a pair of cross hairs
or other indicator superimposed upon, or adjucent to, a moving target.
The displacements between the indicator and the target, as well as
the general patiern of movement of the target, serve as cues to the
eperator to enable him to follow the target.
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The compensatory-pursuit task differs from the following-pursnit
in that the subject’s control movements act to keep the moving target
or indicator from drifting away from a stationary null position rather
than acting to keep a moving indicator in coincidence with a moving
target. A pilot who is flying by reference {o the artificiel horizon
alone is performing compensatory-pursuit movements of this type.
‘Thus the movements of the control mechanisms compensate for move-
ments of the indicator (or indicators) from the null position. Because
of this characteristic, the stimuli received by the subject from the indi-
cator change markedly as a function of hisreactions. This means that
the physical aspects of the stimulus situation differ from subject
to subject i cannoi be zzcurately controlled or easily measured.
LFurthermore, the magnitude of the stinutue Geviations leading to the
evocation of compensatory movements is inversely related to the level
of proficiency attained; the better the subject’s performance, the
smaller the drifts of the pointer from the null position. In the case
of following-pursuit tasks, an increase in proficiency does not reduce
the over-all movement of the target, although it does result in a
decrease in the average distance separating the target and the follower.

Probably both the following- and the compensatory-type of pur-
suit can, by changing the stimulus conditions, be converted into a third
type which might be called planned pursuit. In the planned-pursuit
task, the subject is able to obtain information about the kinds of reac-
tions he will be required to make at some time in the future. If he
can see the course ho will be required to follow while he is rezcting to
some other portion of the course, he will be enabled to plan and to
anticipate. The task of landing an airplane under contact condi-
tions, whoere the pilot can sce the airport and its runways some time
before he must make his corrective movements is an example of what
is meant here by a planned-pursuit task,

Ezperimental proccdures—As in the case of serial-movement reac-
tions, the task set for the subject in the continuous-movement situation
is defined by verbal instructions and perhaps by the use of preliminary
practice trials in which errors may be corrected. In the following-
pursuit and compensatory-pursuit tasks, the particular movements
which must be performed at each moment are indicated by the position
of the moving target with respect to the position of the follower or the
location of the zero point.  Usually no specific instructions are given
regarding the kinds and rates of movements to be used, the subject
being free to make whatever movements are most suitable for solving
the problem at hand. As a consequence of these characteristics, the
methods of production, reproduction, and recognition apply only to
the same limited extent that has been indicated for serinl movements.

Ezperimental varicbles~The general variables listed above apply
here, and in addition the following: (1) Stimulus characteristics.
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Variations can be introduced in the speed of movement of the target,
direction of movement, amplitude, path, conditions of illumination,
design of indicating elements, ete. (2) Control mechanisms. This
includes the radius of action of the control levers, the type of centrol
(wheel, stick, rudder), kind and degree of damping, pressure required
to operate controls (absolute magnitude, degree of linearity), number
of controls (whether in a task invelving several dimensions of move-
ment several controls are used, or only one), ete, (3) Characteristics
of the mechanical system. In addition to factors already listed in

paragraph 4 under Experimental Variables for Discrete Movements, -

the mechanical system can be varied to provide either velocity control,
dirvect control, or aided control. (4) Task characteristics. The over-
ali task can be changed by increasing the number of pursuit tasks
which must be performed simultanecously, by comparing foot-operated
confrols with hand-operated controls, by comparing the performance
of two men in operating a two-dimensional tracking device with that
of a single individual, ete. (5) Because of the wide variety of pursuit
tasks which could be designed and constructed, no general recom-
mendations can be made regarding the kind of apparatus which would
be suitable for the study of continuous movements,

SUMMARY OF AVAILABLE LITERATURE PERTAINING TO MOTOR
ABILITIES

As mentioned in an earlier section of this report, many pages of the
psychological literature are devoted to studies of the sensory and per-
ceptual abilities of human beings, but few to fundamental motor
ability as described here (see Boring (7), Woodworth {65), and Tro-
land (59) in this regard).

Historically, research related to the area of motor abilities is of
interest. During the latter half of the nineteenth century, research
on motor activity dealt principally with the idea of the muscle sense
or kinesthesis. Studies conducted at that time emphasized the intro-
spective and histological methods and were directed almost solely
toward an analysis of the various types of sensations arising from
movements of the limbs and toward an attempt to discover the specific
receptors in the muscles, tendons, and joints which might be capable
of mediating the various sensations. Reference may be made here
to the work of Bell, Fechner, Goldscheider, Sherrington, Titchener,
and others reported by Boring (7) and Troland (59).

In the early part of the twentieth century, the work of efliciency
experts such as Taylor and Gilbreth led to numerous studies of move-
ment efticiency in industrial situations. ‘This work has been ably sum-
marized and criticized by IFarmer (18). These studies were aimed
almost without exception toward the discovery of techniques for the

51

PV

. B ot




il TR Lo, b S i St v,

climination of waste motions and the consequent increase in work
output per unit time. Considerable emphasis was laid upon proper
posture and the use of smooth, circular, and rhythmical motions,
Little information, however, was gathered about the basic abilities
involved.

Stetson and his students (26, 32, 51, 52, 53, 54, 55) and others, e. g.,
Davis (13), have, in recent years, made extensive studies of skilled
movements. Through the use of action-cmrrent recording devices
these investigators have been able to specify accurately the particular
muscle groups involved and the phasing of their contractions with
respect to the total movement cycle. They have not, unfortunately,
provided us with data at the macroscopic level on the gross character-
istics of simple human movements,

A few items of literature are available concerning basic motor abili-
ties as related to equipment design. Among these may be mentioned
the work of Craik and his associates (3, 12, 13, 14, 28, 29, 30, 60, 61),
the details of which are given below, and the work of German investi-
gators reported by Fitts (19). A recent memorandum by Jenkins
(35) summarizes a number of the problems on the design and use of
controls in the equipment field,

In the sections which follow, publications accessible to the authors
have been summatized under the same organizational plan followed
in the carlier part of this report.

Statlc Reactions .

An examination of the availuble literature indicates that a number
of studies have been made of tremer-type reactions, but that & majority
of these have been somewhat unsystematic in their approach to the
problem. No differentiation appears to have been made between
tremor and drift reactions in this area and the latter typo of behavior
has not been investigated in the case of limbs, although investigations
of body sway are plentiful in the literature. Measures of tremor have
been mostly in terms of amount of movement in inches or millimeters,
or frequency of tremor reactions per second.

Whipple (64} describes typical apparatus for measuring steadi-
ness-type static reactions and summarizes the literature available in
1024,

Two examples of apparaius for studying tremor may be cited. Ins
vecent article, Edwards (I7) describes a work-adder type of device for
recording finger tremors in three dimensions. By means of three
threads attached to the finger, small riders were caused te move up
inclined planes, one for cach dimension. The positions of the riders
on the planes indicated the summated tremor. Fossler (20) studied
frequency of finger tremor by means of a small movable coil suspended
in the field of a strong electromagnet, a device developed by Travis
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and Hunter (58). The current induced in the coil was recorded by
a consitive oscillograph on moticn-picture film.

The results of a number of studies of the effcets of various factors on
teadiness may be summarized as follows. It might be noted that
many of these findings should be checked with additional experimen-
tation.

Great variations from individual to individual and from day to dny
are reported by & number of investigators (17, 20, 64, 66), although
Paulsen (43) veports odd-even reliabilities of 0.98 and test-retest corre-
Jations of 0.73.

Tremor appears to decrease as age inereases from childhood to early
maturity (17, 64).

Men may exhibit greater tremor than women, but the evidence is
somewhat equivocal (16,17, 64).

Steadiness in maintaining a fixed position with a lever is greatly
increased by friction (12},

Most studies of the use of visual cues in tremor reactions indicate
that steadiness is improved with visual reference (12,17,44). Young
(66), however, found that the use of visual cues did not decrease
tremor.

Young (66) reports that the greater the effort exerted in maintain-
ing the fixation, the less the success and, presumably, the greater the
tremor.

Praise and reproof have ambiguous effects (16), with praise increas-
ing the steadiness of women and decreasing that of men and reproof
acting in the opposito fashion, .

Fatigue decreeses steadiness; the rate, amplitude, and irregularity
of tremor oscillations varies directly with fatigue (8).

Exercise is reported (44) to decrease steadiness, but according to
other investigators (16, 17), exercise has small or ambiguous effects.
Static and mental work apparently decrease steadiness (44).

The amount of tremor decreased in Edwards’ study (17) as the point
of limb support was shifted from none, to elbow, to wrist, and to
palmy; whereas Fossler (20) reports that the point of support has only
a slight effect. '

Less tremor is found when the subject is seated than when he is
standing, and position of the limb relative to the body is reported to
have appreciable effects on steadiness (12,17). Craik (12) found that
with visual reference, subjects were able, on the average, to keep a
pointer on a line, though oscillations still occurred. Tremor in-
creased as the hand was moved more than 8 inches above or below
tho heart. :

Reaction-time is significantly shorter and variability smaller when
the stimulus is introduced at the top or bottom phase of the tremor
cycle (56).
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Fossler (20} found tremor frequencies ranging from 5 to 530 per
second, with roughly 70 percent lying in the range from 8 to 8D.

Subjecting the hand to heat (28) is reported fo decreass the low
frequencies while cold teuds to decreasa the high ones

Positioning Reactions

Excerpts from the avaiiuble literature which pertain to discrimina-
tion of direction and discriminaticn of extent are summarized in the
jollowing paragraphs,

Diserimination of direction—Literature concerned with the prob-
lem of how accurately subjects can attzin terminai positions with the
limbs in the absence of vision appears fo be nonexistent. Studies
involving the usc of vision have been summarized by Whipple {61).
A situstion was empleyed In which the subject struck a terget in
time with the beat of a metronome employing a ballistic-iype move-
ment. Accuracy was measured radially about thie target. The difs-
culties of controlling the type of reaction are obvious. The findings
suggest the following conclusions: accuracy increases gredusily with
age, particularly in the range of 5 to 8 years; sex differences ars net
appreciable; normative data indicate that mean crror for college
subjects is about 46 mm., with a range of 3-9 mm.; the performance
of the right and left hands correlates 0.54.

A study has been completed recently by Fitts which yields informa-
tion concerning the ability of individuals te locate equidistant targets
with their hands in the absence of direction vision (seo ch. 15).

The worl of McNeill {37) in France concerning the form, dispersion,
and speed of trajectories of hitting movements, performed both with
and withiout the aid of vision, appears to be relevant here, but the
original material was not available at the time of writing,

Discrimination of extent—The available literature with regard to
this problem is somewhat more voluminous than that for discrimina-
tion of direction. The findings may be summarized as follows:

When visual corrective cues are not employed, short distances tend
to bo overestimated (45). The use of vision increases the accuracy of
performance appreciably (1, 45).

The use of a pointer held in the hand results in a tendency for extents
to bo underestimated as compared with judgments of the same extents
with the finger (9). Presumably vision was not empleyed.

A finding indirectly relevant is that size of objects judged by touch
or manipulation is smaller than that judged by vision {4, 11). The
judgment without visual corrective cues appears to depend on the esti-
mation of the length of the sides or diameter involved (11).

Somewhat equivoeal experimental evidence obtained by Weber (62)
and Weber and Dallenbach (63}, sugzests that extents are underesti-
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pated when the subject’s movements are impeded by frictional resist-
arce.

Robinson and Hichardson-Robinson (48) studied the sbility of St
women undergraduates to draw lines varying ia length from 6 to 33
centimeters in steps of 3 centimeters.  Corrected odd-even: correlations
were compated 2mong the sets of reproduced lengths. The correla-
tions were higiiest between Iines of the same =pproximats kenpth and
decreased v 2 roughly linear fashion as the magsitude of the differ-
ence between the correlated lines increased.  The range of corvelations
was fram 0.95 to 0.35.

Afsvement Reactions

A few scattered studies are available in tha literature which deal
directly with mevement reactiens. The repesis of investigations avail-
shle to the writers are summarized below z2ccording o tha calegozies
cf discrete movements, repetitive movements, serial movements, snd
ceantinuous movements.

Discrete morements—iWith regazd to the rate with which discrets
movements can bz made and the variables affecting this rate, the
following statements may be made.

Bealer (5) found that rate ¢f movement with x control stick was
greater for push than for poli; maximun: rates increased both with s
docresss in maximum stick force and an Increase in maximum stick
displacement; snd maximum rates with zers force were 251 in/fsee.
icr pash and 140 in./sec. for pull. Hertel (27), kowever, reports con-
siderably lower Sgures. He also states that tha rate of movement of
the feet s less than that of the hands.

An investigation of zste ss a funciion of loading indicated that ths
formier decressed directly with the latter {35). AMaximum velocities
of the hand averaged 132 in./sec. )

Glanrille and Kreezer (23} found that the left arm could b mored
more rapidly than the right, flexion movements were slower than
extension movements, and averaged velocity was about 0.45° per milli-
second.

Researches by Montpellier (40) dealt with ecceleration as a func-
tion of time. Subjects were required to move objects from one place
to another with rapid and slow movements. Ameng other findings,
it was noted that there was a continual variation in acceleration, i. ¢,
the speed of the movement was not constant at any ene point, and that
the maximum acceleration was located nsually in the Sirst and Tast
quarters of the movement.

With regard to force as a variable operating in discrete movements
the following studies apply. The maximumn push cxertabiv on & foot
pedal has been studied as a function of the position of the pedal rela-
tive 1o the seat (23). It was found that maximum push could be
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exerled when the position of the pedal was svch that the a'zgle of ths
lower log with respect to the thigh was 165°. The maximum force
exeried i oy 38 subjects when =ea.ed averaged 700 muxx!_, with 6 stb-
iocis pushing over 903 ;xmuds. In addwcn it was found that with s
Inee angle of 165°, maximum push could be exerfed when the fool
padal at *J:e end of iis travel wag in such a position that the Iine of
the subject’s thigh was 20° above the korizeatal

Ierlel (27} reports that the maximam foroes which can be exerted
on airplake controls are as foliows: (1) Elsvator operation of 2
stick: two-handed pash, 220 pounds; {wo-Eanded pull, 185 pounds;
one-handed pull or push, 150 pounds {2) Aileron operation of 2
tick: tws-handed push or pull, 50 poznds; one-handed push, 40
pounds; one-handed pull, 35 pounds. {3) Aileron operation of 2
winel-type control: ¢wg-handed {urning, 62 pounds. (4} Rcedder
pedal operaion: pushing with 1 foot, 476 pounds.  Gough angd Beard
(21} report comparable values fora stick-type control

Iick {29) studied the 2bility to spply incrementst and decrerental
forces to relatively constant basic forces in a neasdy Ssomeiric sitaation

invoising & hsnd control. Increments, positive or negative, super-

added to 2 steady muscular foroe had their means shifted in the direc-
tion of overshooiing, as cenpared with the sonditicn of no or smsli
basic jorce. Thisovershosting wasmost marked with relaxaticns from
2 stezdy pull. The shift of the mexn was of the order of 5 10 15 per-
cent for a basic force of 4 pounds. Jenkins has fourd that Weber's
Iaw kolds from about 10 to 46 pounds in = situaticn requiring pressure
to bo exerled on an apsroximately isomelric stick-type control (sce
ch. 312j. Below 10 pounds, relative sccursey decreased rapidir.
Absolute accuracy increzsed in 2 roughly linear fashicn from 1 to
48 pounde,

Findings of studics concerned with the path or form of discrete
reactions may be summarized as follows: It hasteen found that coun-
terciockwise rotation for the rizht hand is more accurate in a situation
involving the drawing of circles, spirals, and the liks (47). This find-
ing held for both right- and Ieft-handed individuals whereas the
opposits tendency sppeared for the left hand

Gemelli (25, 22) found that the movements of subjects who were
requested to trace complicatad Sgures on a flat surface were composed
of a scrics of diserete rovements. The frequencies of these step-wise
discontinuitics ran paralle] to the square root of the angular velocity.
Practice resulted in a decrease in errors and thé acauisition of more
characteristic form by the movement. As the movement became micre
precise, the number of discontinuitics became pregressively greater.

Montpellier {39) reports the existence of a conflict between least
cffort and the tendency toward exact n'pmduchon of the model in a
tracing problem.
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Graphic records made by Steison (52) of beating movements witha
iaton showed a rounded point at the end of the up stroke as compared
with a sharp point et the 2nd of ke down stroke.

Isiao (1) studied the abiliiy of children to irace beiween iwo
parailel Yines of four different kinds. The results indicated that
curved movemeats were easler than horizontal or verticai movements,
and regalar movements were casier than irregular ones.

Repetitive reactions—The literature on repetitive reactions appears
to be moderately voluminous although marny of the studies ars not
directly pertinent to the design of equipment. Some studics involving
the &<k of lapping were a\'ailab!& Findings of experiments in this
arey are listed Lelow along with 2 few othier available items that
pertain to the design of equipment.

Wide individual differences have been reporied in tapping rate
along with relatively constant individuai performances {16, 38, #1}.
The maximum ranged from § to 13 per second after practice, accord-
ing to Yon Kriesas reporied by Bryan {10).

Rate of {z2psing doss net appear to ke a function of the distance
covered within the range of 1 t5 40 sillimeters (10). Bryan {10)
reports ths highest tapping rate for an excursion of 20 millimeters.

Bryan (10) reports that the highest rate is for {ree tapping, next
greatest for tapping with wrist and elbor, and slowest for the middle
and outer joints of the forefinger. Whipple (54) reports the highest
rate when the movenient is ;x&rfor-:znd by the elbow joint. Tinker and
Goodenough (57) report that in children and adults the index- and
middle-finger tapping scores are approximataly the same, the little
finger is slower than the other fingers, and binmanual tapping is slower
than unimanual. Tapping with any finger correlales well with tap-
ping of any other finger.

Rate of tapping with all joints increases dr'ectly with sge from 8 ¢e
16 years in a sample of 789 school children (10).

When subjects are required to accelerate at their own pace they do
it in steps, with Webers Jaw liclding for the relation between successive
steps {3%}.

When subjects are zllowed to top at their preferred rate this ranges
from 1.5 to 5.0 taps per second (38}.

When & different rythm is introduced and the subject is then required
to return to his preferred rate, it is found that the latter is changed
in the direction of the introduced rate whether faster or slower (38,46).

Small correspondence is found between the tapping scores of children
obtained with hand and arm unrestrained and with hand and arm
restrained (57).

Beder (6) reports that interpolatad activity of the same or opposits
arm and hand reduces speed of tapping, changes the pattern, and
reduces the excursion.
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Hick (28) reports that friction, as might be expecied, reduees the
speed of repetitive winding movements.

Pacand-Korngold {(42) found thet ir turning cranks in the kori-
zontal and vertical planes with various combinations of directions
for the two hards operating simulianeously, coordinated action of
both hands was usually slower ther mevements of a single hand.
ilorizental movements of one hand were not slowed appreciably by
vertical movements of the other hand, but vertical movement of
one hand was retarded by horizonta! action of the other hand.

In studying rhythmical movements, Stetson (52) required subjects
to make up and down beating movements with a bator at the fastest
possible rate. The velecity of the down beat was about two or thres
times as great as that of the beek stroke. The velocity of the beat
stroke was dependent on the length of the stroke, but not on the
tempo of the rhythm. The duration of the beat stroke was strik-
ingiy uniform and was independent of either the tempo or the leugth
of the stroke. Introduction of an obstacle amainst which the limb
struck at the end of the stroke did not appear to alter ths character
of the stroke.

Serial reactions—Typical samples of studies of serial reactions ars -
available in the literature bertaining to industriai time-and-motion
investigations such as those described by Barnes (2) and Farmer (18).
Most of thess studies havo been concerned with the analysis of per-
formance in a particular position with a view fo increasing output.
Barnes and his associates have investigated such items ss simaul-
tancous symmetrical and asymmetrical hand motions, but unfortu-
nateiy tho original reports were net available to the authors at ths
time of writing. From the Jiterature available it appears that system.-
afic researches have not been conducted on the effect of the vari-
ables listed in an carlier section of this report on serial-typs motor
activity.

€ontinuous reactions—The literature on the effect of a number of
factors upon continuous reactions is summarized below.

In a study of the effect of asymmetrically placed aireraft controls,
Honeyman and Yallop (30) found that in a three-dimensional com-
pensatory-pursuit task, offsetting the control column to the left pro-
duced » tendency to pull it to the right and vico versa. 1When the
rudder was displaced to the left of the central position there was a
tendency to give right rudder. They conclude that if an unusuai
posture is required, movements of control becomo less weil adapted.
Fatigue or stress may produce even more marked deterioration,

Vince (60) has studied the relation between the direction of move-
ment of the control handle and the direction of movement of the
display pointer. In general, errvors in the “unexpected” direction




-

were clatistically greater than those mads in the “expected™ direc-
ticn. The difference between the two directions was found to ba re-
lated, however, to the time interval between reactions, YWhen only
oac reaction was required every 4 seconds, the numbers of errors in
the fwo directions were about equal. At infervals of less than 1
second, howvever, the errors with the “unexpected™ connection rose
to more than twice the number with the “exzpected™ connection.
When the direction of control was reversed in the sniddle of a series
of trials, some of the subjects dig not notice the cisngs. The sub-
jects made fewer subsequent errors than these who did notics the
change.

Vince (61) reperts thst in tracking 8 varying course with linear snd
nonlinear control levers, no consistent difference was fourd between
errors under the {two conditions. Also the learning curves did net
eppear to bo affected by the change from lincar to nonlinear and vice
versz.  However, when lincar and noniinear levers were used in cor-
recting large misalinements of & display peinter, the differencs in
favor of the Iinzar lever was statistically significant. In genersl, 2
sudden change in direction produced marked errors with the nonlinear
lever. Practice tended to make performance with & nonlinear laver
almost as geod as that with linear.

Craik (13} found that ir positional Iaying of constant-specd courses,
lack of clerity of the display introduced errors of unusually long
period. A slight acceleration increased tiie magnitude of tho errors
greatly as compared with a constant speed course.  Craik lists the fol-
lowing factors as of importance in affecting sccuracy of movement in
a tracking-type situation: limb employed, mean pesition of the limb
and its point of suppert, amplitude of movement required, force re-
quired, and direction of movement. No clear-cut data bearing on
these points were presented.

Craik and Vince (14), in studies of psychological and physislogical
aspects of gun-control mechanisms, attempted to analyzo the nature
of the errors obtained on constant-speed courses. In tho carly stages
of learning, the errors resembled damped oscillations, As learning
Progressed, the cscillations about the correct course becames approx-
imately constant in amplitude and period; and in tho final stages of
learning, the subject anticipated more, moved his control more
smoothly, and only oceasionally relapsed into the oscillatory type of
reactions. On variable-speed courses, the oscillations wers about
twice as rapid as on constant-speed courses, the difference being highly
Slgl’niﬁcxmt statistically. Laying accuracy was not improved by
Spring-centering of the twist-grip type controls, nor by varying the
umplification of the control in a ratio of 1.9:1,
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Interrelations Among Molor Resctions

Several investigations have been concerned with the relationships
among z number of motor abilitics. The available reports may be
summarized as follows.

ITarrison and Dorcus (23) required 50 subjects to perform a nunber
of differcnt movenients at their own chosen rates, with the purpose
of the experiment being camouflaged.  Results of the timing of these
performances indicate that (1) there is no unitary speed trait which
is characteristic of various spontancous movements or motor adjust-
ments of an individual, and {2) individuals terd to perform at a fairly
constant rate from one time to another.

Pacaud (41) concludes that a basal relationship exists among an
individuais several reaction times for arm movements, whether in the
circular-herizontal or circuiar-vertical plane and whether isolated or
variously coordinated. X particular reaction time, howerer, is in
reality represeatative only of those movements of the same nature.

It is misieading to speak of an individual’s general reaction time,
nor s it satisfactory {o accept the reaction time of one group of move-
ments as a general motor characteristic of the individual.

Seashore and asscciates {49, 50) have carried out extensive corre-
Iatienal and factorial analyses of individual differences in sensory
niofor coordinations. Evidence was found for the existence of cer-
tain group factors or areas within which tests were at Jeast moder-
ately related. Examination of the nature of these groupings of tests
showed that the boundarics of the groups usually cut acress these of

(1) specific musculature and (2) specific sense fields, Thus, the vari-
ous skilled actions ef a given musculature were not found to be signi-
ficantly correlated, but similar skiiled actions of different muscu-
latures were closely correluted.  Similarly, the various skilled actions
involving a given sense field were not ordinarily correlated, but similar
skilled musculaz reactions involving different sense fields were ususlly
at least moderntely correlated. In general, the factors correspond
to qualitative similnrities in the pattern of action and not to basic
biological constants of sense field of musculatures,
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CHAPTER FOUR

The Relative Effectiveness of

Presenting Numerical Data by the
Use of Tables and Graphs

Lauxnor F. Carrer

INTRODUCTICON

The flight engineer, bonibardier, and navigator must frequently
refer to different mathematical functions in performing their flight
duties. Since these numerical funetions are usually presented in
either graphic or tabular form, it is desirable to reduce the degree of
error found in their use by determining the best means of presenting
these relationships. The Flight Data Branch of the Aircraft Projects
Section requested the Acro Medical Laboratory to study this problem
and recommend the best methods for presenting data for use by air-
crew members,

There are a number of different factors, such as type size, grouping
of data, selection of units for the axes of graphs, and relationship of
lines to white space, which should be investigated, but the fundamental
purpose of this study was to compare the relative efficiency with which
data presented in tables and graphs can be used. It is desirable to be
able to recommend that given types of data for certain uses be pre-
sented by resort to tabular or graphic techniques,

EXPERIMENTAL PROCEDURE

To present comparable data in graphic and tabular form, a table
and a graph for each of the following equations was prepared. The
form of the material presented was as follows:

Table T and graph I, y=12x
Table II and graph TI, y= 2

T TUla chapter §s based upon research fndings reporied in Yeadquarters AMC, Englnoers
g Divirion Memorandum Reports Nas TSEA A 094-1 and TSEAA-804-1C,
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Table JII and graph III, y=cx; c=12, 14, 1.6, 1.8, and 2.0
Table IV and graph 1V, y= %’; ¢=60, 70, 50, 90, and 100

The tables were prepared with five-unit increments in the argument.
Each of the graphs was plotted on siandard graph paper (Frederick
Post Company, Number 317-S, 20 x 20 lines to the inch) with one unit

: ~:f RELATION BETMEEN INDICATED SIZISS AND ACITUAL SIRESS =
f LCOIFIED BY TRPEUNEE =
X0 i e = X
Jo ey =%
s PR =R = 30
w g 2 %0
0 —-:E:':gm
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2 ¥ ; 3 %0
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DOIAND STESE
Fiouse 1.1.~Sample showlng the type of graph used in the study.
on the abscissa cqualing one unit in the argument and one unit of
ordinate for figure I and one-half unit for all other figures equaling

ono unit in result. Table 4 and figure 4 of the experimental material
are presented to illustrate the tables and graphs used.
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The master cepies of thic tables were typed. The gzaphs were drawn
with india ink. These master copies were then photograpiied and 29
alessy prints of each table 2nd graph were made.  Answer sheets wero
drawn up requiring the subject te write down the result te the argu-
ments given in each item. For the simpls tables and graphs the
subjects were required te give answers both where the argumeats weze
tabulated and where interpolatior: was required. For the tables and
graphs presenting families of data, the subjects were required to work
with argumenis for tabulated values, an-d with argumenis requiring
Loth singie interpolation and double interpolation. Identical prob-
lems were presented for both the tables and graphs but the order of
problems within a series was randomized so that the subjects wouid
not recognize that they were working the same problems. Each
subject worked problems using each table and each graph. Ths
material was presented in the following order: table I, graph I, graph
11, table II, table II1, graph 11X, graph 1V, table IV. Time limits
were established so that none of the subjects were able to compiete 21}
the problems presented. The time limits used for each part were ss
follows:

. Sinplelnter- | Douldoint -
: Tabulated vilues l 51:3!:(!0:: falioa
RORR AL 0 0 3 SRR 1. 208 eeeeanene. l:m .............
T2 T oatsmaphilL Lot eemveeeeemaran 1m0 % eeaeneeneene 3 Menncnnancnes
UYL IR BT % (| SO, tm.48e.. o Il Ll $m.. L.l ‘m.
TL AV sl graph IV 00000 veeeenerne l 119,438 crenennen. | 810 inanenns im.
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Bafore the material was administered the method of entering each
table and graph wss explained. The subijects were also given a short
reriew of the techniques of single and double interpolation.

With this materiel, it was possible {o investizaie whether {abulsr
or graphical presentation is supesior fer linear and curvilinear dota,
for singls zets of data and for families of data, and which is superior
when the subjects are required to enter the table with tabulaied values
and whien they are required to interpolate by using nontabulated
arguments,

RESULTS

The results of administering this material {0 27 subjects {26 pilots
2nd 1 navigator) were anziyzed from two points of view: speed and
accurscy. The nivasure of speed used was simply the number of
problems complcied in a given time, but several measures of accuracy
were used. Table 4.2 shows the resulis of the administration when
anaiyzed for number of problems completed. Figure 4.2 shows the
average number of preblems completed per minute when using the
tables and graphs.

From table 42 and figure 4.2 it is quite evident that, as far as speed
of use is concerned, the table is superior to the graph whenever the
urguments used in entering the table are tabulated, but that when the
urguments are nontabulated, the graphical presentation is superior,
In all cases the difference between the performance on the table and
on ths graph is so great that the statistical probability is less than
one in a thousand that the direction of these differences would be
changed if the experiment were repeated on a similar group of men.

Tamix 42— can, stendard derialion, and tignificance of diffcrence Ycliccen
fablca ond graphz In tcrins of the nunbcr of predlems compleled

Nz}
Mesnnomber | Standsed devlation .
CR!
Tabls | Graph | Tahls | Craph
TASULATZO FALUES

Tableland graph L o ocovreiiriaccccineciannnnn. 41 1ot s18 208 12.18
Table i and graph Il o oeeeienance carccecarerennes 3282 1282 4 253 .13
Tablefsiand graph 138, o ounremcincamccncnce coven. 230t 11,57 §. 248 204 jER{ ]
Tabls IV and goapll IV oo cieciiccccces covccmnnees a8z 9. ¢4 L &3 25 n7s

FINGLE INTERIOLATION
Table Iand graph L. o oceeciiceienraccoacacacnnaces 1387 e 542 (X ] 512
‘Talle landgmaph 18, .. smeeca sevecendecaccsanenes 10032 019 R /) 3.0 1566
Tatle ot gonph JE). e eaccecceacecnnciaceans 1248 17.30 3.38 58 841
Talle IV and groph IV oo coiiiciacicaiaeeanen 18.26 17.41 268 47 593

DOUBLE INTERIOLATICN
Tatle Mfand raph b, ciionniiinr necncenennes 254 w2 1.4 L %44 1.5
TablelVandgrapb iV.oooiuaaaoee. eecsrensenasnes 313 18.07 P N 7] i® 1.0

? These critloal ratlos were computed by the tec' + inae describel on pp, 165 . of Peters, C. C. and Van
Voorhis, W. H., Nanudticel procedutes end thefr v. ‘ematical bases. New York: McOrew-1{111 Book Co.
1940
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Graph T L 3
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Greph 11 -
Tabls IIY F:"'"j Y

oraph IIX B

Tedle IV * =
grath 1V d

-

Frobla=s for Whicth Double Intsrpoletion Iz Used

Table IIY
‘Graph 11T E:::J

Tadls IV
e
9 Iy 3 ' 2 2 Iy 2 -

4 3 12 16 20
Problens Completed Por jlinute
Ficure 4.2. Relative speed in obtalning Information from tadles and from graphs,

o

The criterion for accuracy is not as clear cut as is that for speed.
A number of small errors may not be as serious as one or two large
crrors.  Table 4.3 shows the number of errors made, the average
magnitude of these ervors, and the average magnitude of the ervory
in terms of the total number of problems attempted. In all cases an
ervor is any answer which differs from the correct answer by oue or
more units,

It was not thought wise to compute more elaborate statistics for the
vrror data sinee the distributions were very skewed, being almost J
shaped.

A gecond measure of accuracy is the percentage of problems at-
teinpted for which the answer was in error.  Table 4.4 shows the per-
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TanLe 43 ~—Xumdcr of crrors and Sheir grercge mogniisds

Averazs value of

Tetal rumber Average valng each erzor per
of errots od each esTor problem com-
pleted
Tadie | Graph ! Table | Graph ! Tadle | Oraph
TANTLATEAD VALVLS
Tadleland graphk 1 x 2.00 200 .02 (%
Tablz 1§ and graph 1 ] £ -2 3,13 685 02 Lo
TablaMlend graph I .........ceuecaenn. 12 &5 K42 5898 .19 L
TablelVand prapl 1V .. cacecnnnnae ] 71} 12.52 L% . .02
KNOLE INTERPOLATION
TatlaFant graphl st I3 24 20 X, ] .08
Tatlelland graph II. . ...oaeananannnacnas 2 3 - % -] 3.60 L8t 8
Table Il and graph 351 ..cccveslocennneas] 1% 192 578 4.5 223 L%
Tatle 1V and praphlV...aoaeaaeveaeraceas < =8 452 00 L4 %
DOURLE INTERIOLATION
TaMsUlanderaph Ifl ..ol “® 87 1202 27 .4 L%
Table IVand graph IV, .ccaeeacveeneea <o 1 3D a1l 2% L8 T8

Tastr $.4.~—DPcrcentage errer i using lables and graphs

Number of errors Ak | Namberclerrors
vided Dy totsi com-] than one divided by
pleted X 100 total completed 3 100
Table QGraph Tablk Grsph
TABULATAD VALUXS
Tasdis Iand graph £.. cecmcemreenonas 0.3 s a3 2¢
Table Hland graph If. . oo nrerccconencaneaane wee .8 154 .3 &
Table bl and graph HI.coneeveeeeencenan 23 20.8 290 7.3
Table }¥ and graph iV . see 4.2 47.5 34 i%3
SINGLE IXTRRPOLATION
‘Table T and graph I, . ceoveveveocccrnconanene . 2.¢ 2.6 7.3 4.3
Table Il and 1raph kL. o oeeecienerieccaaccacaccacacan. a8 427 123 1.y
Table Il and graph ... ceccencccacncccencnae Nn.s 4.1 2.8 152
Tablo IV and graph IV eeeeiccccncancnccnccaseccnannnas 328 .9 e 0.8
. DOURLR INTXRPOLATIOR
JTahla I13 and zraph 1L ... eesncssacsssennnasmanrans 622 6.8 49.§ 24.9
Teble IV and granl iV . cecvinnencccccncrcrsnccnncncens 1.8 8. 4 518 4

centago error in terms of the number of problems attempted and slso
the percentage error where the error was greater than one unit. This
latter statistic is given since in graphs II, IIT, and IV the smallest
division on the ordinate of the graph represented two units and it is
not reasonable to expect the answer to bo correct within less than one
unit.

The data in table 4.3 and tabie 4.4 support the samne conclusions re-
garding the sccuracy with which the material is used when presented
in graphic and tabular form. 1t is apparent that when the tables are
entered with tabulated values wo find the table to be superior to the
graph in both speed and accuracy. On the other hand, whenever the
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table cannot be entered directly and some typs of interpolation must
be used, the data gathered from the graph is just as accurate and per-
haps more accurate than that gathered from the table. With tho
graph a large number of crrors ave made but they are usually very
small errors.

It scems apparent that when relatively accurate answers are required
and it is not possible to tabulate all the values that will be used, tho
material should be presented in graphic form. On the other hand, if
speed is essential and some accuracy can be sacrificed, it seems better to
have the material presented in tabular form zand not to require any
interpolation by allowing all entrics to be made with the nearest tabu-
lated argument.

FURTHER RESEARCH

The results reported above suggest that further research should be
done to determine the best composition of graphs and tho best length
for tables. As was demonstrated, a table can be used more rapidly
and accurately than a corresponding graph when the arguments used
in entering the table are tabulated. However, when the arguments
used are such as to require interpolation in the table, its’use is slower
than is the use of the graph. This suggests that it may be possible that
a table in which all of the unit values are tabulated can be used more
rapidly than a graph since there will be no need for interpolation with
such a table. Of course such a tabls is more complicated to construct
and may have ten or twenty times more pages than the corresponding
graph. If such a table is too cumbersome, then a table in which every
other point is tabulated might be superior sinco most of the arguments
would be tabulated and those which were not would require only the
simplest interpolation: that is, interpolation exactly halfway between
two tabulated values,

It is also possible that the composition of graphs may be improved.
Perhaps graphs in which the coordinate lines are spaced further apart
would be read more rapidly and just as accurately as those in which the
coordinate lines are closer together., It also scems possible that graphs
should be entered on the y-axis rather than on the z-axis as is tradi-
tionally done. Al of our reading habits involve reading from left to
right and from the top of the page down, but the traditional method
of entering graphs requires reading from the bottom up and often from
right to left.

To investigate these different possibilities, a second experiment was
designed.  Inanattempt to determine the optimal number of tabulated
points in a table three different tables have been constructed: one in

- which every fifth point in the major argument and every tenth point in

the minor argument is given, another where every second point is
given for both arguments, and a third with every point given. Three
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graphs have been constructed in whick the distance hetween the co.
ordinate lines has been varied; one graph is drawn en 20 x 20 lines-to-
the-inch graph paper, another on 8 x 8 graph paper, and the third on
4 x 4 graph paper.  Finally one graph has been constructed on 20 x 20
graph paper in which the independent variable is plotted on the y-axis,
At the time of writing, this material is being administered through the
cooperation of Dr. Clarke Crannell st Miami University.

SUMMARY

1. A comparison was made of the relative speed and accuracy of
individuals in using graplis and tables. Identical mathematical fune-
tions were presented in both graphic and tabular form and experimen-
tal subjects solved the same sct of problems with each presentation,

2. Itisconcluded that the table is superior to the graph in both speed
and accuracy of use whenever the arguments used in entering the table
aro tabulated, but that whenever the arguments are nontabulated a
graphic presentation is superior to a tabular one in speed of use and
that it is just as accurate,

L3
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(HAPTER FIVE
Psychological Factors Involved
in the Design of
Air Navigation Plotters’

JuLieN M. CurisTeNsEN

INTRODUCTION

One important part of the aerial navigator’s job involves the messur-
ing and plotting of various vectors and lines of position. In order to
facilitate these measurements and plottings, the navigator employs
an sircraft plotter. The plotter is an instrument combining a special
protractor and straight edge. It is used to measure given angles and
to plot lines along angles of specified numbers of degrees. Previous
investigations have shown that an appreciable percentage of the errors
made by navigators can be attributed to their plotting instruments.
In a recent unpublished study by Robert T, Joseph of this laboratory,
rated AAF navigators were required to measure and to plot 20 single-
leg courses. The incidence of error (i. e, an answer differing by more
than 1° from the correct auwswer) in this simple tosk was about
5 percent. In another test carried out in 1945 by the Psychological
Research Project (Navigator) of the Air Training Command the
common types of dead reckoning and air plot problems wers adminis-
tered to rated AAF navigators. The authors reported the incidenco
of plotter error to be as high as 31 percent.?

PURPOSE

The present experiment was designed so that variations in the basic
components of air navigation plotters could be studied. The results
are to be used as a basis for the design of a plotier which incorporates
those features which contribute to error reduction and facility in

the handling of the instrument.
\_—

' This chapter Is based upon rehcarch findings reported in Headquarters AMC Engincer.

'"»‘: Divislon Memorandum Rteport No. TSEAA-G04-1D,
Iecearch Bulletln 45-38, Paychelogiend Section, Ofice of the Surgeon, AMFTC.
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DESCRIPTION AND DEFINITION OF PLOTTER ERRORS

Plotter errors may be classified into precisely defined groups, Ap-
proximately 90 percent of the plotter errors fall into the four groups
termed reciprocal, tolerance, reversal, and reference.

A reciprocal error is defined as that type in which the navigator
reads the value of 2 measured or plotted line exactly 180° in error. It
is apparent from examination of the plotters that one reason for this
is the fact that each position on the protractor is shared by two scales
whose values differ by 180°.

A tolerance crror is defined as that type in which the navigator
reads & few degrees in error either because of carelessness or inability
to read the scale with the required accuracy. A tolerance of 1° on
cither side of the correct answer was allowed. Thus, if the correct
answer was 103°, answers 102° and 104° were also considered correct.

A reversal error is defined as that type in which the navigator
reads in the wrong direction from a numnbered graduation mark. Thus,
if the navigator meant to plot a value of 93°, he made a reversal error
if he read in the wrong direction from the 90° mark and plotted
an crroncous course of 8§7°,

A reference error is defined as that type in which the navigator
measures or plots a course using East or West instend of North as a
reference of zero.  Such an answer is always 90° or 270° in error.

Miscellaneous errors were found to include the following types:

1. Confusion between the figures 3 and 5. The inverted flat-topped

threo (€) and the inverted five (g) are quite similar in appearance.
2. Trausposition errors. For example, plotting 193° for 139°.

3. Misreading a number. For example, reading 226° for 266°.
4. Inverting the plotter and using it wrong face up.

EXPERIMENTAL PROCEDURE

In order to determine the causes of plotter errors and in order to
be able to rccommend methods of eliminating these errors logical
variations were mude in the design of the basic elements of plotters.
Tests were carried out to determine the relative effectiveness of these
varintions, Four basic cuwparisons were examined in this experi-
ment. In order to examine these four comparisons it was necessary to
design and construct five experimental plotters. Each experimental
plotter was designed for use in the study of one basic comparison;
therefore, none of the experimental models should be considered a
plotter recommended for general use, These were used in conjunction
with a model which, except for the scales on the base, is a copy of the
plotter used at present in the Ariny Air Forcea,
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Design of the Experimental Plotter Models.

The first comparison, involving the models shown in figure 5.1, was
designed in order to determine whether it would be better to have one
or two straight edges on a plotter. It is practically impossible to
measure a course within one plotter’s width of the top of the chart
with the single-edged plotter unless it is inverted. YWhen the single-

* edged plotter is inverted it then becomes necessary te read all scales

upside down and in a direction opposite to that used when the piotter
is in the normal position. When using a two-edged plotter the oper-
ator merely has to slide the plotter down and use one of the parallel
linesor the top edge. It isnever necessary to use the two-edged plotter
topside down.

The second comparison, involving the medels shown in figure 5.2,
was designed in order to determine whether it would be better to have
the protractor scale read from left to right or from right to left. The
scales on the present AAF plotter read from right to left. This is
contrary to normal habit. The left-right reading habit is well estab-
lished. Practically all reading matter, tables, rulers, ete,, are read’
in such manner.

The third comparison, involving the models shown in figure 8.3,
was designed in order to determine whether it would be better to num-
ber the graduations on the proctractor scales every 16° or every 5°.
On model II the 5° graduation marks as well as the 10° graduation
marks were numbered. It was thought that numbering more of the
graduation marks would aid in the prevention of reversal of errors,

The fourth comparison, involving the models shown in figure 54,
was designed in order to determine whether it would be better to have
two protractor elements or one protractor ¢!ement on a plotter. Ons
clement was set 180° in azimuth from the other so that the figures of
one would always appear right side up. If the navigator wished, he
could obtain independent readings on the two protractors and use one
reading as an accuracy check on the other,

In order to facilitate drafting and increase the accuracy of the
reduced printed model the designs for the six plotters were drafted
on a linear ratio of 2: 1, The models were drafted by Paul Galloway
of the Acro Medical Drafting Unit and printed by the AMC print
shop on 0.080-inch plexiglas. The Machine Shop Branch trimmed
them and drilled the reference holes.

Design of the Experimental Test Materials,

The test materials designed for use with these plotters consisted of
26 measuring items and 26 plotting items. Twenty-six items were
printed on a Mereator chart. The remaining 26 items were printed
on a type of chart similar to the Mercator except that the meridians
were approximately as far apart as the meridians on a sectional
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acronautical chart. This type chart was used in preference to o
Lambert conformal chart, as it simplified teaching the high-school
studenits to use the charts. Six similar zlternate-charts were con.
structed. Sample charts are shown in figures 5.5 and 5.6.

The first six items were used as warm-up problems, so the graded
test consisted of 46 items. In order that an adequate sample of both
measuring and plotting could be obtained, the subjects were required
to measure ant to plot in alternate order. Six alternate forms of the
test were constructed. An idea of the reliability of the tests may
be obtained from the fact that the Pearson product-moment correla-
tion using different plotter models on alternate forms was of the order
of 0.75. The reliability of each test is necessarily as high or higher.
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Fieure 5.6 —Tust chnrt No, 2
The actual chart was 15314/ by 12%°.

Administration of the Tests.

One hour on each of three successive schiool duys was spent with each
of four classes at each of four Dayton, Ohio, high schools.® The first
day was devoted entirely to teaching each class the use of the charts
and the appropriate paiv of plotters. ISach of the subsequent days
was devoled to a warm-up period follewed by a test on one of the two
experimental plotters used with that particular group.t Subjects were
encouraged not to omit any problems. Each subject worked with both

pPlotters of a designated pair, thus serving as his own control. The
——

' The author Is fndebted to 15, L. Bloda, Asslstant Superintendent of Schools for Dayton,
Olilo, for making possible the testing progea In the Dayton High Schouls,

*The author 1u Indebted to James Iarish, Melvln Warrlck, and George Alramsy for asaing.
ance In administering the tests ni the four high schools,
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plotters were taught and the tests were administered in an order
pianned so that no advantage would accrue to any of the experimental
plotters. Using plotters I and IT as an example, plotter I was taught
first and tested first at the first school; plotter I was taught second ang
tested first at the second school; plotter I was taught second and
tested sccond at the third school; plotter I was taught fust and tested
second at the fourth school. Compensation for differences in learning
ability among the plane geometry, advanced algebra, and trigonom.
etry classes was made by matching insofar as possible an equal number
of cach type of student taking a particular plotter first with an equai
number of cach type of student taking the alternate plotter first.

A time limit of 25 minutes was used at the first school. As 56 per-
cent finished the test the second day, the time limit was reduced to 20
minutes for the three remaining schools. To adjust for this, thoe first-
day means for the first school for “number of items attempted” were
multiplied by 0.80. The second-day means for the first scheol for
number of items attempted were estimated by using the means of &
similar class which took the same test in another school and used the
20-minute time limit. This estimate was accurate erough as only a
cursory analysis of speed was deemed necessary. It is important to
note, however, that the longer time limit at the first school would not
significantly affect the percent of error scores, since the students who
finished the test did not go back and check their work,

ANALYSIS OF RESULTS

The types and numbers of errors are summarized in table 5.1.
Inspecticn of this table discloses that 55 percent of all errors were
errors in measurement and that 45 percent of all errors were errors in
plotting. Further inspection discloses that reciprocal errors occurred
most frecuently. Tolerance errors were the next most common
typo and reversal errors were third. These three types constituted 84

‘Pasre 8.1.-—Total mcasuring and plotting crrors by type*

Measuring Plotting *‘“ﬁ‘.}{?g‘“‘

Type of ertor

Number | Percent | Number | Pereent | Number | Percent

431 49.1 124 1.7 758 322

164 12.8 438 $0.3 702 0.0

2R 2.3 412 0.0 81 21.8

148 11.8 47 4.4 198 .8 ]

42 3.3 139 13.1 181 1.7

i 1 7 PP PP L2 100.0 1,00 100.0 | 32,344 100.9

1 For a definition of these types of crrurs see “Description and Definltion of Plotter Errors.*

8 *Caombinntton’ crrors are included under the two titles spplicable in each caze.  Thaus, if an Individust
made both s 1 clproeal and revensal error on one problem, the crror was tabulated once under reciprocsl and
once undet Feversal. Thote were 113 “comblnstivn’ errors.,
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percent of the total number of errors. Thus, variations that reduce
these three types of errors should appreciably reduce the total number
of plotter errors. High-school advanced-mathematics students made
approximately twice as many errors as did rated navigators, but their
errors were in the same general proportions of reciprocal, reversal, and
tolerance, as shown in table 52. These three types of errors con-
stituted 8¢ percent of the total for both populations,

TapLe 5.2—DBreak-down of plotter crrors by types: Comparison of a group of
AAF navigators end a group of high school advanced mathematice sfudenta

on;\.(\ ¥ 3&3&!\.\2!‘&-

navigators | matics stu-
Type of error {freroent of Jdents(percent
toial errurs) jof total errccs)
RecIPIOCB). e ccvercncntnrcenccraccnseneanceccnaoconsrscnsnvoresncoarascsnssns 2 a2
TOICTEN . i srevrncecsnanscacocascscscoscnsesrrasionscnancserorasonsvnrsetans 43 30
eversel....... . 19 2
Referenon. e vocccrecncrccnctenrctaccconsccncrsrencancncnan e (‘) 3
MIS0LlIANCOUB. caceannccorioncnccceencercaconsscensocnnnans b s
PO .o ecaenrrncoverccrocnncesscnseacononnssaccnssevans eemcasasssesenanan 100 100

s gl s et g o, 1 et Mior, whthr, e o e
ever, the incldence of this type of erTor {s low and has little bearlng on the comparison,

Further inspection of table 5.1 will show how the various errors were
divided befween problems involving measurement of a given vector
and problems involving plotting & vector of & specified number of
degrees, It can be seen that 631 out of a total of 755, or 84 percent, of
all reciprocal exrors were made on measurement problems; only 16 per-
cent were made on plotting problems. Measurement would scem to
be o simpler operation than plotting. The subject merely placed the
plotter on the course, made necessary adjustments, and read the answer.
The high incidence of this type of error might be explained by the
fact that this process soon becomes highly automatic for an experienced
navigator and se, without thinking, the subject apparently often read
the most accegsible figure and thus made a reciprocal error.  Analysis
shows that the high-school students made reciprocal errors by errons-
ous reference to the outer scale more frequently than by erroncous rof-
crence to the inner scale by a ratio of 1.21 to 1.00. This proved to be
even more strikingly true in the carlier study of navigators carried out
by Joseph.3 He found a ratio of 2.6 to 1.0, using a sample of 100 ex-
perienced navigators.

Analysis of Four Basic Factors of Plotter Design

The criterion established for the determination of the relative
effectiveness of various basic plotter designs was nccuracy. However,
the gain in accuracy must not be at the expense of such other important

A ———— ———

' Frotn an unpubllished report by Robert T. Joseph, Aero Madical Laboratory, Wright
Fleld, Dayton, Obio.
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Frovre 5.7.—Effectiveness of different plotter variations in reducing errors.

factors as speed, size, weight, adaptability to crowded working con-
ditions, and durability,

A “percent of error” score wus computed for each subject by divid-
ing the total number of errors committed by the number of problems
completed. Values of ¢ were computed for the four basic comparisons
by using the method of differences between paired scores. The results
shown in figure 5.7 indicate that if accuracy were the only criterion
the ideal plotter should have a double edge and a single protractor.
'The question of left-right scale versus right-left scale was not so elear.
The p value was .30. However, the mean for the left-right scale was
lower, and, as a choice must be made, it would seem preferable to use
the left-right scale. The same is true to a lesser extent for the 5° vs.
10° scales, as the p value was only .18. More experimental evidence
is being collected on the left-right vs. right-left reading habits and
their application to dial and scale design.

‘Tanry; 53, —Distribution atatistics of plotter crrors end t values for four basic
plottcr comparisors

Means
Percent ggc‘:,l‘ ofthe | Rango of the '?,?(ﬂf,
Comparison N | ot (PR difters | gitlerence |4 SBug] ¢ P
erorst| O - | ence scores oronce
eITo/s mn‘z 0008
Flotter T (10° scale)........ se] 10.53] 0.8 .
{.}u,,g,},‘(?.,lm{i”). | b gg i LU | -7m2t04383] 990 ros|ra]os
flotier 1 (adugle edpe)..... '} 5
Plotter V1 (ouble wdyed..| 971 876| a77]) 23| —30.8t043%0] &Lo| .87|12W | .01
l'luulcr) 111 (left - right P .
BUG) . iieieiere cevcnven N .
Plotter ¥ (rightfeftscaled.| 67| 9.02] 10047 } LI9| -35.4t043.8 1 027} L1410} .30
Plotter 1V (double pro-
ATBCLOT). s e oeenennennes W[ 1n1s| oess
Plotter Vv (single protrac- 3.00 | -35.0t0 +20.8 9.01 911330 ] .008
7 A | s18] so04

! The higher the mean, the greates the percent of error; therelore, the plotter with the higher mean Is the
worse with respeet to sovurney, “Ihe crror soure here (€ synonyinous with the percent of probleins wrong.
Cotnbination errors (tw o errors on one Problemn) are net counted twice,

L] 'l‘l(\:"dmervun score of onhe subject was 4,7 g from the mean of the difference scorvs.  11s soore was
t
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The distributions of the percent of error scores were appreciably
skewed as can be seen in table 5.3. Iowever, the distributions of the
ditference scores were quits novmal. In the interpretation of the
mean and sigma values of the difference scores the range should be
noted, as a large proportion of the difference scores were negative,
It was these difference scores that were used in the calenlation of the
¢ values, .

TapLe S.4.~3Lcan number of problems compleied by plotlers for four basls
plotter comparisons

Mesn num-

Comparisen N bee coine § Ditference
pleted

otter i—10 degeoe scale.. 348 .04
ﬂoucr [1—5 dogree scals.. 34T feocenrannne
Plottes f—single edge..... 3570 becervonaenas
Plotter Vi~double cdge. . ....... 35 18 49
Plokter 11—l tight 20830 cccerecarecvececesccennecnsnnesnnanasnacnscres RN X
Plotter V—right-left scals...... . .77 .00
Plottes IV—~doublo proteastor.... amentosssvascana b3 R X NS
Plottes Ve=singls protractof..c.ceceroencecacees vesectcanssnsasaranases cava .57 3.0

Table 5.4 presents the pertinent data of the speed analysis, Eight
Pearsonian coefficients of correlation wers computed between percent
of error and number of problems attempted. All were negative and
ranged from —.11 to —.46. The median coeflicient was —30. This
finding is compatible with the psychological principle applicable to
tasks of this nature; namely, that the most accurate performers are,
in general, also the most rapid. Perhaps the most significant single
conclusion that can be drawn from the data in tables 5.3, 5.4, and 5.5
and figure 5.7 is the fact that error scores can be reduced by making
changes in basic plotter design without reducing the speed with which
the subjects can handle the instrument. In fact, working speed is
generally increased (table 5.4). It scems obvious, however, that the
major emphasis should be placed on error reduction and not on speed,
as, unless the speed differences are very great, the time the navigator
spends with a plotter is relatively unimportant when compured with
the importance of obtaining an accurate answer.

Other Findings of Importance

In grading the papers it was apparent that a flat-topped threo (3)
and a five (5) were confused when inverted., It is believed that a
figure 3 with a round top (3) would not be as easily confused with a
conventional 5. Such a finding should not be viewed as n contradic-
tion of Berger's findings® His recommended number designs imply
that the figures will be read in normal fashion. IHowever, the navi-
gator often finds it necessary to read figures upside down on several

e s s e ———

¢ Berger, Curt, “Stroke-wlith, form, and horlzontal spacing of numerals as determi
nants of the threshold of recogultion,” Journul of Applicd Paycholoyy, ©3, 1084, 208-231.
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of Lis instruments, YWhen it is likely that readings are to be taken
with figures upside down, o flat-topped 3 is not recommended.

1t is common knowledge to AAF navigators that the most difficult
vectors to measure and to plot are those which are nearly paraliel
to a meridinn. This was also true for the experimental group. The
incidence of error on this type of problem was 21.2 percent as compared
with 8.9 percent for all other types of problems. " Further evidence
as to the difliculty experienced with these near-meridian vectors can be
obtained by examination of the problems omitted. Only 130 of the
94,823 problems read were omitted, but of these, 62, or 47.7 percent,
were problems within 10° of being parallel to a meridian. Yet this
type of problem comprised only 16.2 percent of the total problems read.

A RECOMMENDED PLOTTER

As a result of the analysis of the data of this experiment it is be-
lieved that an improved plotter should combine the features described
in the following puragraphs. A model has been drafted in order to
show how the combination of these features would look in an actual
plotter. This model is shown in Figure 5.8.

K , D
% " " ™ .w
'_‘° 70 ”‘° RAUDICAL RS O% SLCTIONML CHATT (835 870 aM)
53, ) ) ;

Fiauug 5.8.—A plotter design combining desirable varlations of plotter clements.

This plotter has two straight edges instead of one. It has the pro-
tractor element set down into the base proper. This feature is highly
desirable nccording to the accuracy criterion and slightly favored from
tho standpoint of speed. The two-edged plotter never needs to be
inverted when measuring or plotting a course near the top of a chart;
the user needs merely to shde it down and use the other edgo if he
finds that he cannot get a reading with the bottom edge of the plotter
placed on the vector in question. A\ double-edged plotter is also far
more durable than a single-edged plotter as it has no points of stress
where the protractor elenient joins the base of the plotter. Setting
the protractor clement into the base also permits the employment of a
larger protractor without increasing the over-all width of the plotter.
This makes it possible to print the graduation marks farther apart.
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‘I'his feature should enable the navigator not only to read the scales
more rapidly, but also to read them with greater precision. This
feature should materially reduce tolerance errois, ’

The left-right scale of the recommended plotter should materially
veduce reversal errors.  The left-right reading habit is conventional.
Practically all reading materials (e. g., this line of print} are read
from left to right. Most scales, such as those on common rulers, in-
crease from left to right. In a stressful or emergency situation and
moments of inattention it may be expected that an individual will
revert to the most deeply ingrained habit, which is to vead from left
to right. With the plotter now in use this results in a reversal error,

A “stairease” scale has been employed in the design of the recom-
mended plotter. It is believed that this type of scale will also aid in
the reduction of reversal ervors. It will be noticed by referring to
the recommended model that the larger unit figures are matched with
the longer graduation marks. A navigator should learn promptly
that if a vector lies on or near a relatively long graduation mavk, his
answer must be in the 6-9 range in the units place, and, corresponding-
ly, if a vector lies on or near a relatively short graduation mark, the
correct digit must be in the 1-4 range in the units place. There is
no reversal problem at the numbered increments. Admittedly this
does not completely solve the problem of the 5-degree reversal {e. g.,
reading 95 for 85), but it is hoped that the “staircase” effect will
cause the user to realize as he departs from a numbered graduation
that the reading must be smaller if he goes down the stairs, and larger
if he goes up the stairs. « Unique markings enable easy recognition
of the 5-degree graduation marks. A study has been initiated in an
effort to determine the effects of the staircase scale on reduction of
reversal errors, The experiment is being designed so that the results
will have application to a number of problems,

It is believed that a 10-degree scale should be used on the protractor
clement. A plotter with a 5-degree scale was used more accurately but
not more rapidly than a plotter with a 10-degree scale. As can be
seen in table 5.5 this increased accuracy was brought about chiefly
by a reduction in reversal errors. Ilowever, it can be seen by exami.-
nation of the models with the graduations numbered every 5 degrees
that it was necessary to make the figures quite small.  For purposes
of the experiment, figures of this same size were used on all the experi-
mental plotters, However, these small figures would be extremely dif-
ficult to read in vibrating aircraft and under conditions of poor illumi-
nation, and for this reason it scems preferable to use larger figures nud
place them at only the 10-degree graduation marks, .It is a debatable
Point and if the size of the plotter were unrestricted, a 5-degreo scale
would be preferable. It is felt, however, that the purpose of the
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S-degree scale (i. e., reduction of reversal errors) is served as well o
better by employment of the staircase scale described above,

4 .
Tapre 5.52.~Error break-dowcn by plotter $ypes

{Mecasuring and plotting errors combined)

§ Totalerrurs | feversal ch.l;l'ro- Reference| Tolerance l:{nkc?xk
] - ~—

1A 15 A A

b

Plotter model numher N _g :=a§ 38 33 §§ gg 3
4 o4 = 52 = =2 ;"‘
El s iSElsioE]l s |2E| 138 MM
AHEEHEREH

3 =] 3

celzls |21 [z|& (2|8 |28 |=|8
1-10° scaleeencnenenecannn.. 85)3,0821.323{10.81 900 131 |{115]3.¢12870.9] 67122122]0.7
) SR 7e P ae} 3,055] 0] 8.8)866)0.8) 8212,713210.0) 68]3.2)23] .7
1-single edge..ecenennennnn.. 97135441 4C8 1 00.5]195}1277112413.58138]1.0!113]3.2140]11
Vi-dsudle edge............. L. 13,8081 318) 8.816311.81102128}27| .86]105|29]118} .8
111-L-R scale. ... L)6T12,340) 1) 74133504 63 726]21) .0 48720110 .4
V-R-L scale......... o .-f2.448) 212) 871431 03)F 4|30l ]| .91 3123118] .7
1V-doubic protractoe. L3200 3311277 12.4110813.3118) 8133114013110
Veslnple profractor......... e 3,008 20| 80| 83f1LS) 89258112 .3{1¢]32 2 [
TotAl.eeecereenns. 348 124,823 12,344 } 9.4 1511 | 211755 )3.0195) 0.8 702} 28 |18t] .7

Tho elimination or reduction of the reciprocal error is & more com-
plex problem, It is believed that most of the reciprocal errors are
orientation errors and not plotter errors. A competent navigator hasa
generul idea of the direction of a line of position or a vector before hs
measures or plots it. Thus, if he is going in a northerly direction, he
knows that his course cannot possibly be in the vicinity of 180°. O,
if he is heading north and drifting to the right, he knows that the wind
vector connot indicate a wind from 90°. However, the fact that
plotter design does play some part in reciprocal errors is evidenced
by the finding that navigators and naive subjects both prefer the outer
scule to the inner scale. The recommended plotter combines the two
graduated scales. It is hoped that this will force the user to make an
intelligent choice between the two sides of the scale, each of which is
equidistant from the graduations, when he takes a reading. The choice

between two sides of a single scale is a specific choice which is made’

after the mechanienl operations of manipulating the plotter and de-
termining the point of intersection between the vector and the scale
have been completed.

Results of the experiment indicate that a single protractor plotter
is superior to a doeuble protractor plotter. The double protractor
plotter appreciably slowed the subjects (sce table 5.4) and did not
increase their accuracy (see figure 5.7). :

The model of the revised plotter has a partial seale near the center
of the protractor. This “00° offset seale,” ns it is termed, is offered
as a solution to the problem of measuring or plotting lines or vectors
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nearly paraliel to a meridian.  When this seale is used, the parallels
of Intitude instead of the meridians of longitude are used as zero
reference lines. In order to aveid confusion between the offset scale
and the regular scales, the offset scale extends only 20° on either side
of the zero point. The regular seales can be conveniently used when
the vector is greater than 20° from a meridian. It might be argued
that this offset scale would be useful only on a Mercator chart, as on
that chart the parallels and meridians are straight lines intersecting
at angles of 90°. The answer to this is that an estimated 90-95
percent of all the navigator’s measuring and plotting is accomplished
on a Mercator or grid, and even on such charts as the regional and sec-
tional, the error resulting from use of this offset seale will be found to
be negligible.

It is planned to adhere one small semispherical knob 114 inches
from each end of the plotter. These two knobs (which are 1ot shown
in figure 5.8) will make it impossible for the navigator to use the
plotter wrong face up. The knobs also muke the plotter easier to
pick up if it is lying wrong face down, as a tap on one end will
bring the other end up in the air, enabling the user to grasp it. This
is especially convenient if the navigator is wearing gloves,

The suggested plotter has one scale along each edge for measuring
distance in nautical miles. One scale is graduated in the ratio of 1 to
5,000,000 for use on sectional charts; the other is graduated in the ratio
of 1 to 1,000,000 for use on regional charts. The factor for converting
statute miles to nautical miles is also printed op the plotter. It is
believed that these two auxiliary scales are the only ones that are
necessary and that additional scales only foster confusion and impsir
the transparency of the plotter.

The plotter should be of 0.035-inch plexiglass construction. All
printing should be on the bottom side so that the possibility of parallax
errors in reading the scales will be eliminated. The bottom side of
the plotter should be covered with a thin acetate vencer to prevent the
printing from wearing away.

Tt is planned to compare directly the plotter recommended in this
study with the plotter employed at present in the AAKF. The results
of such an experiment will show how much is to be gained by com-
bining all the best features of the experimental plotters and will in-
dicate whether the new plotter can be used with sufliciently greater
accuracy then the present plotter to warrant its adoption throughout
the AAF,

SUMMARY

L4 & . . . b4 . .
L The present experiment was designed in order that variations in
four basic components of air navigation plotters could be studied. Six
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models were constructed and tried on 343 high-school zdvanced-
mathematics students,

2. It was found that a double-edgs plotter issuperior toasingle-edga
plotter, a left-right scaie is probably superior to a right-left seale, &
5° seale is superior te a 10° scale, and one protractor element is better
than two.

3. A proposed new air-navigation plotter was designed, using the
findings of this study as a working basis.
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CHAPTER SIX
Design of Clock Dials for
Greatest Speed and Accuracy of
Reading in Military (2400-Hour)
Time System’

Wavrtze ¥, GreTiIzx

INTRODUCTION

People commonly experience difficulty in using the 2400-hour tims
system which has becoma standard in military practice. When mili-
tary time is read {from a 12-hour dial, it is necessary te add 1200 te all
rendings after 12:00a. m. Themental arithmetic thus required intro-
duces an oppertunity for error and also some delay in obtaining the
desired figure. On the other hand, 24-hour dinls designed to give
readings directly in military time are, at first glance, quite confusing
to persons who have spent their entirs lifo reading time from 12-hour
clocks. In the 24-hour dial, only ono of the hourly positicns can
appear in its conventional location. In addition, an interval of 1 hour
on the hour scale corresponds to 214 instead of 5 minutes cn the minute
scale. One of the major purposes of this experiment was te find cut
whether the 12-hour or 24-hour dial can be read more easily when
readings are required in military time. A further purpese was to
evaluate a number of tho possible factors in the design of either type
of dial which might influence speed and accuracy with which readings
are obtained.?

EXPERIMENTAL MATERIALS AND PROCEDURE?

With the assistance of personnel in the Instrument and Navigation
Branch of the Equipment Laboratory, 11 different designs of clock

e ettty

' Thix chapter I hared upon research Andings reported In Headquarters AMC, Englaess.
inz Divisfon, Memeramdnm Report Number TSESA-G08-8,

P Thix problem was agegested by the Incirument and Navizatioa Drauch of the Bquip-
ment Laboratory, Engineering Divixion, Welight Fleld,

?Dr. John T. Cowles assisted in the preparxtinon of experimental materlaly for this atudy,
"l:h-;tnoe-ssar: photographic work wus done by the Aero Medleal Laboratory Publications

nit.
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dials were prepared. A sample of each of these designs is presented
in figare 8.1.  The first five clocks, types A through E, are variations
of the 12-hour clock. The remaining 6 are variatiens of the 24-hour
clock. The 11 clock dial designs used in the experiment were selected
in order to make possible a comparison of the following variables:

L. A 12-hour vs. a 24-hour dial.

2. Use of numerals vs. no numeraiz on the minute scale.

3. Use of 1-minute v= 5-minute graduations on the minute secale,

4. Use of numerais st all hourly positions vs. replacement of some
numerais with mere reference marks. .

5. Additien of a 13- to 24-hour scale to the 12-hour dial vs. no such
scaie.

6. Placement of the 2¢-hour position at the top vs. the bottom of
a 24-hour dial.

7. Placemnent of the 60-minute position at the top vs. the bottom
of » 24-hour disl

Mock-ups of the 11 clocks were prepared with movable hands and
then photographed with the hands in different positions to make
up the actual items of = printed test. This test was made up in two
parts. TIn part I there were 10 reproductions of each clock face. The
different dial slesigns were intermingled in a predetermined irregular
sequence <o that the subject was required to change from ons dial
to nnother as he worked on the successive items of the test. A time
limit was used for the entire part, and thus ne speed data could be
obtained for any individual dinl design. Part I of the test was pre-
pared with 10 reproductions of each diaf presented succesgively, thus
making possible the use of a time limit for each of the 11 designs
presented.  In part I, therefore, both accuracy and speed data could
be cbtained.

In selecting the time settings to be used in the nctual test, an attempt
was made o control the average difliculty of the items for all clocks,
by equating such factors as number of a. m. and p. m. readings,
number of readings at S-minute positions, average magnituds of
mingte readings, nnd the number of hour readings at major positions
{i.e, 3,9, 12, 15, ¢tc.). In determining the sequence in which the test
items appeared in part I of the booklet, precautions were taken to
insure that there was ac grouping of a particular clock near the
beginning or end of the test.  The actual test items used in part I1
of the test employed time settings different from those used in part X.

This test was administered to 62 rated military personnel at
Wright Field and to 100 advanced-mathematics students in a Dayton
high school.  All subjects took part T of the test prier to part 11 In
taking part IT of the test, however, approximately one-half of the
subjects began at the front of the test booklet. The remaining one-
half of each group took part IT of the test in reverse order. - That is,
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they first completed the 10 items for the last dial design in the booklet
in the order in which they appeared, then those for the second last dial
design in the booklet, etc. For the rated military personnel, a time
limit of 15 minutes was used on part I of the test and a time limit of
45 seconds on ecach section of part XI of the test. For the high-
school students, a 19-minute time limit was used for part I and a
1-minute time limit for each section of part IL

RESULTS

A summary of the major results of this experiment is presented
in table 6.1, which shows the percent errers {of one or more minutes)
on cxch clock, for both parts of the test, and for both groups of
subjects. The table also shows the time per clock reading in seconds
for part XI of the test, for both groups of subjects. At the bottom
of the table are shown the estimated differences required for signifi-
cance at the 1-percent level.  Wherever the differences in the results
for any two clocks are equal to or greater than the differences at the

bottom of the table, they can be assumed to be genuine differences
and not the result of chance factors,

Tanix 8.1.—Pcreent crrors and time per reading for eleven caperimental clock

dials
Rated miiltary personnel iligh-school students
N=62 N=100
Clock Part [ Part i Part Part 1L .
iype
Percent | Percent s"f‘,’?‘ﬂi‘. Percent | Percont Sccon;lds
errors | errors | PO ing errors | errors p“h?‘ .
A .2 6.4 828 132 11.8 7.82
B 3.6 7.1 5.39 86 13.8 7.88
C 19.0 19.1 8.61 n.4 3.8 855
D 8.7 13.3 5.69 130 209 824
v 7.3 14.5 3.34 13.0 2.9 810
4 7.4 89 4.9 13.3 158 6. 90
Q 4.2 as 4.79 61 8.4 4.58
1 10.8 17.3 3. 40 13.3 28 7.95
1 128 17.7 5.48 19.8 2.8 .79
) .7 L Y] .02 14.7 4.9 6. 88
K 423 4.7 5. 64 3.9 14.2 7.83
Slgnificance of Differences
R Percent | Pereent | Percent
When the aversre error tcore fur 2 clncks being comparcd 8. oovenennnn... 10 20
The resnlts can be consddered significant (Lpereent level of confldence)
i the ditlerences between clocks are eiual to or greater than the following:
Forrated personnel. . oeeeenceeccsnneeces 38 4.7 62
For high.schoal students 3.3 49 5.4
The results for time R" clock readineg can be considered significant (1+
prroont fevel of confidence) I the differences between clocks are cqual
to or grester than the following: Second
Forrnted personned, . .coueeeniaceneneccncanens verssscsesccavennssesas 0.
ot biph-school s1QEDL8. .o vneeiieeeceoneeenceccocccacncacanes eossocen 3
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The results presented in table 6.1 are also presented in the form of
bar diagrams in figures 6.2, 6.3, and 6.4. 1t will be noted in table 6.1
and figures 6.2, 6.3, and 6.4 that the data for high-school students and
rated personnel present substantially the same over-all picture, In
general, also, the differences which appeared among the dials in part

Clock
Typ®
(S anessa ,
'
¢ i - 5 >~ 4
° i |
L 3
r F - -
3
(] e 25
H
i
TN MRS |
'R .
J
s -y A 4 3
K F"’ ]
L}
0 g ibé 24 32 Lo

Poroent Errors
Rated dilitery personnel E--777) Ne &
High sohoal students C—""70 ws 100

Flerne 6.2.—Percent errors in military time readings on 11 experimental clock
dials (parct 1).

I of the test reappear in part II.  Thus, although many of the differ-
ences et ween dials on one part of the test and for one group of subjects
are not sigmificant, the fact that the differences are in the same direction
in part IT and for the other group of subjects greatly increases the
likelihood that the differences are significant,
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In general, aceuracy of readings was somewhat lower in part 1I
of the experiment, probably because the timing of individual sections
motivated the subjects to work at greater speed.

In table 6.2, an analysis is presented of the various types of error
made on the different clock dinls. Most of the errors were 1 minute,

Cloak
pe,
3 F""“"“l .
X T i
¢ F mTpeTm—— e | -
o F_, — | -
E: ~—ry - -
F F:"'""""l .
Q SFRNETA
' E'“," whdy iy P = ', .
¢ RS ¥ ot ’7‘:(5
L 3
d s
E5,
X  EIT pocrsaes
[ W— N . N
0 $ 16 2 ] 0
Percent h'ﬂ?u —i “
Ratod military personnel Wede

Righ sohocl students =3 ¥ =30

Ficure 0.3.—Pereent errors In military time readings on 11 experimental clock
dials (part II),

5 minutes, 1 hour, or 12 hours in magnitude. The frequency of each
of these types of error is presented for each dinl for a random sample
of military personnel and another random sample of high-school
students.
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INTERPRETATION OF RESULTS AND CONCLUSIONS

Twelve-hour vs. Twcaty-four-hour Dial
Comparison of the first five with the last six clocks in table 6.1 shows
that there is no major advantage in favor of eitlier the 12- or 24-hour

Clock

Dre.

i 1 [ "

1 2
0 2 L [ 8 10
_ Saoonds por Clook Reading
Ratcd military personnel T 77) Ns &
High school studente C ) Ne 100

Fiovre 0.4.—Speed of military time readings on 11 experhmental clock dials
(part il).

dial, although 24-hour dials, types G and J, are superior to the two
best 12-hour dials, types A and B.  This is particularly true for speed
of reading.  The 24-hour clock showed somewhat mose 1-hour errors,
probably becanse of the smaller spacing of the hour numerals.
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Tanix 6.2.—Frequency of scrcral types of error in reading 11 exrperimental clock
dials (part 11 of test)

Rated militacy personpel High-school students
lN-zorc N=20]
Clock Slze of error ! . Size of erroe !t
typs
1 minute |5 minutes| 1 bour 12 hours | 1 minute |8 minutes) 1hour |12hours

Aooee 3 5 3 0 2 7 4 9
B.... 0 3 1 4 4 1 8 3
C... 10 ] 8 4 $ i 13 1
D.. 3 9 8 1 [ 7 8 3
E.... 4 1 8 ] 2 1 8 8
Pr... 2 4 8 0 3 7 12 Q
a... 1 4 7 [1] 1 4 14 0
H... 10 ] (] 1 7 6 12 0
I..... 16 7 9 0 1 ] 10 1]
Jeeuee 2 1 1 1 1 1] 8 0
K.... H 0 2 2 4 0 8 0

1 Entries in table oca total numbers of errors of size indicated, regardiess of direction, for 20 randomly
selected subjecis.

Numerals vs. No Numerals on Minute Scale .

The comparison of clocks A and B does not reveal any significant
advantage to placing numerals on the minute scale of & 12-hour dial.
In the case of the 24-hour dial, however, as indicated by comparison
of clocks F and G, there does appear to be a definite advantage in
favor of numerals on the minute scale. Dials without numerals on
the minute scale show a somewhat higher proportion of 5-minute
errors in table 6.2,

One-minute vs, 5-minute Graduations on the Minute Scale

Comparison of clocks A and C, and F and I indicates a significant
differcnee in favor of placing graduations at 1-minute intervals when
readings are required to an accuracy of 1 minute. Clocks C and I
show a high proportion of 1-minute errors,

Numerals at All Hourly Positions vs. Replacement of Some Numerals With Mere
Referencs Marks

Compariton of clocks A and D, and clocks F and H indicates a
loss in accuracy when numbers are omitted at some of the hourly
divisions, . : .

Addition of & 13- to 24-hour Scale on a 12-hour Dial

Clock E, with the 13- to 24-hour scale added was inferior to clock
A without such a scale.

Placement of 24-hour Position at the Top vs. the Bottom of a 24-hour Dial

Clock G, with the 24-hour position at the top, was best in part I
of the test, whereas J, with this position at the bottom, was best in
part IT of the test. This would suggest that in a situation where an
individual can become accustomed to reading a particular clock, as

in part II of the test, there is some advantage to placing the 24-hour
position at the bottom of the dial.
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Placement of the 60-minute Position at the Top vs. the Bottom of the 2{-hour
Dial
The results for clock K show quite clearly that the unconventional
Jocation of the G0-minute position at the bottom of the dial causes
a high percentage of errors and should therefore be avoided.

SUMMARY AND CONCLUSIONS

The purpose of this investigation was to evaluate a number of the
possible factors in the design of clock dials which affect the speed
and accuracy of readings in miltary (2400-hour) time. Five experi-
mental variations of the 12-hour dial and 6 variations of the 24-hour
dial were presented as items in a printed test. This test was designed
for obtaining data on both speed and accuracy of readings of the 11
different types of clock dials. This test was administered to 62 rated
military personnel and to 100 advanced high-school students. From
the results of this investigation the following conclusions are drawn:

1. The best 24-hour dial can be read more quickly and accurately
in military time than the best 12-hour dial.

2, Numerals on the minute scale (as contrasted with lack of such
numerals) increases clock-reading speed and accuracy, particulerly
for the 24-hour dial,

3. When readings are required to an accuracy of 1 minute, dials with
1-minute intervals on the minute scale can be read more quickly and
accurately than dials with 5-minute intervals,

4. The replacement of some of the hourly numerals with mere dots
or reference marks reduces the speed and aceuracy of clock reading.

5. The addition of a 13- to 24-hour scale to a 12-hour dial for after-
noon readings does not increase the ease of reading a 12-hour dial in
military time.

6. The placement of the 24-hour position at the bottom of the hour
scale appears to be slightly superior to its placement at the top of
the hour scale. This dial arrangement leaves the noon (12-hour)
position in its conventional location, and gives the hour hand a logical
relation to the rotation of the sun about the earth,

7. Placement of the G0-minute position at the bottom of the minute
scale on a 24-hour dial (as contrasted with the conventional location
at the top) greatly decreases the accuracy of clock reading.

8. The results suggest that the best dial for readings in military
time would be a 24-hour dial with the midnight (24-hour) position
it the hottom of the hour scale, with the 60-minute position at the top
of the minute scale, with 1-minute graduations on the minute scale,
with numerals at 5-minute graduations on the minute scale, with nu-
merals at all positions on the hour seale, and with shading of the lower
half of the dial to represent nighttime.
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CUAPTER SEVEN
Speed and Accuracy of Dial

Reading as a Function of Dial
Diameter and Angular Separation
of Scale Divisions'

Wavrter F. Grernier and A. C. WirLLiams, Jr.

INTRODUCTION

The pilot of 2 modern airplane is presented with a large variety of
instruments, all of which must be compressed into the relatively small
area of the instrument panel. In order to make the best use of the
available space, it is important that the size of various dials be in
proportion to the accuracy required in their reading. There ave,
however, no known aveilable data which specify the dial charncteristics
necessary to obtain a certain degree of reading accuracy. It was the
purpose of the present experiment to determine the manner in which
the speed and accuracy of dial reading vary as a function of the
dinmeter of circular dials. Since the accuracy of dial reading must
at the same time be a function of the spacing between graduations,
this factor also was included as a variable to be investiguted. Inorder
to make the data applicable to the varied conditions encountered in
flight, measurements were made under both simulated day and simu-
lated night conditions.

The purpose in carrying out this experiment was to obtain data
which would be useful in defining the characteristics of instrument dials
to obtain specified degrees of reading nccuracy. In other words, know-

R ——

P This experiment was earrled out at the University of Hlinats by Dr. A, C. Willlams, e,
under & *“dollar-n-year” contract with the Alr Matéricl Command, Weight Fleld. Al costa
rxeept for the experimental dialy and several other compournts of the apparatus were
borne by the Unlverzity of Iltinols. The Initial arrangements for this project were made
through De. John T. Cowles, wha Jater left the unjveraity, Dr, Walter F. Grether proposed
the study and worked out much of the experimental desiin.  The need for dnta of the typa
obtalned n this study waw expressed by members of the Insteument and Navigation Branch
of the Equipment Laboratory, Englucering Diviglon, Wright Fleld, Thls chapter Is dancd
Wpon researeh findinga reported In Headquarters, AMC Engineeeing Divislon Memorandum
Report No, TSEAA-604-1R,
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ing the numerical range to be covered, the graduation intervals which
most conveniently divide this range, and the reading accuracy reguired
ir the uso of this instrument, it should be possible from the data of ¢his
study to specify the smallest dial size which can be read to the required
accuracy with a known statistical prebability.

APPARATUS

For the purposes of this experiiment a series of 18 siinulated instru-
ment dials was prepared, of which a sample s illustrated in figure 7.1

o _ o

Frovue 7.1, —Sample Experimental Dial.  Actual dials were reverse of aborve color
eelutlonship {actually pale yellow on black). Above samplelsof 4-inch dlameter
and 20° angulur seperstion of seale divisions.

Tho four followir:r sizes of dials were used: 1, 17,9234, and 4 inches in
diameter.? Iach size of dial was produced with four different gradus-
tion intervals, defincd in terms of the angular separation between seals
marks as follows: 5, 10,20, and 46°.  Except for the variations in di-
ameter and graduation intervals, all dials were identical. The width
nnd length of the graduations and the size of the numerals were con-
stant, and all dials covered a range of from 0 to 50 units, with gradua-
tion marks nt the 0, 10, 20, 30, 40, and 50 positions. The width of the
pointers also was constant although the length obviously varied with

! 1%-inch and 2¥%-lnch dlale were chosen beciuse AAR Instruments have been standard-
f1ed in these two sizes,
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dial diameter. These experimental dials were engraved on brass

plates. The plates were then painted 2 dull black and the engraved
markings flled with orange fluorescing paint {pale yellow inday hgnt} s
asused on the Iatest type of AAF instruments.

The experimental dials wers presented singly in 2 panel-opening 39
inches from and perpendicular to the subject’s eyes. Daylight condi-
tions were simulated with a Buorescent-type daylight lamp which pro-
vided an illumination of 45 foot-candles at the panel opening. For
simulation of night conditions the subjects’ rcom was completely dark-
ened and the dial illuminated with a standard C-5 ultraviolet aircraft
instrument-panel light operating at maximum intensity. No mcans
was available for obtaining a quantitative measurement of the bright-
ness of the scale merkings under ultraviolet illumination. Cevering
the opening in which the experimental dials were presented wasz 2
mechanical shutter operated by the experimenter.

On the experimenter’s side of the test panel was 2 carringe on which
four of the dials could be mounted side by side. This carriage rods
upon two horizontal {racks parallei to the screen. To present any
one of the dials, therefore, the experimenter moved the carriage so
that the desired dial would appear in the panel opening. At the
experimenter’s side of the carriage were four master setting dials 5
inches in diameter. On cach of these dials was s pointer connected
to the same shaft as the pointer on the dial to be read by the subject.
On the experimenter’s dials were closely spaced graduations which
miads possible aceurate settings in tenths of the space between grad-
uations on tha subject’s dials.

Also provided at tha experimenter’s station was a lever for manual
operation of the shutter used to expose the dinl te the subject. This
lever was used also to operate an clectric timer through s suitable
switch. Thus, the timer indicated the time during which the shutter
remained open.  Since the experimenter closed the shutter as soon
as the dial reading had been completed, the reading on the clock
gave a cride measure of the reaction time on each {est trial.  Severst

other methods of measuring reaction time were tried but found to be
unsatisfactory.

TEST PROCEDURE AND SUBJECTS

Eighty male college students were used as subjects in this experi-
ment.  Only men with 20-20 binecular vision (covrected or uncor-
rected) wero accepted for the experiment. ‘The subjects were seated
in a chair in front of the screen with their eyes 30 inches from the
banel openmg and with the line of sight perpendicular to the panel
opening in order to eliminate parallax. The subjects were divided
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into groups of 20, cach group being tested on a set of ¢ dials
The 4 dials included ene of each diameter and orie of each graduation
interval. Each subject was given a total of 80 irials, equally divided
among the 4 dialsin a random sequence.  Of each group of 20 subjacts,
10 were tested under simulated daylight conditions and the remaining
10 under simulated night conditions.

A variety of dial scttings was chosen so as to represent ail portions
of the dial from 0 to 50. The actual numbers to be read were the
same for all dials although the order of presentation was randomized.
The subjects were instructed to read tlie dials as quickiy and aecur-
utely as possible to the nearest whele number. As can be seen in
figure 7.1, the reading to the nearest whole number required estimation
to the nearcst one-tenth of the distance between graduations.

On cach trial the experimenter set the pointer of the dial to be
presented, then opened the shutter and swaited for the subject’s verbsal
respense, {oliowing which the shutter was clesed and the subject’s
reading and the clock score recorded.

RESULTS

For each dial four frequency distributions were made, each distribu-
tion having an & of 200 readings. These were {1) distribution of
errors under day conditions, {2) distribution of errors under night
conditions, (3) distribution of time cf readings under day conditions,
and (4) distribution of time of readings under right conditions. Th-
step interval of the errer distributions was an error of one digit which,
in each case, was equal to one-tenth of the space between graduations
Error distributions were made without regard to sign, all errors being
considered positive. Both the error and time distributions were
found to be considerably skewed. This was particularly true eof the
crror distributions where, in many cases, the modal error was zere.
Because of the highly skewed nature of the distributions, the statisti-
cal treatient in this report has been limited to medians and 75th per-
centile points. Means were computed from the data and found to
show substantially the same picture as the medians,

In tabls 7.1 is shown the median dial-reading error for simulated
daylight conditions. The median is presented first in tenths of the
graduation interval, which was actually the unit in which the subjects
were required to read the dials. Alsy given in the table is the same
error converted into degrees. In table 7.2, corresponding data are
ghown for simulated night conditions, The data from these two
tables have been combined and are shown in graphic form in figure
7.2. A stiil different picture of the resuits is given in table 7.3 which
gives the 75th percentile error in reading of the same dials.
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TipLxe 7.1.—Median dial-reading crror for simulated daylight conditions
{N for each median t= 200 resdings)
Qredustion Interyal
Dis] diameter
E 19* x° 0
Mdisn error In tenths of intervad
F IR canecrucaocoosnccmnonsorasesacacnsasscersases 218 178 1.43 .3
13§ inthes. .- ceecsccsscsacereranractnn 200 .12 1.3t .78
T R D 1.5¢ 1.2 M M
¢ cocmecas tececncascncnrscsnanes 1.49 .97 .53 ..
Mcdisn error In degrecs
tinch . .00 178 28 L%
13§ inches 1.00 1.12 248 12
23{ inches 77 1.2 1.8 N
& Ieches caceeecnacren .75 . 1.7¢ 9
" Taprr 7.2 —-3edian dlal-rcading crror for simulated night conditions scith
i ultraviolet lighting .
. ?’ [V for esch median {s X0 readnpd
13
? Gradustica interend
i Dial dlametee
3 5 1° z=* .4
: 3 Medlaa error L tenths of Interval
' 1 Inch eeeeeeaann 210! rss] e L2
136 Inckes. ........ . cevevmecana 1.94 1.42 1% ] 5
9} inches, aecectenctecnsnmceesesas 1.57 .8 K .8
. ¢ teeaereeeseesaceeesvennnnns L3 .0 .0 KT
" h
’ { AModtan erroc In degrees
' 1.53 1.28 29 Iy
; .97 143 208 N
. .8 L. N
.30 K- .58 L

[ L peevny ® v
-~

et pade

———

Taws 7.3.~78tk pereentile error in disl-reading for simuicted day and sight

conditicns combdined

(N for cach 75th percentils ecroc Is 400 readings]

Craduation interval
Disl dlameter
L 10t x* «*
Error tenths of Intecval
HIEh. oot 38| 228|213} 176
$# Inches...... cesesonsnmnan ceenene ceeeseteccacane s 1.88 L7 .9
2} inches. . .......... ecaecrenanae raseseacmceecessreansersnnsan 12 £.65 182 5.4
$Inches. .o aeieecreniiorenaeenne ceevosraseareencmens vevenoen 20 1.8 1.4 1.8
Etroe {n degrees
l,lnch....... - X 238 TR .04
12¢ Inches. . 1.% 1.83 .42 804
2% tnches. . 1.03 1.068 3.0t EY
¢faches. ... ...... . .82 1% <03
103

P TGN

o . 2 ot s




—~_

i
® Sr
]
O 4L
[+ 4
w 9p
o
[+ 4
<
< 2¢ 20° GRADUATIONS
2
< _ 10 GRADUATIONS
a T e 3 -0
a 5* GRADUATIONS o
=
0 { { i i
i 2 3 4

DIAL DIAMETER~INGHES

Frovzre 7.2—Multun dlal-reading error In degrees a3 a function of dial diameter
for Guy and night conditions combined,

In table 7.4 the median dial-reading time is shewn separately for
both day and night conditions.

Tapwe T.4~Mcdign dial-rcading time for simulated duy and simulated night
conditions

[N foz each median I3 200 readings)

QGraduation Interval
Dial dismeter
& 10* %* L
Scoonds per reading for day conditions
| 3 T PP 1.98 1.78 1.91 .84
323513 Vs T RS 1.73 1.80 1.88 1.78
A NS, cevrinnnciiceiccnicenirrcarcnncacosccacnncnnonnannon 1.83 1.8% .73 1.97
GANCIE . cereiereeriiiccnesscernsnarrsnsnicactessentossansntonnn 1,87 .78 1.68 £.90
Scconds per reading for night conditions
] VS TN 2.48 28 210 13
15435113 T R 2.18 2.4 2.02 210
b3 1 315 L TN 238 208 2.02 2.08
AINEDRB. ceeiiireciccrcenrencraccacsnccnacacosectnnans aamspannns 2.00 02 2.08 25

A still further analysis of the data is given in figure 7.3, which shows
the median dial-reading error for cach of the 16 dials plotted against
the graduation interval in inclies. For this purpose the length of

106

.. - " s mmea o o ———_—

R e T




Hamamrn ARSI § o imas vok wh Y o Sty e

- . —

o — e

s

~—

2.6
2.4
2.2
2.0
1.8
i.8
L4
L2

1.0

S

Qz~

MEDIAN ERROR ~ TENTHS OF GRADUATION INTERVAL
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LENGTH OF GRADUATION INTERVAL - INCHES

Fioure 7.3—Mcdian dial-reading error in tenths of graduation lnterval plotted

as a function of length of graduation interval for day and night conditions
combined,

the graduation intervals is measured along the arc of the circle joining
the outer edges of adjacent graduation marks. In this graph the two
vaviables of dial diameter and angular separation between scalo divi-
sions have, in & sense, been reduced to the single variable of the length
of graduation interval,

DISCUSSION OF RESULTS

It is apparent frem comparison of table 7.1 and table 7.2 that there
is no consistent difference in accuracy of dial reading for day and
night conditions. Only the 1-inch dial, with 3° graduation intervals
showed any real difference in accuracy under the two conditions, It
was beeause of the genersl lack of difference that the two sets of results
were combined in figure 7.2 and table 7.3, This lack of difference
between da v and night conditions came as somewhat of a surprise,
since it had been anticipated that the low visual acuity in dim light
would be reflected in lower accuracy of dinl reading. This did not
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prove to be the case except for the 1-inch, 5° dial on which the grad.
uations were most closely spaced. It must be pointed out, however,
that the ultraviolet light source was adjusted to maximum intensity,
and that the results might have been quite different had a lower level
of intensity been used.

The error results as summarized in figure 7.2 show quite clearly that
the accuracy of dial readings is a function of both dial diameter and
angular spacing of scale divisions. It is interesting to note, however,
that in the case of the 40° dials there is a reversal in the curve and that
the error in degrees for the 4-inch dial is larger than for the 1%-inch
and 2%;-inch dials. This suggests that a dial may be too large as well
as too small for greatest reading accuracy. It is quite probable that
the same phenomenon would have appeared for some of the other scale
intervals had the experiment been carried out to sufliciently large dial
diameters. From the data of figure 7.2 it should be possible to esti-
mate with reasonable accuracy the median dial-reading error to be
expected from any specific design of dial. It should be remembered,
however, that these results are for more or less ideal conditions with
little or no parallax, no vibration, and good lighting.

As can be seen in figure 7.3 the two variables, dial diameter and
angular spacing of scale divisions, con be replaced by a single variable,
length of graduation interval. When plotted in this manner the data
for the 16 dials fit a single cnrve reasonably well. It would appear
from figure 7.3 that the accuracy of dial reading, relative to the space
between graduations, increases with the size of the graduation interval
up io intervals of approximately 0.7 inch. As the graduation inter-
vals are increased beyond this length there appears to be a slight
reduction in accuracy.

In studying the time of reading for the different dials as summarized
in table 7.4, it is readily apparent that the median time of reading is
somewhat higher for night conditions. On the other hand, there ap-
pears to be no consistent or systematic relationship between the time
of reading and either dial dinmeter or angular spacing of the divisions.
This finding comes as somewhat of a surprise until we recall that the
reading time was a relatively crude measure and included the time
required for verbalization as well as for perception, plus the experi-
menter’s reaction time in closing the shutter. It is possible that actual
relationships exist which were obscured by the crudeness of the time
measure. The difference in reading time for day versus night condi-
tions could very well have resulted from the delay between opening of
the shutter and the fluorescing of the scale markings. Some time was
required for the fluorescent markings to reach maximum brightness
after being illuminated by ultraviolet light.
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SUMMARY AND CONCLUSIONS

A study was made of the speed and accuracy of reading dials ranging
from 1 to ¢ inches in diameter and from 5° to 40° in angular separa-
tion of scale markings. Reading of the dials was required in units
equal to one-tenth of the space between scale divisions. Thus, the
problem of reading was primarily one of estimating the position of the
pointer between scale graduations. Measurements were made for
both simulated daylight and simulatcd night conditions with ultra-
violet illumination. College students at the University of Illinois
were used as subjects. The results of this experiment may be sum-
marized as follows:

1. Except in the case of the smallest dial and the smallest graduntion -

intervals, accuracy of reading was not significantly different under the
day and night conditions compared, but the ultraviolet illumination
used in the night conditions was of relatively high intensity.

2. Accuracy of dial reading increased with increase in dial diameter.
For 40° graduatjon intervals, however, the accuracy of dial reudings
tended to decrease as dial diameter exceeded 2 inches.

3. Except for very large intervals the accuracy with which the posi-
tion of a pointer was estimated relative to the space between gradu-
ations increased with increase in size of the graduation intervals. The
accuracy of dial readings in degrees, however, decreased as the size
of the graduation intervals increased.

4. The data on accuracy of readings for all 16 dials were found to
fit reasonably well along u single curve when accuracy was plotted as
a function of length of graduation interval. Accuracy was found to
increase up to graduation intervals of approximately 0.7 inch, and
appeared to decline for longer intervals,

5. The speed of dial reading was not systematically related to either
size of the dial or the graduation intervals, Although this finding
may be n consequence of the crudity of the time measure, a difference
was found in reading time for day as compared with night conditions
which was probably an artifact resuiting from the delay in fluorescence
of the dial markings under ultraviolet light.
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CHAPTER EIGHT

An Experimental Evaluation of the

Interpretability of Various Types
of Aircraft Attitude Indicators'

Rocer BrowxN Loucks

INTRODUCTION

The adaptability of the human organism is such that an individual
with normal aptitude cun learn to interpret almost any type of flight
indicator. There are important differences, however, in the ease with
which various types of aircraft attitude indicators can be read.
Ground-trainer instructors report that beginning students find the
conventional artificial horizon or attitude indicator difficult to inter-
pret. Uniess extremely vigilant, the beginner tends to move his con-
trol stick so as to increase the amount of roll whenever he trys to
return to level flight. It has also been reported that experienced pilots
with inadequate instrument training sometimes become so seriously
disoriented in a cloud bank that they slip into a spin. It would ap-
pear, therefore, that there is a certzin degree of inherent ambiguity
in the conventional type of attitude indicator. The question thus
arises as to whether or not some other type of design might not present
the aireraft’s attitude more clearly. '

The relative effectiveness of two instrument designs can be deter-

mined by measuring tha rapidity with which two representative
et ———————

1 The inltial report of the fuvestigation to be deseribed n this chapter was efrculated 22
June 1943 as Project Na. 341, 27th AAF Base Cnlt, AAF School of Aviation Mcdicine, Ran.
dolph Fleld, Tex. The experimental work was conducted in the Department of Paychology,
AAF School of Aviation Medicine, of which Col. Arthur W, Melton was chifef.  Recognition
14 due Colonel Melton for his active cooperation and anslstance {n this project, and to Lt Col.
Panl M. Fitty, of the Ofice of the Alr Surgeon, for hix ald in obtaining the ground teatnee
and the Mzht fnstruments which made the study porsihle,  Specinl ansistance was ren-
tdered by Lt. Earl Green, Department of Statistles, AMF School of Aviation Medlelne, ta
the annlysis of the exprrimental duta reported In this study, Cpl. James A, Capper, who
tested a naafority of the subfects in the project, contributed many vilunble sgeestions for
improving the standardizatlon of the testing procedure,  8/8gt. Alvin M. Willlams was
Lirgely responsible or {nstituting varlous malntenauce procedures which served to keep
the perturmance of the ground tratner at a stable level of peeformance,  Axsfstince in the
testing of subjects and the processing of the data was rendered by T/8it. Austin J. Jeent-
£an, Cpl Charles L. Phitlips, and Pe, Morton Levin,
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groups of novices master the use of the respective indicators. Con.
sidered merely from the standpoint of efficiency in pilot training, the
instrument which can be correctly read with the minimum of training
has an important and practical advantage over other designs. It is
also significant that any skill which is acquired with relatively little
effort must, for that very reason, be compatible with the subject’s
habitual and inborn reaction tendencies. The indicator which the
novice can interpret most easily provides the minimal possibility of
error when used by the more experienced pilot who has been trained
on that same instrument.  In contrast, the indicator which is difficult
to master usually causes confusion because it tends to elicit perceptual-
motor responses which conflict with those required for correct inter-
pretation. The ambiguous instrument requires the subject to inhibit
or block his immediate or direct response tendency and forces him to
substitute an “unnatural” or sophisticated reaction. Inasmuch as an
individual’s perceptual habits are usually built up over a period of
vears and, in many instances, are based upon inborn reaction tend-
encies, an instrument which requires a subject to break up such well-
established response systems is to be avoided wherever possible. Not
only is a needlessly long period of training required to master such
types of instruments, but the possibility never can be completely
climinated that under conditions of stress or fatigue the pilot may
revert to his original and more “natural” way of interpreting the in-
strument, Under the emotional stress of an emergency situation there
is always a certain probability that a pilot will misinterpret an in-
dicator if he has had to disrupt or block his “natural” responses in
learning to use the instrument. Any indicator which is ambiguous to
the novice is thus a potential source of error to even the experienced
pilot, particularly in those (ituations which produce excessive emo-
tional stress or fatigue. The instrument which the novice has diffi-
culty in interpreting is thus not only inefficient from the standpoint of
training but a potential source of aircraft accidents, '

In attenpting to assess the relative effectiveness of a particular air-
craft instrument design, the performance of novices should be
weighted very heavily. In the experienced pilot, the veneer of train-
ing has =o thickly covered up the initial, direct, and *natural” responses
to tho conventional attitude indicator that it is alinost impossible to
recall the difficulties experienced when starting instrument training.
Rated pilots ean frequently give valuable suggestions as to particular
situations or maneuvers which should be taken into account when
evaluating a particular type of instrument.  But experienced airmen
generally hold widely differing views as to the effectiveness of a
particular instrument design or panel arrangement. It is evident that
each pilot’s opinion arises out of his particular training and experience.
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The most cffective type of arrangement for one man may causo a seri-
ous degree of confusion in another pilot who has had a different type
of training. Inasmuch as the subjective impressions of consultants
tend to be so very diverse. the only sound basis for a comparative evalu-
ation of two instrument designs is the objective performance of groups
of representative individuals whose training and experience are known.
As has been pointed out, the speed and accuracy which the novice dis-
plays in mastering a particular instrument reflects the degree to whick
that skill is compatible with his “natural” perceptual and metor habits,
Since this would not be true in the case of the experienced instrument
flier, because of the specialized training he has received in learning
to use specific indicators, the data obtained from the performance of
novices is of unique importance.

Although the fundamental data with regard to the interpretability
of particular instruments must be obtained from novices, there aro
certain practical considerations which enter into the over-all evalu-
ation of a specific design. Whenever a new instrument is introduced,
there are large numbers of pilots, trained on conventional instruments,
who must learn to use the new design. It is essential, therefore, that
experienced instrument fliers be tested in order to determine the rela-
tive degree of confusion caused by a new design.  Where thero is the
possibility of a choice between two new designs, each of which is supe-
rior to the conventional instrument as judged by the performance of
novices, the one which causes the experienced pilot the lesser degree
of habit interference is obviously the better of the two. In certain in-
stances, an innovation can be introduced without causing the experi-
enced pilot any difficulty because the change is so radical that he re-
acts to the modified design as if it were a unique instrument and shows
no tendency to reinstate the habits established during previous in-
strument training,.

"To insure a thorough and comprehensive evaluation of an instru-
ment requires that it be tested in a variety of situations. A particular
type of indicator might be easily interpreted so long as the pilot is
flying solely by instruments, and using the interior of his cockpit as
a fixed point of reference.  When the pilot is flying partly by instru-
ments and partly contact, the fixed point of reference may be the true
horizon, It is conceivable that an instrument which proves satisfac-
tory in the first situation might lead to confusion in the second. For
example, many pilots when flying blind see the cockpit as stationary.
As u consequence, the horizon bar and pointer of the conventional at-
titude indicator are seen to move with regard to the fixed instrument
Panel. In the second situation where the pilot is flying contact part of
the time and using instruments part of the time, it is possible for him
to perceive the true horizon as remaining fixed and the instrument
Panel as rotating about the “fixed™ horizon bar and pointer of the nt-
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titude indicator. A particular instrument should therefore be checked
in cach of the above situations, XFurthermore, since visual perceptions
of relative motion are influenced to a certain degree by accelerations,
which affect the semicireular canals and kinesthetic sense organs, data
obtained with static or moving ground-trainers should be checked by
measurements taken during actual flight. Various pilots have re-
ported a feeling of vertigo in cloud formations when using certain types
of attitude indicators and it is cbvious that ground-trainer work with
such types of instruments should be supplemented by tests in the air.

It is of interest to review some of the assumptions which influenced
the specifications set up for the original design of the conventional
attitude indicator. The Daniel Guggenheim Fund for the Promotion
of Aeronautics, Inc. financed an investigation of problems of fog
flying. A research project was organized under the direction of
Lieutenant James H. Doolittle, who was stationed at Mitchel Field,
and was made available for this work through the courtesy of the
United States Army Air Corps. In the first report of this work it
is stated that (3, p. 14), “One of Licutenant Doolittle’s projects was
the simplification of the instrument board and the procurement of a
flight indicator which would be simple and mere direct in its indication
and require less translation and mental effort on the part of the
pilot. . . . The next step toward the simplification of blind
flying was the procurcment of a single instrument which would replace
a number of other instruments giving less direct indications. The
pilot, when the visibility is good, depends almost entirely on the
attitude of his airplane as seen against the horizon line for determin-
ing proper conditions of flight. It was believed that this instrument
should take the form: of an artificial-horizon line mounted on the
instrument, board and arranged in such a way that the pilot by looking
at it would receive the same information in maneuvering as from the
horizon itself. Before initiating the development of such an instru-
ment, two German artificial-horizon instruments, the Anschutz and
the Gyrorector, were studied by Lieutenant Doolittle and were not
found to be cumpletely satisfactory. The instruments were not only
heavy and bulky but the gyros showed a tendency to tumble and the
indications were not sufficiently direct. The problem was taken up
with the Pioncer Instrument Co. and the Sperry Gyroscope Co. and
resulted in the construction by the Sperry Co. of an instrument which
gives a divect indication of attitude and appears from its first pre-
liminary tests to be very satisfactory. This instrument is now being
vedesigned and will soon be placed in production.” The initial
account of this work was followed shortly afterward by a report on
the instruments used in the Full Flight Laboratory (4). In the
desceription of the special flight instruments used in the demonstration
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flight of September 24, 1929, it is stated that (4, p. 42), “The ideal
attitude-indicating instrument for airplane use is one that shows a
miniature three-dimensional airplane integral with the airplane itself
in relation to a miniature three-dimensional space, the bottom plane
of which remains parallel always with the true horizon. Although
theoretically ideal, the manufacture of such an instrument presents
great mechanical complicatiens. The next best instrument for this
purpose is one that gives a two-dimensional representation in which
a picture of an airplane maneuvers in respect to a line parallel to and
representing the horizon. The poorest scheme of all is the use of an
indicating hand, the direct or indirect indications of which must be
interpreted by the pilot before the necessary corrections can be made.

“While not quite ideal, the Sperry Artificial Horizon . . . isa
great improvement over other existing attitude-indicating instru-
ments . . . The face of the instrument consists of a smooth back-
ground, blue on the upper half to represent the sky, shading to a
dark gray on the lower half to represent the ground. Ilorizontally
across the middle of this field is a straight bar, both ends of which
extend beyond the mask which surrounds the instrument face. This
bar simulates the horizon. In front of the bar and the field is a
small tail view of an airplane held at the center of the instrument
fuce as part of the mask which tilts with the plane. If the plane
climbs or noses down, the horizon bar respectively falls or rises in
just the same manner as the actual horizon appears to fall or rise as
the pilot looks over the nose. As the plane banks the bar remains
horizontal whereas the dial and airplane silhouette tilt with the plane.”
(In contrast with present-day instruments, this original indicator
contained no pointer or 30° marks.) “The horizon bar is thus free to
rise, fall, and tilt, and can assume any possible combination of these
positions. Further description indicates that (4, p. 47), “ . . . the
blue sky always remains above the horizon bar no matter how much
the instrument or ship is tilted. The horizon bar is carried by & link
from the rear part of the gyro casing through a pivot on the gimbal
ring and thence out in front of the field as a light horizontal bar. The
reason for this reversing linkage is that this corrects the horizon
motion observed by the pilot when he climbs or dives, It is the cor-
rection of the behavior of this bar to the normal appearance of the real
horizon for any position or mancuver that makes flying by this instru-
ment easy for a new pilot and less fatiguing for a pilot who has to
fly blind for long perieds of time.”

The preceding quotations reveal a number of assumptions, some
implied, others explicit, which would appear to have influenced the
design of the original Sperry attitude indicater. It is not fruitful
to discuss the probable validity of such assumptions on the basis of
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a priori or theoretical considerations. The fundamental question is,
rather, whut do objective and quantitative data actually indicate
with regard to the effectiveness of the conventional attitude indicator?
Ang, as noted, at least three criteria must be considered in evaluating
such data: First, what type of attitude indicater is most easily and
rapidly mastered by the novice? Secondly, of those designs mastered
most ensily by novices, which particular indicators cause the experi-
cnced pilot the minimal amount of confusion? Finally, what instry-
ments meeting the above criteria prove most generally satisfactory
when tested in a comprehensive series of different flight situations?

The effectivencss of a particular instrument design must ultimately
be verified under actual flight conditions. Because of individual dif-
ferences in instrument-flying aptitude it may require a minimum of 60
subjects to determine whether thers is a reliable and statistically sig-
nificant diffevence between the relative effectiveness of two indicator
designs, Once the superiority of a particular instrument has been
established, it may require a long series of comparative measurements
to isolute the basic elements in the design which cause the difference.
In consequence, it may be necessary to test several hundred subjects
in order to make an analysis that is reasonably adequate. It is appar-
ent, therefore, that the cost of personnel and equipment would be pro-
hibitive were such a study to be conducted exclusively in planes,
‘The mere factor of the time required to process several hundred sub-
jects inv test flights makes such a project relatively impractical. It
should be noted, moreover, that under actual flight conditions there
are 50 maxny variables which influence pilot performance that it would
be very difficult to determine the proportion of the total achievement
which could be attributed to the use of a particular attitude indicator.
Fluctuations in air conditions tend to introduce so much variability in
performance that the effect of sny one varinble, such us the use of a
particular instrument, may be largely masked. Finally, the problem
of cbjectively quantifying performance during actual flight is, in itself, !
an extremely diflicult task.

I view of the various considerations just presented, it is necessary
to conduct the greater part of an instrument evaluation study by mak-
ing compurisons of various indicators in the ground-trainer situation.
This makes it possible to exclude many of the factors which tend to
mako the true flight situation so variable. The experimenter thus
gains much more adequate control of the test situation and can stand- #
ardize the factors which influence performance. This approach does |
not obviate the need to verify various instrument comparisons during
actual flight. Thero are numerous air maneuvers which eannot be
simulated by the ground trainer.
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EXPERIMENTAL PROCEDURE

The present evaluation of the relative effectivencss of four different
types of attitude indicators is based upon the objectively scored Link
trainer performance of aviation students. A type C-3 instrument
ground trainer was employed in this project. The standard instru-
ment panel was replaced by a black masonite board which contained
two artificial horizon indicators that were to be compared with each
other. These instruments were located near the top of the panel on
either side of the center line (sce fig. 8.1A). A central vane or shutter
made it possible to cover either instrument so that only one was exposed
during a particular test period.

The subject’s task was to maintain the trainer in level and horizontal
flight under conditions of simulated rough air. He was informed
that the fuselage was fastened so that it could not turn, even though
the pedals could still be manipulated. After an initinl period of
instruction and demonsiration, the hoed was lowered and the subject
was required to fly the trainer by referring to a specific attitude indi-
cator. Iollowing this initial test period, which was 8 minutes in
length, the subject was given a 2-minute rest period. Ilo was then
required to fly the Link for a second 8-minute test period. In most
of the compnrisons to be reported, the even-numbered subjects were
tested initially with one instrument and then flew the Link during
the second test period by using the other indicator. Odd-numbered
subjects were tested on these same instruments in the reverse order.
This was done in order to control any major shift in the sensitivity
of the trainer over a period of time. To control the effect of position,
half of a series of subjects was run with the conventional Link trainer
artificial horizon on the left, and the other half of the group was run
with this type of indicator at the right,

The standard cam system for providing rough air was removed
from its position just back of the pilot’s seat, and was connected to a
synchronous motor which changed its speed from one r. p. m. to four
r. p. m. (sce fig. 8.1C). Each 8-minute test session necessitated a con-
tinuous performance on the part of the subject, but the scoring system
was automatically interrupted for 30 seconds during each successive
2-minute period, for the recording of clock scores.

Independent but similar scoring systems were used to measure the
deviations from horizontal and level flight in voll and in pitch (sce
fig. 8.1 B, D, and F'). ‘The No. 1 roli clock records the tota! time that
the fuselago deviates from level flight more than .83° to the left or to
the right. The subject can thus roll the fusclage through an angular
distanco of 1.67° without causing the No. 1 roll clock to score. The
No. 2 roll clock starts to scors whenever the fuselage rolls more than
1.83° to the right or left from level flight (total permissible arc of
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3.67°). Roll clock No. 3 starts to record when the trainer fuselage is
more than 2.5° to the left or right of level flight (total permissible are
of 5.0°). Roll clock No. 4 records the amount of time that the subject
keeps his stick to the right of center when the fuselage is rolled more
than .33° to the left (sce fig. 8.1 D and F). The No. 4 roll clock
thus registers a qualitatively different score as compared with the first
three roll clocks. A similar set of four clocks are set to record devia-
tions from horizontal flight in the pitch direction. These pitch-devia-
tion clocks function in the same way as the roll clocks and are set so 2s
to start recording at approximately similar angular deviations. These
clock scores thus represent relative inferiority of performance, or
error scorez.  The higher the score for any clock, the poorer the per-
formance. Clocks 1, 2, and 3, represent increasingly serious categories
of error, whereas clock No. 4 registers a qualitatively distinet type of
error, namely, failure on the part of the student to keep his stick in the
position which would tend to correct the error in the attitude of the
trainer. .

It should be noted that the conventional AAF attitude indicator used
in the Link instrument-trainer consists of » pendulum device rather
than the gyroscopic mechanism used in aireraft (ses fig. 8.1E). Al
instruments used in this study eontained the special sensitizing modifi-
cation described in AAF T. O. No. 25-5-12. The sensitivity of the
artificial horizon instruments employed can be stated in terms of clock
scores. The No. 1 roll clock starts to record when the moving pointer
of the indicator deviates more than 5° to the right or left. The No. 2
roll clock starts to record when the moving pointer deviates more than
10° to the right or left. The No. 3 roll clock starts to record when the
pointer deviaies more than 15° to the right or left. The No. 4 clock,
which gives a qualitatively distinet type of score, cannot bo equated in
these same terms inasmuch as the position of the stick determines, in
part, when the timer starts to record.  If, however, the moving pointer
of the attitude indicator deviates more than 3° to a particular side, and
the stick is not moved to the opposite side of its central position, the
No. 4 roll clock will start to record.

The clock-score daiz to be presented in this study are derived solely
from the roll clocks. Inasmuch as the pitch of the trainer is registered
in a conventional way and with comparable sensitivity by all cf the
horizon indicators employed in this study, measurements of perform-
anco for these deviations are not of any particular importance. That
is to say, tho differences between instruments which are being compared
at this timo are variations in the manner by which the roll or bank of
the fuselage is represented on the respective indicators.

A further reason for making comparative evaluations of various
attitude indicators on the basis of roll scores rather than pitch scores
is based upon the fact that the subject’s weight under certain con-
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ditions, tends to influence the magnitude of the pitch scores. When
the C-3 trainer was first set up in the test situation there was a notice-
able sluggishness of reaction if a man weighing 190 pounds or more
tried to shift the trainer fuselage from an attitude of maximal climb
to horizontal flight. In consequence, all of the main bellows which
govern the attitude of the trainer fuselage were replaced. This ap-
peared to reduce the sluggishness of reaction in the pitch dimension,
The relationship between performance and body weight following
renewal of the trainer bellows was computed for a group of 169 sub-
jects who used the standard attitude indicator during an 8-minute test
period. The correlation coeflicjents are as follows: No. 1 pitch clock,
.11; No. 2 pitch clock, .10; No. 3 pitch clock, —.02; No. 4 pitch clock,
—.17; No. 1 roll clock, .02; No. 2 voll ciock, .04; No. 3 roll clock, 0.06;
No. 4 roll call elock, 0.00. It would appear from these values that with
tho installation of the new bellows; weight had no apprecizble effect
on the roll scores and only 2 minimal influence on the pitch scores.

EXPERIMENTAL RESULTS

To determine the consistency with which performance is measured
by the scoring system, odd-even reliability coeflicients were computed
for a group of 169 subjects who used the standard AAF attitude indi-
cator. The reliabilities, based upon the sums of the two odd and the
two even trials in the first 8-minute test period, are as follows: No. 1
roll clock, 7==.83; No. 2 roll clock, »=.87; No. 3 roll clock, »=.87; No.
4 roll clock, »=.82. These cocflicients, uncorrected for attenuation,
show that the present test situation cvokes performance that has a
consistency of a high order. The intercorrelations between roll clock
No. 4 and roll clocks Nos. 1, 2, and 3 are, respectively, .62, .63, and .61.
The relatively moderate correlations between scores on the first three
clocks and the fourth clock, taken in conjunction with the high odd-
even reliabilities, tend to verify the hypothesis that this last score
(1. e, for roll clock No. 4) is, to some extent, representative of a differ-
ent aspect of performance than that registered by the first three clocks.
The fact that the first three clock scores correlate highly with each
other is ambiguous owing to the fact that when No. 2 clock scores,
No. 1 must continue to score, and when No. 3 scores, both No. 1 and
No. 2 must score. '

Comparison 1: Twe Similar Link Horizon Indicators

This comparison was designed as an experimental control. Its
objective was to determine what differences in performance scores can
arise which are due merely to variations in sensitivity of two similar
instruments.  The first half of the total population of 102 subjects
used in this comparison was tested in such an order that tho odd-
numbered subjects used the No. 1 standard indicator in tho right
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position for the first 8-minute test period and used the No. 2 standard
indicator in the left position for the second 8-minute period. Before
running the second half of the population, the instruments were re.
versed in position so that the No. 1 indicator was on the left and the
No. 2 indicator was on the right. The second half of the population
then took the test in such an order that the odd-numbered subjects
were tested first with the No. 2 standard, and during the second 8-
minute period used the second of the two instruments.

In analyzing the data, scores for the first S-minute test period for
indicator No. 1 are compared with indicator No. 2 scores for this same
initial test period, the position of the instrument being disregarced.
Similarly, scores for the second 8-minute test period obtained with the
No. 1 indicator are compared with the second test period scores on
the No. 2 indicator, irrespective of the position of the instrument.
An inspection of table 8.1 shows that none of the four clock scores
yield o significant difference as indicated by the associated ¢ values,

Tavty. 8.1 —Comparison of tico standard AAF-type Link artificial horizon indé
cators in order to dctermine apparatus diffcrences®

{Comperison 1)
FIRST &MINUTE TEST PERIOD

Biperi- Numbee Clock—
mental Instrument of Btatistic
group subjects 1 2 3 s
A No. 1 AAP standand.......... L1 3 B SO 382,861 244.2] 1576 147.6
B No. 2 AAY standard.......... (1R 1. G 360.0f 220.3] 1%.8 141.9
'Dlﬂ ............... l3.g u.g [ % : s.z

S8ECOND $MINUTE TEST PERIOD

B No. I AAP standard.......... 81| M.... 15211 7a8) 1243
A No,3 AAF standard.......... 811 M.... 1514 8231 1168
‘Dlﬁ... 1.0 —8.: g:

SUBJECT PREFERENCE SBUBSEQUENT TO LAST TEST PERIOD

No. 1 AAY standard Instrument given Airsg No. 2 AAF standard instrument given firat

Prefer No proferenos Prafer 3 Prefert No preference Prefer3
Percent Percent Pescend Prreent Percend Percent
n 10 7] [} " 17

1t The highcr the mean clock score, the poorer the performance. A {-value of 2.32 i3 significant at the &
peccenit lovel; and o f-valug of 2.58 or higher 1s significant at the 1-peccent Jevel,
This means that as far as Link-trainer performance is concerned,
the two indicators do not show a difference that has statistical sig-
nificance. Any difference in sensitivity that may exist between the
twe instriments is unimportant. It is of interest that subjects tend
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to prefer the instrument they have used most recently, even though
tho two are identical.

Comparison 2: Standard Link Artificial Horizon vs. Scaleless Indicator

In the conventional horizon indicator a right roll produces a shift
in the moving parts of the mechanism so that as the pilot views the
indicator the pointer has rotated to the left of the central index mark
on the fixed scale at the periphery of the instrument and the horizon
has tilted to the left. A right roll of the planc thus produces a
counterclockwise rotation of the moving parts of the indicator. There
are various possible sources of ambiguity in this relationship between
the true attitude of the plane and the correct movement of the stick
as indicated by the setting of the attitude indicator, Not all of these
factors will influence the responses of each subject, but they constituts
a potential source of error in any group of naive subjects, and they
may occasionally cause errors in experienced pilots under conditions
which necessitate a distribution of attention.

When the pilot is flying exclusively by instruments, his frame of
reference tends to be imposed by his immediate surroundings, bis
cockpit. His line of regard does not rotate with respect to the instru-
ment panel, and the case of the attitude indicator remains in s fixed
position with regard to his body. Instrument-flying instruction is
designed to make the pilot disregard his body sensations because of
their misleading cues. As a consequence, the unchanged relationship
between the instrument panel and the pilot’s line of vision tends to
reinforce the traditional relationship in which the main index of the
attitude indicator is at the top and represents “up.” When the plano
rolls to the right, the pointer and horizon bar rotate counterclockivise,
as noted above, and because moving objects tend to attract attention,
the novice’s first and most direct perception is that the movement
registered is a left tilt. 'The pointer is to the left of the fixed index
mark., By tradition, that part of an instrument which moves is desig-
nated to convey the intended change in relationships. In the case of
the artificial horizon, however, he must learn to regard the pointer
as fixed and the scale as having moved, a relationship which is clearly
antagonistic to his immediate perception of the fixed relationship of
the scale to himself. Many novices report that it is difficult to remem-
ber to br* g the center of the fixed scale up to the moving pointer.
Others try to disregard the pointer and focus their attention on the
miniature airplane \\lndx maintains the correct static relationship to
the horizon bar. When the mininture plane is tilted to the right in
respect to the horizon bar, a left movement of the stick or counter-
clockwise rotation of the wheel corresponds to the movement the
aireraft itself must exceute to attain level flight,

Because many experienced pilots report that they alw u)s observe
the position of the miniature plane and disregard the moving pointer
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and beeause compensatory adjustments of the stick or control wheel
conflict with the direction in which the pointer moves, a conventional
indicator was modificd by removing the pointer and obscuring the
fixed scale at the periphery of the instrument (ses fig. 8.2B). This
modified instrument is designated as the “Scaleless Horizon Indicator.”
Comparison 2 thus invelves an evaluation of Link performance scores
when subjects use the conventional attitude indicator and when they
use the “Scaleless Horizon Indieator,” The experimental routine is
similar to that used in comparison 1, and the differences between in-
struments, shown in table 8.2, are taken irrespective of position. An
inspection of the mean scores for the 115 subjects used in this compari-
son reveals the fact that in their initial 8-minute test session, the
standard instrument yields poorer performance than the scaleless
instrument. The varintion between subjects is so great, however,
that the difference between means is not sufficiently important to
overweight the individual differences in skill between subjects of the
present groups. The more skilled individual can largely overcome
any handicap that might be inherent in the conventional instrument
under these test conditions. In a test situation requiring a greater
distribution of attention he might occasionally be misled by the
standard instrument whereas the modified instrument might have
less tendency to confuse him,

TanrLr 8.2 —Standard Link artifictal horizon va. scalcless horizon indicator
{Comparison
FIRST &MINUTE TEST PERIOD

Eapert. Number Clock—
mental Instrument mbﬁcu Statistic
group . 1 2 3 ‘
A AAPstandad................ ] 38581 226.6) 143.2 108. 4
B Eoalelss.neinciiennenennnncesn &7 34401 197.21 1182 9.3
2.5 2.4 7.1 1.1
1.3 1.$ 1.5 I |
SBECOND 8-MINUTE TRST PERIOD
n AAFstandad................ 87 297.6 1 143.4 71.0 76.9
A Benlekss . cieniieieacnann vaee ) 23] 139 653 82.0
19.3 s 87 -~81
1.2 ? 0.5 cé
SUDJECT PREFERENCE SUBSEQUENT TOQ LAST TEST PERIOD
No. 1 AAF standard insttument given fint Ecaleless horlzon indleator given firsg
Prefer § No preference | Prefer scaleless Prefec 1 No preference | Prefer scaleless
Percent Percend Pereesd Pereent Percent Percent
16 [ ] 8 " 0 %
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Comparison 3: Standard Link Artificial Horizon vs, Moving Scaie Indica‘or
It has been noted that novices frequently report that it takes con-
stant vigilance to remember to move the stick so as to bring the cen-
tral index point of the fixed seale st the periphery of an instrument to
coincide with the moving pointer, instead of moving the stick in tho
direction the pointer should travel to attain coincidence with the
center of the fixed scale. To correct this particular difliculty the No. 2
artificial-horizon mechanism used in the first comparison was modified
a second time so that the scale was attached to the inner shield or face
which carries the rotating pointer (sce fig. 8.2C). The original fixed
scale at the periphery was obscured except for the large central index
mark. Sixty subjects were used in this comparison. The experi-
mental routine was that employed in comparison 1. Differences shown
in table 8.3 are for the two instruments irrespective of position. Again
it is evident that while the average ervor scores tend to be lower for
the moving scale instrument than for the standard indicator, the
variation in performance from subject to subject is such as to mask
any statistically significant difference that is due to the instruments
in and of themselves. It must be remembered that the subjects were
attending to one instrument, and it is conceivable that the stress of
attending to & number of indicators might increase differences in

Tapte 8.3.~—Standard Link artificial horizon vs. moving scale {ndicator

{Comparison 3)
FIRST &MINUTE TEST PERIOD

Experf- Number Clock—
mental Instrurnent of Slatlstio
group subjects 1 1 3 4
A AAFstandard. .coenvrennnnnn 30 ] M.oiieenceenannn 747 2428 18] 1019
B Moving scale....eeencncennnen WIM. . eeeinrinnens 318.6 | A0} 1224 2.3
Diflecciererinnnean 2.1 40.8 31 12.¢
.................. 1.1 1.4 1.2 1.0
SECOND 8-MINUTE TEST PERIOD
1] AAPstandard. . cceeveninnnnen 0 143.3 3 728
A Moving scale..covecceaceaes . 30 129.7 .4 .3
13.¢ 1.8 -4.7
.0 8 o4
BUBJECT PREFERENCE SUDBSEQUENT TO LAST TEST PERIOD
No. 1 AAF standard Instrument given fist Maving scale Indicator given Ant
Prefer ) Nopreference | T'F "";:.":,’:M“‘ Peefee 1 No prefercnce P"'"‘:_."“,:""'
Percend Pereent Pescent Pereent Petcent Perernt
? 10 83 n 4 »
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performances aitributable to the two horizon indicators. It should
also be noted that while the movement of the stick required to bring
aircraft to level flight is in the same direction as the movement of
the fixed central index, were it to be conceived of as having to be ro-
tated to the central point of the scale, the actual motion which is
perceived under these circumstances is in conflict with the required
rotation of the stick or wheel.

Comparison 4: Standard Link Artificial Horizon vs. British Type of Artificial

Horizon

It has been suggested that one model of the British type of artificial
horizon is easier to use because it has, inherently, less ambiguity in
its action than the AAT instrument. To test this hypothesis, a con-
ventional Link artificial horizon was modified so as to function as the
British type of attitude indicator (see fig. 8.2D). The scale was
moved from the fixed rim at the top of the instrument to the lower
wdge of the instrument., The miniature plane was then suppoited
from the upper rim of the instrument as in the British type of indicator.
As the pilot views the instrument, a right roll tilts the horizon bar to
the left and the peinter moves around its fixed scale to the right. This
instrument has the distinction that the correct movement of the stick,
considered merely as to the right or the left is in the same direction
as the movement of the pointer in relation to the central index of the
fixed seale. Various individuals report, however, that this instrument
causes a certain degree of confusion because the moving elements of
the instruments are perceived as rotating in a counterclockwise direc-
tion when the plane is actually rolling to the right in a clockwise direc-
tion. A correetive counterclockwise rotation of the stick about its point
of support or a counterclockwise rotation of the control wheel are in
the samo direction as the preceding movement of the elements in the
indicator, That is to say, the motion of the indicator must be followed
by the same type of movement in the control rather than by a compen-
satory adjustment in the opposite direction which experience in every-
day life tends to establish as the correct, and therefore, the most im-
medinte or natural reaction. In other words, the correct response is
not the most immediate response to the angular rotation of the moving
elements in the instrument, It must be made to an inferred position
of the plane which is interpreted from the indicator.

As in the previous comparisons, the differences indicated in table
8.1 tend to favor the modified instrument but, except for clock No. 4,
nre not statistically significant. Individual differences are so great
that the effect of the variations in the indicators, per se, tends to be
masked. The difference for clock No, 4, which favors the British type
of instrument, is significant at the 2-percent level.
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Tapix S.4—Standard Link artificial horizon vs, British type of artificial horizon

[Comparison 4}
FIRST 8 MINUTE TEST PERIOD

sy petle Number | Clock—
ggfm Instrument of Statistiz
group subjects ] 'y 3 ¢
A AAF standard. coceevececnnee. 2] M.eervericennnes 09| X0.4] 1NLS 80.0
B Dritlsh typoececcacnaceearenss I M ieveecine .81 168 8.0 829
Diflecerecvenaen. 0.0] 46f A1t 1.1
.................. 1.7 1.6 1.3 124
SECOND &MINUTE TEST PERIOD
B AAF standard................ N 151.7 reS ) 726
A British type.ccceecccnne.. veoae 32 114.6 5.4 8,7
37.1 2.8 189
1.8 | B § 13.4
SUBJECT PREFERENCE SUBSEQUENT TO LAST TEST PERIOD
No. 1 AAF standard Instrument glven first British typoe Indletor glven fisst
. Prefer British . Prefce Dritish
Prefer § No prefesence type Prefert No preferenoe type
Percert Percens Percent Percent Pereent Percent
19 [ ] (L3 48 9 83

1A ¢ valuo of 2.32 is significant at the 2-percent level; aud a ¢ value of 2.58 of higher is significant at the
1-peccent Jevel,

Comparison 5: Standard Link Artificial Horizon vs. Reversed Rotation Type
of Artificial Horizon

Because in none of the instruments used in the previous compari-
sons do the moving elements rotate in a clockwise direction when the
plane rolls to the right or exhibit a counterclockwise rotation when the
plane rolls to the left, a standard Link artificial horizon was modified
so as to provide this relationship (see fig. 8.2K). This was achieved
merely by lengthening the pin which engages with the bank pendulum
(sce fig. 8.1E), 'T'able 8.5 shows that the average clock error scors
made with the reversed rotation type of artificial horizon is lower
than that made with the standard indicator and that the differences
are statistically significant at the 1-percent level.  Tables 8.1 through
8.1 show that the individuals who served as subjects in the first four
comparisons generally expressed a preference for the particular instru-
ment which they used in the most vecent test period. In this fifth
comparison, those subjects who were tested on both the standard and
reversed rotation indicators showed a decided preference for the
modified instrument regardless of whether or not that was the instru.
ment most recently used.  ‘Thus both in the performance which it
evokes and in expression of preference on the part of tho subjects,
the reversed rotation artificial horizon proves to be clearly superior.
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Taurg 8.5.—8tandard Link artificial horizon vs. reverscd rotation {ype of
artificial horizon

{Comparison 5]
FIRST &MINUTE TEST PERIOD

Zaperi- Number Clock
-toental Instrument of sub- Statistie
roup | lets 11 2 3 '
A L AAFstandard, . .ooeennnnn... 68 M. 28.7| 161.1] 903
B Reversed rotaton............. 69 18,7 1 102.2 67.7
’ 63.9 58.9 224
. 13.4 13.4 13,0
S8ECOND §MINUTE TEST PERIOD
B | AAFstandard................ ) 206.0] 121.8] 0.8
A Reversed rotetion............. 31 127.7 0. 4 5.8
.3 61,1 20.0
13.9 13.8 131
SUBJECT PREFERENCE SUBSEQUENT TO LAST TEST PERIOD
No. } AAF Standard Instrument given first Reversed rotation Instrument gives first
‘Prefer 1 No prefcrence P"{:{.ﬁ:;"? Prefer 1 No preference P"i‘:&‘t’":;m
Dereent Percent Pereent Percent Pereent Percent
] 3 87 [ ] 18 e

Y] value of 2,8 or hlchei Is significant at the 1-percent Jevel.

L3

Seventy-two subjects of the 137 cadets in the fifth comparison con-
tinued to.use the same horizon indicator during the second test period
that they had used in the initial period. In the case of these 72 sub-
jects it was found that the highly significant differences between the
standard horizon indicator and the reversed rotation instrument hold
only for the first 8 minutes of practice and not for the second test
period. ‘This should not be taken to mean that the difference in per-
formance yiclded by these instruments is merely a temporary phe-
nomenon. It should be emphasized that the subject does not have a
full panel of instruments to which he must attend, but only the rela-
tively simple task of keeping the trainer in level 'md horizontal flight
by nttendmg to a single flight indicator, - Under these circumstances,
it is possible for the subjects who use the standard, and inferior,
instrument to attain a level of performance in two prachcc perxods
that is comparable to that achieved by the group using the superior
or reversed rotation instrument. Given two 8-minute practice
periods in succession, both groups achieve a relatively high degree of
proficiency. The group using the reversed rotation instrument soon
reaches a leveling off in its performance, and the group with the
inferior instrument overtakes them. It will be shown in a later sec-
tion that when the remaining 65 subjeets in this fifth comparison who
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wera tested on both instruments shifted from one indicator in the first
period to a second indicator in the next period, the effect of habit inter-
ference revealed a difference that carried over into the second S-minute
seriod. It should be emphasized that there is always the possibility
that under conditions of stress a pilot may niake an error because of
the ambiguity of the conventional instrument whicl could have been
prevented had the indicator possessed optimum interpretability.

In view of the striking differences in performance which have been
obtained with the reversed rotation and standard instruments, the
question arises as to the similarity of the two groups using the respec-
tive instruments, Table 8.6 shows the characteristics of the subjects
when they are segregated on the basis of the particular instrument used
during the first 8-minute test period. These data show conclusively
that the two groups are comparable in hours of pilot training (primary
ships only), pilot stanine, and in previous experience with an experi-
mental test that involves 8 minutes of contact flying in a Link ground.

trainer,

Tante S.8.—Equivalence of groups uscd in the fifth comparison involving the
standard AAF {ngtrument and the rcvcrsed rotation instrument

Y
. Reversed rotation ins
i § AAF standand used first strument used first o
;) Had Link] N 1ad Link ?.it}:{
H y e ) NO W n
f i ’:,‘,’,%? Is{':f contact | cther I‘!’m:s l;:l:i‘ contact | test
g i tralolog| nine “‘)csh{‘ '{L';:‘ tealning] nloe "&'{‘
i
' MEANS. . .eennceanannreeenenanes X3 RO I 7| enj........f..
] 1200 67 |ooiiiilyiiil .8 L&)l
i NUMDEE SUDJORS ovmoommnnn e 8 |16 wl il e |'e i3 8
i TVt SRRt IS IR 8] Beecreeceneenn 17 0
l [
o
I 1 Stanines not avallable for 8 subjects.
K
t H
' Can the differences in performance obtained with the two instru-
: ments in this fifth comparison be accounted for in terms of the relutive
; sensitivities of the two instruments? A calibration of the two indi-
' cators demonstrates that the reversed rotation horizon is of somewhat
: greater sensitivity than the standard, Tabie 8.7 shows that when the
Tame 8.7.~Rclative scnsitivity of standard AAF Link horizon indicator gnd
reverscd rotation instrament as utilized in comparison §
R
1 Number of clock starting to record |  § 3 4
i AAF standard indicator
Clockwle 1otnt{on I dORTts. e\ e eeuvaeeranreenennressneneenresnrsnsneessnsen 8] 10} 18 3
Counterelockwise 010110N [0 QORTOCE . vuueeieeeaeeereereocearoevosonsensnaarans S 19 15 3
Rerersed rolation indicator
Clockwise rotntion In degrees. . ...... vevsseresens tereecncaseseesesesesseserosss s el 2 4
Counterclockwise rotation fn degeees. ... ....... vevonons Netetrassasenconsrareses ? 131 18 4
i§ 127
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fuselage has rolled to the point where the first clock starts to score,
tite standard horizon registers a displacement of 3°. At this point
the modified indicator gives a reading of 7° to 9°, depending on the
dircction of roll. The fact that the pointer of the reversed rotation
instrument has moved further than the pointer of the standard indi- -
cator might, conceivably, give the subject an earlier and more em-
phatic warning that he has drifted off level flight.

To establish the significance of variations in sensitivity, the reversed
rotation indicator was desensitized by lengthening the pin attached
to the gimbal ring assembly which engages with the bank pendulum,
The Jength of the standard pin as measured in the vertical dimension
is 8¢ inch. Its net moment arm is 3j3 inch as measured down
from the rear bearing of the gimbal ring. The first model of the
reversed rotation instrument, used in the fifth comparison, has a pin
approximately 2%, inch long with a net moment arm of approxi-
mately 84, inch as measured above the rear bearing of the gimbal
ring. The desensitized instrument has a length of 1144 inch with
a net moment arm-of approximately 3,4 inch as measured above the
rear bearing of the gimbal ring. The calibration of the desensitized
version of the reversed rotation indicator is presented in table 8.8,
It is clear from these data that the pointer of the desensitized instru-
ment moves a shorter distance than the pointer of the standard instru-
ment when the fuselage banks to one side or the other.

Tapix 8.8—Rclative sensitivity of standard AAF horizon indicator and desensi-
tizcd reverscd rotation instrument as ulilized in comparison 6

Number of clock stariing to recocd 1 2 3 4
AAPF dandard indicolor
Clockwise totation In defrees. o .oceenicnnreaccnecseonccncrseccvenasscsscnncncen 3] 10 18 3
Counterclockwisn 10tation In JegIeS. ccvvneeciretecrcenaccncooccsasensoncnsnves 81 10 18 3
Desensitized resersed solation indiceter
Clockwise rotathkin in degrees. .. .cncoveniceiienncarcnsaniasstcncccsnnveconcsnons 4 ] 12 |
Countercioekwisy 7otation In degrees. ... ecieicecieccenaceanencencececnoanene 3 7 12 2

Seventy-cight additional subjects were run for 8 minutes in com-
parison 6 to determine the direction of the difference in performance
when the desensitized reversed rotation instrument is compared with
the standard. Tuble 8.9 gives the data from this last group. All of
the clock scores for the desensitized reversed rotation instrument are
superior to the scores for the standard, All differences are significant
at the 1-percent level.

The differences appear to be greater than in the original group V
comparison involving a more sensitive reversed rotation instrument.
The data of the original 137 subjects and the data from this supple-
mentary group of 78 subjects, making a total of 215, are in accord in
establishing the superiority of the reversed rotation instrument. The
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TiE 8.9 —S8tlandard Link artificial horizon vs, descnsitized rerereed -rotation
type of arlificial Rorizon

{Comparison &)
Initiel §-minule fead peried
{No previous instrument experience]
Number Clock
Instrument of sub- | Statistic

Jocts ! ) 3 4
AAFSANAAN o ceeosnrineeneeearanascues ®| M....... ae] mae| g 7.3
e vorsed rotation.. ..eeeeee.. | 3B M...... 312.4 130.4 5.8 ¥
Dezeusitlsed reve Diff-oeo: ol 68| 0T e
[ F, 183 148 143 188

1 A t-value of 3.58 ot higher Is significant at the 1-percent lavel,

experiniental test of variations in sensitivity has shown that the ob-
tained differences cannot be explained as due to this factor. It is
concluded, therefore; that the superiority of the reversed rotation
instrument must be due to its mode of functioning,

DISCUSSION

Significant Factor in the Superiority of Horizon Indicator with Reversed
Rotation )

It should be noted that the superiority.of the reversed rotation type
of artificial horizon has been oxhibited in spite of the fact that when
the aircraft assumes a right-roll attitude, the indicator registers this
maneuver by showing the miniature airplane with its left wing dipped
below the horizon bar. Although this static relationship must uiti-
mately be interpreted as representing a left-roll attitude, the dynamic
relationship of the moving elements is such as to suggest a right roll,
In consequence, it would appear that the direction of rotation of the
moving clements in the instrument comprises the factor which the
novice reacts to most immediately—a factor which the more experi-
enced pilot has learned to disregard. It also scems reasonable to
believe that if the correct static pattern were presented slong with
the appropriate dynamic relationship of the moving elements, e. g.,
when the horizon remains fixed and the miniature plane rotates, the
resulting instrument might be superior to the reversed rotation hori-
zon used in the Jast comparison of the series. Data on such an instru.
ment have been reported by a British investigator,

Since circulation of the initial report on the present study, two
papers have been made available to the writer, deseribing a study
conducted at the request of the instrument department of the Royal
Aireraft Establishment, Farnborough (1, 2). The British investi-
gation differs from the present study in several respeets.  Its objective
was to compure a single experimental indicator with a conventional
instrament, Two groups of 20 cadets were employed s subjects,
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The cadets, who had had no instrument instruction, were required to
fly a standard Link trainer on a straight and level course while the
machine was periodically deflected by its standard rough-air mech-
anism. Although the reports contain no reference to 2 modification
of the turning mechanism, there is a statement to the effect that
“, . . the only indication before the subjects was one or other of the
two attitude indicators which were being tested™ (2). It is not clear,
therefore, whether the British subjects were required to maintain a
heading or whether they were free to devote all of their attention to
the attitude indicator. Performance was scored by means of two
mechanical integrators connected directly to the fuselage of the trainer,
The scores, in arbitrary units, are proportional to the angular devia-
tion in attitude multiplied by time. In addition to the two mechanical
integrators for measuring roll and pitch deviations, there was a graphic
recording system for tracing the actual defllections. Each subject was
required to fly the trainer for a total interval of 12 minutes, and per-
formance was measured in successive 2-minute samples. The data
in table 8.10 represent the performance of two separate groups of
cadets, each of which was tested on a single instrument.,

The type of attitude indicator compared with the conventional
instrument consisted of a two-dimensional model aircraft which moved
in relation to two fixed horizon bars st the edges of its wings, The
author of tho reports was of the opinion that with such an instrument,
“the pilot identifies himself with the model instead of imagining
himself to be a fixed point in space with a moving real horizon—a
conception which does not fit the facts and which may be difficult to
grasp” {1). As demonstrated by the figures of table 8.10, both the
graphic records and the integrator scores show that the modified
design is significantly superior to the conventionnl design. It was
also found that the preference of a group of cadets tested on both
instruments was clearly in favor of the new design. The general

Tancy, 310 —Comparison of {ndicators in tcrms of graphic records and
integrator acores i

Pitch Roll " Pitch Roll
nn“"“;m" Indicstor | Indicator me' Indlcstor | Indicatos
Old | New| Old | New Old | New | Old | New
Gnaplle...... M....... 7.2} 15.3 121.8 | 05.8 || Integrated....] M....... 22.3]1 0.0} 29.8 | 28.3
e SD......] 366|170 | s29] %02 8D...... .31 4.9 9.54] 613
Dig..... 11.9 2.0 DiM..... 2.3 4.7
8¥.oin... [} 816 SEpin... 1.0 13

1 The mean values of all the ehservations for new and old Indlcators and for both methods of recording.
The difervnice between old and new Indlcators is unlikely to be due to chanev since In every case the differ.
ence between theinean {8 nore than iwicethe standard error.  ¥Frum Flylng Fersonnel Rescearch Commiite
tee Report No. 611 (s) by R. C. Browne,
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(rend of the findings is thus in keeping with the results of the present
study in the sense that an indicator which contains a moving element
rotating in the same direction as the aireraft rolls was found to be
clearly superior to the conventional instrument,

In the present study, a series of four different modifications in
attitude design were studied in an effort to analyze and isolate the
basic elements which make one instrument superior to another. In-
cluding the control measurements, a total of six comparisons involving
555 subjects provided the experimental data upon which tho present
discussion has been based.

Further Research Suggested by the Present Study

To round out the present investigation it would be highly desirable
to study three additional attitude-indicator models. The exact num-
ber of comparisons required would depend upen the trend of the
experimental data.  Model No. 1 of this proposed series is shown in
figure 8.2F. Itshould havethe following characteristics: (1) moving
clement, consisting of a three-dimensional miniature aircraft model
enclosed within a transpavent sphere; (2) fixed horizon reference line
and fixed scale at periphery of stationary transparent sphere surround-
ing the miniature aircraft; (3) direction of rotation of moving element
to be varied in successive comparisons; (4) panel indicator activated
by autosyn mechanisms interposed between trainer fusclage and base.

Model No. 2 of the proposed series would be characterized by the
following features: (1) moving element of indicator similar to that
in tho new Sperry Attitude Gyro, i. e., a sphere; (2) fixed horizon line,
fixed scale at periphery, sphere marked as AAF models; (3) direc-
tion of rotation to be varied in successive comparisons; (4) autosyn
activating mechanisms, 5

Model No. 3 of the proposed series would include it following
characteristics: (1) moving element of indicator consisting of trans-
parent hemisphere with meridians embossed on inner surface, and so
placed that it surrounds the anterior half of a miniature plane which
is fixed in position and heads away from the pilot; (2) reference
Lorizon line on the hemisphere moving up when the parent ship dives
and down during a climb; (3) direction of rotation to be varied in
cuccessive comparisons; (4) autosyn activating mechanisms.

It was not found possible to test these three models in tho time
allotted to this investigation. The definitive analysis of the basic
relationships insuring optimum interpretability must therefore await
further study.

Basic Requirements for Attitude Indicators in the Light of Present Experl-
mental Data

From the various considerations reviewed in the preceding discus-
sion it would appear that the most easily interpreted horizon indicator
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for blind flying is.one in which the moving clements directly register-
a shift in attitude by a displacement in the same direcetion. It tends
to follow from this basic requirement that the horizon line must re.
main fixed in relation to the pilot’s instrument panel. It would seem
that the best results could be achieved by the construction of an in.
strument, which contains a three-dimensional minature aircraft that
banks or pitches about a horizon which is fixed in relation to the in.
strument panel and not with regard to the true earth’s horizon. Thus
when the attitude of the plane is that of a right roll, the miniature
aircraft rotates clockwise; when the plane rolls to the left, the minia-
ture model rotates in & counterclockwise direction. During a climb,
the nose of the miniature model rises and the tail sinks {see fig. 8.2 F).

It should be emphasized that all of the data of the present investi-
gation as well as the findings of the British study were obtained from
subjects who were flying blind and unable to see outside the trainer.
It is essential that in future work these findings be verified in a situa-
tion which invelves a combination of blind and contact flying. Asan
initial check, it would be desirable to test subjects in a situation some-
what like that used by the Canadians in developing a screening test for
student pilots. The Canadians employed a special Link trainer with
biplane wings. This was flown contact in relation to a cyclorama
painted to simulate & view of the earth as scen from an elevation of
several thousand feet. To adapt this test situation to the nceds of
the proposed study, it would be necessary to install only the proper
instrument panel, rough-air mechanism, and scoring system as de-
veloped for the present study. The subjects would be required to shift
from contact to instrument flying in a standardized but irregular
sequence when given the appropriate signal by way of their carphones.

Finally, those instruments which proved superior in the combination
contact-and-blind-flying trainer situation should be checked under
actual flying conditions. Both novices and experienced pilots could be
tested for specified periods in which the task was merely one of flying
level and horizontal. Ultimately, those acrobatic maneuvers which
cannot be simulated by the Link trainer should be studied, using experi-
enced pilots as subjects and a check-list inventory scored by an
observer,

In the situation where the task is merely one of flying level and
horizontal, performance could be scored by some system which records
roll and pitch deviations.  One relatively simple system for obtaining
such types of scores employs mercury switches which close circuits to
various counters when the plane rolls or pitches through successively
increasing angles.  Each counter cirenit is interrupted at a fixed rate.
The different counter scores thus represent the time interval ducing
which the aireraft deviated from straight and level flight by various
specified amounts, Probably a more refined method for recording
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such data could be developed by using the pitch and roll components
of an clectrically operated gyro-horizon to clese successive timing
circuits.
Possible Habit Interference in Shifting from Old-Style to New-Type Indicators
The data in tables 8.1 to 8.5 indicate that there is a general tendency
for minus signs to appear in the differences for the second S-minute
test period as subjects change from one instrument to another. This
means that those subjects who used a modified indicator following
practice with the conventional horizon did Iess well than those subjects
who used the conventional horizon indicator after having had an 8-
minute practice period with the modified instrument. The negative
differences point to the effect of interference from habits that were
established duving the first 8-minute test period. They were clearly
significant, statistically, only in the case of the reversed rotation
horizon indicator used in the fifth comparison, One possible explana-
tion ¢f the predominant direction of the interference is suggested by
previous studies of the learning function. The brief initial learning
period in which the subjects use the conventional indicator requires
so much effort and attention, and the subjects get so much practice
in correcting their errors, because of the inherent difficulty of the
standard instrument, that they tend to fix their responses relatively
weil.  In contrast, the reversed rotation indicator fits in so well with
past habits that less effort is required to perform the tusk satisfactorily.
It is thus somewhat easier to break up these habits, temporarily, when
tlic subjects transfer to the conventional instrument in (ho second 8-
minute test period. There is some indirect substantiation for this
interpretation, possibly, in the fact that the subjects express a decided
preference for the modified instrument and regard it as easier,

The question as to how difficult it would be for experienced pilots
to master an attitude indicator of the new type, referred to just above,
cannot be answered by armchair theorizing or a casual expression of
opinion. A satisfactory and dependable answer requires objective
and quantitative evidence.

SUMMARY AND CONCLUSIONS

It has been pointed out that although pilots can learn to use almost
any type of artificinl-horizon indicator, the novice may be retarded in
acquiring proficiency in blind flying, and even the experienced pilot
may have difficulty during emergencies because of the inherent wm-
biguity in the conventional type of instrument.

Four different types of artificial-horizon indicators have been com.
pared with the conventional iustrument in terms of the objectively
scored Link ground-trainer performance as the subject attempts to
maintain the fuselage in level and horizontal flight under conditions
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of rough air. These indicators comprise the following types of in-
struments: (1) a scaleless horizon indicator in which the moving
pointer and fixed scale of the conventional instrument have been re-
moved; (2) a moving seale indicator in which the scale rotates but
the reference index mark remains fixed; (3) a British type of hori-
zon indicator in which the fixed scale and pointer ave at the base of the
instrument dinl; (4) 2 reversed rotation instrument in which the
moving pointer and the horizon bar tilt or rotate in the opposite direc-
tion from that of the standard AAF flight indicator.

All of the modified horizon indicators tend to show some slight
superiority over the conventional instrument as contrasted with the
differences arising when two instruments of the same design are com-
pared. In the case of one category of measurement, the British type
of horizon shows a difference in its favor which has some degree of
statistical significance. The indicator in which the moving pointer
and the horizon bar rotate in an opposite direction to that of the con-
ventional AAT flight indicator is the one instrument that shows &
superiority which has unquestionable statistical significance. Ths re-
verse rotation indicator is also the one instrument which is most
consistently preferred by the subjects.

An analysis of the various factors which have been studied in the
series of comparisons between the modified instruments and the stand-
ard suggests that the most casily interpreted attitude indicator for
blind flying will bo one in which the horizon remains fixed with regard
to the instrument panel and the moving clement rotates in the same
direction as the plane rolls. It would appear that for blind flying the
moving clement of the indicator should consist of & three-dimen-
sional miniature aircraft which banks or pitches within a horizon
cirele which is fixed in relation to the instrument panel rather than
with regard to the true horizon. Thus, when the attitude of tho plane
is that of a right roll, the miniature aireraft rotates clockwise; when
the plane rolls to the left, the miniature model rotates in a counter-
clockwise direction. During a climb, the nose of the miniature air-
craft rises and the tail sinks. Tt should be noted, however, that before
a final and definitive analysis can be made with regard to the basic
factors cssentinl for an ideal design, at least three additional types
of instruments, described previously, should be studied. It must also
be emphasized that additional work is required before it can be stated
which typs of instrument will insure minimal confusion when used
in situations other than blind flying or when used by experienced pilots
who have been trained on conventional instruments,
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CHAPTER NINE
Direction of Movement in the Use
of Control Knobs to Position
Visual Indicators'

Mewviy J. Wazrrick

Numerous situations exist in aviation where visual indicators . are
positioned by rotation of a control knob. In a simple control-indi-
ator system there are two possible alternate relationships between the
direction of motion of a control and the resultant motion of its indi-
cator. For example, a clockwise niotion of a control could move an
indicator either clockwise or counterclockwise. For greatest efliciency
of operation it secems desirable that the relationship between indicator
and control motion be such as to conform to the response tendencies
of the majority of the operators. For further discussion of this prob-
lem see chapters 2, 3, 10, and 17, 'The two studies reported in this
chapter represent an initial investigation of this probiem and were
planned and carried out concurrently.

EXPERIMENT 1
Purpoze

The purpose of the first experiment was to determine the direction
in which operators most frequently turn control knobs to accomplish
a certain direction of motion of an indicator in several arrangements
of controls and indicators,

For this initial experiment a knob was selected as being n commonly
used type of control, A straight row of light positions was used as
the indicator, primarily because other types of displays might so
resemble an aircraft instrument as to elicit a response biased by ex-
perience with that instrument. Five of the more common spatinl
refationships between the indicator and control were arbitrarily
selected for study.

e —————

1This chapter 13 daxed upon research findings reported In Headqguarters AMC, Englozer.
fng Divislon Memoranduin Report No, TSEAMN-GD1-1C, The assistuuce of Joseph Bakalus
and Helmut Muehihauser §n constructing the apparatus and In testing the subjects greatly
facllitated the experiment,
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Apparatus and Procedure

An apparatus was built containing five separate panels each having
an indicator (a row of lights) and a control knob, as shown in figure
9.1, Each panel presented a different relationship between the location
of the indicator and the location of the control.

/
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Frovwe 9.1—Control-indicator panels used in determining direction of response
preferences,

It will be noted in figure 9.1 that the panels are numbered from left
to right and the lights on each are numbered in sequence from left
to right, bottom io top, or front to rear. An indicator position will
hereafter be referred to by number and letter to designate the panel
and the light position,

The equipment operated in the following manner. A light appeared
on any one of the panels in a position other than C (center). The
subject, using his right hand only, moved the light to center with the
appropriate knob. The control for each knob was so wired that no
matter which way (clockwise or counterclockwise) the subject rotated
the control, the light moved toward the center, However, once the
light was moved from its original position, the relationship between
the direction of control motion and the resultant direction of the indi-
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cator motion was established and remained the same until the problem
wis solved or the light returned to its initial position. Either a
clockwise or a counterclockwise response was correct in that it moved
the light to center and solved the problem.

A scries of 40 successive problems was presented in a randomized
order of panels and light positions (except that the same panel never
succeeded itself). Random time intervals not exceeding 1 second
occurred between the solution of one problem and the onset of the next.
Each light position (excluding the center) appeared twice during the
series. Thus there were eight problems on each panel, four on each side
of center. With no wrong or unrewarded responses possible, with a
randomized order of presentation, and with a definite emphasis on
speed of reaction, it was hoped that the subject’s responses to a partien-
lar problem would be least likely to be influenced by his responses to
previous problems, .

Tifty subjects, all rated military pilots, were employed in this study.
They were divided into 10 groups. Each group started at a different
indicator position (A or E) in the series of 40 problems. They were
instructed to move each light to center as rapidly as possible and were
told that their score would be the amount of time it took them to com-
plete the series. Cumulative reaction times over the series were ob-
tained and recorded. The subjects were shown the unidentified time
scores of other subjects before the test as a stimulant to faster reactions.
They were not told that they could move the control either way to move
the light to center.

Results

In table 9.1 are presented the percent of clockwise and of counter-
clockwise responses to (1) each problem; (2) problems on the same
side of center combined; and (3) all the problems of each panel com-
bined.

There are two possible directions in which the knob can be rotated
to move the indicator in the desired direction. If neither direction
of response is preferred over the other, the subject would be as likely
to respond with a clockwise as with a counterclockwise movement of
the control, unless other, factors such as difficulty in making certain
movements are influencing the responses.. Thus, the responses to par-
ticular problems would be split 50 percent clockwise and 50 percent
counterclockwise within the limits of chance variation. With 50 sub-
jeets the probability is only one in a hundred that the number of clock-
wise (or counterclockwise) responses would exceed 66 percent. “Thus
if there are more than 66 percent clockwise responses or more than 66
percent counterclockwise responses, it is assumed that there is a pre-
ferred response in that direction in the particular situation,
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Tante 9.1.~-Percent of clockicise (C) and counlerclockivise (CC) responses to
the flee {ndicalor pancls

[N=50pt
Individual Positions
positions combined Entire panel
Panet Ind{:ak}or
n
pot Percent | Percent | Percent | Percent | Percent | Percent
[¢] cC C CcC C CO

{ A :95 5 T Mkt i

NSO 5 HA TS £ e N S «“
3 19 181 19 1381
B 34 B T

?. -------------------------- D ﬁ ‘ n .................... “ “
4 2% 174 24 176
3 2l wlwlw

S..... vesanees  ae seemueneses D 57 13 IS T 57 3
r [0} 40 8 42
A 178 7 3 PYRU Sy .

S e e e e B a a1 2L e u
5 o0 0l 40
g 32 :g} ....... 56 """’.';’6.

L ceeernrecnesanes N 152 sl o IR J 87 43
E reé 18 183 17

All xianch » 41

VHad an N equal to the siumber of responses rather than the number of subjects been used an “individual-
positlun® percent figure would be significant at the 1-percent level i it excceded 61.6 percent )}'-100):
8 “poditions-combined’ Ngure aignificunt if it cxercdeod 58,2 percent (N==200); an “cntire-panel” figurs
significant If it excecded 26.0 pereent (N = 400); aned the total significant if It exceeded 52,6 pereent éN-?.OOO).

‘Thus In temis of & satple of responses, not Individuals, the significance of the results indicated in the table
Is greatly enhanced,

3 Significant at or abore the L-percent level of confidence for N30,

‘The obtained response tendencies might be due either to the varia-
bility between individuals or the variability within individuals. For
example, the percent of clockwise responses to positions A and B
combined, of panel 3 may be due to 56 percent of the subjects con-
sistently responding clockwise and 44 percent consistently responding
counterclockwise whenever one of these lights came on. Or the
percent of clockwise responses may be due to each subject responding
sometimes clockwise, sometimes counterclockwise. Or it may be some
combination of these two possibilities. (The response frequencies to
positions A and B and to positions D and E of each panel (table 9.1)
are so consistently similar that they may be considered as like
problems.)

Since each light on each panel appeared fwice, the subjects made
four responses to each like pair of positions, In table 9.2 is presented
the number of subjects responding four, three, two, one, and no times
clockwiso (no, one, two, three, and four times counterclockwise) to
sach pair of lights on either side of center for each panel.
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Tanwr 9.2.~Number of subjects rcsponding 1cith four, thrce, $wo, one, and sero
clockicise (C) responscs to problems on cach aide of center of cach panel

{N=30}

——

Numberof: Number of | Number of | Numberof § Numbee of
subjects | subjocts | subjects | subiects | subjocts

; Panel | Indlcator positions comblned { poving (G | making 3C | making 2C | making 1 © | making0C
: responses | responses | rexjomses | responscs | responses
42 [ 1 [ 1
$ 2 4 4 33
, % ? H 2 3
: 1 1 ) H | ol
! 16 13 3 8 12
20 ] [ 7 1
2 18 ? 4] 2
18 ? 12 4 1]
] 3 1 10 jpa |
M 7 3 3 3

1 Indicates that the number of suljects responding predominately in the dircctlon Indicated In ths table
cannot reasonably be explained by chance.  Note that thie majority of sublects tended to respond clockwise
to combinced positions A aud B, and D and E of penel &,

Examination of table 9.2 indicates that thexe is considerablo varia-
bility within individuals in responding to like problems. Thus, the
response tendences presented in table 9.1 are not entirely a result of
combining individuals with consistent but opposite response tenden-
cies. The indicator-control arrangement of panels 3 and 4 which in
. table 9.1 yiclded the most ambiguous response tendencies are also the
ones in table 9.2 which show the greatest variability within individuals
and between individuals, On panel 3, for example, it will be noted
that 16 subjects always responded clockwise to positions A and B, that
; 12 subjects always responded counterclockwise to these lights, and that
: 22 subjects responded with at least one control movement in each of
' the two possible directions,

Two other major questions can be raised: (1) is the preponderance
of clockwise responses an artifuct elicited by the design of the appara-
; tus itself, and (2) are the obtained responses to a particular problem
biased by responses to a previous problem?  These questions cannot be
answered without further experimentation.  Ilowever, when only the
: first response of cach of the 50 subjects was considered, it was found
that 54 percent of the responses were clockwise, which does not differ
significantly from the frequency (59 percent) when all 40 responses
of each subject were considered. ‘FThis would indieate that there was
probably no significant tendency for the number of clockwise responses
to increase during the series as a result of experience on the apparatus,

Examination of the data presented in tables 9.1 and 9.2 indicates
the following conclusions: (1) In the control-indicator arrangement
of panel 1 the operators usually turned the control clockwise to move
the indicator to the right and counterclockwise to move the indicator
to the left. (2) In the control-indicator arrangement of panel 2 the
operators usually turned the control clockwise to move the indicator
up and counterclockwise to move the indicator down,  (3) In the con-
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wrol-indicator arrangement of panel 3 the operators showed no uniferm
response preference; the control was turned clockwise slightly more
than 50 percent of the time regardless of the direction in which it was
desired that the indicator move. (4) In the control-indicator ar-
rangement of panel 4 the operators most frequently turned the control
clockwise regardless of which direction they wanted the indicator to
move. (3) In the control-indicator arrangement of panel 5 the opera-
tors usually turned the control clockwise to move the indicator down
and counterclockwise to move the indicator up.  On all panels opera-
tors tended to make clockywise responses more frequently than counter-
clockwise 1esponses.  This was particularly true of the responses to
panel 4,

Cenclusions of Experiment 1

In the situations where an indicator moved in the same plane as its
control (panels 1, 2, and 5), the operator usually moved the control
so that the part of it nearest the indicator moved in the direction in
which he was attempting to move the indicator. In both situations
where the control did not move in the same plane as its indicator
(panels 3 and 4) the response tendencies were ambiguous. Thus, in
equipment design, the indicator-control arrangements of panels 1,
2, and 5, if used in accord with the results of this experiment, are to
be preferred over those of panels 3 and 4.

EXPERIMENT 2
Purpose

From preliminary investigation it seemed likely that the control-
indicator arrangements of panels 3 and 4 of experiment 1 would yield
ambiguous responses. (This was borne out by the results.) It also
scemed likely that it would occasionally be necessary to use these
arrangements.

To study these two relutionships in more detail, experiment 2 was
planned and conducted at the same time as experiment 1. The purpose
of experiment 2 was to determine which of the alternate motion rela-
tionships is most efficient in terins of speed or minimum errors in these
two specific arrangements,

Apparatus and Procedure

Tho apparatus used in this investigation is shown in figure 9.2
It consisted of a Inrge box with the control knob in the center of one
side and » row of 11 indicator lights across an adjacent side parallel
to the axis of rotation of the knob. The same box, in different posi-
tions, was used to obtain the two indicator-control arrangements,
Each light, except the center and two extreme lights appeared an
cqual number of times in an irregular sequence of 40 trinls. The sub-
ject was required to turn the knob and move the light to center. A
clock cumulated the reaction time for the 40 successive trinls. If the
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Fiouke 0.2—Control-Indicator arrangements uscd In experiment 2,

control was turned the wrong way, the light moved from the center
and an error was accumulated on a counter. An error was recorded i
only if the knob was turned in the wrong direction enough to light !

{
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an indicator bulb. A switch allowed the administrator to reverse the
direction of the indicator movement in relation to the control move-
ment, The test was self-paced with an interval between the solution
of one problem and the onset of the next of approximately 0.6 second.

Forty-two rated military pilots were tested. Half the subjects
started with one indicator-control relationship and half the subjects
started with the alternate relationship. In order to test each subject
using cach control-indicator relationship and to counterbalance for
interaction cffects, the relationship between indicator and control was
reversed after the first and third of the four successive $0-trial se-
quences. Thus, half the subjects were run in a ABBA order and
half in & BAAB order on each panel position. The subjects were
told that the relationship between indicator and control might be
reversed from one series of trials to the next. They were told their
time scores at the end of each series of trials but were not told that a
count of their errors was being made.
Results

In table 9.3 are presented the means and the standard deviations

of the thme and error scores for each relationship of the two panel
positions. The differences between the mean error scores and between

Tany 0.3.—Rclative effcctivencas of alicrnate control-indicator motion relation-
shipe {n twwo arrangements of control and indicator

PANEL POSITION NO. 1 (N=42)

Relationship Mecan 8D [ r
SR80 telals)t TRROR 7.7 3.95
“pgr (som.ugs..ZIIIZZZZIZIZIZIZIZIZZZIZZZIIIZZIZIIZZIZIZZZZZII 862 585" 0.8 ¥z
CUMV'LATIVE REACTION TIME (IN SZCONDS) g
VA" (R0trials) . ............. 89.82 8.72 Jeecrvcececfocecananan
npe (wlrldsg'.... 62. 88 816 $2.90 +. 59

PANEL POSITION NO. 2 (N={2)

Relationship Mesn sSD ! r
A (50 triale)e ERRORS
AN L L 1.7 [ 3. 3 FOURRUTUN B,
8 LR (0 R 141 K S 899 8,97 2.2 40,37
CUMULATIVE REACTION TIME (IN SECONDS)
0 L (s LT O3 TR 00.58 631 ... .....]... ceveves
WU (sOrals)s.. L 0. 00 6.%0 N

12A" pelatlonshilp, & clochwise motion of the knob moved tho light to the left and s counterclockwise
muotion moved the fight to the gight,

Pl eelutionship, » clockwise motion of the knob moved the light to the right and a counterclockwise
wotlon 1oved the Hght to the left,

:S’S'm({'":‘ Mlllhc l-;?-rc{ml leved (';( mn‘n«'knkm.‘ L thel

A" relationshifs, o clockwise totion of the knob moved the Hight away from the operator and a counter-

cockwse motion of the knob moveal the Hght townrd the subject. ¥ y

801" pelationship, & clochwise wostion of the knob moved the light toward the operator and s counters
clockw e motion of the hnoh moved the Hght away from the subject.

* Figmificant st the Speroent Jevel of confidence,
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the mean time scores for each panel position are presented in terms
of ¢

In panel position 1 an operator worked slightly, but sigmificantly,
faster when the relationship between indieator and control was suck
that a clockwise motion of the control resulted in an indicator motion
to the left, and a counterclockwise niotion of the control resulted in
an indicator motion to the right. The number of errors was also
slightly but not significantly reduced by this arrangement.

In panel position 2 an operator made significantly fewer errors
when the relationship between indicator and control was such that &
clockwise motion of the control moved the indicator toward him and
i counterclockwise motion moved the indicator away from him. The
speed was also increased, but not significantly, by this arrangement.
It will be noted that the differences in speed or errors on either panel,
even though significant, were extremely small.

A comparison of the first 40 trials was made between the 21 subjects
stavting with one motion relationship and the 21 subjects starting with
the alternate motion relationship of each panel. The results agreed
with the results from the total group as presented in table 9.2.

Conclusions of Experiment 2

In the control-indicator arrangement of panel position 1, operators
respond more rapidly, and perhaps with fewer errors, when a clock-
wise motion of the control results in motion of the indicator to the
left, and a counterclockwise motion of the control results in motion of
the indicator to the right. In tho control-indicator arrangement of
panel position 2, operators respond with fewer errors, and perhaps with
greater speed, when a clockwise motion of the control results in motion
of the indicator toward the operator and counterclockwise motion of
the control results in motion of the indicator away from the operator.
However, the practical difference in efliciency resulting from use of
one control-indicator relationship as oppesed to its alternate in these
two indicator-control arrangements is so slight as to be easily out-
weighed by other considerations important in the design, installation,
and use of indicators and controls.

GENERAL SUMMARY AND CONCLUSIONS

The purpose of these experiments was to determine the preferred
relationship between the direction of motion of a control and its in-
dicator in five arrangements of indicators and controls, These
arrangements are shown in figure 9.1.

Fifty rated military pilots were required to move a light to center
from various positions in a row of lights by a right-hand operated
control knob. Each of the five arrangements of control and indicator
were presented to subjects in a randomized order.  The apparatus was

145

T e Al

— i

i ot o . e

e e rma——— —




built so that no matter which way the sontrol was moved, the lignt
would move toward center.

It was found that arrangements 1, 2, and b, where the indicator
moved in the same plane as its control, yielded consistent responses,
the subjects preferring the motion relationship such that the part, of
the control nearest the indicator and the indicator moved in the same
dir.ction, It was found that arrangements 3 and 4 (in which the
indicator did not move in the same plane as its control) did not yield
consistent responses,

A second experiment was performed using only arrangements 3 and
4 (p nel positions 1 and 2 of-fig. 9.2) to determine which alternate
motion relationship would result in the greatest speed or the fewest
orrors. Forty-two rated military pilots wero tested, using each alter-
nate motion reiationship of each control-indicator arrangement.

It was found that the subjects worked significantly faster and with
slightly fewer errors if the motion relationship of arrangement 3 (fig.
9.1) was such that & clockwiss motion of the control knob moved the
indicator to the left and the converse; and that the subjects made
significantly fewer errors and worked slightly faster if tho motion
relationship of arrengement 4 (fig. 9.1) was such that s clockwise
motion of the control knob moved the indicator toward the subject
and the converse,

Bocause of the systematic consistency of response to the control-
indicator arrangements illustrated by panels 1,2, and § of experiment
1 these srrangements are recommended for use in that order pro-
viding, of course, that the motion relationship is auch that the part
of the control adjacent to the-indicator and the indicator move in the
same direction, oL e . '
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CHAPTER TEN

A Study of the Most Effective
Relationships between Selected
Control and Indicator Movements'

Lauxor F. Canter AND Noavan L, Morray

INTRODUCTION

Grether (see ch. 2) and Brown and Jenkins (see ch. 3) have dis-
cussed the theoretical aspects of the display-movement, control-
movement problem. An experimental approach to the problem has
heen described by Warrick (see ch. 9). A scmewhat different method
of attacking this problem with a more complicated display-control
rolatienship is reported in this chapter. In the operation of equip-
ment such ns the visual borb sight and the radar tail-gun sight, it is
necessary for tho operator to munipulate controls in such & manner as
to cause o target and cross hairs to coincide. In the performance of
this task the question often arises as to whether it is more natural to
think of bringing the cross hairs to the target or the target. to the cross
hairs. Thequestion is indicative of the confusion sometimes attendant
in the operation of equipment of this type. It has many times been
observed that naive subjects operating equipment of this type for the
first timo innke many errors in control movement, i. 2., move the con-
{rols in n direction calculated te bring a target and cross hairs into
coincidence only (o find that the displacement between the two hns
increased. It has further been observed that with practice the dif-
ficulty is overcome und a learned response ig made in the correct
direction. It has been hypothesized, however, that under conditions
of stress the operator will revert to the old or natural set and it is
desirable, therefore, to determine the most natural control movements
for bringing the target and cross hairs into coincidence.

This experiment was designed to investigate the relationship be-
tween the line of movement of the spot on the face of the oscilloscops
and the axis of movement of two control knehs. Sin¢e it was rlso

S This chapter Is baned upon research findings reported In Heidquarters ANC, Engineer-
ieg Divislon Memorandum Report No. TSEAA-894-T,
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possible to vary thie relationship between the direction of display move-
ment and the direction of rotation of the control knob, this problem
also has been investigated.

APPARATUS AND PROCEDURE

The apparatus® consisted of five distinct units: an RCA 5-inch
cathode ray osilloscope, a pair of control knobs, a stepping switch,
plane-of-movenient switches, and counters and timing mechanisms.
The assembled apparatus (without the timers and counters) is illus-
trated in figure 10.1. A commercial cathode ray oscilloscope was

PLANE OF WOVINENT IWITCS

MRORLLY SmITCMD
CONTAQL B0xKY

CORTAOL KmOES
CATRODE RAT 0%3%1L003C0P8 d

COPL FACE Wit 2POT
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-
-
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v
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~
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A
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Frouws 10.1.—Apparutus used {n the study of control-indicator movement
relationships.

modified so that tho potentinl on the plates could be varied and would
hold a direct-currvent charge. By varying the potential, the spot on
the face of the scope could be displaced either right and left or up and
down. Cross hairs were positioned on the face of the scope so that
they intersected at the center, dividing the face into four quadrants.

The two mechanisms known as control knobs were identical and
are illustrated in figure 10.2. Iach consisted of a knurled knob
mounted on a shaft.  The knob bushing was oversized 0.005 inch allow-
ing it to rotate independent of the shaft.  Two sets of points (electric
contacts) supported on a U-shaped bracket were mounted on the con-

3 The authors wish to acknowledge the analutance of Helmut Muehlhauser both in the
coprtruction of the spparatus aud in the runnlng of ths subjects,
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Firoure 10.2.—Diagram of control mechanism.

trol knob in such a way that the arms extend perpendicular to the plane
of rotation and parallel to the shaft. The arms of the bracket were
180° apart, one extending below the shaft and one above.

A three-ring commutator was also mounted on the shaft and fixed
in position by a setscrew. The arms of the control-knob bracket
meshed with a slot in the face of the commutator in such a way that
clutching action was obtained along with electrical switching, The
two contacts at the top of the slot in the face of the commutator were
wired to one of the slip rings. Each of the contact points at the bot.
tom of theslot were wired toseparate rings. The contact points of the
control knob were positioned midway between the top and bottom
points of the commutator by adjustable springs. Thus, when no torque
was applied to the knobs, they were self-centering, contact was broken,
and no current passed.  If, however, force was applied to the control
knob, contac’. was made between one of the upper points on the face
of the commutator and the opposite point on the lower face, thereby
completing a circuit. The current was led off by brushes to the clocks
and counters of the scoring device. It should be pointed out here
that as force was applied the control knob slipped on the shaft
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and moved in the direction of the applied force. As the spring
tension of the centering device was overcome, contact was made be-
tween diagonally opposite points in the face of the commutator, com.
pleting a circuit between separate rings of the commutator, and the
current was in turn led off by brushes to the clocks and counters con-
cerned. Although the clocks and counters began to record both time
and direction of motion as soon as the spring tension was overcome,
it was not until the applied force was transmitted by the points of the
control knob to the opposite points of the commutator that the inertia
and friction of the shaft was overcome and it began to rotate. A gear
train driven by the shaft controlled the rotation of the wiper arm
of a potentiometer which was wired in series with a battery and the
plates of the oscilloscope. It can be seen then that there was an initial
latency between the movement of the control knob and the visual dis-
placement of the spot on the face of the scope. This time delay was
desirable as it afforded the subject no clue to an incorrect response
before actunl recording was begun,

A 40-position stepping switch was provided which, when it stepped
to a new position, varied the resistance in the circuit, thereby dis-
placing the spot on the face of the scope and presenting a new problem
to the subject. The subject was then required to center the “spot”
which he did by balancing the system, i. e., by rotating the wiper of
tho potentiometer. The stepping switch was stepped to a new position
by depressing two spring-loaded switches,

Switched were also provided for changing the polarity of the
current, thus making it possible to change the direction of motion
of the “spot,” in relation to the control knobs.

The clock and counter mechanism consisted of three clocks and four
counters which were provided to record time and direction of motion
of the control knobs. One clock recorded the time that the left control
knob was in motion either clockwise or counterclockwise. Another
clock recorded the same information for the right control knob, A
third clock recorded the total operating time, i. e., the time necessary
to complete the 40 problems. One counter recorded all clockwise
motions of the leit control mechanism; another counter recorded all
counterclockwise motions of that control mechanism. A third counter
recorded all clockwise metions of the right control mechanism; and
another counter recorded all counterclockwise movements of the right
control mechanism,

‘The subjects, Army Air Forces pilots, were divided into two groups
of 24 each, The first group was tested under condition G, in which the
axis of movement of the control knobs was perpendicular to the plane
of movement of the spot. Thus, under condition C a movement of
the left control knob cuused a horizontal movement of the spot and a
movement of the right control knob caused a vertical movement of
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the spot. The second group was tested under condition N, in which
the line of movement of the spot was parallel to the axis of control
movement. The control boxes were fixed in position and maintained
their relationship throughout the experiment. The left control box
was fixed in a position such that the axis of rotation of the control
knob was vertical, and the right control box was fixed in position such
that the axis of rotation of the control knob was horizontal, Under
condition C rotation of the left control knob produced horizontal dis-
placement of the spot either to the right or to the left, while rotation
of the right control knob produced vertical displacement of the spot
oither up or down. Under condition N, rotation of the left control
knob produced vertical displacement of the spot either up or down,
and rotation of the right control knob produced horizontal displace-
ment of the spot either right or left. There were four distinct rela-
tionships between display movements and control movements under
condition C and four distinct relationships under condition N, The
four relationships under condition C were (with R and L for right
and left and U and D for up and down) CRD, CRU, CL.D, and CLU.
Similarly under condition N the relationships were NDR, NUR,
NDL, and NUL. All of the above relationships refer to clockwise
movement of the knobs; of course, a counterclockwise movement of
the knob resulted in the opposite movement of the spot.

The subjects were seated before the apparatus and instructed in the
operation of the apparatus. First, the problem switches were pointed
out and it was explained that they were to be depressed in order to
begin each succeeding new problem. The operator next pointed out
the spot and the cross hairs and demonstrated how they are made to
coincide by the simultancous manipulation of the control knobs. Here
again it was pointed out that once the spot was centered the subject
was to remove his hands from the control knobs and depress the two
problem switches to present a new problem.

There were 40 problems in each series. The subjects were run
through one series, given a short rest during which time the direction
of control movement was changed (a new relationship presented), and
then the subjects were run through another series, until all four series
were completed.

A counterbalanced experimental order was used involving 48 sub-
jects. Twenty-four of the subjects were run under condition C and
24 under condition N. Within the two conditions the order in which
each of the four relationships was presented was completely counter-

halanced.
RESULTS

Three different problems can be investigated with the data collected.
First, the best display-movement, control-movement relationship
under condition C, where the line of movement of the spot was per-
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pendicular to the axis of control movement. Next the best relation-
ship under condition N, where the line of movement of the spot is
parallel to the axis of movement of the control knob. Finally the
relative accuracy and speed of response under condition C and con-
dition N can be determined.

Under condition C there were four control relationships, CRD, CRU,
CLD, and CLU. Table 10.1 shows the means, standard deviations,
correlations, and critical ratios both for the average number of starts
and for the average time per control knob, Figure 10.3 gives a graphic
presentation of the means for both the number of starts and the aves-
ago time., The number of starts given in table 10.1 is the number of
starts in either direction averaged over the four counters. The time
is given in terms of the average amount of time either of the control
knobs was turned, that is, the times on the two clocks averaged and
expressed in minutes. An inspection of table 10.1 and figure 10.3
reveals that there are very significant differences in the number of
starts required to center the spot with different control relationships,

‘Fanty 10.1,—cana, standard deviations, corrclations, and critical ratios for the
number of starts and time scores for condition O

1N w24
Number of starts
Comparison

Mean sSD 4 CR
10.57 8.4
szl 0.83 4.50
50,1 R
w.er) 1010 M 8.5
10, 4 .
TS S
53 4: .
pol pweg B M

X 10,

698 | 11.58 87 8.4
L2 0.18
il g 0.00 .73
{::}: : = .67 an
4 3 A9 L7

When there is correspondence between the axis of movement of
the control kuobs and the line of movement of the spot the relationship
CRD is by far the best, that is, a relationship where a clockwise move-
ment of the knobs causes a right and down movement of the spot.

This relationship allows the completion of the problems with the
smallest number of false starts and in the shortest time, The relation-
ship CLU is the poorest relationship, with the two other relationships,
CRU and CLD, falling about halfway between the best and poorest
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Fieure 10.3.~Compitrison of number of starts and total time scores for each
condition studied,

relationship. The best display-control relationship is associated with
about one-half the number of false starts associated with the poorest
relationship, To determine the approximate number of false starts
in any series the approximately 20 corvect starts in each series must
be subtracted from the total number of starts. It will be noted that
differences between the times from relationship to velationship are
not as significant as the differences between the number of starts,
However, both the times and number of starts indicate the superiovity
of the CRD relationship,

Under condition N there were four control relationships similar to
those in condition C. Thege relationships were NDR, NUR, NDI,,
and NUL. For example, NDR differed from CRD beenuse a move-
ment of the control knob mounted in the horizontal plane caunsed
a vertical movement of the spot, and movement of the control knob
mounted ina vertical plane eaused a horizontal movement of the spot.
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Table 10.2 shows the means, standard deviations, correlations, and
critical ratios for the number of sturts and for the average times for
two relutionships,

Tamy 10.2.~Icana, standard deelations, corrclations, and critical ratios for the
number of starts and time scores for condition N

[Nz
Number of stacts
Comparlson
Mesn | 8D r CR

3.02) 2878
ol iz 0.72 119
aal REL Al e
ga! =L .78 1.68 '
| Hh N .8
ng| 2% .70 .28
8| nss|f -0 184

1.91 0.82

L7 .88 } 0.4 1.04

Table 10.2 shows that there are no significant differences between
the number of starts for any of the relationships in condition N.
Similarly there are no significant differences between the times, since
the critical ratio given is between the two most divergent mean times.

Taste 10.3.—Ycans, standard dcrviations, and t values for the number of starts
and lime scorcs for condition C and condition N

(N=U) ’
Number of starts
Comparison
Mean sSD [
[
CRD..eeeeeenteceraeremnnaeasannnnas eeneeateeeneatan—ananananan 40.58 .
NDR. oo SOOI 3.92 } 8.4 in
CRU gal sl
NUR 86,70 12.88 .
CLD. so.67| 10.10 94
NDI.. e63] a7 .
CcLYU" eroa| 11.85 "
ohD: el B8 '
NUL aa| nul 2
c L2 0.48
N 1.80 .58 3.0
141 42
N Y
N 191 : 1%
1,88 “39
N Ly 5 1.37
N L7 R u




While these resuits ave based on only 24 subjects for each relationship
it scems apparent that any differences found with a larger number of
subjects would not be of great practical importance.

Table 10.3 shows the means, standard deviations, and critical ratios
between condition C and condition N for the different relationships.
The first four comparisons are between the corresponding movement
relationships for the two conditions, that is, a clockwise movement
of the knob caused the spot to move in the same direction in each
case. The last comparison in each part of the table is between the
empirically best control relationship under each condition,

Tuble 10.3 shows that while the number of starts or times under
condition C are usually less than under condition N they are not
always significantly different. However, there is no doubt that the
empirically best relationship under condition C is significantly better
than the best relationship under condition N. This is true for both the
number of starts and the time taken. It should be noted that the
poorest relationship under condition C causes more starts than the
best relationship under condition N,

DISCUSSION AND CONCLUSIONS

Theso resuits demonstrate the very large change in efficiency and
speed of response that can be effected by changing the relationship be-
tween the movement of a control and the resulting movement of the
display. Even though the control may be associated with the proper
plane of movement of the display its effectiveness may be greatly re-
duced by having it essociated with tlie display by an inappropriate
relationship between its movement and the movement of the display.

Vince® has demonstrated that in a very simple display-response
problem there are considerably fewer errors in direction of response
made when the control-display relationship is in the “expected” di-
rection.  This superiority of “expected” display-control relationship
held only when the subjects were required to respond very rapidly; as
soon as the subjects were given considerable time in which to make this
response the “expected” and “unexpected” relationships gave similar
results. The present results seem to be consistent with Vinee's findings,
since in a rather complicated display-control relationship problem
it was found that the relationship between the axis of movement of
the control and the line of movement of the display was important and
also that the relationship between the direction of movement of the
display and of the control was important in reducing errors and time.
It would scem that, if the display and response required are very simplo
and if considerable time is allowed for responding, the display-control

e ———————
' Vince, M. A., Directlon of movement of machine controls. Flying Personnel Research
Comumittee, Report No. 637, Augunt 1945,
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relationships may not he important, but if the display or response re-
quired is complex or if the operator is hurried, the display-control
relationships are of extreme importance,

Data presented by Warrick (see ch. 9) have been interpreted as
showing that when the axis of movement of the control is perpendicu-
lar to the line of movement of the display a consistent operator pref-
erence with respect to direction of response exists, but that when the
two movements are not in the sume plane there are less marked
preferences. The present results seem to lend weight to such an hypoth-
esis since the fewer starts and shorter time were taken by those
operators working with the relationship where the axis of control
movement was perpendicular to the line of the display. IIowéver,
the results also show that the advantage of luwmg proper axis of
movement relationships may be nullified by improper line-of-move-
ment relationships, ;

The results of this experiment suggest the following hypothesest

1. In a display-control relationship it is important to insure that
the axis of movement of a rotary control is perpendicular to a lme
pamllcl to the line of movement of the display.

2. The relationship between the plane of movement of the display
nnd the axis of the control movement will be effective only if there is
also a proper relationship between the direction of movement of the
control and the direction of movement of the display.

3. When tho controls are located between the operator and the
display and the nxis of the control movement is perpendicular to a line
parallel to and below the line of movement of the display, a knob con-
troliing horizontal movement of the display should be so related to the
display that a clockwise movement of the control causes a movement
of tho display to the right, and a knob to the right of the operator con-
trollin;s the vertical movement of a display should be so related to the
display that a clockwise movement of the control causes a downward
movement of the display.

While the hypotheses above appear to be consistent with other
research, they should be verified and extended. Particularly should
other axis-of-movement, direction-of-movement relationships be
determined.  Subjects should be run with only one control knob 2nd
one direction of movement of the spot. It would also be instructive
to substitute levers for the present round control knobs. It is often
stated that although a particular display-control relationship may
be awkward for the naive subjects, trained operators have so learned
the required responses that that particular relationship has become
“natural” for them. This hypothesis should be investigated as well
as the possibility that the trained operators will revert to their
original “natural” response relationships under stress.
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SUMMARY

The purpose of this study was to investigate the relationship between
the line of movement of 2 spot on the face of an oscilloscope and the
axes of two control knobs located between the subjects and the display.
Forty-cight AATF pilots were tested on each of the variables in a coun-
terbalanced sequence. The following conclusions and hypotheses are
formulated:

1. When the axis ef movement of thie control knobs is perpendicular
to « line parallel to and below the line of movement of the spot, the
best relationships are as follows: (a) for a control knob at the opers-
tor’s right, controlling up-down movement of the spot, downward
movement of the display should be associated with clockwise move-
ment of the control knob, and (b) for a control knob on the operator’s
left, controlling right-left movement of the spot, movement of the dis-
play to the right should be associated with clockwise movement of the
control knob.

2. In this study, when the line of movement of the spot was paralilel
to the axis of movement of the control knobs there were no significant
differences for any of the relationships.

3. The empirically best relationship when the axis of control move-
ment is perpendicular to a Tine parailel to and below the line of move-
ment of the spot wus significantly better than the best relationship
when the axis of control movement is parallel to the iine of movement

of the spot.
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CHAPTER ELEVEN

Comparative Interpretability of
Two Methods of Presenting
Information by Radar’

H. Ricizanp Vay Saoy

INTRODUCTION

The physical development of radar, television, and other new and
proposed methods of presenting schematic or pictorial information
to be utilized by human beings has brought with it numercus psyche-
logical problems of perception, orientation, and reaction. Some of
these psychological problems are sufficiently unique as to require spe-
cial investigation. The whole field of electronically instrumented
display is in a state of flux, and any experiment, even one on a specifie
problem, is potentially of widespread application. The present study,
which deals with a relatively specific problem of radar presentation,
is also of general interest insofar as it throws light on the perceptual
problems facing the radar operator.

Operational employment of radar has been considered to require
equipment having different attributes for various specific uses. As
a navigational aid, it has been assumed that the radar scope should
present a display of as great an area of the terrain around the aireraft
as possible? The inclusion of azimuth or north stabilization in the
equipment, causing the scope display to be oriented with north at the
top has also been regarded as a desirable characteristic for naviga-
tional use, inasmuch as such an arrangement enables the navigator
to transpose the radar display directly to his conventionally north-
oriented maps. Ior other special purposes, however, such ns the
use of radar for bombing, blind landing, or intensive terrain study,

et Mt v—

1 This chapter ia basred upon data reported In Headquasters AMC, Engincering Divislon
Memorandum Report N° TSEAA-604-3.

! The Plan Position Indicator, or PPL scope, has been primarily used for navigational
purposea. Thls scope presents a 360° polar xeld display of the terraln below and &round
the alrcraft for distances up to 100 miles. This dixplay resembles & rough map with land
arcas, bullt up arcas, and mountains appearing as succesalvely brighter Images and water
arens appearing as dark or empty apaces.
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a restricted aren is of interest to the operator. ‘This area, it is pre-
sumed, should be presented as large and with as much definition ns
the equipment is capable of producing. Moreover, it seeins desirable
for bombing und other speeinl purposes that the radar display be
oriented to the heading of the aireraft® rather than north as is the
case for navigation,

Radur installations for the two jubs, nuvigation and bombing, have
generally been designed in accordance with the assumptions expressed
in the previous paragraph.  The advent of new, high speed bombard-
ment aireraft, where design charncteristics seriously limit the space
available for personnel and thus require the consolidation of the
duties of navigator, radar operntor, and bombardier into one job to be
performed by one nin, has raised certain problems regarding the de-
sigh of theequipment to be so used. ‘I'we such problems, broadly stated,
are fivst, what type of radar bombing presentation makes for the most
rapid and accurate identification of targets first presented on the PPI
navigation scope snd second, what is the effect on the speed and ac-
curacy of identifying targets when the PPI scope is north-stabilized
and the bombing scope is heading-stubilized? It is with these two
problems that the present study is concerned.

In attacking the problem of the optimal sector scope to be used in
consjunction with the PP scope, prototypes of the two basic display
systems, cartesian grid and polar grid ¢ were compared on the basis
of the specd and aceuracy with which targets presented on the PP
scops were recognized on the sector scopes.

In attacking the problem of the effect on efficiency of shifting the
attention from a north-stabilized PPI scope to a heading-stabilized
sector scope, u comparison wus made of the speed and aceuracy with

8 The radar acope in slr-borne operatlon 1n conventionally located with the face or viewing
screen in e vertical or near verticenl plane, The pleture pre<ented oo the scopre ia uruaily
heading stabilized, L e., stabillzed so that the radar Image of a portion of the terrain
Iying direcddy ahead of the alrceaft appenrs fiest ag the top of the scope sid (disregarding
the effect of wind) gradually passen stealght down over the face of the scope and off
the botiom as the afrcealt files over the particular area. By tying the radar rcope Inte
the fluxgate compans, kowever, it In fossllle to effect nzimuth or north stabiilzation which
changes the orfentation of the radar display so that north is always at the top of the
scope, and the radar Jmage of the torraln passea across the {ace of the scope In accordatce
with the dircction the alreeaty s Oying.  For example, It the alreraft were firing due
went the radar lminge would move acrons the scope Zace vom 1eft to right.

*There are two fundamental kysten for the presentation of radar Informntion auck as is
uni+d by the bombardier and nuvigator. Theso are carteslan-geld dixplays and polar.grid dis-
plays. The furmer presents a xquare or cectangutir picture whereln equal atepa of angular
direction from the aleceaft are Indleated by equally spaced parallel vertlenl tines and equal
steps of distance are indicated by equally spaced parallel horlzontal linea. The polnr-grid
display prerenta a cirenlar {or wector-of-a-clrele pleture) whereln rqunl steps of angular
directlon fraar the alreraft are indlented by equally spaced Hnes radluting from a common
focus at the center of the clecle and eyual steps of distance are fadlented by equully xpaced
concentric circles whore centers are common to the center of the clrele. Examples of these
systems of radar dispiay are found in thls report as figures 11,1, 11.2, and 11.3 tor pular
xrid and fgure 11.4 for carteslan grid,
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which simulated targets were recognized when the scopes had the
same orientation and when the PPI scope was north-stabilized and the
sector scope was heading-stabilized. The practical signifieance of the
vesults have immediate and important application in the design and
use of radar bombing scopes.

METHOD AND PROCEDURE

Inasmuch as various components of the equipment investigated in
this study were hypothetical or existed only in the blueprint stage and
inasmuch as a practical, proven, paper-negative technique of producing
simulated radar-scope photographs had been developed and utilized
in printed tests of radar-operator proficiency by the Psychological
Research Project (Radar),® the study was designed arsund a series
of simulated radar-scope photos.

To obtain comparable data on the two variables under investigation,
200 items, each consisting of a PPI scope photo with a terrain feature
indicated as a target and a sector scope photo with the same target
and a number of misleads indicated by letters, were organized into
various sections and parts of the test according to the arrangement
presented in table 11.1,

TasLe 11,1.—~Composition of tcst used {n cvaluating radar prescnlations

Sectlon A: Al scope phiotos hending-stabllized.
Part 1: 50 itews, conslsting of 'I'I scope photos followed by polar-grid sector
scope photos,
Part2: GO items, consisting of PPI scope photos identical to those used in
part 1, followed by cartesian-grid sector scope photos,
Sectlon B: PPI scope photos azimuth-stabllized, scctor scope photos hendlng.
stublilized,
Part 3: 50 Items, conslsting of PP scope photas followed by polar grid sector
scope photos,
Part 4: 50 Items, consisting of PPI scope photos dentical to those used in
part 3 followed by cartesian-grid sector scope photos,

As indicated in table 11.1, section A\ of the test was designed to
yield comparative data on the two sector scopes under the condition
of heading stabilization of all scopes. Section B was designed to yield
similar data under the condition of nzimuth stabilization of the PPI
scopes and heading stabilization of the sector scopes.

‘The preparation of the scopo photos to fulfill the requirements set
up in the test organization was nccomplished as deseribed in the follow.
ing paragraphs,

Seventy-five basic paper negatives for the photos were prepared,
25 cach for the PPI scope photos, polar-grid sector scope photos, and

® Cook, R, W., ed, Paychological Reacareh on Radur QUacrver Tralning, AAY Aviation
Psychology Program Rexearch Reports, No, 12, Washington : Government Printing Ofice,
31047, Ch. 8.
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cartesian-grid sector scope photos. The size of each type of negative

was dictated by the useful area of a 5-inch oscilloscope tube face..

Thus the PPI scope photo negatives were 414 inches in diameter, the
artesian-grid sector scope photo negatives were squares measuring
3% inches on a side and the polar-grid sector scope photo negatives
were G60° sectors of circles measuring 414 inches in the greatest
dimension, .

Tho outlines of terrain features were drawn on the PPI negatives
and shaded to simulate scope photo negatives. (To produce the bright
areas of the photo, areas were darkened on the negative.) The sector
scopo negatives were prepared in the same way, reproducing a 60°
sector of the PPI negative. Range marks® and heading markers?
were added to tho negatives by drawing suitable circles, arcs, and
vertical and horizontal lines. (See figs. 11.1, 11.2, 11.3, and 11.4 for
examples of heading markers and range marks.)

In preparing the contact prints from the PPI negatives, a film-trans-
parency azimuth stencil was used to give the prints an azimuth scale,
and a small triangular picce of black paper was used as an arrow to
indicate targets. By varying the azimuth scale and the arrow, each
of the PPI negatives was made to yield two sets of four different
problem-presenting photos, to fulfill the test organization requirement
set up in table 11.1,

Prior to printing the sector scope photos, the relevant PPI prints
were examined to enable the exact designation of the target on the
scctor scope photos, The targets were designated on the sector scope
negatives by letters. In the case of the polar-grid scopes, the letter
was one cf the series from A to J inclusive. In the case of the
cartesian-grid scopes, the letter was one of the series from Q to Z
inclusive, The letters used to designate targets were selected at ran-
dom from within the letter series. Misleads, usually nine in number,
were also lettered on the negatives, utilizing the remaining letters of
cach respective series.  The same terrain features were indicated as
misleads on both comparable sector scope photos. The order of the
letters was randoinized. Since all sector scope photos were to be
heading-stabilized according to the test organization, four prints of
cach negative were made with the proper azimuth scale, Figures
111, 11.2, 113, and 11.4 illustrate the four types of simulated scope
photos used in the study.

¢ Ranye marks may be cauned to appear on the scope faces as cquidistant bright clecles,
arce, or Jines, depending on the typo of scope. They are uscd to measure dlstances of ter-
raln featurcs from the alrcraft,

t A beading marker may be caused to appear on the scope as a bright line extending from
the position of the nlrcraft to the aximuth scale It indicates the longitudinal axis of the
alreraft when tho scope 1s heading-stabilized and, in the case of PPI scopes, it indicates the
directlon the atreraft fv Aying when the 2cope Is azimuth. oz north-stabllized,
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Frorug 1L —Simulated PP scope photo, heading-stabilized.  ‘This i+ an exe
ample of the problem-presenting photos used in the test. .\ target is indis
ated by a trinngular arrow at about 354 degrees, approximately one and a
half range marks from the center of the display,  (The bright aren in the
center of the picture is caused, in actual operation, by strong echoes from the
area beneath the aireraft. 1t can be nearly eliminated by proper set operation

and function.)
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Frevue 11.2.—Simulated PP scope photo, azimuth-stabilized, This is also a
woblem-presenting photo. It presents the same terrain as figure 101, but
indicates how the radar display would appear if the radar set were azimuthe
stabilized and the aireraft heading were 108 degrees,  Note that the heading
marker points to this value,
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Frovnr 113, —Simulated polar-grid scetor scope photo, heading-stabilized,  Thix
photo presents o polar-grid sector of the display presented in figures 11,1 and
11.2, “The ~cetor is 60° wide and is bisected by the heading marker.  Note
that the terrain features are enlarged,  The letter “A” indieates the terrain
feature corresponding to the target presented in the previous pictures,  In the
test, heading-stabilized sector scope pietvres were used with both heading- and

azimuth-stabilized PPI scope photos.
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Frovue 1L4.—Simulated eartesian-grid sector scope photo, heading-stabilized,

Fhis photo presents aeartesian-und display of a sector of the photos in figures
1LY and 11,20 As indieated by the azimuth seale and range marks, the area
represented in this photo is the saume as that in figure 11,3,  The heading
marker biseets the Jiq)luv. Note that the terrain features are enlarged and
distorted horizontally,  (In this type of display the azimuth seale is at the
bottom; the heading of the aireraft is ~till toward the top of the picture,
however,  ‘This diserepancey in the location of azimuth seales was dictated by
the differences in actual set installations))  The letter “R” indicates the ter-
rain feature corresponding to the target presented in figures 11,1 and 11,2,
Note that the misleads on this photo eorrespond to those in figure 11.3,
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The photos were then assembled into the proper pairs, PPI scope
followed by sector scope, roughly ordered according to difliculty, and
inserted in loose-leaf binders. Each pair of photos constituting an
item was inserted so that the PPI, problem-presenting phote was on
the right-hand page, followed by the sector photo on the left-hand
page, so that it was impossible to view them simultaneously. The
; PPI photos in each of the four parts of the test presented the sams
i target, item for item. Furthermore, each test part was divided into
, halves to enable the computation of measures of test reliability. The

terrain of each item in the sccond half of each test part matched that

cated in the items in the second half,
The test was administered in two sessions to 4 groups of 12 pilots
each according to the schedule presented in table 11.28

t
‘ , of the first half, item for item, except that a different target was indi-

TapLy 11.2.—Tcst adminisiration schedule
FIRST SESSION

. Group 1 " m w
Test {Plrt | TP Part 2....ccuvennee Part8...cconeeee-e Part 4,
component order . ....... Part3....c.ccne.ne Partl....ccoceceeen Part d.eecncccnnane Part 2,

{Pm t Partd............. Partl....eeeneeaod] Part &

Tost
compeosat order......... Partdeccoenencnn.. PartS...cccvenvee. Part 3..coveuenee.. Partt.

Part 3: Reading-stabilized PPI scope to heading.stabliized polar

Part 2: Heading-stabilized PPI scopo to heading-stabilized cartes
Part 3: Azimuth-stabilized PPI scope to heading-stabllized polar
Part 4: Azlmuth-stabllized PRI scope to heading-stabillyed cortes

{4 soctor scope.
Jrldlﬁdﬁl’m

{4 sector scope. .
grid sectoe scope.

In general, because of administrative convenience, the two testing
sessions were sepurated by 24 hours. A few random subjects, however,
were administered the test with a shorter intervening period between
the sessions, and one subject with a longer intervening period between
sessions, In every case, however, there was some intervening activity,
if only a short break for a cigarette. Inspection of the data for these
subjects did not indicate any material deviation from the genoral
configuration of answers,

Each part of the test was administered with a 10-minute time limit,
At the end of 5 minutes the subject was started on the second half of
the items even though ho had not finished the items in the first half,

Prior to the first testing session, subjects, predominantly without
radar experience, were given extensive standardized instruction in
which a sample PPI scope photo and both types of sector scope photos
were employed. Both speed and accurncy were stressed as being im-
portant in locating the targets on the sector scopes,

% Miss Sally Bedworth assisted in administering the tests and computing the statistics in
the utudy, Mra, Sue Diggles assluted In the preparation of the scope photo negatives,
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The procedure followed in taking the test, and so outlined in the
instructions, was for the subject to study the PPI scope photo until
he had the size, shape, and location of the target well in mind and
then turn to the sector scope photo and select the letter most nearly
indicating the terrain feature he believed was the target. o then
printed the letter on his answer sheet opposite the number of the
item and proceeded immediately with the next item. Xe was not
allowed to turn back to the PPI photo.

RESULTS

The results of administering this material to the 48 pilots were
analyzed in terms of the number of targets correctly recognized on
the sector scopes and in terms of the number of errors in target recogni-
tion within the time limits of each part of the test. Tables 11.3 and 11.4
present the results of the test administration. Figure 11.5 is a series of
bar graphs summarizing the pertinent differences in performance
with the two sector scopes.

Tasty 11.3.—Mcans, standard deviations, and significance of d;iffercnces bebiocen
the scctor scopes in tcrms of the evcrage numbcer of targets correctly recog-
nized and the average number of crrors in target recognition

PPI and scctor scopes heading-stabilized

Type of sector scone Mean numher
of sarmets 8D 8Faut CR ’
recegalzed
Polargrld.. .. coecvvecnecncnna. 23.78 8%
Carteslan grdd. coveecvneanneen 22. 00 889 } Lu 208 -8
Mean nuinber
of errors
Polargrid. ....ecneeeeee cencone 1.5 807
Cartesian grid .. 000000 ———— .79 48.56 } 0.65 ta02 57

PPI scopes azimuth-stabilized: soctor scojws heading-stabitized

Mean numbey

of targets 8D 8Ean CR '
recognied

Polar grld.........

17.81 44 }
Carteslan grid. ...

15.67 89

—e——————

Mean number
of errors

0.93 1228 ¥}

Polar grid...cceicinenenennnane 13.48
Carteslangrid..ooeeecanenaea.. Hwa

>
8a
L

0.78 0.9 N

1 Rignificant at 1-percent Jovel,
? Bixnifcant st $peroent lovel,
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Tante 11.4.—Mcuna, standard deviatlons, and sigaificance of differin
d d ces behoeen
scctor scepes under condifions of asimulh stabilization of PP{ zcopes and

hecading stabilization of PPl scopes

Polar-Grlid sector scopwe

PR Scopes .\tw;n nuinber
ot &D SE«f CR '
recognjzed
Heading stabifized..oeeeae... 2538 N
Azimuth stabilized..coeveeeen 15,81 x4t } L% 1638 .48
Mean number
of erTora
Henading stabilized..... reennen LM 5.07
Agimuth stabilized. . caaeen. 13. 46 816 } o8 128 .8
Cartesion-grid sector scope
Mean number
ol D SEaf CR r
recognind
Meading stabillzed..ooeooooe. e L §:.1)
Atimuth stabilized.occeueene. 1587 'Y } .32 .0 »
Mecan number
of crrors
Teading stabilieed.. .ot 18,79 388 w b
Azhmuth stabilized ... 0000 HeN $2]) } - 2. N
Sccter scope date contbined
Mean number
ol e &D LAY 4 cR '
recogn!
Heading stabllized. ...c.... ... 4844 1561 j
Aximuth stabilised .1 00000 3148 16,07 a0 18,06 -
Mean number
of esrors
eading stabllized. ... .o.. .13 L X /]
Atltnuth stabilleed 022000000 .61 147 } 1.3 -9 .83

1 Significant at 1-percent level,

1 Diftezence Is inconsistent with other results,

being heading-stabilized than under condditions
proportion of errors §s much less for the heading-stabilized condition.

703338—47—12

morte errors belng made under conditions of the ' sco
of the PPI scope being azimuth-stabilized, However, t
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CCKDITION As PPX AND SECTOR SCOPES HEADING STARILIZED

TYPE OP
SECTOR SCOPE

POLAR FA e T L SN Ma
CARTESIAN 1

AVERAGE NUMRER OF ERROAS
POLAR F S Sk B |
CARTESIAN .l '

CONDITICN B: PPI SCOPES AZINUTH STABILIZED - SECTOR SCOPES
HEADING STARXLIZED

AVEAAGE MUMDER OF CORREGY ANSWELARS

AVERAGE NUMBER OF CORRECT ANSWERS

roran F T T
cantesian L 1

AVERAGE NUMBER OF CRROARS

POLAR F N KON
LY
CARTESIAN i

SECTOR SCOPE DATA OF QOWDITION A COMPARED TO THAT OF CONDITION B

AVERAGE NUMBER OF CORRECT ANSWERS

CONGITION AF’.'.‘,(, ' c'-- : J‘. NS _ _“ ™ ]
CONDITION @ J a

AVERAGE WUMBER OF CRRORS
CONDITION AF‘ e, - AN |
CeNDITION B _l

[ 3 —d, 4, ek J

) s 0 ) 20 23 PY

Fioune 11.5.~Graphic presentation of the results of the sector scope comparisons.

First-half versus sccond-half test reliabilities were computed in
terms of the-number of targets correctly recognized and in terms of
the number of errors in target recognition for each of the four parts of
the test. Theso relationships are shown in table 115,

-
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TanLe 1L3—Reliabilitics of the diffcrent parts of the tesd
Section A: All scopes heading-stabilzed:

<0 (split-half) ¢
Part 1: Polar-grid sector scope:
Targets correctly recognized . oo e am 0. 90
Errors in target recognltion. o e eeeeamaam .00
Part 2: Carteslan-grid sector scope:
Targets correctly recognized. oo ecaamn .82
Errors in target recognltion. o eeaa .70

- . Section B: PPI scopes axtimuth-stabilized ; sector scopes heading-stabliized
Part 3: Polar-grid sector scope:

Targets correctly recogmizedacon oo me o e cm——e .87

Errors In target recognition oo oo e LT
Part 4: Carteslan-grid sector scope:

Targets correctly recognized o e e .83

Errors in target recognition. oot .81

3 Corrected by Spearman-Brown formula.

Learning curves were prepared in terms of the average number of
targets correctly recognized and in terms of the average number of
errors in target recognition. These averages were computed from all
the data on the basis of the order in which the material was presented
to the subjects, thus counterbalancing the relative difficulty of the
different parts of the test. The curves are shown in figure 11.6,

DISCUSSION

The results of the analysis of the number of targets correctly recog-
nized and the number of errors in target recognition presented in tables
11.3 and 114 definitely indicate that in terms of the number of
targets correctly recognized the polar-grid sector scope i3 superior
to the cartesian-grid sector scope, both when the PPI scope and the
sector scope have the snine orientation (both scopes heading-stabilized)
and when the scopes are differently oriented (IPPI scopo azimuth-
stabilized and sector scope heading-stabilized). One of the critical
ratios between the means for this factor is significant at the 1-percent
level and the other is significant at better than the 5-percent Iovel.

The data concerning the number of errors in target recognition are
not as clear cut as are those for the number of tavgets correctly recog-
nized. Only the critical ratio between the mean number of errors
when the sector scopes and PPI scopes have the same orientation is
significant (1-percent level). The general pattern of critical ratios
for error scores on this variable, however, are all in the same direction
and the actual proportion of errors is considerably smaller, These
facts tend to support the superior interpretability of the polar-grid
sector scope,

It is believed that the superior performance exhibited with the polar-
grid display is due to the fact that it otpunds the image of the terrain
proportionately in all directions thus retaining the or lguml configura-
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—— AVERAGE NUMBER OF TARGET RECOGNMITION ([RAGRS
Fiovng 11.8—Graphle presentation of the change in performance with learning.

tion, whereas the seemingly advantageous horizontal expansion of the
cartesian-grid display results in a distorted image that sufliciently
masks the original configuration of terrain features so as to make
them diflicult to recognize.

The data concerning the effect of PPI scope orientation on sector
scope interpretability presents a picrure similar to that discussed in the
previous pueagraphs.  Table 11.4 shows that, in terms of the number
of targets correctly recognized, the situation wherein both PPI and
sector scopes have like orientation (both scopes heading-stabilized)
i8 far superior to the situation where the scopes are differently oriented
(PPI scope nzimuth-stabilized and sector scope heading-stabilized).
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More targets were correctly recognized in the fornier situation on both
types of sector scopes, the critical ratios all being significant ot the
1-percent level,

The error scores are again less informative, only the critical ratio
between the mean number of errors on the polur-grid scope showing a
significant difference (1-percent level) between the two conditions. In
the other situation, concerning the cartesinn-grid sector scope, fewer
errors were made when the PPI and scctor scopes were differently
oriented. Other than this instance, however, the data tend to support
the superiority of performance when both IPPI scope and sector
scope are heading-stabilized.

The superior performance demonstrated with displays having iden-
tical orientation is to be expected, inasmuch as the change in orienta-
tion of the sector scope, manifest when it is heading stabilized and
when thie PP scope is azimuth stabilized, adds but another confusing
factor to the altered figure-ground relationship inherent in the prob-.
lem of shifting the attention from one scope to the other.

The reliability coefficients presented in table 11.5 indicate adequate
test reliability. The learning curves presented in figure 11.6 indicate
that a relatively large amount of learning took place during the test
administration, the proportion of errors materially decreasing as test-
ing progressed. The presence of learning suggests that the test might
well be readministered to a group of experienced radar operators to
check the results. Inasmuch as the effects of learning were counter-
balanced by the order of administration ® (see table 11.2), it is doubtful
if such a readministration of the test would materinlly affect the re-
sults of the present study.

Possible future research, in addition to the readministration of the
present test to experienced radar operators discussed in the previous
paragraph, might profitably be directed toward investigating the
effect that simultaneons presentation of the PPI and sector displays
would have on the relative interpretability of the two types of sector
scopes.

Another profitable avenue of future research might be an investiga-
tion of the effect memory-point markers would have on the relative
interpretability of the two types of sector scopes, Memory-point
markers, as proposed, consist of some indication such as bright cross
hairs, which may be caused electronically to appear on a target in the

PPI display and maintain their relative location when the scope is
converted to a sector presentation, or appear simultancously on a sepa-
rate sector presentation.

® In combining the data for the varlous parts of the test {t was ansumcd In one case that
taking parts 1 and 2, in that order, was cqulvalent to taking the parts fn the order 2 and 1,
The rame aszumption was mude in anothee cams coticerning the experience value of parts 3
and 4 as compared to that of parts 4 and 3.
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Furthermore, it would be very desirable to repeat the present study
and to conduct additional investigations with dynamic display, i. e.,
displays more closely simulating actual operation by changing in
relation to the aircraft’s movement over the terrain.  Such investiga-
tions would provide a criterion for the methodology of using static
scope photos in studies of this type and would make possible the study
of dynamic factors of scope interpretation per se.

SUMMARY

A test of 200 items, cach consisting of a simulated PPI scope photo
and a simulaed sector scope photo, was administered to 48 pilots in an
effort to establish (1) the relative superior interpretability of one of

two types of sector scopes, a polar-grid sector scope and a cartesian-

grid sector scope, and (2) the effect on sector scope interpretability of
like orientation of the PPI and scctor scopes compared to unlike
orientation of the scopes,

The results of the administration support the fellowing conclusions:

1. The polar-grid sector scope is superior in interpretability to the
cartesian-grid sector scope in terms of the average number of targets
correctly recognized on the sector scopes.

2. Both scctor scopes are more easily interpreted when the PPI
scope and sector scopes have the same orientation in terms of the
average number of targets correctly recognized on the sector scopes.
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CHAPTER TWELVE

A Psychophysical Investigation of
Ability to Reproduce Pressures'

WiLLtade O, JENKINS

INTRODUCTION

The present series of studies are concerned with the accuracy with
which pressures can be reproduced or discriminated on aiveraft-type
controls in a laboratory situation. The problem is of interest both
for the theoretical aspect of the operation of Weber’s Law in pressure
discrimination, and for the design of control mechanisms which in-
volve the pressure cue, particularly pilot controls in aireraft.

The execution of maneuvers in an aireraft requires the pilot to learn
and to apply varying degrees of control pressure in various directions.
Introduction of booster systems into aircraft control mechanisms re-
duces the absolute amount of pressure which needs to be applied.
The practical question arises whether these reduced pressures result
in a greater or lesser degree of variability and error in control opera-
tion by the pilot.

It is widely reported by pilots that “feel of controls” is a basic cue
in flying. It appears reasonable to assume that accuracy in discrimin.
ating pressures is an important element of “feel of controls.” A de-
sirable aim in the designing of control systems is to achicve that “feel
of controls” which will yield most accurate performance. From the
engineering standpoint the problem becomes one of maximizing “feel
of controls” according to the criterion of accuracy of human operation.
From a behaviora: point of view the question concerns the operation
of Weber's Law over a wide range of pressure; that is, the determina-
tion of the relative and absolute accuracy of discrimination or repro-
duction of pressures applied by the hand or foot in different directions.

The limitations of generalizing the results of a luboratory experi-
ment of this kind to actual conditions of flight are recognized. A
number of cues which are probably used by the pilot in controlling the

3 This chapter 1s based upon rescarch findings reported in Headquarters AMC, Englneee.

ing Divislon Mcmorandum Reports Nos, TSEAA-094-3, TSEAA-094-347, and TSEAA-
694-3B.
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aireraft in the latter situation are absent in the former. These cues
include extent and rate of control movement, and visual and auditory
stimuli.  On the other hand, the lnboratory situation permits the iso-
lation and control of the variable under examination whereas at this
stage these possibilities do not exist in flight. Rescarch should be
undertaken on the other variables alone and in combination with the
one studied here before design principles for practical use are made
available to engineers (see ch. 3 for a treatment of a number of
variuables basic to the motor side of equipment design).

A vast wmount of data has been accumulated in psychophysicnl
studies of human capacities for diserimination (3, 12). While con-
siderable information has been gathered in related fields, namely
weight discrimination and discrimination of pressures applied to body
surfaces, there do not appear to be any studies directly concerned with
the problem of pressure discrimination in the present sense and the
application of Weber’s Law in this area. Several studies (3, 6, 7)
have been concerned with the problem of the maximum force exertable
on hand and foot controls. The findings are summarized in chapter 3.

In a study related to the present one, Hick (8) investigated the pre-
cision with which small increments or decrements could be made to
relatively constant basic muscular forces in a nearly isometric situa-
tion. Subjects were required to push or pull a hand control against
busic forces ranging up to 5 pounds. With a basie force of 4 pounds
a constant error in the direction of overshooting was found of the
order of 5 to 15 percent.  The overshooting was most marked when the
subject was letting off force, particularly when relaxing from a steady
pull,  The standard deviation appeared to be independent of the basic
forco within plus or minus 3 percent, but an examination of Hick’s
data indicates that the Weber Fraction was not constant throughout
the small range of standard values employed.

The studies reported below were concerned with the accuracy with
which pilots und nonpilots could reproduce pressures ranging from 1
to 60 pounds on a stick-type controly a wheel-type control, and rudder-
pedal-type controls.

APPARATI'S AND PROCEDURE

‘The first study dealt with accuracy of pressure reproduction with a
stick-type control.  Preliminary testing indicated that a hydraulic
system was inndequate for use in the study because of friction and lag
and beeause the cue of extent of movement was not minimized. It was
also found that sufliciently sensitive equipment was not immediately
available to record through strain gages changes in resistance induced
Ly application of pressure to the handle of a semirigid stick.
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‘The method * found acceptable for use was an optical system in
which a semirigid steel control stick, onehalf inch square, was ;
mounted as shown in figure 12.1. The stick was welded to a plate
which, in turn, was bolted to a reinforced stand. DPressuves applied
to the handle of the control stick resuited in slight movements which
were transmitted over two cables, one for lateral and one for longitudi-
nal action, to a mirror pivoted for movement in both dimensions.
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Fiouxe 12.1.—Sketch of the apparatus cmployed in a psychophysical study of
ability to reproduce pressures on a stick control. '

These cables worked against two springs which were connected from .
the mirror to its mounting. A light beam from an adjustable gal- ‘
-anometer lamp was projected onto the mirror and reflected from it '
to a screen. This indicating system was approximately isometric in
nature with 34-inch of movement resulting at the stick handlo when a
pressure of 50 pounds was applied. ,'
The screen was calibrated divectly in pounds by means of weights ‘
placed in a pan which was attached to the handle of the stick by a cable f
passing over a pulley. The reliabilitics of the calibration and of the {
recording procedure were found to be satisfactory. ~
The indicating systems employed in the studies of performance with
wheel-type and rudder-pedal-type controls were essentially similar to
that described above. In the first case an aireraft wheel was welded
to the same semirigid shaft employed with the stick. The shaft was

¥ The ald of J. R. Brick, M. B. Allensteln, and A. Pepltone in deslgalng and coastructing
this appacatus Is gratefully acknowledged, The hydraulic aystem in the prelimiuary fn. ;
vestigation was derlgned by J. R, Brick amd the stuldy was carrled out by A, Pepitone,
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welded to a plate which was rigidly fixed in a metal framework in
such a manner that the shaft was parallel to the floor and the wheel
ceuld be operated with both hands for aileron (right-left) action,
The shaft turned in a ball beaving pressed into a block of wood bolted
to the floor of the apparatus, The torque effect about the shaft was
measured.

In the study involving the rudder pedals a rigid 1-inch bar of steel
was welded at right angles to a 34-inch steel shaft which, in turn, was
welded to a plate.  The plate was bolted to the floor of the apparatus.
Coriugated metal pedals were welded to the ends of the bar. The
torque around the 34-inch steel shaft was measured. This apparatus
was less sensitive than the apparatuses employed in the other studies,
moving only 14-inch for 60 pounds pressure applied to one of the
pedals. The units of the calibrated scale were not as fine, being in
1-pound units as compared with 34-pound units in the other studies.

In determining the position of the seat relative to the controls and
the height of the control anthropological principles of cockpit seating
were followed (10).

An Army Air Forces specification (1) sets forth the maximum and
minimum desirable pressure limits in aircraft control mechanisms.
In the present investigation the range of standard pressures employed
went below the prescribed lower limit, and in most cases approximated
the upper limit. The only major discrepancy was in the case of the
rudder pedals, where the upper limit was 60 pounds as compared with
the specified value of 180 pounds,

The standard pressures employed in the case of the stick were, for
fore-nird-aft action, 1, 5, 10, 20, and 40 pounds; for lateral action, they
were 1, 5, 10, 20, and 30 pounds. Subjects had considerable difficulty
attaining pressures of 40 pounds laterally, so that 30 pounds was made
the uppar limit for both right and left action. The corresponding
values for performance with the wheel operated with both hards to
the right and left were 1, 5, 10, 20, 30, and 40 pounds; with the rudder
pedals worked separately with each foot, they were 5, 10, 20, 40, and
60 pounds. Inthe latter case it was found that merely resting the foot
on the pedal caused a deflection of the light beam beyond 5 pounds, so
that 1 pound was emiployed with only a few subjects for exploratory
purposes. There were, of course, only 2 directions of control operation
for the wheel and rudder pedals in these studies.

The order in which the various combinations of pressures and direc-
tions were presented to the subjects was randomized, A few adjust-
ments were made in the orders so that sufficient information could be
collected concerning the effect of n preceding trial at a high pressure
on a succeeding trial at a low pressure, and vice versa,

The procedure was as follows, Each subject was strapped in the
cockpit seat, which was adjusted until he reported he was comfortable.
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He listened to the instructions explaining the purpose and procedure
of the experiment and then put on a pair of blacked-out goggles. For
the first test, with a particular pressure and direction of control opern-
tion, the subject was given practice trials until he was approximating
the desired pressure. During these trials, he gradually applied pres-
sure and was told when he had attained the specified value. The prac-
tice trials were not scored. The practice session was followed by 20
successive test trials (15 in the case of the wheel and rudder pedals)
for the same pressure and direction. During these trials the subject
applied pressure gradually out to the point that he thought was the
desired value and then returned the control to the zero position, e
was told the pressure he had attained at the end of each successive
trinl. The same practice and test procedure was employed for the
other pressures and directions,

It will be noted that the technique is the psychophysical “Method of
Average Error.” One modification was introduced which consisted in
not permitting the subject to meke adjustments about the pressure
under test as in the usual psychophysical situation, but rather to have
him move the stick gradually out towards the desived value until he
attained what he thought was the specified pressure, and then return
the control to zero. The maximumn excursion of the light spot was
scored. This change was introduced in order to simulate somowhst
more exactly the performance of a pilot in manipulating controls in
flight.

Three independent groups of 20 Army Air Forces pilots each were
employed as subjects with the stick, wheel, and rudder controls. A
group of 13 nonpilots was also tested with the stick-type control with
the procedure described above. The performance of two special
groups was measured with the stick control. The first consisted of
11 AAT pilots tested with a learning procedure in which the practice
trials were omitted in order that the conrse and extent of learning
in this task could be determined. The second group was composed
of 28 AAF pilots of the standard and learning groups who applied
pressures without knowledge of results for 3 successive trials at each
pressure in each of tho directions after completion of the regular ex-
periment in order to determine performance trends in the absenco
of this cue.

The difference limens (DL's) were computed by the standard tech-
nique for the method of average error by computing the stundard
deviation of each individual's performance about his own averago
at each point, combining individual sigmas to obtain the SD of the
group, and dividing the standard deviation by the standard at each
point. ‘The constant errors (CE’) were, of course, taken as the differ-
enco between the standard and averago attained pressures at each
point.
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RESULTS

The results from the three investigations are presented separately
in the following paragraphs with a final section devoted to a com-
parison of performance with the three types of controls.

Stick-type Control

The data were collected separiately for the four directions of control
operation (front, back, right, and left). The analysis began with
these results which are summarized in table 12.1 for the group of 20
pilots tested with the standard procedure. An examination of the
standard deviation and DL values in table 12.1 reveals that there are
no consistent differences favoring one of the directions. The only
difference exceeding the 5-percent level of significance is that between
the standard deviation for 1 pound to the front in comparison with the
other 3 standard deviations involving 1 pound. Comparable results
were found for the other 3 groups. In view of these findings the data
for the different directions of control operation have been combined
in the succeeding treatment.

The basic data of this study are summarized in table 12.2 and
figures 12.2 and 12.3. It can be seen that the standard deviations
(SD) increase directly as a function of the magnitude of the standard

Tanty 12.1.~-Standard deviation (SI)), difference limen (8D/S), and constant
errvor (CE) in pounda for 20 pilots tesied with § different directions of stick-
tizpe control operation

Front Dack Right Left
Rtandard pees-
sure §n j.ounds

8D |81y8| CE | 8D |8D/S| CE | 8D |sD/8| CE | 8D |8D/S8| CE

0.6 016| 0.7} G20| 0.24] 010} 0.20] 20| 0.03] 0.20] 020} 000
L JET PR .48 .10 13 “4 1l 10 .49 10 (/] S0 .10 A1
10 ieeveannne N N 14 8 (5 17 N 07 | —.0t ol 0 .08

............ 1.34 .07 ,08 | 1.3¢4 oF 8| LW B -0 1060 .08 .03
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Tanry 12.2--Standurd deviations (£D), difference limens (SD/8), and constang
ecrrors (CL) tn pounds for four dircctions of stick opcration combdined for 20
pilots and 13 nonptlots teated with a standard procedure, 11 pilots tested with-
out practive trials (icarning), and 28 of the same pilots tested seithout knotol-
cdyc of rcsults

2 pitats: Standard | 13 nonplilots: Stand- | 11 pllots: Learning | 29 pllots: No know)-
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pressure.  While it was found that a straight line fitted these data
somewhat better than a power function, it is obvious that a larger
number of points are neeiled, particularly at the high pressures, be-
fore a final conclusion concerning the shape of the curve can be
drawn (2). It is possible that the exponential function would have
fitted the points better than the straight line if lower and higher
pressures had been employed since, as Guilford (4, p. 79) has pointed
out there is “ .. a stubborn theoretical demand that the curve
shall pass through the origin.” Iovland’s (9) data concerning esti-
mation of line lengths indicate & better fit for a power function as
contrasted with a straight line.

It can be secen from figure 123 that the Weber Fraction is not s
constant, but decreases markedly from 1 to 10 pounds. The difference
in the DL’s between 1 pound and 10 pounds is significant at the 1-per-
cent level of confidence for all groups. The difference between the
DL’s for 1 and 5 pounds is significant at approximately the 10-percent
level. For the pilot and nonpilot groups (of 20 and 13 subjects respec-
tively) tested under standard conditions the DL for 5 pounds was
not significantly greater than the DL for any other standard at the
5-percent level. Beyond 10 pounds Weber’s Law appears to hold
moderately well with the curves exhibiting approximate linearity for
both of the standard groups.

It is of interest to note that individual differences were not large
either in kind or magnitude. The shapes of the DL curves for in-
dividual subjects were quite similar, exhibiting the same downward
trend from 1 pound to an approximate asymptote at 10 pounds for
92-percent of the curves (33 subjects of the standard groups each
tested in 4 directions of control operation).

Anothar item apparent from table 122 is the fact that the pxlot.
group tested under standard conditions exhibited a lower standard
devintion, and, correspondingly a lower DL at all 6 points as con-
trasted with the nonpilot group. When the data for the 4 different
directions were compared it was found that the pilot group yielded
Jower values nt 19 of the 20 points, with the one exception being a
tie. Tho chances of this situation’s arising by chance are less than
1in 100 (11).

‘The difference in DL's between the pilots and nonpilots can be seen
to decrease from 1 pound to 40 pounds. The critical ratio of the
over-all difference is 2.8, » value significant beyond the 1-percent level.
The major background fuctors differentiating the pilots from the non-
pilots appeared to be that the pilot group had undergone the psycho-
logical and physical selection procedures and had had considerable
flying experience.

The performance of 11 pilots tested without practice trials in order
to determine the course und extent of learning is also summarized in

178




s

- Wy e

' ot
\Y

fable 12.2. It can be scen that the DL’s follow the same general
function for this group as for those tested under the standard pro-
cedure, but that the absolute values are shifted upward in all cases,
It might be noted ihat & majority of the upward shifting appears to
be attributable to the early trials in n given test session where devia-
tions from the standard were greatest. Such a trend was not found
in the groups tested under the standard procedure where practice trials
were given. The course of learning indicated a tendency for the
11 pilots to staxt above low pressures and learn to come down to them,
and, conversely, start below high pressureg and come up to them as
learning proceeded. Small amounts of learning occurred in the middle
range of pressures, i, e., 10 and 20 pounds. Learning continued for 8
to 10 trinls before a piateau was achieved. These findings are in line
with the data concerning constant errors which are treated below.

The results for the men tested without knowledge of results yielded
values at the high pressures-comparable to those obtained when the
pilots were tested with it, as can be scen in table 122, At pressures
of 1, 5, and 10 pounds, however, the SD’s and DL of this group are
significantly poorer at the 5-percent level as compared with the corre-
sponding data for the standard pilot group. The shape of the func-
tion of DL's plotted against standards is approximately the same as
that for the other groups,

The data regarding the magnitude and direction of the constant
errors for the four groups are summarized in tables 12.1 and 122, It
can be seen that in most cases CE’s for low pressures are positive and
those for the high ones are negative. On the average the constant
errors are smaller for the pilot group than for the nonpilot group
and those for the group tested without knowledge of results are
greatest of all followed closely by those of the group tested under
the learning procedure. None of the differences in CE’s between the
performanc  of the pilot and nonpilot groups tested under standard.
conditions is significant at the 10-percent level of confidence. Over
all, the CE's for the learning group and for those pilots tested without
l\nowledge of results are significantly greater at the 5-percent level
than the corresponding figures for the standard groups. The diree-
tion of the constant errors was not greatly different for the four planes
of operation. The magnitude of the errors was slightly, but not sig-
nificantly, greater for the fore-and-aft dimension than for the right-
and-left plane.

For the pilot group a comparlson was made of amount of {lying ex-
perience with performance in the present experiment. In the group
of 20 pilots, 8 men had less than 800 flying hours and 12 had flown
more than 1,000 hours. There were no differences significant at the
S-percent level or better for the following measures: mean perform-
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ance and standard deviation of performance for 40 pounds and for
1 pound. The differences for other measures were practieally zero.

In setting up the order of presentation of the various pressures in
combination with the four directions of movement for the stick con-
trol a random order was employed. In order to check for interaction
cffects an analysis was made of performance of a high pressure which
had been preceded by a low one in contrast to a high pressure pre-
ceded by a medium or high one. A corresponding analysis was made
for low pressures. The diiferences were in the expected directions;
e.g., when a low pressure preceded another low one, the mean of the
seccond was smaller: than when the low pressure was preceded by a
heavy one, but no differences were significant at the 5-percent level
of confidence. It appears likely that interaction effects did not dis-
tort the present findings to any appreciable extent.

It was thonght desirable to check the effect of body weight on per-
formance in the present task, particularly for the high pressures.
Correlations were computed between mean attained pressures and
standard deviations of these on the one hand and body weight on the
other, The resulting values were distributed about equally around a
mean of zero with a range of —0.35 to 0.30. None of them was
significantly different from zero at the 1-percent level of confidence.

‘The intercorrelations among standard deviations and constant er-
rors were computed. Weber’s Law nssumes a perfect correlation of
the errors of observation whereas the Fullerton-Cattell Square Root
Law assumes zero correlation (5, p. 138). The obtained values for
standard devintions for the 20 pilots and 13 nonpilots for the aft di-
rection vanged from 0.15 (1 pound versus 40 pounds) to 0.53 (5 pounds
versus 220 pounds) with an average of 0.30. Five of the 10 correlations
were significantly different from zero at the 5-percent level, but only
two coeflicients were significant at the 1-percent level in this small
sample. There was no systematic variation in the cofficients. These
data on this small sample suggest & closer approximation to Guilford’s
Generalized Psychophysical Law (4) than to ecither of the other two
possibilities,

The correlations among CE's ranged from —0.21 to 0.51 with an
average of approximately 0,00. The coeflicients between standard
deviations and CI's became progressively smaller from 1 pound to
40 pounds.  The value for 1 pound was 0.83 while that for 40 pounds
was —0.09,

Wheel-type Control

The standard deviation values, the difference limens, and the con-
stant errors are summarized in table 12.3 fou performance at each level
of pressure for the two directions of control operation.

180

e amo———y



B

A P ——e g oy

Tasty 12.3.~Standard deviations {SD), diffcrence Himens (SD/S5, and conatant
crrors (CE) {n pounds for 20 pilots opcrating a scheel-type control laterally

Right Left Cantined
Standard pressure
in pounds
§D 18D/B| CE S | 8DS| CE SD | sh8} CR
S, 0.22 0.22 .1 Q.24 0.2¢ 0.13 [ <] o [ 91}
8 ccccnccncacecnrenccscononan .4 .09 28 .48 .09 .22 1] 09 .3
10cceeencens becsscsnmenransvane .60 Kin .28 208 07 .32 .67 Q7 29
.cesevececanescoancacasanns 1.22 .08 17 .06 B 1 .08 -}
.orerecnsocconcnsncnceoncns 1.58 .06 -] 1.3 05] -2 1.69 .08 .33
0. .ccvencecnconcnancroosanen .08 R 19 2.00 .08 L1} 204 .03 .10

It is apparent from table 12.3 that the standard deviations increase
in & roughly linear fashion, With regard to the DL it may be secen
that these decrease in a nonlinear manner to 10 pounds and ave roughly
constant beyond this point through 40 pounds. The DL for 1 pound
was found to be significantly greater at the 1-pereent level than that
for 40 pounds. None of the other DL's differ significantly at this
level from any other. The DL’s for thie two directions of action of the
wheel are not significantly different from one another gt-the 10-percent
level.

The constant errors are about the same for the two planes of opera-
tion through 20 pounds. Above that value they are stanller for action
to the left. The numbers, however, are not significantly different at
any statistically acceptable level. For the twoe planes of action com-
bined the CE’s are all positive and show a maximum at 10 vounds.

Individual differences were not large, with a vast majority of the
DL curves for individual subjects showing the same downward trend
from 1 to 10 pounds followed by z levelling off beyond that value,

Rudder-pedal-type Control

The basic data derived from this experimentation are summarized
in table 12.4. The standard deviation values increase with an incrense
in the standard pressure in an approximately linear fashion. It can
be secen that Weber’s Law holds approximately beyond 10 pounds.
Below this value the DL's increase. Ior the data of both feet com-
bined, the DI. for 5 pounds is significantly higher at the 5-percent

Tasry 12.4.—Standard deviations (SD), difference limens (8D/8), and constan$
crrors (C£) in pounds for 20 pilots opcrating rudglcr-pcdul-tupc controls

Right Leit Right and lefy
Standard pressure in
pounds

8h | 8D/ | CE 8D 8D CK 8D | shs}] CR
L P veescssscascsnnssens 0.47 om 0.31 0% 0.10 0.28 0.8 610 [ ¥ ]
-G8 .07 .19 .56 N . .73 07 .3
1.04 .08, .26 112 04 .42 1.08 .03 M
212 03] ~-.08 1.9 .08 .03 208 .08 .00
283 . -. 38 251 O .10 67 JO4 -. i3
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level than the DI's for 40 and 60 pounds. Further support for the
Inck of constancy of the Weber Fraction below 20 pounds may be
found in the data for the 5 men tested with 1 pound. The DL was
0.28 for the right foot and 0.22 for the left foot with a combined value
of 0.26. This finding supports the data at 5 pounds in suggesting that
Weber’s Law does not hold below 10 pounds in the present case.
Further inspection of table 12.4 reveals that the relative accuracy of
the right foot was somewhut better at low pressures than that of the
left foot, but it should be noted that none of the differences on the
group of 20 pilots is significant at a statistically acceptable level.
With regard to CE’s it can be seen that over all those for low pres-
sures tend to be positive and those for high pressures are negative
or zero. The values for the two feet separately show negative CE's
for high pressures for the right foot, but u slightly positive one when
the subjects were working with the left foot. ‘The other CE’s are

about the same for the two feet,
COMPARISON OF PERFOGRMANCE WITH THE THREE CONTROLS

The curves of DL’s pletted against standard pressure for the per-
formance of the three groups tested with the stick, wheel, and rudder
pedals are shown in figure 124, It can be seen that the general shape

"
-
-
4
ou 4 St 20 PILOTS, WHEEL CONTROL
3
b3 B et 20 MILOTE, STICK CORTAOL

~
;.a‘, 4 oo e e 20 KLOTS, RUTOER PLOALE
[
~
s .'. p
%
Sl
2 2 "w_..w__
< o8 Tt s e =
g ______ —
-

4 3 o A. 1.
+ -+ ¢ 4 +-
-3 ) 1] 1) 20 28 3¢ 1) 4 3 0 £1) 60

PXESSURE 1 POUNDS

Froure 124.—Difference itmens (standard deviation/standard) plotted ns a
function of the standard pressure for 3 groups of 20 pilots each tested with
stick, wheel, and rudder pedal controls,

of the curves is the same in all three cases. Although the values
decrease slightly beyond 10 pounds it appears that the Weber Fraction
is roughly constant beyond this figure. Performance with the wheel
as contrasted with that with the stick yielded lower DL’s at five of
the six points, It cannot be concluded, however, that performance
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with the wheel is more accurate than that with the stick since neither
the differences between individual points nor the over-all difference
are significant at the 3-percent level of confidence.

Performance with the rudder pedals was about the same as that
with the wheel and somewhat better than that with the stick, al-
though less accurate discrimination with the fect as compared with
the hands might have been expected. None of the differences among
the three sets of data was significant at the 5-percent level. The
finding that performance with the rudder pedals is as good as that
with the stick and wheel may be partiaily accounted for in terms of
the fact that there was additional support in resting the heel on the
floor when working with the pedals, thus permitting the application of
pressure with the ankles rather than with the entire leg, the analogue
of which was not available for the pilots reproducing pressures with
their hands. Differences reported previously begween the apparatuses
employed (particularly the fineness of the calibrated scales) may be
involved in this finding,.

All three gré’fips showed positive CE's for low pressures (sce
tables 12.2,12.3, and 12.4). The CE's for high pressures were negative
for the pilots working with the stick and rudder pedals and slightly
positive for the performance of those men who operated the wheel.
For the stick the CE's showed an approximately regular decreasing
trend from 1 to 40 pounds; for the pedals and wheel, however, the
CE’s increased to a peak around the middle of the pressure range and
decreased beyond this point. It should be noted that none of tho differ-
ences among the three groups was significant at the 5-percent level of
confidence for the number of cases employed.,

SUMMARY AND CONCLUSIONS

This series of studies was concerned primarly with the accuracy
with which blindfolded pilots were able to reproduce pressures on a
stick-type control, a wheel-type control, and rudder-pedal-type con-
trols. .\ nonpilot comparison group was tested with the stick as were
two other groups to determine the course of learning and the effects of
lack of knowledge of results. An approximately isometric indicating
system was employed in which pressures applied to o semirigid con-
trol resulted in the transmission of slight movements through cables
to a pivoted mirror. A light beam was reflected from the mirror to &
screen calibrated in pounds, Five pressures (six with the wheel) in
the range of 1 to 40 pounds were used with the stick, and five values
from 5 to 60 pounds in the case of the rudder pedals, The technique
was essentinlly the psychophysical “Method of Average Error.”
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The findings may be summarized as follows:

1. The accuracy of performance as measured by the standard devia-
tion increased diveetly as a function of the magnitude of the standard
pressure in the results of all three studies. The shape of the curve
did not deviate significantly from linearity although too few points
were involved for a final conclusion to be drawn.

2, Weber’s Law did not held throughout the range of pressures
employed. The difference limens (standard deviation divided by
the standard) decreased appreciably from 1 to 10 pounds for the data
of the three investigations, Beyond the latter value the Weber Frac-
tion was approximately constant at about 0.08.

3. Individual differences were relatively small with the records of
most subjects exhibiting a negative growth function when the DL’s
were plotted against the standards. Differences in the magnitude of
the DL's between individuals were not appreciable,

4. The constant errors for all three groups for low pressures were
positive; for high pressures they were negative for the subjects operat-
ing the stick and rudder-pedal controls and slightly positive for those
pilots who applied pressures to the wheel. Differences in CE’s
between groups were not significant,

5. A comparison of the performance of pilots and nonpilots work-
ing with the stick control indicated more accurate performance, i. e,,
lower standard deviations and correspondingly lower DL's at practi-
cally all points for the former group. The over-all difference was
highly significant. ,

6. There were no appreciable or statistically significant differences

between data derived from operation of the three controls in different
directions. This finding held for both DL’s and CE’s,
7. There was no statistically significant evidence that performance
with one control yiclded more nccurate performance than operation
of any other control. The fact that accuracy of operation of the
rudder pedals was equal to that with the stick and wheel appeared to
be due, in part, to the support derived from resting the heel on the
floor in this case and apparatus differences,

8. The course of learning indicated a tendency for the 11 pilots to
start above low pressures and learn to come down towards the stand-
ard, and, conversely, to begin below high pressures and come up to
them as learning proceeded. Small amounts of learning occurred in
the middle range of pressures employed. Learning continued for
8 to 10 trials before a platean was attained. The shape of the Weber
function was similar to that obtained from the subjects tested under
the standard procedure, but the magnitude of the values was greater
for the learning group,
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9. Twenty-cight pilots were tested, after the completion of the
regular experiment, for three trials at each standard pressure without
knowledge of results. The shape of the curve of DL’s plotted against
standards was spproximately the same as for the other groups, but the
values were appreciably increased, particularly at the low pressures,

10. It was concluded that amount of flying experience, body weight,
and the order in which the pressures and directions were presented
were not contributing appreciably to the results,

11. The intercorrelations among standard deviations and constant
errors suggested that the data approximated Guilford’s Generalized
Psychophysical Law more closely than Weber's Law or the Fullerton-
Cattell Square-Root Law,

On the basis of the findings of these studies recommendations were
made to higher authority that, in control systems where pressure or
force is the major cue employed by the eperator in working with stick,
wheel, or pedal controls operated by the arms or legs, and where rela-
tive consistency of performance is an important consideration, it ap-
pears desirable to minimize the frequency with which operators must
apply pressures in the range from 0 to 5 pounds. The use of a wide
range of pressures, up to a limit of 30 or 40 pounds, was also recom-
mended in order to maximize the number of just noticeable differences
for the operator. Pressures much higher than this limit were recom-
mended as undesirable because of the likelihood of fatigue effects with
frequent applications of high forces,
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CHAPTER THIRTEEN ;

The Coding of Airplane Control
Knobs

Joserir Werrz?

INTRODUCTION

How does the development of one set of habits affect the learning of
a new set of habits similar to but not identical with the first? This is
a problem confronting a pilot each time he changes from one type ot

airplane to another. In his original training, the pilot may learn that -

the throttle is to the right of the mixture control whereas in the next
plane he finds the throttle in a quite different position. Does thisaffect
the speed and accuracy of his performance? Actually this problem
involving changes in position of controls is part of the larger problem

of cockpit standardization, The present chapter, however, is concerned -

with the specific problem of habit interference due to a lack of stand-
ardization of controls.

In many cases, the change involved is not only one of position, but
the shape and color of the control handle is also changed. That is,
the throttle may have o round red knob in one airplane and in another
have a square blue handle. It is possible that this too may lead to
some interference with performance,

From the above considerations several questions may be asked which
can be answered under experimentally controlled conditions. (1)
Does changing the shape of the control handles produce more or less
interference than changing the position? (2) If changing position
leads to interference, does coding the shape and color of the handles
differentially, nccording to function, have any cffect on this inter-
ference? (3) If shape coding does lessen the interference caused by
position changes, will it also be effective in the absence of visual cues?

It did not seem advisable to investigate these three problems initially
in an airplane. Therefore, an experimental set-up was designed

1 The research studies reported in this chapter were carricd out while the author wan
assigned to the Department of Psychology, AAF School of Avlation Alcdicine, Randolph

Ficld, Tex. The work was inltiated as the result of discusnions with Col. Arthur W. Multon,
Chlef of the Department, and Lt. Col. Paul M. Fitts in Headquarters, AAP,

187

e

[ R




from which conclusions could be drawn and applied to the cockpit
situation,

EXPERIMENT 1
Procedure

The first problem (1) was investigated in the following manner.
The apparatus used was & mock-up of a control column in which there
wero four controls. ‘The handles were so constructed as to be casily
removable and interchangeable (see fig. 13.1). These controls were
used in operating the SAM Self-pacing Diserimination Reaction Time
Test2 This test is one consisting of a panel which permits the presenta-
tion of pairs of lights, one red and oie green. The red light can be
above the green, to the right of the green, to the left of the green, or
below the green. If the correct control is pulled backward a new set-
ting of lights appears; if the incorrect control is pulled the lights are
turned off for 2 seconds, and no response can be made during that
period, The efficiency of the subject’s performance in this study was
measured by the number of corvect responses made in four 1-minute
periods. There was a 15 sccond rest period between each of the four
trinls. '

The experiment was designed to determine the interference resulting
(1) when the positions of the controls were changed and (2) when
both the shape and the position of the controls were changed. A com-
parison situation was also required; this was one in which neither the
shape nor the position of the controls was changed. The three ways
in which the controls were varied were called conditions A, B, and C.
These are shown in table 13.1.

TanLy 13.1.—Arrangcment of controls for the three conditions in experiment 1

Condltion Position of contro} Shape of control Signal for operation

ams e

Red right of green.
.| Red below green.
.| Red left of green,
Red sbove green,
Red below green.
Red right of green.
Red ahove green,
e o pvae
cd right of green,
Red below green,
1 Red left of greer,
Red above green.

Tt can be seen that conditions A and C had the same correct positions
but differed in the shape of controls, Condition A differed from B in
position of the correct control but was the same with respect to the
shape of the appropriate handle. Condition C differed from condi-
tion B in both shape and position of the correct controls.

$ This test was derigned by Judeon 8. Browa.
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Frorne 13.1.—Control pancls and self-pacing diserimination reaction tiwme appa-

ratus used in experiments 1, 2, and 3,
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The procedure was as follows.  One group of subjects (group 1) was
given four trials on condition A, was allowed to rest 1.5 minutes, and
then was given four trials on condition B. Xlere the interfering factor
was the position of the appropriate control; the shapes of the handles
were the same in both conditions. Group II had four trials on con-
dition C, then after 1.5 minutes of rest was given four trials on con-
dition B. TFor this group not only was the position of the correct
control varied, but the shape of the appropriate handle was nlso
changed. Group III had four trials on condition B and then, after
a rest of 1.5 minutes, four more trials on condition B. This group
served as the comparison group and its performance would show the
advantage, if any, of maintaining the same shape and position of con-
trols. It will be noted that condition B was administeved to all three
groups as their second test run. If the initiul four trials had no dif-
ferential effect on the subsequent four trials then it would be expected
that the average score on the last four trinls would be equal for all
groups,

Results

The results are shown in table 13.2. In comparing the results of
performance on the second four trials (B) for the three groups, it
can be seen that some differences did occur. The difference between
the last four trials for groups I and III gives a critical ratio of 1.50,
indicating little loss in performance when shape coding was constant
even though position was changed. Changing both shape and posi-
tion {group II) compared with no change (group III) resulted in
a statistically significant amount of habit interference, as shown by the
critical ratio of 3,18,

Tasre 13.2.—Mean number of corrcet rcsponscs for cach condition, experiment 1

Qroup
I 1 1§44
Shape and
Position { mmlon } None
AtoB CtoB BtoBD
9.7 l 125.9 90.9] 118.7 3.4 13¢.3
20.5 1.3 26,7 2.3 2.1 23.8
45 (11 [1]

'The same trends are obvious with respect to error scores. This can
be seen in table 13.3. Here again the largest difference occurred when
the number of errors on the second run of B for the group where no
change occured was compared with the group having both shape and
position varied. The critical ratio between these two sets of perform-
ances was statisfically significant at better than the 5-percent level of
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confidence (CR=2.24). It sheuld be remembered in considering the
error data that in an airplane one error may be of great practical
significance.

Taery 13.3—Mcan number of crrars for cach conditlon in erperiment 1

Group
. 4 1 m
Shape and
{ position None
CtoB BtoB
2.4 109 2.0 122
0 24

12.4 1.1 12
45

It would seem then that changing both shape and position of the
controls concomitantly had the greatest detrimental effect on speed and
accuracy of performance. However, these data do not show conclu-
sively which of these variables had the greater effect.

Two other groups of subjccts were run to determine the effect of
varying the shape of the controls while holding position constant.
Group IV was tested first on condition A and then on C; Group V was
tested first on condition C and then on A, Here it will be noted that
the correct position of the controls was identical in both cases, but the
shape of the appr opmtc handle was changed. The results of these
Mpcnments are shown in table 13.4. It can be seen that there was
little loss in performance on either of the second sets of trials when
compared to the second run of condition B in which both shape and
position were held constant. It may be assumed, then, that if the rela-
tive position of the controls is maintained constant there will be little
if any habit interference regardless of changes in shape of the control
handle,

TasLr 13.4.—Mcan numdcer of corrcct responscs for cach condition, czperiment 1

Group
v v m
Change Involved. . .ooonniiienniiiieeceieecirceeenass Shape Shape None
ConditIon. coe.neieneeneireenarecossenccorsnncannns AtoC CtoA BtoB
.................................................... 04.8 l 133.9 95.61 131.6 03. 4 134.5
B D cciiirneiieensnorsnsesssecesosscocancnsesnsmsnns 28.2m 36.2 26.6 3.1 26.!“ %.3

EXPERIMENT 2
Procedure

In many cases, because of engincering difficulties, it is not feasible,
to maintain constant the position of the controls from one plane to
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another. - The next study (2) was designed to determine whether or
not shape and color coding would reduce the interference caused by
changing position.

The apparatus employed was essentially the same as that used in
the first study. However, in the second study the mock-up control
column had seven different controls (see fig. 13.1), of which enly
four were used. These controls were used again in operating the
SAM Self-pacing Diserimination Reaction Time Test. Scoring was
accomplished in the sume manner as in the first study with the only
difference being that eight trials were used in each sequence instead
of four.

‘The following feur basic test situations were used:

Condition .{.—Eight trials on handles coded with respect to appro-
priate response.

Condition B.—Eight trials on handles coded the same as condition
A but different with respect te correct position on the control column.

Condition (' —Eight trials on noncoded handles (all the same shape
and color) with positions the same as those in condition A.

Condition D.—Eight trials on noncoded handles (all the same shape
and color) with the correct positions the same as those in condition B,
These four conditions are shown in table 13.5. It will be neted that
condition A differed from condition B with respect to correct position,
but was the same with regard to shape and color of the appropriate
control handle. Condition C differed from conditinn D with respect
to correct position in the sume way that A differed from B, but in the
case of conditions C and D there was no differentiation of the control
handles in terms of shape or color.

Four experimental groups were tested as follows in order to deter-
mine the habit interference resulting from tlie combination of thess
conditions:

Group I.—Condition A followed by condition B. This involved
habit interference resulting from the changed position of the controls
when the handles were coded with respect to shape and color.

Group 11 —Condition B followed by eight more trials of condition
B. The second trial served as a comparison for the performance of
group I on condition B.

Group 111 —Condition C followed by condition D. This involved x

habit interference resulting from a change in position of controls when
the bandles were not coded with respect to shape and color.

Group IV .—Condition D followed by eight more trials of condi-
tion D. The second eight trials of condition D served as a control for
the performance of group III on condition D.

For all groups there was a rest interval of 1.5 minutes between the

two sets of eight trials,
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Resuits

The effect of coding en performance when the position of the
correct controls is changed can be determined by comparing the per-
formance of group I on the second eight trials with that of group IT
on the second eight trials (condition B), and by comparing the second
cight trials for group III with the second eight trials of group IV
(condition D). Table 13.6 shows the results for the four groups.

TapLe 13.8.—Mcean number of corrcct rcaponscs for cack cundition, erperiment 2

Group

1 (coded) 11 {coded) | JII (noncoded) | 1V (noncoded)

Chaagelnvolved..co.eieeannnenannn. Position None Position None

ConditioN..eeecacctccensracnascnccns AWB BB CtaD DtoD
................................... 255.7‘ 4.2 m7l 317.8 msi 0.2 Iﬂni 290.9

) ¢ J 66.9” 49 &17” #%.5 &.t“ 3.3 &18 64

Since the changes in position of controls for groups I (A to B}
and III (C to D) are idertical it follows that if the shape and color
coding used with group I have the effect of reducing habit interfer-
ence, then (here should be less loss in efficiency of performance when
comparing the last eight trials for group I with those for group II
than thers is when comparing the last eight trials for group IIX with
those for group 1V. The data in table 13.6 verify this expectation.
The difference between groups I and I for the last eight trials is not
statistically significant {critical ratio=1.74), whereas, the difference
between the mean scores on the lust eight trials for groups I and IV
is highly significant (critical ratio=4.05). There is little loss in per-
formance when position is changed if the control handles are coded
with respect to color and shape. There is a much larger and a statis-
tically significant habit interference when the positions are changed
and there is no color or shape coding. The difference is even more
striking when the mean score on the last cight trials for group I is
compared directly with the mean score on the last eight trials for
group ITI. Here the changes in position are identical, the only dif-
ference is that in group I coding is in effect, whereas there is no coding
of the handles for group III. The difference between these two sets
of means is highly significant (critical ratio=>5.56), showing a definits
superiority in performance with the coded handles.

The results in terms of correct responses ave further borne out when
the error scores for the various conditions are compnred. In table 13.7
are shown the means and standard deviations of the total error scores
for each condition. In terms of the number of erroncous reactions
made there was no loss in efficiency when the positions of the controls
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Group
1 It m v
Change 1nYeived . nneeneneenenonen Position Noos Position Nons
ConditioB....ccceececneersvonnsonnns AtoB Bte B CtoD DteD
| S 2.8 ! 16.2 N.4 i 14.8 37.2 3.3 36.3 16.2
Bh.c.ciceevorenaceseancnavancncennnne 25.1 6.0 17.2 1.3 n.7 24.0 25.1 18.8
. SN b 3 25 3

were changed if the handles were coded. The difference between the
average error score on the last eight trials for groups I and II is not
statistically significant (critical ratio=1.52) and the direction of the
difference is the opposite from that expected. In the case of noncoded
handles, there is a statistically significant difference {critical ratio=
2.99) between the average error score for the last eight trials for groups
IIT and XV. Here, the difference is in the expected direction, namely
a greater number of errors when the position of the handles was

}
+

NIAN '.CGORI (NO. CORRECY
-3

»
L

L 'l 1 1
2 S« 7 @
TRIALS
FIGURE 13.2.—Average number of correct responses per trial in experiment 2.
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changed. Finally, a direct comparison of the mean error score in the
last eight trials for group I and group IIX reveals a higlily significant
difference in performance in favor of coded handles (eritical rutio=
1.87).

A graphic presentntion of the interference caused by changing the
positions of the correct controls is shown in figures 13.2 and 133, It
is apparent from figure 13.2 that learning took place in all groups
during the first eight trials of the test. That is, the average frequency

AVERAGE HO. OF ERRORS

—t

? B

Frouny 13.3.—Averuge number of crrors per trial In experiment 2.

of correct responses increased from trial to trial during the first eight
trials. The second group of eight trials is the critical set to which
attention should be directed. It will be noted that during the second
group of eight trinls, points representing the average correct responses
for group I consistently fell below the paints representing the average
correct responses for group II, thus indicating some slight amount
of habit interference resulting from the change in the position of the
correct controls even when the handles were coded for shape and
color. Comparison of the curves for groups 1II and IV reveals, by
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contrast, the large amount of habit interference which resulted from
changes in the positions of the correct controls when the handles were
not coded. These curves also reveal that the maximum habit inter-
ference occurred during the first transition trials on the conditions
which involved changes in the position of the correct controls, and
it is further indicated that this initial habit interference was ex-
aggerated when the handles were not coded. The difference between
the scores on the first transition trial for groups I and IIX is highly
sigmificant (critical ratio="7.62).

These conelusions hold equally well when consideration is given
te accuracy of performance as shown in figure 13.3. The number of
errors decreased on the first eight trials for all groups. On the first
transition trial group I showed a very slight inerease in error, but
it can be seen that the remuinder of the curve shows the performance
of this group to have been certainly as good as its comparison group
(group II). On the contrary, when the handles were not coded
(group III), there was a very large increase i the number of errors
on the first transition trial, and the tendency to error in this group
did not disappear during the following seven trials on that arrange-
ment of control handles. That is, group IIX never made as few errors
as its comparison group, group 1IV. The difference between the error
scores on the first transition for groups I and IIT is highly significant
(critical ratio=>3.18).

It is evident that changing the position of a control in a series of
controls having handles of similar shape had a detrimental effect
upon the speed and accuracy of performance. However, this effect
was niinimized to a very marked degree when the control handles
were coded with respect to color and shape and the individual being
tested was permitted to use vision in the selection of the correct control
hendles,

EXPERIMENT 3
Procedure

The third question to be answered was, does shape coding lessen
the interferenco due to position changes even though visual cues are
restricted? This study (3) was designed in the sume way as study
2 with one exception: in this case, the control box was placed behind
u sereen which concealed the controls but did not restrict the movement
of the hand in manipulating the controls, The same four conditions
were used and the same four groups (different subjects, of course)
were used,

Results .

Tuble 13.8 shows the results for the four groups with respect to the
total number of correct responses made. Since the changes in position
of the controls for groups I and XII are identical it follows that if
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coding has a beneficial effect there should be a smaller loss of pro-
ficiency on condition B for group I when comparing it to condition
B for group II than there is upon comparing condition D for group
IIX and group 1V,

Tapre 13.8—Mcan number of corrcet reaponses for cach condition, experiment 3

Group
1 {coded) 15 (codcd) It (noncodad) | IV (noncoded)
Change lovolved...... ressenssnsens Position None Fosltion Noos
Counditlon. couecvmeoccnemnaacnnen.. AtoB BtoB Cte D DD
M. cccteccacncaconorenrosroracunen 161.24 § 230.58 | 160.00 i ZiR02) 163.68 | 177.7 130. 18 | 219. 3%
- 1 0 63.78w G121 5-3.13& 70. 58 w.ww 5,02 40.5350 [ %Y

It would appear from these comparisons that there was a consider-
able loss in performance due to changing position and that there would
seem to be no advantage shown for the coded handles. It should be
pointed out, however, that the groups using the coded handles showed
a somewhat superior performance throughout. When the second eight
trials for group I are compared with the second eight trials for group
III, it can be seen that there was a marked superiority in favor of the
group using coded handles. "The initial correct positions and the
change in positions were identical for these two groups and yet there

were 99.9 chances in 100 that group I would show a superior per-
formance on the transition trials (critical ratio=4.31). From the
data, it is obvious that the coded handles led to better performance
even when no transition occurred. This is observable when the sccond
eight trials for groups II and 1V are compared. Here, again, there
are 99.9 chances in 100 that there is a true difference in favor of the
group using coded handles (critical ration=4.39). The beneficial
effect of shape coding even though visual cues are restricted is further
evidenced by comparing the error scores made by the different groups.
Their error scores are shown in table 13.9. Here it can be seen that
the difference between the number of errors for condition B for group
I as compared to the number of errors for condition D for group IIL

TapLe 13.9.—)cun nm;ebcr of crrors for cach cundition in cxrperiment 3

QGroup
1 (coded) 11 {codled) I (noncoded) | 1V (noncoded)
. Changelnvolved.....ceaeennaaneee Pasition None Position None
(o131 13141, VP AtoB Bto CtoD DteD
M.rceennernsesvanscccssocccannnas 37,02} 215 Q.92 23.30 1 46,02 37,42] 49.73 3L
33 3 L 2.5 1 19.83] 25251 2606 | 10.72! 18.45) B 2.9
P ] ©0 80 ()
7633334 T7——14 197
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is highly reliable (critical ratio=3.61). Since the changes in position
were identical for these two groups, the shape coding had the effect of
significantly reducing the number of errors on the transition trials
when comparing the performance on the coded and noncoded handles.
It is evident that changing the position of the appropriate controls
led to marked habit interference when visual cues were eliminated.
‘This interference effect was reduced in its initial amount after transi-
tion and was less persistent when the control handles were coded in
terms of shape. This study indicates that the coding of control
handles in terms of shape is a desirable procedure even though visual
cues are eliminated, as in the case of flying in a darkened cockpit.

SUMMARY AND CONCLUSIONS

It may be concluded on the basis of these three studies that if changes
are made in the positions of the controls after an individual hes
learned one set of positions, marked habit interference results, If
the controls are coded with respect to color and shape, this interfer-
ence is minimized even when visual cues are restricted. If both posi-
tion and shape are changed, interference is maximized. Consequently,
if position of the controls must be changed from one airplane to an-
other, it would be of definite advantage to use shape and color coding
of handles according to function,
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CHAPTER FOURTEEN
The Tactual Discrimination of

Shapes' for Coding Aircraft-Type
Controls’

WirLrtax Q. JEXKINS

INTRODUCTION

The present studies were designed to determine the extent of con-
fusion among several series of control knob shapes, including shapes
now in use in aircraft and a number of experimental ones, in a situation
where the subjects employed primarily tactual cues, and the use of
vision, kinesthesis, size, and position was minimized or climinated.
On many occasions aircrew members, particularly pilots, must react
rapidly and accurately to one of a closely bunched group of controls
where positional cues are minimized and the operator is attending to
certain instrument indications. Trrors in this regard have produced
many accidents, particularly in transition training where unfamiliar
aireraft are being flown. One of the most common accidents results
from confusion between flaps and landing gear controls which are in
close proximity in come aircraft and are not coded with respect to
any of the several possibilities,

Investigations by Weitz at the Army Air Forces School of Aviation
Medicine (see ch. 13) have shown that accuracy of performance is
significantly affected by position cues and by shape and color coding
of aireraft-type control knobs. The present studies provide specific
information, without particular samples of knob shapes, concerning,
which shapes yield the fewest recognition errors where size, position,
vision, and mode of operation of the control are held constant or
eliminated as cues.

UTPhs chinpter 13 based upon rexearch findingx reported fa Headgquarters AMC, Englnece-
Ing Divisjon, Memorandum Keports, No, TRUAN-6Y3~4, TSEAN-GO§-4A, altd TSEAN-
09441,
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APPARATUS AND PROCEDURE

In the first major study (study I), 25 plastic shapes, 114 inches in
the largest dimenston, were each mounted on a rod which was bolted
fo the periphery of a turntable. The knobs and their mode of pres-
enfation are shown in figure 141, In the second major study (study
11},22 plastie shapes, 134 inches in the Jargest dimension, were mounted
on the turntable with their shafts parallel to the ground as shown in
figure 14.2. In both studies the procedure was followed of examin-
ing standard control knob shapes in the cockpit and on AAF equipment
such as radar and radio sets and attempting to select shapes for study
which maximized the characteristics typical of a group of related knob
shapes.

In these studies the practical interest was in finding sets of knob
shapes yielding n minimum number of ervors for use in the cockpit
and on radio and radar equipment. For this reason separate studies
were mede of different series of knob shapes mounted vertically and
horizontally. It is quite possible that mode of mounting is not &
critical factor; evidence reported below suggests it is not.

The procedure employed was as follows. Each subject was seated
Lefore the turntable and the instructions were read to him. A given
knob was then presented to the blindfolded subject who felt it for
1 second. The experimenter then rotated the turntable to a pre-
designated point and the subject went from knob to knob, feeling each
one in turn until he found and reported what he thought was the test
shape. The same procedure was followed for each of the knobs, once
while the subject used his bare hand and once while he wore a medium
weight flying glove (A-11-A),

The conditions of bare hand and glove were counterbalanced so that
half the subjects started their test under one condition and the other
half under the other. In addition, the order in which the test and
comparison knobs were presented was varied systematically in order
to check intraserial effects. -

In both investigitions two types of errors were recorded. The first
was the obvious case in which a subject incorrectly identified one shape
as another. The sccond was called a hesitation error and was defined
as the case in which a subject spent more than the allotted second in
handling an incorrect shape, but did not identify that shape as the
correct one. This type of pause might well be undesirable in the
operation of controls in the cockpit.

A paired-comparisons follow-up study was conducted using the
cight best <hapes of the first investigation. This investigation is
described in a later section,
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Figere 14,1, —Vertically mounted knobs employed in a study of slmp«':s fuor use
in coding aircraft-control knobs,
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The subjects in these investigations consisted of {wo separate sam-
ples of 46 Army Air Forces pilots who appeared to be representative
of the pilot populution.

RESULTS

It was found that the order in which the test and comparison shapes
were presented did not affect the number and pattern of errvors appre-
ciably, so that the data for the several different conditions have been
combined in the succeeding analyses, The findings have been divided
into two sections: those concerned with distribution statistics, and
those dealing with the pattern of crrors.

Distribution Statistics
The distribution statistics for the two studies are summarized in
table 14.1. It can be seen from this table that the percentage of error

TanLe 14.1.—~Distribution statistics concerning the crrors made by 30 pilote in
tico serics of knob shapes cmployed in investigations of shapcs for coding
aircraft-type controls

Study I Study 11
Condition

Meannum|  op Percent | Meannum-l gy, Percent

bet of errors © crror | berofern ¢ erroe
Error, bare hand.............. 2.9 2.2 12 3.7 26 17
Frror, glove. ....a.... 4.8 27 19 4.9 2.8 by
I{esitation, baro hand. . 7.2 4.1 2 1.8 1.8 4
Hesitation, glove..... socsanee 9.7 6.3 40 ! , &1 10

ranges from 12 percent to 22 percent and the corresponding figures for
hesitation-type errors vary from 7 percent to 40 percent, A satisfac-
tory spread of scores was obtained in every case. In this connection
it might be noted that practically every subject made some errors of
both types.

The differences in table 14.1 between performance under conditions
of bare hand and while wearing the flying glove are significant in
most cases at the 5-percent level of confidence or better.

In order to obtain an estimate of the reliubility of the method, rank
order correlation coeflicients were computed between the frequency
of errors and hesitations under conditions of bare hand and while
wearing the flying glove. The figure for errors was 0.70 while for
hesitations it was 0.72. For crrors and hesitations combined the
value was 0.75. This degree of consistency between the performance
under the different conditions indicates a satisfactory reliability for
the testing technique for the present purposes.

One sccondary analysis was performed in regard to the frequency
of errors. This break-down consisted of comparing the proportion
of errors for pilots in study I having less than 900 hours of flying
experience with that fov pilots having more than 1,100 flying hours.
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While the more experienced pilots made a slightly higher proportion
of errors under both conditions of bare hand and glove than did the
group with fewer flying hours, the differences were well within the
ange of values expected on the basis of sampling fluctuations,

Pattern of Errors

It was found that the pattern of errors was comparable for, errors
and hesitation-type errors, for conditions of bare hand and glove, and
for the different orders in which the test and comparison knobs were
presented so that the data for all conditions have been combined in
the following treatment.
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Ficure 14.3.~Error pattern among 25 vertically mounted knob shapes.

The next step in the procedure was to rank each knob shape accord-
ing to two criterin. The first was the total number of hesitations plus
errors made by the subjects when a particular shape was presented.
The sccond was the total number of knobs with which a given shape
was confused regardless of the number of errors or hesitations in-
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Ficune 14.7.—Eleven vertically mounted knobs employed in a paired compar-
fson follow-up study of shapes for use in coding aireraft-contro! knobs.
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volved. It mightbenoted in passing that the rank-difference correla-
tion between these two measures was of the order of 0.50. A two-way
table was then constructed in which those knob shapes yiclding the
smallest number of errors and smallest number of knobs with which
they were confused were placed side by side. Further refinements in
grouping were accomplished by an empirical procedure designed to
obtain the largest possible number of knobs with the fewest intra-
group confusions. The resulting two-way tables for studies I and I
are shown in figures 14.3 and 144. From this analysis two sets of
cight knobs were derived in study I in which the number of crrors
were minimized and one set in study II.  These groups ave set off by
heavy lines in figures 14.3 and 144, and the knobs are shown in figures
14.5 and 14.6. The best set of eight knobs in study I yielded a total
of six errors or one-half of 1 percent of the total number of errors. In
study 1I the best set of eight knobs yielded zero errovs.

An examination of figures 143 and 14.4 reveals that in general
knobs with similar shapes tend to be confused with one another but
not with knobs of different shapes. There is a suggestion that the
shapes tend to be grouped into families on the basis of shape, for ex-
ample, shapes characterized by corners, edges, and flat surfaces (cubes,
wedges, ete.), with the errors occurring within a family, but net across
family lines,

Suggestive evidence that the two modes of mounting employed in
these studies were not critieal for the findings may be found in s com-
parison of the best eight shapes of each study in figures 1.5 and 14.6.
It can be seen that four of the best knobs in each study are the same in
shape and one is similar. One of the best shapes of study II appears
mset2ofstudyI. The remaining knobs were not used in beth studies,

A follow-up study was made of the best cight knobs in study I along
with three novel shapes employed in an “ideal” cockpit developed by
the United States Navy Department.  The set-up is shown in figure
147 with the three Navy knobs in the top right-hand-corner. The
method of paired comparisons was used with the usual precautions
being taken of counterbalancing the order in which a given pair of
knobs was presented, and varying the order of the series. Each of the
11 shapes was paired with every other shape including itself once,
but no knob followed itself at any place in the series. .\ total of 30
AAF pilots was tested while wearing blacked-out goggles, once with
the bare hand and once while wearing a medinm weight flying glove
(A-11-7).

In the 1,980 comparisons a total of 9 errors was made by the 30
priotr or about one-half of 1 percent. It is of interest to note that
S of ti e @ errors involved the 3 new Navy knobs which were added
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to the earlier set, but the N is too small for the difference to approach
an acceptable level of significance,

DISCUSSION

On the basis of the present findings, recommendations have been
made to the appropriate authorities that action be taken (o decide
which knob shapes are to be employed on which controls in the cockpit
and on radio and radar equipment. The need for standardization with
regard not only to shape, but also to size, position, color, and mode of
operation is obvious and has alse been recommended.

There is a need for further research in this area particularly on
such problems as the optimal control-handle shapes for different modes
of control operation, the use of mode of operation as a cue for differ-
ential reaction, and the type of color. coding (e. g., brightness differ-
entials) yielding most accurate and rapid performance under con-
ditions of both day and night flying,

SUMMARY

These studies were undertaken as a basis for selecting sets of con-
trol knobs of different shapes for use in the cockpit and on radio and
radar equipment which could be recognized immediately and ac-
curately by touch in a situation where the use of vision, size, position,
and mode of operation was held constant or eliminated as a cue.

Thwo sets of 25 vertically.mounted and 22 horizontally mounted knob
shapes, including some knobs now in use in aireraft and a number of
experimental ones, were presented to 2 separate groups of 40 blind-
folded piicts who compared each shape with every other one in the
series. One test was made with the bare hand and another while
wearing a medium-weight flying glove. The findings may be sum-
marized as follows:

1. A percentage of errors ranging from 12 to 40 percent was found,
Practically every pilot made severnl errors,

2. A significantly greater number of errors was made while wear-
ing the flying glove as contrusted with the condition of bare hand.

3. The correlation between frequency of error with the bare hand
and that while wearing the flying glove was 0.75, indicating a satis-
factory relinbility for the technique.

4. Pilots with larger numbers of flying hours made slightly, but
not significantly, more errors than those with fewer hours.

5. Twosets of eight knobs were found in the first study which yielded
a minimum number of intra-set errors and there were no confusions
among the best eight shapes of the second study.
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6. A puired comparisons study of the best eight knobs of the first
study along with three additional knobs yielded « very smail number
of ervors,

Recommendations were made to the appropriate authovities that
the shapes yielding the fewest errors in these studies be employed on
aircraft equipment, and that the use of these knobs be standardized on
equipment of a given kind.
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CITAPTER FIFTEEN

A Study of

Location Discrimination Ability’
Pacrt M. Frrrs

INTRODUCTION

How accurately can an individual, without looking where he is
reaching, move his hand to a precisely designated location? The an-
swer to this question is important for the design and location of ma-
chine controls that must be reached for and grasped without the
assistance of direct vision. Many situations arise in flying where it is
desirable for individuals to use controls in this manner, such as when
the pilot is landing and does not want to take his eyes away from the
ground long enough to look down into the cockpit in order to locate &
control, or when the radar operator is watching the scope face and does
not want to look away in order to adjust the gain control. Yet errors
in control operation are so frequent that most aircrew members consider
it inadvisable to operate a control without first making a visual check
to determine its identity.

It has been suggested that the most efficient design and arrangement
of controls for operation without the aid of vision would involve cod-
ing of control knobs with respect to shape and color, differentiating of
controls with regard to their mode of operation, and optimal location
of controls around the body. It isalso proposed that these character-
istics should then be standardized in all aireraft.  In the two preceding
chapters of this volume have been reported investigations of the prob-
lem of shape coding. The present chapter contains a report of investi-
gations of the accuracy of aircrew personnel in reaching to different
positions about them when in the seated position.

The purpose of the investigation was to determine the magnitude of
errors made in positioning the hand to a number of locations of equal
diztance but varying directions from tho body. The study also in-
clteled an investigation of the divection of positioning errors and the

tThis o' ipter s based upon regearch findinga repurted in Headquarters AMC, Engincer-
tng Divistsa, Memorandum Report No, TSEAA-GOI-4D.
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Froene 15.1L.~-View of left side of tarzet stand nsed in Location Diserimina-
tion Study,  For this photograph the right-hand side of the stand was removed
to allow 8 view of the subjeet and the targets, R
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constancy of these error patterns.  The study was planned in relation
to a practical equipment design problem, but it is felt that several
basic questions of niman motor abilities ave involved.

APPARATUS

The apparatus employed in the present study consisted of a wooden
framework on which were mounted 20 paper targets arranged sym-
metrically around the midpoint of the shoulders of a seated subject. A
photagraph of the apparatus, with one side removed to give a view of
the subject, is shown in figure 15.1.

LEach target was placed at a distance of 30 inches from the reference
point and was mounted perpendicular to a line connecting it to the ref-
crence point. Seven targets were located level with the reference point,
one directly in front of the subject and three on either side. The side
targets were 45°, 90°, and 135°, respectively, away from the one
directly in front. These seven targets are referred to as “center” (C)
targets. Seven targets were placed 45° higher than the level of the
reference point and directly above each of the center targets. Six
other targets were placed 45° lower than the reference point and
directly below the six center targets on either side. The target space
directly in front of and below the reference point was required for the
subject’s legs.  The space direetly behind the subject was not used, nor
was the space directly above his head or directly beneath him.

A 30-inch distance from the mid-point of the shoulders to the targets
was chosen because anthropological data on AAT personnel 2 show that
30 inches from the mid-point of the shoulders is the maximum distance
at which controls can be placed if it is desired that more than 95
percent of the population be able to reach them easily.

The paper targets were 14 inches square.  The target pattern con-
sisted of a series of six coneentriccireles.  The radius of the inner circle
or bull’s-eye was one-half inch and the radius of each succeeding circle
increasel by one additional inch. Each target was divided into
quadrants by two diagonal lines which passed through the center at
angles 45° from the vertical. Since it was the purpose of the investi-
gation to study the ability of individuals to reach to various locations
while looking elsewhere, and not while in complete darkness, a constant
visual refevence was provided. Two small red lights located forward
of, level with, and equidistant from the subject’s eyes, and 45° apart,
were used for this purpose. A special pair of goggles was provided
which permitted subjeets to see only the red lights. Apertures in
theso goggles made it necessary for subjects to hold their heads in
a forward-looking position in order to keep the reference lights in

Randall, ¥, E, ot al. Human bady aize in military aircraft and perronal equipment.
AAL Techaleal Report No, 6501, AMF Alr Matéricl Command, Wright Field Jupe 1046,
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view, This insured a relatively constant head position during the
test trials.

Each subject was provided with a marker, about the size of a
toggle switch handle, which had a sharp point that permitted him to
mark the tarkets by pressing against the paper.

An adjustable stool and a footrest were provided. A stool without
a back was employed since the pilot or ether aircrew member often
leans forward in his seat while operating his equipment and in this
case obtains no position cues from the back of his seat.

PROCEDURE
Test Administration

Subjects were seated in the apparatus and the height of the stool
was adjusted until the mid-point of each individual’s shoulders was at
the reference point.* The purpose of the study and the experimentai
procedures were explained. Subjects were told that different targets
would be designated in turn and that their task would be to reach with
one smooth motion to the position where they thought the target was
located and to mark the first point of contact. Left-hand targets were
marked with the left hand; forward and right-hand targets with the
right hand. For purposes of this report each vertical row of three tar-
gets is numbered from one to seven beginning with the extreme left:
hand target. The middle target in each vertical row of three is called
the “center” (C) target, the upper one is called the “up” (U) tavget,
and the lower one the “down” (D) target.

Each subject was given a series of 60 practice trials, three trials
to each of the 20 targets. In the practice sequence two successive trinls
were given to each target so that subjects could observe their errors on
the first trials and attempt to make corvections on the second. Tho
final 20 practice trials, one to cach target, were given in a randomized
order. Subjects were permitted to remove their goggles after each
trial and look where they had marked. These practice trials were
given immediately before the test proper.

During the actual test cach subject was given 100 trials, followed
by a 3-minute rest period and then another 100 trials. The sequenco
of trials was randomized, bat no target ever followed itself, Each
target received a total of 10 trials.  Subjects were permitted to remove
their goggles after each trial and secure immediate knowledge of
results, A signal light which flashed every 7 seconds was used by the
examiner in standardizing the rate at which targets were marked.
The examiner sat directly behind the subject.  Tf the subject missed
the target entively, the examiner recorded the miss and the direction

—————

‘_-’Ia‘ur:-- lorinek and Peter §. McKewen ran most of the subjeets fn this experiment and
n'“Mvd In developing the apparatua and analyzing the data.  Mes, Katheyn D. Youny and
Shirl y Conn 1l also asslsted 1u the siudy.
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of the error. 1f the subject attempted to mark a wrong target, the
examiner stopped hine and the trial was repeated.

Ten of the subjects used in the major investigation were run for
200 additional trials on cach of 2 suceessive days in order to obtain
data on changes in aceuracy scores and changes in ervor patterns with
additional practice. The standard procedure was followed during
this period and knowledge of results was given after each trial. The
order in which targets were marked was in a different randomized
order for each successive day.

The group of 50 subjects used in the major study was unselected as
regards hand preferences. On a short handedness questionnaire, 1
man was markedly left-handed and § men showed a mixed preference.

Scoring Procedures

Targets were scored for over-all accuracy by the following pro-
cedure, A mark in the center or bull's-eye of the target was scored
zero and the marks in subsequent circles were scoved one, two, three,
four, and five, respectively. Any mark which fell outside of the out-
ermost circle was scored six.  Since all marks that were farther than
five inches from the center circle were arbitarily recorded as six, the
scoring procedure did not give full weight to misses that were quite far
from the center. The average aceuracy score, nevertheless, is & close
approximation of the average distance in inches of the marks from the
exact center of each target. A small score indicates accurate per-
formance,

Targets were also scored in terms of the direction of each mark from
the center.  Since targets were laid off into quadrants, a top (No. 1),
aright {No. 2),a bottom (No. 3), and a left (No. 4), it was possible to
record the total number of marks in each sector. This total for each
quadrant was broken down into the number of marks within and out-
side of the outermost target ring. The latter figure gives the number
of attempts in which the response was more than 514 inches away from
the exact conter of the target.

RESULTS

Analysis of Accurary Data

The average aceuracy score for all 50 subjects on each of the 20
targets was 3.27 or an average error of somewhat more than 3 inches.
A total of 15.6 percent of the 10,000 trials made by all subjects re-
sulted in marks outside of the outermost cirele. In other words, 15.6
percent of all trials were in error by more than 514 inches. The
accuracy scores, however, varied greatly from target to target. In
order to study systematically the influence of target position upon
accuracy of location discrimination, three comparisons were made:
(1) » comparison of average accuraey in reaching for all targets on
the right, and for all targets on the left; (2) a comparison of accuracy
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in reaching for targets divectly forward, and for Girgets to either
side of the forward position; and (3) a comparison of average ac-
curacy in reaching for targets above, even withi, and below tha level
of the shoulder. For the right-left comparison an average scors for
all right-side targets was compared with the average scove for all left.
side targets, Ior the front-back comparison, all targets which were
at- equal angular distances from the front including both right- and
left-side targets were grouped. Similarly for the up-down comparison
all targets at the same angular elevation where grouped (except that
targets 4U and 4C were omitted, since there was no 4D target). In
making each of these comparisons a new distribution of combined
scores was made for each group of targets in question, and means,
standard deviations, and intercorrelations for these distributions were
computed.

In table 15.1 ave summarized t.  basic findings for each individual
target. The mean accuracy scores, and the pereent of marks that oc-
curred in each of the four sectors of cach target nre given. In table
15.2 are given the mean accuracy scores, standard deviations, and
correlations of scores for various combinations of tavgets. In figure
15.2 the same data are represented graphically. In this figure a dia-
gram of the different targets has been made in which the diameter of
each target is proportional to the mean nccuracy seore, The four
small circles in the quadrants of cach target have a relative dinmeter
preportional to the {otal number of marks in each seetor.

Tante 15.1.~~can accuracy scorcs, standard deviations, proporiion of marks in
cach target scclor, and proportion of major crrors {n cach target scclor Jor
the 20 diffecrent target arcas

[N 0]
AMean Proportien of total marks In Proportion of total marks that
iccuo each sector were inajor errors In each sector
Terged mey 8D

score 1 3 3 4 1 3 3 ‘
4.04 0.78 5.2 1.4 45,7 37.7 0.4 28 128 N2
3.72 8. 3.3 2).35 12.0 Q.2 11.4 20 22 4.9
4.08 .9 .8 2.9 4.2 121 21,4 5.4 >3 21
3.2 .79 2.2 17.2 7.8 3.8 2.7 1.9 5.0 39
3.42 .19 3.5 2.5 17.8 xn2 5.3 4.2 2.8 48
3.02 Ny 225 24.0 25.1 2.8 1.4 2.2 1.4 3.6
3. 49 Ry 7.4 11.0 59, 1 225 0.0 .8 14.9 34
33 1.0 22.9 128 2.9 K7 2.2 1.2 19 %t
3.02} W07 3.9 11,4 9.2 2.5 4.2 .6 0.0 58
2. 48 .79 15.8 223 5835 84 0.0 a0 38 6.0
214 .90 40.7 24.9 2.8 13.6 1.6 .4 .8 .3
21 L0S 7.0 30.3 8.1 11.0 i 4.6 4.6 .6
3.07 A8 10.2 3R.2 2.1 18.5 1.2 a9 3.9 1.4
2.7¢ T RKIN J7.90 13.3 4.9 4.2 44 .68 1.2
3.2t 7 14.6 329 35.7 10.4 1.0 3.4 6.0 .0
3.18 i 2.8 29.¢ A7 a7 22 4.6 24 3.4
291 i 13.3 2.8 39.8 23.4 .0 1.8 .6 24
418 04 5.8 3.2 Nt 9.9 0.0 1.3 18.% R
3.61 & 27.4 2.8 16.8 32.0 4.0 .6 14 &R
3.30 4 4.2 2.8 6.4 2.8 9.7 3 0.0 34

Left-right comparison—~Yrom an inspection of table 152 it will
be noted that the average accuracy seore on the nine right-hand targets
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Tapy 152~ MHeana, standard deviations, corrdiations, and ¢ values for combincd
scorcy on selected yroups of targets

{N =50}
Target group M 8D v DI, !
Al Jeftehand S0rRRL8 L ooiinciaeieiianes avnaevnans 3.46 A7
ﬂ; zlghl-hlnnd :a:geu. seeie-amenconsuumnaavEnaanTnne ig ;0 0.81 0.19 4
SHUPPer LRElS. i cnns i cncicnsutnconcmassonns .
.m a-n:x—r ::wgcls... ..... ex  ax xewrcemmwase :1!.255 .'g} -8 -2 1
eenter targcts.,. .y 3. o &
AN Jower IATRELS . oo 318 g7 .42 M 2.0
Rows 1 and 7 combined . 3.81 .5 } ™ 6 9.6
Hows 2and 8 combined....... . 315 X1 * - ‘
Bows 2and 6 combIntd. o ovsviirecininncnoscnonnons 315 .«H} 61 o s
Rows Jand 3 camnbingd. ....... renan vrmsssasraxsess 3.11 .70 : * :

was better than the average score on the nine left-hand targets. The
differenco is significant at the 1-percent level of confidence.

Tho right-left comparisons are based on a total of 90 trials to
each side for cach snbject. A correlation of 0.81 between scores for
the two sides indicates a satisfactory level of reliability of the test

procedure, since the rveliability of the total test would be considerably

higher.

Front-buck comparison.—From an inspection of table 15.1 it will
Lo noted that the two targets located directly in front of the subject
{targets 4U and 4C) were marked with considerably greater accuracy
than any other targets. The average score for these two targets was
better, at the I-percent level of confidence, than the score on any
other individual target or group of targets. Referring to table 15.2
for a comparison of targets at different distances to either side, it will
be noted that the average score on targets located 45° away from center
(rows 2 and 4) did not differ appreciably from the average score on
targets located 90¢ away from center (rows 2 and §). The small
difference that was found could easily have occurred by chance. Ac-
curacy in marking the rows of targets located 135° to the rear {rows 1
and 7) was considerably poorer than for targets nearer the front. The
difference is highly significant statistically and is of practical im-
portance. It can be concluded from these findings that individuals
can reach most accurately to positions directly in front of them, that
they can reach wiih somewhat less accuracy to positions as much as
90° to the side, and with far less accuracy to positions more than
90° to the side.

Up-down comparison—It will be noted in table 15.2 that targets
located at 45° below the level of the shoulders were reached for with
somewhat greater accurncy than horizontal targets, and that targets
located 45° above the horizontal were located least accurately. 'The
difference between un and center targets is significant at the 1-percent
level of confidence and the difference between the center and down tar-
gets at the 3-percent level, Of the two targets divectly in front of
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the individual the center one was located more accurately than the
upper one.
Analysis of Ercor Patterns

Data on the distribution of marks in each quadrant of each target
ave given in table 15.1 and are shown graphically in figure 15.2. Xf
marks had been distribuféd equally about the center of each target,
25 percent of the marks would have fallen in each quadrant. Apply-
ing the Chi Square Teat to this hypothesis, it was found that in only 1
target (target 2D) out of the 20 could the total distribution of all
marks be accounted for by chance variation from an unbiased pattern.

Several systematic characteristics of the error patterns can be noted.
On all except three of the 11 targets marked with the right hand,
including the two center targets, individuals tended to reach too far
to the rear; that is, errors were made toward the back more frequently
than toward the front. On seven of the nine targets marked with the
left hand, errors also were made more frequently toward the rear.
It also was found that on all seven upper targets the majority of
marks were too low. In the case of four of the six targets located
downward the most frequent error was to reach too high., Iowever,
in the case of the two targets located downward and directly on either
side (targets 2D and 6D) the predominant iendency was to reach
too low.

An inspection of the error pattern data given in table 15.1 and rep-
resented graphically in figure 15.2 shows a high degres of mirroring
with regard to the direction of the error patterns for corresponding
right- and left-hand targets. In eight cases out of nine, when the
errcr pattern on a left-hand turget was predominately toward the
front or toward the back, the error pattern in the corresponding right-
hand target was found to be predominately in the same direction. To
a lesser extent corresponding up and down targets gave mirrored error
patterns,

Analysis of Learning Data

In the learning study it was found that the 10 subjects tended to
improve in over-all accuracy from day to day. The average accurncy
score of the group on all 20 targets was 3.18 for the first duy, 2.85 for
the second day, and 2.73 for the third day. The difference between
first and third day was highly significant. Improvement was shown
in locating practically all targets, the differences in scores for indi-
vidual targets between the first and third day being highly significant,

‘The error-pattern daty for the three successive days were analyzi
as follows. The two sectors of cach target that had been marked most
frequently by the 50 subjects in the first study were determined. The
tctal number of marks which the learning group made in theso two
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sectors of each target was determined for each day, including the
first day when they were a part of the larger group. These data wero
combined for all 20 targets. It was found that on the first day the
learning group placed 66.G percent of all marks in the two sectors of
each target marked most frequently by the total group of which they
werea part.  On the second day the learning group placed 66.1 percent
of all marks in these same quadrants and on the third day, 65.1 percent.
Further analysis showed that for 8 of the 20 targets the criginal group
placed more than 70 percent of all marks in the 2 most frequently
marked sectors of each target. The percent of all marks made by the
learning group on these same 8 targets was 75.9 percent for the first
day, 76.6 for the second, and 73.3 for the third, It sheould be remem-
bered in connection with these findings that subjects were given knowl-
edge of results after each trial and had opportunity to correct their
errors. It should be pointed out also that any errers of measurement
(unreliability of testing procedures) on the first day would have
resulted in a lower incidence of marks (closer to the expected 50 per-
cent) on subsequent days for the two sectors marked most frequently
on the first day. Trom the learning data it can be concluded, there-
fore, that error patterns were highly stable. The directional char-
acteristics of the patterns did not change appreciably with additional
practice accompanied by krowledge of results, even though the over-
all scatter of marks became less,

DISCUSSION OF RESULTS

The findings with regard to the arcas to which typical individuals
can reach most accurately could possibly be explained by reference to
the muscle groups employed and the relative ease of reaching to the
different locations. An alternative explanation could be made by
reference to previous habits and more frequent experience in reaching
forward and downward than in reaching backward and upward. The
slight superiority of the right hand over the left hand is in agreement
with findings from many other studies.

The data on accuracy of discrimination may have been influenced by
the fact that the visual reference lights were located in a forward
position. It would be worth while to simulato the condition existing
when an individual has his head turned and is looking to one side, and
to study location-discrimination ability for various areas while visuai
reference is other than direetly forward. It would be of interest, also,
to study the effect of no lights and of only one light.

"Two different hypotheses can be suggested to account for the error-
pattern data. One hypothesis is that the error patterns are primarily
a function of the proprioceptive and tactual cues available and the
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muscle groups employed in reaching to different locations. It is
possible, on the other hand, that ¢° ction of errors for any particular
target is a function of the over il pattern or gestalt of targets em-
ployed. The finding that most 1adividuals make errors toward the
center of each vertical row of three targets suggests, for example, that
there may be a tendency to make errors toward the center of a group
of associated controls,

‘These questions cannot be settled by reference to the present data,
and must await the results of further studies. It is proposed to study
the effect on location diserimination ability of different points of origin
for the reaching movement and to study the accuracy of location dis-
crimination in three dimensions for a number of points closer to the
body than the maximum extent of reach. The hypothesis is sug-
gested, in connection with the latter study, that individuals will be
able to position their hands more accurately in cases where it is possible
to use a cue of extent of movement or to judge the position of the hand
in relation to the effort involved in making movements of different
amounts. It should be remembered that in the present investigation
distance of movement was constant, since the surface of the target
was perpendicular to the direction of movement of the hand, and
therefore that extent of movement was not employed as a cue,

With regard to the application of the findings of this study to the
location of control equipment, several conclusions are made. For
greatest accuracy in locating a control without the aid of direct vision
the control preferably should be located directly in front of the indi-
vidual, and if this is not possible, then no farther to the rear than
directly at the side. Controls preferably should be located below the
level of the shoulders and if this is not possible then certainly not
much above shoulder height. With regard to the distance by which
controls should be separated, if it is desired to make it very unlikely
that ar operator will grasp a control by mistake, it appears that
roughly a G-inch separation is necessary for controls that are located
at arms’ reach and in one of the preferred areas, and approximately
twice that separation for controls located to the rear of the subject or
ut the side abeve the level of his shoulders. Smaller distances could
be used if operatorz aro to be highly trained.

SUMMARY

L. A study was made of the aceuracy of 50 pilot subjects in reaching
to 20 targets mounted in different areas around them and at distances
of 30 inches from the mid-point of the shoulders. Visual reference
was provided, but vision of the target or the body was excluded.

2. When the data were analyzed in terms of average accuracy of
location discrimination, it was found that accuracy was best for for-
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ward areas. For aveas on either side, accuracy was best for aveas
lower than the level of the shoulders and for arcas near the front,

3. Consistent error patterns were found for each target area. In-
dividuals tended to reach too low for targets located above the level of
their shoulders, too far to the rear for targets Jocated on either side,
and too high for targets below shoulder level.
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CHIAPTER SIXTEEN
Principles of Control Arrangement
for Sequential Operation’

NorstaN L. Murray

INTRODUCTION

In navigating and bombing operations radar operators use com-
plicated control equipment involving levers and knobs which are
manipulated in response to complex visual stimuli. Frequently, in an
attempt to meet space and weight requirements, very unsystematic
control arrangements are evolved. It is hypothesized that in the
operation of complex equipment, arrangement of controls and in-
dicators according to functional patterns would be best from the stand-
point of learning and ease of operation. Especially should this be
true where speed of operation is important, as in the operation of “Ter-
ret” cquipment where the operator is called upon to make a whole
series of adjustments in a matter of seconds. The reactions in this type
of task belong in the categories of what Brown and Jenkins in chap-
ter 3 call adjustive and connective serial reactions,

It is important to determine how best to combine separato movements
into a series or pattern to produce the greatest efficiency in terms of
speed, accuracy, and ease of learning. The purpose of this experiment
wasg to determine the effects of two variables on the basi¢ problem.
Theso were regular and irregular spacing of knobs and clockywise,
counterclockwise, and alternate (clockwise-counterclockwise) rotution
of the knobs. The first study involved connective reactions, and the
seccond adjustive reactions,

APPARATUS AND PROCEDURE

Thoe School of Aviation Medicine Finger Dexterity Test (CMI16A.)
was employed as it scemed well suited to a preliminary investigation of

tThis chapter I8 Lared upon research findings reported In Headquarters AMC, Englncer-
fng Divislon, Memorandum Report No. TSEAA-6D1-TA. The assistance of Judson 8.
Browa fn the desfgn of the evperfment and that of Willlam O, Jeokins in analyzing the

data aad preparing the report is gratetully acknowledged.
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this problem. This test consists of a board in which 48 square holes
are cut; round-headed pegs with square bases are inserted in the holes.
The basic task is to lift the pegs from the holes, rotate them 180°, and
reinsert them in the holes,

Eight problems or tasks were set up. The first 6 problems dealt with
the direction of rotation of 24 pegs arranged in a lincar pattern on the
first and second rows of the board. The last 2 problems involved the
manipulation of 24 pegs arranged regularly and irregularly over the
entire board. In problem 1 the subjects were required to work fromleft
to right across the board rotating the pegs through 180° in a clockwise
direction (CW) and then back along the second row from right to left.
Problem 2 was identical with the preceding one except that the rota-
tion was counterclockwise (CCW). In problem 3 the subjects were re-
quired to work from left to right across the board and back from right
to left along the second row. The odd pegs were rotated clockwise and
the even pegs counterclockwise through 180° (A). In problem 1-a
the subjects were required to work from right to left across the board
rotating the pegs through 180° in a clockwise direction and then back
along the second row from left to right. Problem 2-a was identical to
the preceding one except that the rotation was counterclockwise. In
problem 3-a the subjects were required to work from right to left
across the board and back from left to right along the second row. The
odd pegs were rotated clockwise and the even pegs counterclockwise
through 180°. In problem 4 the subjects manipulated 24 pegs arranged
regularly on the 4 rows of the board with every other peg removed.
The subjects worked from left to right along the first row, from right
to left along the second row, then left to right along the third row and
back across the fourth row from right to left. Problem 5 was identi-
cal with the preceding one except that the pegs were arranged in ir-
regular order. In the latter two problems there were six pegs per
row and the distance traveled was the same in both cases. The three
pegboard arrangements are illustrated in figure 16.1.

It will be noted that paired problems 1 and 1-a,2 and 2-a, and 3 and
3-a, respectively, are essentially the same. They differ in that the
subjects were 1cquired to begin at the upper lefc and work to the
right in 1, 2, and 3, and to begin at the upper right and work to the
left in 1-q, 2-a, and 3-a. Comparisons are made in the results section
between the 1-r and r-1 conditions,

The subjects, Army Air IForces pilots, were divided into 2 groups
of 24 each. The first group was tested with problems 1, 2, 3, 4, and
5. The sccond group was tested with problems 1-a, 2-a, 3-a, 4, and
5. ‘Thesubjects were seated at a table and the peg board was placed in
such & manner that the center of the board in its long dimension was
alined with the midline of the body. The subjects were given instruc-
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Freune 16.1.—Pegboard arrangements for problems CW, CCW, A, R, and I,

tions which defined the specific task at the beginning of cach now
problem and were told the number of times it was to be performed.
Four trials were given on each problem and each trial was timed with

a stopwatch. The time scores from the four trials were averaged and
the individual mean scores were used in computing the group means,

standard deviations, correlation cocflicients, and critical ratios.
A counterbalanced experimental order was used, involving 48 sub-
jects. As has been pointed out, 24 of the subjects were tested on prob-
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lems 1, 2, and 3, in which the subjects worked from left to right, while
the seconu group of 24 were run on problems 1-a, 2-a, and 3-a, in
which the subjects worked from right to left, and the data from the
two groups were combined. All subjects were run on problems 4 and
5 which are referred to hereafter as R (regular) and I (irregular).
Half of the subjeets started with four trials on I (I-R group) and
the other half started with four trials on R (R-I group); in each
case the first four trials were followed by four of the other condition.

RESULTS

Direction of Peg Rotation

In the first six problems, clockwise, counterclockwise, and alternate
{clockwise-counterclockwise) rotation of the pegs was investigated.
Since in the first six problems one-half of the group, i.e., 24 subjects,
began at the left and worked to the right, and the other 24 subjects
began at the right and worked to the left, it scemed desirable before
combining the data to compare the left starters with the right starters.

. An examination of the mean time scores reveals that there is no signifi-

cant difference in mean scores for the groups that began from left to
right as compared with the ones beginning from right to left. The
critical ratios were 0.4, 0.0, and 1.7, respectively, for the two orders of
starting on the C\V, CCW, and A problems. It scems appropriste,
therefore, to combine the data for these two conditions.

It can be seen from table 16.1 that CW is slightly better than CCW
but not significantly so, the critical ratio being 0.87. It is interesting
to note here that some subjects remarked that CCW seemed to be an
easier task than CW, although on no single occasion did the time scores

Tastk 10.1.~-Summary of the duata for clockiwcise (CW), counterclockioise (COW),
and clockiwisc-counterclockicise (A) rotation of pegs in control arrangement
czperiment

[N=4s]

Test condition M 8D
................................................................................ 23,38 2.87
OO W L iiiiiiti tierenaceueransenessacssstmnnessrssnonansssnsensnnssnannetasnsns 26,63 2.47
................................................................................... 27.58 289

r

ccw A

CW L iiiiiiiieiiiareeaeeaseenennonannesssnsessncsnsne sosensannesnnnrnce o neoses 0.6! 0.56
O L i iiriiieieietiueeecretnnavesnvensscesansearsencnassncnsennnnse arernnsncon | avevenens .
CR

cew A
................................................................................ 0.87 3.2
COW e ittt itrieiiettieeestonnsecsssnsocssosssvescsosnssasccssanass srassssnascss]acancaneas 244
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support the observation. CW and CCW are both statistieally signifi-
cantly better than A, the data yielding a critical ratio of 3.26 for the

former difference, and one of 2.44 for the latter,
RNegular Yersus Irregular Spacing

In the study of the two variables R and I appreciable learning effects
wero encountered. I'rom table 16.2 and figure 16.2 it can be scen

Tanre 18.2—3cany and stundard deviations of each trial for regular (R) and
irregular {I) spacing of pegs for the group starting with B (R-I ygroup), that

starting with I (I-R group), and the tice combined

Trial
Qroup cﬂgg" 1 2 3 4
M {sp| M |sp| M |sp] nm | sD
/et {n sLst| 30! 23] 30| W 291 mH| 1m
1 | =] 26| zmus| 33) 2n67| 3o08]| Zmsi 3
-R.: {x 2270 320| 2005 4o7| 24s2] Zos| 2oe] 33s
""""""""""""" bER| B B B i BE B
) ) ¥ 7 ) 3 | 24, a1
Comblned.........coeeenn. {T 1IN0 &0 20 3Rl 26 201239 %
34 |- e\ I- STARTERS
e R STARTERS
33
32
"
[} ?
z
[+
]
w 3
z
[N
3
Q 30 b
")
w
3 2
- Tea
29 |- -
\\
SR
1 AT
~
28 | 1 SR
27 |
<
o.? } t 1 [ W Y| | | 1
) 2 3 PR N ' 2 ) a4

FIRSYT 4 TRIALS,

SECOND 4 TRIALS

rsvns 16.2, —Mean the scores from trials 1 to 4 for group I-R and group R-1,
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that a considerable amount of learning occurs from trial 1 to trial
4 in the first set of four trials, but there is no appreciable learning
for the second set of four trials. The degree of learning in the first set
of four trials is statisically significant at the 1-percent level for both

the R-I and I-R groups from trial 1 to trial 4. .
For the R-I group, i. e., subjects who began with four trials of regu-

lar spacing followed by four of irregular, performance on the I condi-
tion was significantly better than on R, and for the I-R group, R was
significantly better than I. The means, standard deviations, correla-
tions, and critical ratios for these comparisons are given in table 16.3,

Tapry 16.3.—Mcans and standard deviations for all four trials averaged for
regular (R) and irrcgular (I) spacing of pcgs for the R-I group, the I-R
group, and the twwo combined, and corrclations and crilical ratios bdeliwceen
conditions

Group cﬁgﬂ" N Mecan SD 2{3;’ - r CR
R....... 24 29.53 27
L3 Lo 2l el 2zl o] oss 603
| O3 2 S ;‘_'::::: "2’2 %;’.32 gg 1.9 .6 4.00
Combined.eeueen.. civevevennennes {f:::" :g g:‘g §: gg 0.17 .58 33

From these data and from figure 16.2 it can be seen that the subjects do

better on the second four trials whether they start on variable Ror I.

Group R-I did slightly, but not significantly, better than group I-R on
both R and I conditions. When data for both groups are combined,
performance under R and I conditions is not significantly different
(CR=0.38).

Ii is noticeable that the variability between individuals for condi-
tion I on the first four trials is considerably greater than that for R.
The difference in variability for trial one is significant at the 2-percent
level of confidence. Over all, the critical ratio of the difference in
variability between R and I on the first four trials is 1.7.

DISCUSSION AND CONCLUSIONS

The resulis demonstrate that adjustive serial reactions, either clock-
wise or counterclockwise, are superior to reactions requiring alterna-
tion of these movements. It is concluded from this finding that a group
of controls that must be adjusted rapidly in sequential order should,
if possible, all operate in a similar direction.

Clockwiso rotation in the present experiment was not significantly
better than counterclockwise rotation. It is suggested, however, that
this variable might be studied further when all connective movements
are made in the same directions, i. e., always to the right or always to
the left. There was no significant difference between the scores of
those who began at the left and worked to the right and those who began
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at the right and worked to the Jeft. The procedure in this experiment,
it should be recalled; was for one-half the subjects to work from left
to right followed by right to left, and the other half to work from right
to left followed by left to right, and eachi subgroup worked an equal
number of rows in each direction. As has been suggested, it would be
interesting to determine the results if the subjects were required to
work across both rows of the peg board in one direction only.

The lack of any significant differences in speed of performance with
the regular and irregular arrangements of pegs could be explained in
several ways. It could be that there is a lack of any real difference
between regular and irregular spacing, although the curves in figure
16.2 seem to indicate that learning effects are distorting the results and
tend to obscure the experimental variables. The test was carried out
under direct visual control of the subjects and it may be that under
such conditions the factor of regular versus irregular spacing is unim-
portant. It would be of interest to repeat the study in the absence of
vision. Also it is possible that in the particular peg-turning test em-
ployed, the time required for connective movements is small in relation
to the time required to make adjustive movements, and hence the test
was not sufficiently sensitive for studying factors affecting the speed
of connective movements,

SUMMARY

1. In this study two variables pertaining to serial reactions were
investigated. The variables were regular versus irregular spacing of
pegs and clockwise versus counterciockwise versus alternate clockwise-
counterclockwise rotation of pegs. Forty-cight Army Air Forces
pilots were tested on each of the variables in a counterbalanced
sequence, '

2. The results indicate that (a) in this study clockwise rotation of
pegs is not significantly better than counterclockwise rotation; (b)
clockwise or counterclockwise rotation of pegs is significantly superior
to alternation of these movements; and (c) there was no significant dif-
ference in performance between regular and irregular spacing of pegs.
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CHAPTER SEVENTEEN

Lfficiency of Several Types of Con-

trol Movements in the Perform-

ance of a Simple Compensatory
Pursuit Task'

Warter . GreTier

INTRODUCTION

In many types of-control operations performed by human beings,
movements of the limbs are made more or less continuously in response
to visual indicators. The flying of an airplane is one such type of con-
trol operation. Relatively little is known concerning the factors
which influence the efficiency with which such movements can be made.
Many variations are possible in the particular muscle groups being
employed, depending on the limbs or portions of limbs being used, and
the direction of movement, Many factors in the controls themselves
also may be varied, such as friction, backlash, damping, spring center-
ing, mass, extent of movement, arc of rotation, and direction of move-
ment relative to the indicator.

A number of research studies on this general problem are known to
have been carried out during the war. Ilick (4) working in Great
Britain investigated the advantages of friction versus no friction in
crank-type controls under conditions simulating jolting and no jolt-
ing. This investigator concluded that friction increased efliciency
of operation under jolting conditions. For simple to-and-fro move-
ments friction was unfavorable under no-jolting conditions. Vince
(7), also working in Great Britain, showed that in general a nonlinear
relation between a control and a display is undesirable. In another
study Vince (6) showed that fewer errors are made when a control
moves in the expected direction in relation to the movement of the
indicator.

t Thiz chapter i3 based upon research findings reported In ITeadquarters AMC, Englacer-
Ing Divislon, Memorandum Report Number TSEAA-004-9.
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A number of German workers under the direction of Henschke
(2) studied a considerable number of variables which might be ex-
pected to influence control efficiency.  Among the conclusions reached
Ly this German group were the following: (1) control is less eflicient
with the feet and legs than with the arms and hands; (2). control with
the entire arm and shoulder including the wrist and hand is more
cficient than use of the fingers only; (3) control is best when the joints
are at a moderate degree of flexion; (4) friction, mass, and backlash
are all undesirable in controls; and (5) a single control grasped by
both hands and moved in two or three dimensions can be ‘controlled
with greater precision than can the necessary number of separate
controls having unidirectional movement (8). These German studies
were, however, carried out with small numbers of subjects and ap-
parently were not given adequate statistical treatment to establish
significance of the differences. For this reason the German conclu-
sions cannot be accepted as final,

‘The present series of studies was in part stimulated by the German
and British work cited above and is merely the beginning of a com-
prehensive program of investigation. The purpose of these studies
was the measurement of efliciency of several types of control move-
ments in the performance of & simple compensatory pursuit task.
This type of task had been used in an experimental aircrew selection
test developed at the AAF School of Aviation Medicine (1), and had
been shown to have high reliability and a relatively flat learning
curve, DBoth of these were considered significant advantages for the
present investigations. Another reason why a very simple control
taslk was chosen in preference to a more complex one was that it was
considered advisable to begin with single-dimensional movement and
reserve multidimensional movement for later studies.

APPARATUS

The apparatus consisted basically of & Single Dimension Pursuit
Test (supplied by the AAF School of Aviation Medicine) which was
modified to suit the needs of these particular experiments. The sub-
ject was seated in a simplified cockpit shown in figure 17.1 which pro-
vided a pair of rudder pedals (from a P-47 aircraft) and an inter-
changeable wheel and stick (from a Link trainer) as controls. The
instrument panel contained a single autosyn indicator with two point-
ers. On the black dial of the indicator were two white reference marks
or targets, one at the top and one at the left side. The task of the
subject was to keep one of the pointers centered on its corresponding
reference mark by use of one of five possible control movements. These
movements were as follows: (1) reciprocating fore-and-aft movement
of the right and left rudder pedals, with resting of heels on floor per-

228




Ficure 17.1—Compensatory pursuit apparatus used in the study of efliciency of
several types of control movements,

mitted; (2) lateral (aileron) movement of stick with preferred hand;
(3) fore-and-aft (elevator) movement of stick with preferred hand;
(4) rotary (aileron) movement of wheel with both hands; and (5)
fore-and-aft (elevator) movement of wheel with both hands. Withall
rudder and aileron movements the upper reference mark was used.
The pointer moved to the right when the right rudder was pushed,
when the stick was moved to the right, or when the wheel was rotated
clockwise, and vice versa. Thus the upper pointer was operated in
much the same manner as the rate-of-turn indicator in arnt airplane.
The mark at the lefi side of the indicator was used only for fore-and-
aft movements of the wheel and stick, and the pointer moved down-
ward in response to forward movement of the control, thus simulating
the rate-of-climb indicator. These scemed to be the most natural of
the available relationships between indicator and control movements,
particularly for pilots.

Random movements on the indicator were produced by the cam
follower of the SAM Single Dimension Pursuit Test, which was linked
to an autosyn transmitter. The cam in this test was mounted directly

on the shaft of a synchronous motor which was supported on a small

wheeled carriage riding on parallel tracks. Compensation for the
movements of the cam follower, and hence the autosyn indicator,
could be made by appropriate movements of the motor and cam.
To accomplish this the carriage bearing the motor was linked to &
drive shaft by a rack and pinion gear. Three continuous cables from

0
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the rudder, elevator, and aileron controls were led around pulleys on
this shaft. Seclection of the control to be linked to the motor carriage
was by insertion of a pin through the hub of the appropriate pulley
into the drive shaft. The ratio of control to indicator movement could
be varied by exchange of gears on the drive shaft.

The measure of performance on this test was the time during which
the pointer on the indicator was actually held on the white reference
mark. ‘To obtain this measure a scoring contact, moving with the cam
follower, rode over a stationary inlaid contact and activated an elec-
tronic relay. This relay in turn energized the clutch of a Standard
Electric time clock. A width of scoring contact was chosen which
would allow the average subject to score during approximately 50
percent of the testing time. The width of the white reference mark
on the indicator was then chosen so that the scoring weuld occur
whenever the pointer overlapped any part of the white area.

One of the two pointers on the indicator was always used with the
reference mark at the top of the dial, and the other pointer with the
mark at the left side. Selection of the pointer to be used was by means
of a rotary selector switch. A third position on the switch reversed
the direction of movement of the upper pointer.

Timing of test trials was by means of a microswitch operated once
during each revolution (one RPM) of the motion-controlling cam.
This switch, connected in parallel with a “start” switch on the experi-
menter’s panel, controlled the current to the cam and clock motors.
‘The test trial was begun by closing the “start” switch, and was ended
whenever both this switch and the cam microswitch were open. Thus

the test could be stopped accurately at any multiple of 1 minute.

EXPERIMENT 1.—COMPARISON OF RUDDER, STICK, AND WHEEL
CONTROLS WITH UNEQUAL EXTENT OF MOVEMENT

Purpose

The purpose of this experiment was to compare the efficiency of
operators in performance of a pursuit task using the following five
control movements: rudder, clevator (stick),. elevator (wheel),
aileron (stick), aileron (wheel). '
Procedure

Twenty-four male subjects were used in this experiment. Each
subject reported for 2 experimental sessions, usually 1 in the forenoon
and 1 in the afternoon. IIalf of the subjects used rudder and stick
controls (3 test conditions) in the morning and rudder and wheel con-
trols (3 test conditions) in the afternoon. For the remaining half the
sequence was reversed.  Each of the experimental sessions was begun
with Uminute of practice on each of the 3 movements (rudder, elevator,
aileron) to be performed during the test session. The actual test con-
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sisted of six 3-minute test periods with 3 test conditions presented in
counterbalanced order. The 6 possible counterbalanced orders of 3
conditions were equally distributed among the 24 subjects. For each
of the 1-minute practice periods and the 5-minute test periods the time
score was recorded on a suitable data blank.

The maximum distance of the control movement required to keep
the indicator centered was approximately as follows for each of the
five controls: rudder, 4 inches; elevator (stick), 8 inches; clevator
(wheel), 8 inches; aileron (stick), 8 inches; aileron (wheel), 11 inches,
These distances have roughly the saime ratio to one another as do the
maximum distances of control movement in aircraft. There is con-
siderable variability among aircraft in the ratios of these distances.

Results

The results of experiment 1 are summarized in table 17.1, which
gives the average time scores for the 24 subjects under the 5 test con-
ditions. In the table are also given the differences between the aver-
age scores for the 5 conditions and corresponding critical ratios. Those
differences and critical ratios which are significant at the l-percent
or higher level of confidence are marked by an asterisk,

TaBLy 17.1.~~Comparison of control efficicncy on a simple compensatory pursuié
task using rudder, stick, and wheel controls with uncqual extcnt of movemensg?

[Experiment 1, N=24)

Typo of Movement

Elevator | Elevator | Afferon | Aflcron
Rudder | "tick) | (wheel) | Gtick) | (wheel)

PxRrCENT TiMx ON TARGXK?

3 (1. T 51.C8 61,12 060,97 5503 8L
8D..... eeseeserctsccancescestecusstasasacnoarcansans 8.00 12.72 1L.62 16.41 9.08
DirrzrxNc
Rudder. . ooeioneiaeennn , X L2 *..3.00
Elevator (stick)........ *468.33
Elevator (wheel).. .. *16.23
Afleton (stick)......... 41,19
CR
Rudder...ceuinneennn.. tesmaccscenccsasessennsssarnesfaranannen *5.63 *6.78 319 *2.67
) ALY LT YT T AR SN A2 4% 5.3t
Flovator (Wheel) oo oveecnnnneiceemeieencniceneeneedoenmneerc]onieeeeioennonnnan *4.20 *6.22
P31 (1 REH 9 DR DO HORROe: SRR AR . N

v Al difTerences andd eritical ratos marked by an asterisk (*) aresignificant ot the -percent or greater level
of confidence.  Critical ratios were computed from the standaed desviutlons of the distributions of individual
ditlerenco scores rathier than froms the alstributions of raw scores. ‘Fhus cach subject served as s own
control in tho statistical aunlys!s,

In determining the significance of the differences in table 17.1 the
differences between scores made under the five test conditions wers
computed for each individuul subject, Critical ratios were then com-

puted from the means and standard errors of the distributions of these
differences (for exact method see Peters & Van Voorhis (5), pp. 165-
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167). By this statistical procedure each subject served as his own
control.

Discussion

Tt is apparent from table 17.1 that control with the rudder (feet and
legs) was significantly less cflicient than with the stick and wheel
(hands and arms). Also, the aileron (lateral and rotary) direction
of control was less efficient than clevator (fore and aft) control for
both the stick and wheel. Although performance was slightly better
with the stick than with the wheel, for both directions of control, the
differcaices were small and could have easily occurred by chance.

These findings are, however, subject to a number of qualifications.
It will be recalled that the extent of movement was not equalized for
all of the controls and this fact may have affected the results. This
possibility was checked in experiment 2 in which the extent of move-
ment was cqualized on the rudder and both dimensions of stick move-
ment. Other possible influences which could not be precisely equalized
were slack, friction, and inertia in the control systems. Evaluation of
these factors is needed in future studies.

Experience during the war with similar tests used for selection and
clussification demonstrated that the major cause of differences in scores
(aside from the individuals themselves) was variation in the effective
width of the scoring area. In this and the following experiments the
same scoring coatact was used for all controls, thus eliminating this
as a possible cause of differences in performance. Both friction and
inertia (mass) were so low in this experiment that it is doubtful that
they could have been significant influences. Measurements of slack
showed this to be virtually zero for the rudder, 14 inch for elevator
control {both wheel and stick), 34 inch for aileron movements with
the stick, and 134 inches for the aileron movements with the wheel.
The poorer performance on the rudder could therefore hardly have
been caused by slack (unless slack is desirable). The somewhat poorer
performance for aileron as compared with elevator movements with
the wheel might have been caused wholly or in part by differences in
slack.

In this first experiment many of the subjects complained of eye
strain resulting from the 5-minute test period. TFor this reason,
shorter test periods were used in the subsequent experiments,

EXPERIMENT 2.—~COMPARISON OF RUDDER AND STICK CONTROLS
WITH EQUAL EXTENT OF MOVEMENT
Purpose

The purpose of this experiment was to compare the efficiency of °

control on the pursuit task using the following types of control move-
ments with equal extent of movement: rudder, elevator (stick), and
aileron (stick).
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Procedure

‘Thirty-six rated pilots served as subjects in this and the following
three experiments. Bach of these men reported for a 14 hour test
session on each of four successive days. This experiment was ad-
ministered on the second of these days, following the test reported as
experiment 3. The 14-hour session consisted of six 2-minute test
periods with test conditions presented in counter-balanced order as in
experiment 1. The three test conditions used were (1) rudder, (2)
elevator (stick), and (3) aileron (stick). The maximum extent of
movement required on cach control to keep the pointer centered was 4
inches,

Results

In table 17.2 is presented a summary of the results for experiment 2.
The average scores for the several test conditions, the differences
between the scores, the critical ratios, and the significance of the dif-
ferences are presented as in table 17.1,

TapLe 17.2.—Comparison of control cfiicicncy on a simple compenzatory purauit
task using rudder and stick controls with cqual crtent of movemens®

{Experiment 2. N==34]

Typo of movement
Elevator Afleron
Rudder (stick) (stick)
Prrcxt TiXE ON TARQEY
MOAR.ceucneccceresccncoconsosascorassscsearsomscnctassnnasnrennen 53.78 67.43 .83
3 5 O RPN 819 613 1.08
DIrFrERENCRS
UQQeL. e seeercecoicosroccrcnnscconsrncaseasoscocssancecsncsacsnleccanasnnnen *-12.15 4.0
Elovator (StCK) cevececrennnceiieammcmecticareccnaccrinncsccecse]rercnaanvesc|enceccaononans 4819
CR

RUAdOr. o e cvrcenctoncccennecececccsaranccrocercnarcarascocnnassleseanansanan *17.17 *2.59
Elovator (StIek) cceaeceenmaniercnenciiineccarnccnssccenncrenccnc]eccecerrnne]ecenrancanensd *11, 57

+ All differences and critical ratlos marked by an asterisk (%) are significant at the 1-percent or greates
lovel of confidenco. Critical ratios were computed from the standard devistions of the distributions of
individual difference scores, rather than from the distributions of raw scores, Thus cach subject seeved
as his own control in the statistical analysts,

Discussion

The results of experiment 2 agree closely with those of experiment
1 in showing that rudder control was least eflicient, and that aileron
control was somewhat less «fficient than elevator control, even when

the extent of movement was cqualized.

EXPERIMENT 3.—EFFECT OF A REVERSAL IN DIRECTION OF INDI.
CATOR MOVEMENT UPON EFFICIENCY OF CONTROL
Purpose
The purpose of this experiment was to determine the effect upon
control efliciency in performance of a pursuit task of a reversal in
the direction of indicator in relation to control movement.
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Procedure

Thirty-six rated pilots served as subjects, These were the same men
used in experiments 2, 4, and 5. ‘This experiment was run during the
first of the 414-hour test sessions. Each subject was given eight
1-minute test periods during each test session. Ialf of the subjects
were tested on the rudder during the first four test trials and on the
aileron during the last four test trinls. For the remaining half of
the subjects this sequence was reversed. Tests using the rudder were
made under two conditions which were counterbalanced in ABBA
order for the first half of the subjects and BABA order for the
remaining half of the subjects. The same counterbalancing procedure
was used for the tests on the aileron control.

The two test conditions used for the rudder were (1) rudder direet,
in which the upper indicator moved to the right when the right rudder
pedal was pushed and to the left when the left rudder pedal was
pushed, and (2) rudder reversed, exactly the reverse of the above-
mentioned condition. The two test conditions used for the aileron
wero (1) aileron direct, in which the upper pointer moved to the left
when the stick was movad to the left and the pointer moved to the
right when the stick was moved to the right, and (2) aileron reversed,
which was exactly the reverse of the above-mentioned condition. The
maximum movement required on the rudder to keep the pointer cen-
tered was 4 inches, and the movement required on the aileron was 8
inches. The stick rather than wheel was used for aileron control.
Time scores were recorded on a suitably prepared data sheet at the
completion of each 1-minute test period.

Results
In table 17.3 are presented time scores, the differences in scores for

direct and reverse conditions, and the critical ratios for this experi-
ment.

Tanre 17.3.—Comparison of control efficicncy on a simple compensatory pursuit
task uaing rudder and stick controls 1with dircct and reversed smovement on
the indicator?

{Experiment 8. N=236)

Type of movement

Rudder Rudder Afleron Aflcron
direct reversad direct reversed

b L T O 49.08 4.28 54.25 §2.38

13 3 T PR 612 8.80 5. 41 6.2
DiyrxRENCRe

DIrect—Reversed. .. oveveeeiernoiiiinrrcrnneneiannennes *4.8.40 +4-1.90

R e ieticceareeeseereeserereeressonannnnen 409 1.48

1Al differences and critical rntlos snazked by an asterlsk (*) are significant at the 1-percent or greater
level of confidence,  Critieal eatlos were computed from tho standard deviations of the distributlons of

Individual ditference scores, rathier than from tho distributions of raw scorcs.  Thus each subjoct sceved ns
bls own control in the statistical analysis, -
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Discussion

It will be noted in table 17.3 that the difference for direct and reverse
control on the rudder was significant. For the aileron, however,
althoug:. the average score was somewhat higher for the aileron divect
condntlon, the (Ilherence was not statisti ally significant. The lack
of significance of the difference for the aileron control may very well
be attributable to the previous experience of the subjects in use of the
artificial horizon. On this indicator the upper marker moves to the
right when the aileron is digplaced to the left and vice versa (see ch.
8). Thus rated pilots had all had considerable experience with the

aileron reverse condition during actual flight.

EXPERIMENT 4.—EFFICIENCY OF RUDDER CONTROL AS A FUNCTION
OF ANGLE OF KNEE FLEXION

Purpose

The purpose of this experiment was to compare the efliciency of-

rudder control in performance of a pursuit tagk under three conditions
of angular flexion at the knee.

Procedure

The 36 rated pilots used as subjects served on this experiment dur-
ing the third of the four 14-hour sessions during which they were
tested on this apparatus. The actual test consisted of six. 2-minute
test periods, with three test conditions presented in counterbalanced
order. The 6 possible counterbalanced ovders of the 3 condxtxons were
equally distributed among the 36 sub]eds.

The three test conditions were maximum extension, medium exten-

sion, and minimum extension. The degree of extension was defined
in terms of the angle formed by the knee joint as measured by a pro-
tractor which could be placed upon the ventral surfaces of the thigh
and lower leg. The angles formed at the knee when the rudder pedals
were equalized were for the three conditions of 135°, 120°, and 105°
This appeared to be the greatest angular range which could be used
without having the subject’s reach exceeded during maximum control
movements and without causing excessive discomfort. These changes
in leg angle were accomplished by shifting the position of the subject’s
seat. The time-score data were recorded on a suitable data sheet as
were also the subjects’ statements as to the relative comfort of the
three positions. The maximum movement of the rudder required to
keep the upper pointer stationary was 4 inches.
Results

The average time scores, the differences, and the critical ratios for
experiment 4 are shown in table 17.4.

The subjects’ statements as to the relative comfort of the three leg
angles are summarized  table 17.5.
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TasrLy 17.4.—Comparison of rudder control cfficiency in the performance of a
simple compensatory pursuit task for three angles of leg fAezion?

[Experiment 4. N=3806]

Aunglc of leg fiexion
Maximum Mcodium Minlmum
extenslon extension extension
{135°) (120°) (105%)
Pxrcest TiME ON TAROR?
MeD.recieenenenn Cesaseccsorssevsenarasarcssnsvensssancses 0. 53 60.35 .48
-3 ¢ B Necearainacsncsscansctstacvasrasnnesnenen 8.26 8.2 7.02
DirrERXNCES
Maxtmum extenslon. ..o vvieieieneeecreneecneincarcnsncececnc]ovrencanuanaes +.2 +1.08
Mol CXLeRMON. ceceeennrencecaccaarescnseoransnncnssaceefasasssccnacsac|escscesncnases .83
CR

Masimum extenston. .. .veveeeereneaccericcenccencccsorocsesc]ooscacnavancas .32 1.58
Medium eztenslon.. . coeeieiecaiiiiiciecresertacaencnrcecces)evecanecnmnncslorenncoranctan 1.67

1Critieal ratlos were computed from the standard devintions of the distributions of
Individunl difference scores, rather than from the distributlons of raw scores, Thus each
subject served as his own conteol in the statistical analysis,

Tapry 17.5.—Relative comfort of three angles of leg flezion during perfermance
of a simpic compensatory pursuit task by use of rudder control

[Experiment 4, N =38}
Relative comfort

Qreatest Intermedf- | Least com.

comfort ate comfort fort
FRYQUENCY OF JUDGMENTS FOR T1 R FOLLOWING CONDITIONS
Maximum extonsion (138%) e niiiirieiiniriaieeceteacnns 8 13 15
Medium oxtension (120°)...... (eeesctescecmnescencsaneeennnnn 23 9 2
Minjmuim extension (108%) . ueeeienicnneiccninecnccncrennnes 3 14 19
Discussion

It will ho noted in table 17.4 that the efficiency of rudder control was
approximately equal under the three conditions of leg extension, All
of the dilferences aro very small and lack statistical significance. It
will be noted in table 17.5 that the medium angle of leg flexion was
judged to be most comfortable and that the maximum and minimum
a* sles of leg flexion used :n this experiment were judged to be approxi-
mutely equai in comfort.

EXPERIMENT 5.—FEFFICIENCY OF ELEVATOR CONTROL AS A
FUNCTION OF ANGLE OF ARM FLEXION

Purpose

Tho purpose of this experiment was to compare the efficiency of
elevator control in performance of a pursuit task using a wheel under
three conditions of angular flexion at the elbow,

Procedure )
The 36 rated pilots used as subjects served in this experiment on
the last of the four 14-hour test periods. The actual test consisted of
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six 2-minute test periods with 3 test conditions presented in counter-
balanced order. The 6 possible counterbalanced orders of the 3 con-
ditions were equally distributed among the 36 subjects.

The three test conditions were maximum extension (135°), medium
extension (120°), and minimum extension (105°). This appearved
to be the greatest angular range which could be used without having
the subject’s reach exceeded or the wheel strike the seat during maxi-
mum control movements. The angle formed by the clbow was meas-
ured in the same manner as the angle of the knee had been measured
in experiment 4, except that the measuring instrument was placed
on the dorsal surface of the upper and lower arm. As in experiment
4 the time scores and the subjects’ reports of the relative comfort of
the three positions were recorded. The variations in angle formed
by the elbow were accomplished by changes in the position of the

"subjects’ seat. The maximum extent of wheel movement required to

keep the upper pointer centered was 4 inches.

Results
The time scores, differences, and critical ratios for this experiment
are presented in table 17.6. The subjects’ statements as to the relative
comfort of the three positions are summarized in table 17.7.
TAsLE 17.6.—Comparison of clevator control efficiency in the performance of @
simple compensatory pursuit task for thrce angles of arm ficzion
{Experiment 8. N=36)

Angle of arm flexion
Maximum Mecdium Minimum
cxtension extenslon extenslon
(135%) (120°%) (105*)
PERCEINT TIME ON TaARCE?
D35 (1 O tecececsssascccsaninenas teevsiccmmenas 65.63 (4.38 65.93
7 9 g 7.3¢ 8.08 7.0
DIFFRXRENCES

Maximum extenslon. .ccoecneeaneeaanncencneceacccanansanee]ieereniannnnas -.73 —-.30
Medium extcnslon...........el.i ......................................................... +.4
Maximum extension. . .cvaciiieieiniiiieeatinccncesceaec]icetennnennens 1.38 N
Modium extenson. ccouericnccaeiiicaiiiiiiiiiieicaniccarenaericienneriee]enrarennnenns 7

Taunre 17.7.—Rclative comfort of threec angles of arm fleclon during performance
of a simple compensatory pursuit task by use of elevator (iwcheel) control

[Experlment 3. N=36]

Relative comfort
Greatest | Intermedinto] Ieast com.
cumfort comfort fort
FREQUENCY OF JUDGMENTS FOR TUE FOLLOWING CONDITIONS
Maximum rxtensfon (135%).... . e ] ) k)
Medium extenslon (120%).... ¥ 16 3
Minimuin extension (1059)..... 18 13 H
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Discussion

It will be noted in table 17.6 that the greatest time scores wers
obtained under the medium extension condition. As in experiment
4, however, the differences are exceedingly small and are not sta-
tistically significant. It will be noted in table 17.7 that the medium
and minimum extension conditions of clbow flexion used in this ex-
periment were considered about equally comfortable, whereas there is
almost universal agreement that the condition of maximum cxtension
was least comfortable. The most reasonable conclusion from this ex-
periment would seem to be that there are no significant differences
in eflicicncy of control under the three degrees of arm flexion used in
this experiment, but that the condition of maximum flexion should
be avoided becuuse of the discomfort to the operator..

GENERAL SUMMARY OF FINDINGS

1. Control with the hands and arms was found to be more efficient
than that with the feet and legs. Of the two directions of hand
and arm control used, the fore-and-aft (elevator) movements were
found to be more cfficient than lateral or rotary (aileron) movements
(experiments 1 and 2).

2. Efficiency of control was approximately equal for stick and wheel
controls for both clevator and aileron directions of movement (experi-
ment 1), The stick was operated with one hand and the wheel with
two.

3. The use of a direct relationship between control and indicator
movement on the rudder (i, e. pointer moving to the right when right
rudder is pushed) resulted in significantly better performance than
a reversal of this relationship, A reversal of the relationship on the
aileron control caused only a slight (and not statistically significant)
reduction in control efficiency (experiment 3).

4. Three median angles of leg flexion, 135°, 120°, and 105°, resulted
in approximately equal efficiency of control with the rudder, although
the position of medium extension (120°) was judged by the subjects
to be most comfortable (experiment 4).

5. Three median angles of arm flexion, 135°, 120°, and 105°, resulted
in approximately equa! efficiency of elevator control with the wheel.
Tho condition of maximuin extension (135°) was judged to be least
comfortable, und the other two conditions were judged to be about
cqually comfortable (experiment 5).
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CHAPTER FIGHTEEN

An Experimental Comparison of
the Accuracy of Sighting and
Triggering with Three Types of
Gun-Sight Handgrip Controls'

A, P. Jourxsorw anp J. L. Mwrox

INTRODUCTION

The investigations reported in this chapter were undertaken as part
of a comprehensive rescarch program on the design of gun-sight con-
trols for most efficient use by the operator. The studies wero concerned
with the comparison of scveral types of controis for use when the
primary task of the operator is to move the sight itself in such a
manner as to keep the reticle on a moving target.

The standard handwheel controls employed on the B-22 Pedestal
Sight during the war were subjected to considerable eriticism by the
men who used them. In operating this sight the gunner’s right hand
must operate two wheels on the same shait, a serrated one controlling
ranging (framing) and a smcoth ons which aids the left hand in
cievation tracking. Frequently, in ovder to track tho target properly
in elevation and in order to range correctly at the same time, the ser-
rated wheel must bo rotated in a dirvection opposite to that in which
the smooth wheel is moved, This often eauses one movement to inter-
fere seriously with the cther. A further difficulty arises because of the
small radius of the handwheels which are on the axis of rotation of the
sight. This lack of adequate leverago is asserted to result in fatigue
and irreguiar elevation tracking. If the right hand is used only to
operate the ranging wheel, then the left hand must carry the major
portion of the task of tracking in azimmth and in clevation. As the
wheels are rotated for elevation tracking, the thumbs of the right and
left hands must be moved over flexible rubber covers in order to press

e ————————

}TLI3 chapter is based upon rescarch Sndlnge reparied In Yieadquarters AME, Engt-
neering Division, Memorandum Reporis No. TSEAA-G21-2 and TIEAN-CO3-248,
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the triggers. At extreme positions 1. . thumbs ave frequently below
or above a satisfuctory triggering po. tion. Unless the thumbs are
raised well above the rubber trigger covr»s, friction against the rubber
causes the thumbs to drag from one .levation position to another,
Furthermore, the triggers both require a great deal of pressure to
operate. Persons using these controls complain that their hands be-
come fatigued if they operate the sights for more than very short
periods of time,

In 1945 Project AC-91 of the Applied Psychology Panel, N. D. R.
C., published reports (2, 4) describing the design of two slternativesets
of hand controls for the B-29 pedestal sight. One report (4) gave
tho results of an experimental study of the efliciency of sighting per-
formance with a set of modified controls. Another report (2)
described a still different design for liand controls but gave no experi-
mental data on the performance of gunners in using this revised
design. On the basis of these reports the Armament Laboratory,
Engincering Division, Air Matériel Command, constructed two sets
of hand centrols. The Aero Medical Labomtory was requested to
repeat the initial N. D. R, C. study with the first set of hand grips and
also to study the second design. Studies were undertaken, therefore,
to determine the relative superiority, if any, of the two new designs
over the cld {ype B-29 hand controls, and to detérmine which of the
proposed new designs was superior. These studies were- believed
worth while for several reasons. It was considered desirable to repeat
the validation study *eported by Pro;ect. AC-94 and to add triggering
which was not included in the previous study. Since the present
research utilizes an apparatus that is different from the ons employed
by Project AC-84, the repetition of the earlier study is of further
intercst from the standpoint of comparing research findings with two
different methods of investigation and two different apparatuses.

EXPERIMENT L—COMPARISON OF CONTROLS A AND B

Apparatus

A convenient apparatus for carrying out experiments 1 and 2 was
provided by the SAM Pedestal Sight Manipulation Test, shown in
figure 18.1. The construction, calibration, and operation of this test
have been deseribed by Judson S. Brewn (1) and reliabilities have been
reported by Moncreif II. Smith (3) in publications from the AAF
School of Aviation Medicine. This tesi was originally designed as
a selection device for B-29 gunners. It provides a realistic and stand-
ardized series of pursuit-course attacks requiring tracking, ranging,
and triggering by the operator. For each series of attacks there can
bo cbtained a time score for tracking correctly, for ranging correctly,
and for triggering correctly, nid nlso a time score forany combination
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of these functions. Independent scores can also be obtained for azimuth
and elevation tracking. The criteria of corrcetness was defined in
terms of angular degrees of divergence of the line of sight from the
target. It is believed that the scoves provided by the apparatus are as
good criteria of gunnery performance as any currently availuble.
Description of Controls

The standard hand controls for the B-25 Pedestal Sight have already
been described. A view of these controls is shown in figure 18.2. The
standard control will be referred to as control A for the purposes of
this report. In experiment 1, this control was compared with con-
trol B which is shown in figure 182, The latter control was designed
originally by Mr. Richard L. Solomon of Project AC-04 with the as-
sistance of Mr. Nicholas Yakimovich of the Research Division, Laredo
Army Airfield (4). The new control was designed to £it the hand
comfortably. Triggering was accomplished by the thumb of the left
hand on a trigger which was a part of and moved with the control,
Ranging was accomplished by applying pressure with the fingersto s
spring-loaded trigger-like extension on the right-hand control. Asthe
target came nearer and increased in size, the operator of this control
squeezed his fingers together, moving the trigger-like extension in teo-
ward the rest of the handle. The two sets of hand controls were easily
interchangeable on the test apparatus.

Experimental Procedure

Two groups of sibjects were used, one group beginning with the
hand control A, the othier with the hand control B. A counterbalanced
experimental testing sequence was followed in order to equalize practice
effects.  Each group operated the hand control A for two 10-minute
test perieds and the hand control B for two similar periods, each test
period occurring on a separate day. The order of testing for one
group (N=9) was ABBA and for the other (N=10) was BAAB. The
groups consisted chiefly of enlisted men. None had any previous ex-
perience with the apparatus or in the use of the B-29 sight,

Each 10-minute trial inciuded four successive 214-minuts series of
eight different attack courses (half beginning on the right and half on
the left). The test was carefully calibrated prior to each day’s test-
ing in accordance with standard procedures. Azimuth and elevation
tracking sceves were obtained in minutes and hundredths of minutes on
target. “On target” was defined as the time during which the center
dot of the reticle was within approximately 10 mils vertically or hor-
izontally of the center of the target. Ranging within approximately
6 mils was scored as correct.  On each trial two scores were obtained
simultancously : a score giving the amount of time during which the
gunner was simultaneously sighting and ranging correctly; and a scoro
indicating the amount of time he was simultancously sighting, ranging,
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and triggering correctly. IEach person was instructed to trigger only
while he was tracking and ranging correctly. Since a high proportion
of the group thought they were tracking and ranging correctly nearly
all of the time, they held the trigger down almost continuously.

Results

The results obtained in this experiment are summarized in table 18.1
which gives the scores obtained on controls A and B expressed as mean
pereent of time on the target, the standard deviations of these scores,
the differences between scores obtained by the two hand controls, and
the significance of these differences. Scores are presented for each of

30 r

as }

sr

PER CENT 'OF TIME ON TARGET

'y

™S
F 9

3 1, -3
4 L) <
TRIALS TRIALS

EXPERIMENT NO, ! EXPERIMENT NO. 2

F1our: 18.3.—Comparison of comblaed tracking, ranging, and triggering perform-

ance—oexperiment 1. control A versus control B experiment 2, control B versus
control C.

the two groups of subjects and for the groups combined. Data for
combined tracking, ranging, and triggering are shown graphically in
figure 183 for each of the four trials of each experimental group. It
can ba seen from table 18.1 and from figure 18,3 that there was con-
siderable learning during the trials and that the order of testing had a
significant effect on the results for the two subgroups. These results in-
dicate that for the combined tracking and ranging scores, the new hand
control B is markedly superior to the old type hand control A. The
differences arve significant at the 1-percent level of confidence. For
combined tracking, ranging, and triggering, the new-type hand con-
trols are even more markedly superior,
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For all of the data combined it will be noted that the percentage
of time during which subjects sighted, ranged, and triggered correctly
with hand control A was 32.1 percent while the percentage of time with
hand control B was 1.6 percent. This superiority of approximately
one-fourth more time-on-target is not only of statistical significance
but, from a practical point of view, is highly significant in indicating
the amount of improvement that can be gained by designing controls in
relation to human abilities.

TasLk 18.1.—~ean scorcs exrpressed as pereent of time on turget, standard devia-
tions, und t ratios for hand contrsls A and B

{N=19}
Hand control | tHand control
(A) (D) 8D ol
Exporimental Moan de'gg.
Score p:-roup N .\Io:mt .\(ca'mg ,i’f,;g& bc“l'r?dm ¢
pereen! wroeen st
time SD time 8D ’;euu
on on
ABBA........ 9! 4w.4] 46§ 41.9] s8] 7.¢ 3] 80
Tracking and ranging........ BAAB........ 10f <1.4111.4 4.0 10.2 1.¢ 52 .9
v I EHEH ISR I
Teacking, ranging, and trlg- i awT01000 10f me 2| 3n2lizo) 3e] 7a) ns
B ceveacaeronncaanes oo Combined....] 18] 321110.6] 41.6]10.2] 2.8 88| 47

EXPERIMENT 2.—COMPARISON OF CONTROLS B AND C?

Description of Controls -

In this investigation the new-type hand control B, which was found
in the preceding study to be significantly superior to the old-type hand
control A, was compared with a third control which for the purposes of
this study was designated control C. This control is shown in figure
182, The left-hand grip was the same for controls B and C. The
right-hand control C, which is primarily a ranging control, was pat-
terned after a design proposed by K. U. Smith of Project AC-94 in
collaboration with Frank Crossley of the Research Division, Luredo
Army Airfield, (2).

With the new hand control C, the movement required for framing
is distinet froin and independent of the tracking movements in azimuth
and elevation. The finger and wrist movements requived for framing
do not change appreciably as the sight travels in azimuth or elovation.
Iowever, the hand accomplishing the framing moves with the azimuth
and elevation movements of the sight and serves to stabilize the track-
ing. In the oviginal design proposed by Project AC-94, this ranging
control was to have been operated by the left hand and the tracking and
triggering control by the right hand. Ilowever, since the B-29 Pede-

¥ Mr2, Sue Digiles assisted the nuthor In the testing of subjects and the analysls of data,
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stal Sight is so designed that ranging can be accomplished only by the
right hand, the control was tried out in this study on the right hand.
Apparatus and Procedure

The appuratus used in experiment 2 was the same as that employed
in experiment 1 and the procedure was similar. In experiment 2, 2
total of 42 rated pilots were used as subjects. The scoring system was
arranged so that an independent ranging score was obtained, in addi-
tion to a score which indicated the time during which simultaneous
tracking and ranging was accomplished correctly, and the time during
which simultancous tracking, ranging, and triggering was accom-
plished correctly, Subjects were divided into two groups and a coun-
terbalanced experimental testing sequence was employed as in experi-
ment 1. Subjects were given the 10-minute test trials on four successive
days,
Results )

The results of experiment 2 ave summarized in table 18.2 in which
arc given the scores for each experimental group and for combined
groups, It will be noted from an examination of this table that

Tanix 18.2.—3can scorcs crpressed as pereent of time on target, stondard devia-
tions, and ¢t ratios for hand conirols B and ¢

IN=42) ‘
Hand control | Hand control
8D of
) © Afeaq | 41255
R esnl] ence
Booce Espelmental | o 10y of dif-[ bet- | 4
§roup reent Mcmt ference| ween
percen reen
time | 50 pglme 8D pelred
on on foores
BCCB........ 2t| s26] 9.5 w0.2| 90| 24 e9] 1s
RAngINgonlYeeeeemenenvennen {cunc ........ 211 s.6! 70| 48] 1] 3 . .
¢ Combincd 1| 42| sue| sa| 435! a7| 331 2% ¥3
BCCN........ 21 428) 82 30.4| 80] 32! e
Tracking sud ranging........ {c:mc ........ Al 4.7} 9.6} 3.0 7.4] 4.7 8.: %3
Combined. 2] 42| 421] 7.6] 382) 7.8} o] 761 3¢
e e B A R ST ETI I R Y
LT >[lCombined...] 42| 367( s2| 338| 7.6] 29| 71! 2

the hand control B was in all cases superior to the hand control C
when all data were combined. The ranging score with control B was
superior at the 2-percent level of confidence. Combined tracking and
ranging scores were significantly higher and combined tracking,
ranging, and triggering scores were also much higher for control B.
Theso differences were significant at better than the 1-pereent level.
The retest reliability of the scores is indicated by « coeflicient of

0.10 for the I3 condition and one of 0.50 for the C condition for the data
of the 42 subjects.
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By comparing the data in table 18.1 for hand eontrel X+ ¢ 2 0 =
in table 18.2 for hapd control C, it will be noted that pesf «u. oo o
control C was intermediate between that on controls A and I8 &
date suggest therefore that ranging control C is somewhat better ¥ sn
the original control A employed on the B-29 Pedestal Sight but £ as
good as control B.

In considering the results cf the comparisons mads in experiment
2, it should be remembered that control € was initiaily designed to
be used by tiie left hand. It is possible that if control C had been
operated by the left hand in this experiiaent, tracking and framing
would have been accomplished with somewhat greater accuracy. The
comparison between controls B and C is believed justifiable since in
both eases the right hand did the ranging.

~

GENERAL CONCLUSIONS

The results of experiment 2 as well as the results of experiment 1
indicate that changes in the design of the controls employed in operat-
ing a gun sight can result in marked changes in the accuracy with
which the sight canbe used.  Since statistically significant results were
obtained in both experiments with relatively small numbers of cases,
it can be conciuded that the apparatus and procedures employed in
these studies provide & reliable method for the systematic investiga-
tion of problems in the design of controls for equipment in which the
operator is required to keep a moving object centered on a set of cross

hairs.
SUMMARY

1. This study was undertaken as part of a comprehensive research
program on the design of gun sight controls for most cflicient use by
the operator. The study dealt specifically with controls for the B-29
Pedestal Sight.

2. In experiments 1 and 2, the tracking, {framing, and triggering
performance of subjects was recorded when using two new-type hand
controls as well as when using the original hand controls.

3. The resulting data indicate that changes in the design of controls
can result in marked changes in the accuracy with which a gun sight
can be used. Both new-type controls were found to be superior to
the original controls on the B-29 Pedestal Sight.
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CHAPTER MNETEEN
The Effect of Anoxia On Visual

IHIISIOI}S
Warres F. Gremier, Jony T. Cowres, axp Riciiamn E. Joxes?

INTRODUCTION |

A variety of environmenrtal influences, such as Iong veriods of werk,
reduced oxygen suppiy, noise, and extranes of humidity and tempers-
ture are generally assumed to impair human efiiciency. But in most
cases experimenisl attempts to measure this impaivment in terms of
decrements in performance have been relatively uasuccessful. When
placed in a test situation, human beings apparently are able to resist
the ervirenmental infiuences and achieve an approximately normal
test score.  This is particularly true when the eavirenmental influ-
ences being studied canrot be concealed from the experimentat sub-
jects. Morcover, most experinients have been concerned with the sub-
ject’s gbility to perform 2 moter or intellectuai task, with empbasis
uponspeed and accuracy. Insuch feststhesubjoctssre well acquainted
with the criteria on which their performance is being scored.

Dering the recent war, a German research worker; W. Ehrenstein,?
reported a technique for measuring falizue by means of visual il-
lusions. He tested shipyard workers at the beginning and end of a
9-hour day of hard physieal Iabor, and found that the extent of the
illusions veas greater at the end of the day. This fechaique is of
special interest because it involves perceptual judgments of equality in
which there are no right or wrong responses in the usual sense.  Thus;
the subjects wonld not be expected to coneeal the effects of fatiguo by
concentration of cffort during the test. Such a test, if sufficiently
diseriminative and correlated with nore direct measures of human
cfficiency, has considerable potential application.

The experiments reported here were stimulated by the Gernian ex-
periment mentioned above. As a starting point it was decided to

1The first author exerclsed genesal supervision aser expcriment § azd prepsrad this
repert.  The sreond author did mest of the detalled planning and 1cst administration for
exteriment 1. The thir] author assisted $n experimeat 1 and csrring out exderiment 2.

IFIe, L M. German applted psyckolegy during Werld Was 11, Tle dmericas Paycdels-
gist, 3933, 1, 131-161.
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test the effect of mild =noxia on visuzal iliusions; since this condition
was much easier 2o preduce in {he laboratory and contrel experimen.
tally tiian was fatigue, and since the symptoms of anoxiz in saverai re-
spects resemble these of fatigue. It was thought thst i clear-cut
results were ebtained for anoxia; the {schnique would merit further
study in relation te other envitonmental influences. .

BX?E&I&!E.\:T L~THE EFFECT UPON FOUR VISUAL ILLUSIONS OF
ANOXIA TRODUCED BY EXPOSURE TO A PRESSURE AUTITUDE OF

152 FEET

Parpose

The purpose of this experiment was 0 compare the magnitude of
tke lusory effects on four visual illusions under the following two
conditions: (1) x pressure aititude of 15,000 feet with supplementsry
oxygen supplied by mask (no anexia) ; and (2) a pressure altitude of
15,500 feet with subjocts breathing through a mask but not receiving
supplementary oxygen (anoxia).

Apparatne

The four visual ilusions used in this experiment are shown i figure
19.1. Thess illusions were drawn on white cardbsard, with the di-
sensions as shown in the figure, snd placed in 3 stand on x table top.
The angle of the stand was such that the illusory fgures were approxi-
mstely perpendicular to the line of sight, and the figures were viewed
at arms length.

Theo first of these iliusions (A in 6z 19.1) wss tha so-called Ehren-
stein ilusion in which & vestical and Iorizontal line were cempared in
length. Inthisapparatus the length of the vertical line was sdjusted
by the subject by means of & sliding cand which extended beyond the
topr of 2 wooden frame surrsunding the figure. The task of the subject
was to adjust the vertical Tino unti? he judged it to be equal to the
horizortal line in kength. The second illusion {B in fig. 19.1), named
for Poggendorf, required the subject to aiins the two ends of an in-
terrupted dizgonal line. This alinement wss accomplished by sdjust-
ing & slide whici: extended beyord the frame at the zide. In both
of these illusions a ceale at the back indicated to the experimenter
the magnitude of the illusory error in the subject’s adjustment,

The remaining tio illusions wers of the reversible-fgure type and
wers scered in tesms of the number of reversals indicated by the sub-
ject who operated an electric counter by means of a hand switeh.

A\ small altitude chamber was suitably instramented for conducting
this experiment. Two subjects? positions wers provided at either sida
of a small table on which there were stands for supporting the llu-
sions. ‘The experimenter’s station was at ons end of the table and
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Fisvag 19.1.~Four Dlusory figures asaid In study of effect of anoxia upon visual
fliusions,

X

included a microphono for communicating with the subjects and with
the chamber operator on the outside. The chamber operator alse
was provided with a micraphone, nnd all four of the men, that is, the
two subjects, the experimenter, and the chamber operator, wore head-
sets, Dioth the subjects and the experimenter wore demand-typo oxy-
gen masks, but a valve was provided by which the experimenter could
cut off the supplementary oxygen supply to the subjects without their
knowledge.
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Procedure

Each experimental run was begua by fitting the subjects with oxygen -

masks, arid then scating them at their stations in the altitude chamber.
During the simulated ascent to 15,000 fect the subjects were given gen-
eral instructions and were tekl n general terms the purpose of the
experiment. il subjects were told that they would receive no oxygen,
but that it was necessary for them to wear masks since other subjects
would receive oxygen, and since it was recessary to keep the experi-
mentai conditions constant in other respects for all subjects. Only
one of the subjects apparently suspected that hie had received exygen
during part of the test run.

After the pressure altitude of 15,600 feet had been reached, & 10-
minute zdaptation period swas intreduced before administration of
the illusions was begun, in erder to insure a stable level of anoxia.
Ten trials were given on each of the adjustable illusiens, A and B,

“beginning alternately with the slide sct to full deflection at either side

of the cquality point. The subiects were allowed to move the slides
back and forth until apparent equality had been achieved. The read-
ing on the scale at the back of the illusion was recorded for each trial.
Each of the reversible iliusions was viewed for 134 minutes with the
subjeets indicating reversals by hand switclies which operated count-
ers.  For figure C, the staircase illusion, the subjects were told to press
the switch down and hold it down ss long as the staircase appeared
to be scen from below and to release the switch swhenever the stajrcase
appearad to be seen from above. For figure D, the book illusion, the
subjects were instructed to push the switch dewn and hold it down
as lung os the back of the book appeared fo be asway from them with
the pages open as if for reading. The switch was to bo released when-
ever the back of the book appeared to be toward the subject. On the
reversible illusions, therefore, the counter score indicated only one-
half the totai number of reversals.

During the first administration one-half of the subjects received
no oxygen, and the remainder received oxygen. Iminediately follow-
ing compiction of the tests the oxygen valve was cither closed or
opened, depending upon the conditions for the first test administra-
tion. Ten minutes of rest was then interposed to allow physiological
adaptation to the changed condition, following which the adminis-
tration of the tests was repented.

In addition to the counterbalancing of the oxygen versus no-oxygen
conditions, cight different test sequences were used to counterbalance
for possible interference, learning, and fatigue effects, making a totsl
of 16 different experimental sequences. Two subjects were tested in
cach sequence, making a total of 32 subjects, all of whom were adult
males,
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Resnits

The results of this experiment are presented in table 19.1 which
gives the mean jilusory efiects, the standard deviations for the oxygen

Tasie 15 L--Summary of deta on ejfect of anoxia prodaced by = gressure allilnde
cf 15,006 fect vpon four visual illusloxs

[Experimeat 1. N=32}

2eax Rinsion {Exctes) LR } % 14 [-%31 3 ‘%5
SJ fxhes) -5 .33 -6 8-
$0.2 o33
l P A4 K.
Figere T Figore D

Osstea [ Neotyeenl Osspem ! Nocrypea
3lean ifhesion {reversely) 1386 2.4 232 ’ 3
SD (reverxlQ) 1L4 1Lg 3.7 3 %
r +233 3
f 3 o%

versus no-oxygen conditions; the coefficients of corrclation, and the
¢ value for the two sets of results. For figures A and B the mean
illusion is given in inches. For figures C and D the mean illusion
is given in number of reversals, which was deuble the counter readings.
It will be noted that the resuits are virtually equal for the oxygen
and no-oxygen conditions for all four of the iliusions. 3Morcover, sl
of the £ values are very smali, indicating that the results have no
statistical significance. The results indicate that the degree of anoxis
that results at a pressure altitude of 15,000 feet has little, if any,
effect on the magnitude of visusl illusions,

EXPERIMENT 2—THE EFFECT OF PROLONGED ANOXIA PRODUCED
BY A PRESSURE ALTITUDE OF 12,000 FEET UPON TWO VISUAL
ILLUSIONS

Purpose

The purpese of this experiment was to determine the effect upon
the magnitude of two visual illusions of prolmmcd exposure to a pres-
sure altitude of 10,000 feet without supplementary oxygen.
Apparatus and Procedure

An experiment which was being run by the Physiology Branch of
the Aero Medical Laboratory provided an opporturity to measure
the cffect of prolonged mild anoxia on the magnitude of visual iliu-
stons. In thisexperiment,subjects remained in the altitude chamber at
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a pressure aititude of 10,000 feet for a period of approximately 8 hours
without supplementary oxygen, and without wearing oxygen masks.
Only the twe adjustable iilusions, A and B, used in experiment 1 were
used in his experiment, and cach test consisted of 20 instead of 10
trials. Asin the first experiment the alternation in initial positien of
the slide at cithier side of the apparent cquality point was used.

Tiie illusions were administered to 1¢ subjects under 4 different
conditions ss follows: {1) at the beginning of the simulated flight, but
after the 10,600 foot pressure altitude had been reached; (2) after 5
hoursataltitude; (3) after 7 hours at altitude ; and (1) at ground level
pressure in the chamber on the morming of the day following the
flizht. Tests 1 and 4 may be considered as no-anoxia conditions, end

ts 2 znd 3 as mild-znoxia conditions. Under conditions 3 ard 4,
hotwever, influences other than anoxia were probably also acling upon
the subjects. The subjects had eaten no breakfast on the day of the
test and were provided wiih one package of I ration for consumption
&t any time they chose during the chamber run. During the latter
part of the flight most of the subjects were quite hungry and aiso some-
what bored with their experience. They had, however; not been re-
quired to perform physical exercise or work in the chamber and thus
ceuld hardly be described as physieally fatigued.

Resulis

The resuits of experiment 2 are presented in table 192 for the four
experimental conditions. It will be noted in the table that all of the
differences between means are relatively small and lack statistical
sigmificance. We may conclude from these results that the conditions
aciing upon the subjects in this experiment had no effect upon the
magnitude of the visual illusions used,

Tanie 192 —Summary of date on cffcct of prolongcd anozia upon fwo tisual
{llusione

{EXPERIMENT 2 N=19}

i
% Test ocnditions
‘ Flgure A
1
1 1 2 3 4 1and 4 i 2a043
{ Mean Dlurion (nche) .. ecennne. S 1 128 1 0 %
; T T .CS o L Ry L L
! B oneeeneeaoesnmnsamsenssosssneossosnnesssfersensmasoleasnesasorforecosemncdecaaasonne +.98

Beieeanneceescosscancsesersemsnrssasesscferarevmonc]onre seeneclecossensnclonrcnnennne .38

Flgure B .

Mean {lluslon (Inches)..oo.rereennienenne. 0.44 0.4 0.40 0.42 0.43 0.4t

3 T Y N .18 .22 .19 .18 12 .18

Froveesencsasancsscacvracsacesas mecscsncoenfraciosccccfesccecraccfecssncac]eacacnnas +.07

.................................................................................. ]
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SEMMARY AND CONCLUSIONS

1. In experiment 1 a total of 32 subjects were tested on four visual
illusions in the altitude chamber at a pressure altitude of 15,000 feet.
Two of these illusions were geometrical illusions adjusted to the point
of apparent cquality by the subjects. The remaining two illusions
were of the reversible figure type. A comparicon was made between
the iilusory effects obtained when the subjects were recciving no sup-
plementary oxygen (anoxii) and when the subjects were receiving
supplementary oxygen (no anoxie).

2. In experiment 2 a tofal of 10 subjects were tested on only the first
2 {adjustable) iilusions under ¢ experimental conditions: {a) immedi-
ately after reaching 2 pressure aititude of 10000 feet; (b) after 5
hours at 10,000 feet; {c) after 7 hours af 10,000 feet; and {d) on the
following day at ground-level pressure,

3. The results of these experiinents indicate that the illusory effects
studied in this investigation are not infiuenced by mild anoxia. Itis
possible, of course, that the extent of the illusions might be influenced
by more severe anoxia or by other environmental conditions.
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CHAPTER TWENTY
Effect of Increased Positive

Acceleration (G) on Ability
to Read Aircraft Instrument Dials’

ey J. Wanrick, Ravrnt E, Netsox, axp Douvctas W. Loxp?

INTRODUCTION

Whea a forcs is applied {o a body to accelerate it {change its speed
or direction of motion), the body in turn, because of its inertis, exerts
ar: opposite force. This force may be expressed as multiples of the
acceloration of gravity—32.2 feet per second per second. Under the
normal influence of gravity a body exerts a force of 1 G. A body
accelerated at the rate of 64.4 feet per second per sccond ecxerts &
force of 2 G, etc. This force may be in any direction with reference
to the human body, being always equal and opposite to the accelerating
force. Thus when a car is accelerated forward, its occupants expe-
rience s force backwards aganinst the seats. When a car is turned to
the left, the occupants exert a force to the right.

In aircraft, G forces are incurred with any change of speed or
direction, particularly in flight mancuvers. In a turn of radius 1,000
yards at 875 mph, a force of slightly more than 3 G is produced (2).
If a pilot is seated, as in a conventional aircraft, this forco acts to
“puli” the bedy and its components “downward” toward the feet
(positive G). The limbs become virtually heavier and the blood tends
to Ieave the head because of the inability of the heart to overcome the
virtual increase in the weight of the viocod.

The human centrifuge praduces G forces in exactly the same man-
ner as does the turning uireraft. A rotating beom carries a seat

* This chapter Is based upon rescarch Sndings reported in Headquarters AMC, Englneer-
fng Divilsion, Memorandum Heport TSEAA-604-10,

*The first author war responsible for the deslgn of the experiment, for the equipment,
for the procedures used, and for the writing of this report.  The second author was respon-
slile for thie construction, Insinllation, &and malntenance of the apparatus, and for the test
administration. The thind asutlior, Chlef of the Acceleration Unit, contributed the use of
the centrifuge and contrituled to the writing of the Introduction of this report. Ray
Whitney, the centrifuge operator, Ly the gencrous contribution of his time and experlence,
waterlally facilitated the experiment.,
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carringe around in a herizontal circle. The carriage is free to pivot
sbout w horizontal axis tungent to the circle of rotation of the tcom.
As the speed of retation of the boom increases, the G force increases
and the bottom of the carriage swings outward and upward toward
the horizontal. Thus the G force is always directed toward the sub-
ject's fect.

It has been demonstrated (1, 2) on the human centrifuge that as G
is increased, the subject may experience a dimming of a relatively
bright light at about 3.5 G. As G is increased, peripheral vision is
lost and at about 5 G foveal vision is lost and “blackout” occurs. At
this point the subject is still conscious and able to respond to a gross
atiditory stimulus. If the G force is reduced, recovery from blackout
takes place within a matter of scconds. At about 1 G above the black-
out level unconsciousness occurs, Return to consciousness may take
about 30 seconds, followed by a pericd of a minute or so of disorienta-
tion and confusion. It should be noted that the maximum effects of
increased G are usually felt within 5 to 8 scconds after the onset of
the force and that the body can tolerate rather large values of G if
they are of short enough duration (3). . '

The techniques of locating the points where visual dimming, loss
of peripheral vision, and biackout occur have been used to determine
the effectiveness of various types of anti-(x {4) suits which have been
found quite effective in raising the G tolerance (2, 4).

Although it is obvious that under conditions of excess G a person’s
ability to pilot an aircraft would be seriously hampered, it has not been
demonstrated that under relatively low G forces his ability is im-
paired. It was the purposs of this experiment to determine whether
or not such a simple, practical function as reading aireraft instru-
ments is impaired by relatively low G.

APPARATUS AND PROCEDURES

An instrument-reading test was assembled containing eight rows
of the nine common aircraft instrument dials used in the AAF classi-
fication test, Tuble and Dial Reading Test, CP-622-A. The dials
were mounted on a 16- by 18-inch picce of bristol board, four rows
numbered 1 through £ on one side and four rows numbered 5 through
S on the reverse side (see fig. 20.1). Each row presented similar
instruments in the same order but with different readings.

Timmedistely above each dial was presented a number which corre-
sponded to or was markedly different from the reading of the dial.
Thus the test was essentially a true-false test of whether or not the
dinl read the same as the number above it.  This number was inten-
tionally drawn quite large in hopes that it would remain clearly
readable under conditions of moderate G, The test items were se-
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Frevre 20.1.—Test apparatus used on the centrifuge to determine the effect of
G on the ability to read aireraft-instrument dials,
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leeted with care to equalize the difliculty of veading the comparable
instruments of each row and at the same time avoid a systematic
pattern of right and wrong items. The misleads were chosen to aveid
any such debatable misleads as an erroncous sign, a misplaced decimal
point, or an incorrect number of zeros, If the answer was right it
was as nearly correct as the authors could vead the dials under ideal
conditions. If the answer was wrong it was in ervor by at least one
scale division.

The test panel was held on the centrifuge carvinge in front of the
subject by a special wooden frame which allowed the panel to be re-
moved or turned over readily. ‘The wooden frame also acted as o
windshield partially protecting the subject from the wind blast en-
countered in rotation of the centrifuge and provided a mounting for
the reading lights illuminating the test.

The reading lights were mounted at the top and bottom of the frame
to provide maximum illumination of the test panel and minimum
illumination of the surroundings. It was felt that extranecous illumi-
nation of either the walls or flosr would be distracting to the subject
and perhaps cause dizziness. Without visual cues the subject was not
acutely conscious of his abnormal position, nearly horizontal, nor of his
circular motion. The reading lights were controlled by the test admin-
istrator who during the test run was located in an adjacent control
room. Accurate timing of the effective test runs was obtained by use of
2 synchronous motor timer which, under control of the operator, kept
the reading lights on for exactly 30 seconds.

The subject was allowed to adjust the seat to bring the test panel
holder into what he considered & comfortuble reading position under
the circumstances. Actually the subjects invariably left the seat in its
normal position so that the test was about 18 inches from the eye, per-
pendicular to the line of vision, with the center slightly below eye
level.

Since it was known that increased G interferes with motor activity,
it was deemed necessary to provide as simple and convenient a method
as possible for the subject to respond to avoid the possibility that
difliculty in responding would bias the results. It secemed that o
vocal response would be least likely to be affected by increased G and
at the same time provide a convenient method for the administrator
to record the responses accurately. An interphone system was installed
and a microphone mask and head-set helmet provided for the subject.
Corresponding cquipment was provided for the administrator. The
subject’s microphone was always open so that he could communicate
with the administrator at any time, while the administrator, in turn,
could give the necessary directions to the subject at the approprinte
times. The use of an interphone communication system was also of
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value in reducing the apprchiension of the subject, for he knew {hat
at any tine hie couid request that the run be terminated.

Although some statie was escountered in the interplions system inci-
dent to the rolation of the centrifuge, thiere were no reports by either
subjeet or administrator of an inability to undersiand clearly any of
the lustructions or responses.  The volime of the interphone amplifier
was maintained at a mther abnormally, but not distractingly, high
level to counteract the possibility that anditory acuity might bo im-
paired under increased G.

As a safey precaution, an chwerver was stationed at the center of
the centrifuge who could in an emergency stop the centrifuge. DBe-
tween tost runs; when the reading Eght was off, 2 smali light behin
ihe subject provided suflicient illumination for the observer to notice
if the subject became sick or slueped forward kecause of unconscicus-
ness,  Such efieets were not anticipated ror dic they asise at the mod-
erate G levels used.

The safety light served another very usefui function during the
interval between tests, when the reading light was off, by providing
suflicient illumination for the subject to keep the fest pancl located
and, at the proper t‘ime, turn it over. Care was taken in positioning
the s:u'e() light to make certain thzt the itlumination of the test dials
was xnmfﬁclcnt te allow a subject to read any items prematurely. It
is also very likely that by providing this ambient lighting any effect
that G might have on the ability to dark or light adapt was minimized.

It wes quite obvious that, at best, there were many factors incident
to riding the centrifuge other than a simple incrcase in G. Unless all
these factors couid be accurately controlled, equated, and measured,
it would scem inadvisable to compare directly results obtained from
the centrifuge with results from other test conditions. Thus, to obtain
u best approximation of the resuits to be expected under normal G

with all the distraction factors preseat, a very slow speed of retation
of the centrifuge was used as the control condition. Thus, strictly
spcakmg, the question became that of determining the cffect of in-
creasing G on the centrifuge from a very low positive value to a
moderate positive value,

It b‘lOUid be soted here that although the distraction factors incident
to riding tho centrifuge were somewhat equated, a fow subjects re-
por!cd that they noticed an inereased wind against the eyes, that the

static in the interphone increased, and that a slight momentary Ioss
of orientation oceurred at the higher G when the head was moved
mp:dl) in shifting from the end of one row of test dials to the begin-
ning of the next. IHowever, it was believed that these factors were not
polent enough to affect the msu!ts seriously.

From what was previously known about human behavior under in-
creased G it was felt that 3 G was the maximum safe G level that could
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be tolerated without definite symptoms of vizazl dimming. \An exaumi-
nation of unpublished records of 151 centrifuge subjects vevealed
that about 9 pereent, reported some dimming at ov slightly below 3 G.
One and one-half G (34 G above normal} was selected as the control
condition primarily because of the case with which it conld be ob-
tained and maintained. Thus the experimental comparison was made
between the twe G conditions, 1%4 and 3 G.

In order to equalize the effect of any differences in difficulty of the
test items and to counterbalance for Jearning, the subjects were divided
into two groups of equal size, one group following a sequence of 114,
3, 114, 3 G, and the other group following the alternato sequence of 3,
1%, 3, 134 G.  Each group had the same test in thie sanie order of test
items. Thus the first group had at 3 G the same items that the second
group had at 134 G.

An optimum test inferval of 30 scconds was established in pre-
liminary investigations. No subject was able to complete two rows
of instruments in that time interval; however, most subjects were able
to complete one row. Furthermore, it was believed that surcly within
30 seconds the maximum effect of increased G would be obtained, but
that longer periods would not only make the administration more
diflicult but might place undue strain on the subjects. Sinco it took
about 15 seconds to accelerate the centrifuge to the desired G valuo
and to instruct the subjects between test runs, and about 30 seconds to
turn the panel over, the subjects were under conditions of increased G
for a maximum of about 4 minutes including starting and stopping.
‘There is no evidence that physical harm would or did acerue from such
G experiences.

Thirty-four rated military pilots were used in this study, The
subjects had had no previous experiences on the centrifuge, but, of
course, had experienced varying mmounts of G in flight maneuvers. Tt
was assumed that since the subjects were on flying status their physical
conditions, particularly their eyes, met the physical standards estab-
lished by the AAF. None of the subjects wove glasses during the tost
although the use of glasses or goggles might have eliminated tho
distraction, if any, of wind against the eyes.

The day prior to the test proper the subjects were individually
indoctrinated concerning the centrifuge. Issentially the same mate-
rial was covered as is discussed in the introduction to this report, with,
however, a shift in emphasis considered desirable to minimize any
apprehension incident to the forthcoming unique physical experience.
‘The procedure for reading the dials and for responding was explained
in detail.  The subject was instructed to read silently the number
appearing above the dial, then to read the dial, then determine whether
or not the dial was reading the same as the number above it, and
finally to respond verbally with the name of the instrument und either
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“rrun” or “fale?  The subject was instructed that he could use the
comiuon tame identifying the instrument aml not necessarily the
name printed on the dial,

Tho subject was then given a sample test which was read and
respended to in the preseribed manner. At this time the subject
alse wasg imtructed how to furn the panel over 50 as to he able to
read the items on the back of the panel.  Mistakes, which were few,
werg explained and corrected, and the limits of accuracy required
explained in detail. Following the indoctrination and the sample
test, the subject was given a praciice test session which duplicated
incvery way the finnl test. "This was considered desirable sines in such
a very new experience the subject miglit be so distracted ns to forget,
or be confured about, the test procedure,

‘The practice test procedure exactly duplicated the procedure used
with the test proper except that after the practice test any errors
were clarified and in the case of a few individuals assistance was re-
quired during the test run. A description of the procedure followed
ir. the test proper is given in the following paragraphs.

The subject was seated on the centrifuge and instructed to adjust
the seat so that he would be able comfortably to read test material
placed on the test panel holder. Ha was strapped loosely in the seat
ns n preeautionary measure against the remote possibility that he
might become unconscions and in slumping forward strike his head
on the test panel.  The safety light was adjusted to provide minimum
illumination of the test dials. The subject put on and adjusted his
helmet, containing the headset, and his mask, carrying the microphone.
‘The mask was adjusted so as not to impede either mouth or nose breath.
ing. Tho test administrator checked the interphone system to deter-
mine that it worked properly both ways.

The test procedure wus then reviewed with the subject. He was
given the sample test panel and again asked to read it, respond in the
proper fashion, and turn it over in the preseribed manner. By the
second day, during the test proper, the subjects seemed to understand
the procedure thoroughly.

‘The reading light was then turned out, leaving only the safety
light for illumination, and the test panel was placed in position. The
administrator retired to his post and took up communication with the
subject by interphone,

The subject was not informed of the sequence of G conditions he
would experience,  Actually the sequence was the same rs that on
the previous day’s practice test.  As the centrifuge accelerated to the
operating speed, the administrator said, “When the light comes on
start reading at line one; when you finish line one, read line two.?
Just before turning on the reading light and starting the 30-second
test run, the administrator reiterated, “Start reading at ling one,”
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Thess in~tynetions were repeated for each of tho four test runs m
references v line one, three, five, and seven. At the end of the second
30-sccond run the centrifuge was maintained at or slowed to 114 G and
the subject was instructed in detail how to turn the test pancl over.
Whezn he acknowledged that hie had completed this operation the
in~tructions were given concerning line five and the test continued.
No subject evideneed any difficulty in following the instructions during
the test proper.

The administrator recorded each response as correet or incorrect
according to a predelermined correet key. Iortunately there were
no omits. The subjects were not told their scores at the various G
levels or how they compared with other subjects,

RESULTS

In table 20.1 are presented the means and standard deviations of the
R-W (rights minus wrongs) scores, the number of errors, and the
number of attempts at 134 and 3 G, The significance of the difference
within each pair is indiceated by the ¢ values. Thoso significant at or
above the I-percent level of confidence ave so indicated.

Taere 20.1.—Effcct of tncrecased positive G on ability to rcad aircrafé instruments

dlals
{N =34}
G forse ;7 Mean 8D r tt
s 134 1248 4.00
R“v b&i‘e!.-.... --------------------- Sassersononsen - 3; !o'm ‘. 13 o.“ '175
Errors..ceeececescenausna Gevavsecenncnnarsasssnstasve :‘,“ i’: -ﬁ ng 33 13.54
PN vt M B kit s L

1 These duta ure based on the totals obtafned from twe 30-sccond tests per individun! at cach G lovel.
1 Bignificant at tho 1-percent level of confldetice.

In computing these statistics the raw data from all the 134 G runs
for each individual were combined and all the raw data from tho 3 G
runs for each individual were combined, All 3+ subjects were then
considered as a group in which it was hoped that the influences of
learning, order of tests, and difliculty of test items were equitably
counterbalanced. The computations of the various sample parameters
were then performed in the standard manner, Right-minus-wrong
scoves were used, not to correct for “guessing,” but to provide a better
index of the proportion of correct responses than would be obtained
if a percentage figure were used sinee the number of attempts varied
considerably.

Inspection of table 20.1 indicates that the subjects made significantly
more errors in reading simulated aiveraft dials under conditions of
3 G than under conditions of 114 G. ‘This finding is perhaps par-
ticularly significant sinee the task is a relatively simple one as com-
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parcd to the task of manipulating an aircrait under conditions of
increased G, Iow much the performance of other perceptual tasks
would be impaired if the task were compounded or how weil an
indvidual would eventually adjust to increased G are problems for
further study.

The subjects attempted to read slightly more dials at 3 G than at
115 G. Although this difference is not statistieally significant, it
perhiaps indicales that extrancous factors were not bissing the results
or perhaps that the subjects’ critical abilities were impaired {o the
extent that they did not recognize or were less concerned with wrong
responses,

"The data from the practice test were recerded and analyzed in the
same manner oS these of the test proper. Analysis of thess data,
although not conclusive, supporis the results of (he test proper.

It scems quite clear from the resuits that ability to read the dials
was impaired; however, there is no evidence indicating why this
phenomenon occurred. At least two hypotheses can be offered pending
further investigations; vision may be impaired, or the interpretation
of visual stimuli may be impaired. In any case the common factor
is probably anoxia caused by a reduction in the blood supply to the
eycs or to the brain,

SUMMARY AND CONCLUSIONS

1. The purpose of this study was to determine whether the ability
to read aireraft instrument dials is impaired under conditions of
mederntely low G. Thirty-four rated military pilots wers required
to read printed simuleted instrament dials under conditions of 134
and 3 G s produced by the human centrifuge. It was found that the
subjects made significantly more errors under conditions of 3 G than
they did under conditions of 114 G,

2. Since the ability te read simulated aireraft dials accurately was
decreased under conditions of 3 G us compared to conditions of 134 G,
it is conciwled that moderste G impairs the ability to read aircraft
instruments,
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CHAPTER TWENTY-ONE

Summary and Evaluation
Pavr ML Firrs

’ SUMMARY OF RESEARCH FINDINGS

The studies of human efficiency in operating equipment and the
investigations of perceptual and motor capacities relating to equip-
ment design, reported i this volume, have yielded findings of prac-

tical importance to psychologists and engineers concerned with the

relatienship of man and machine.

It has been possible to draw conclusions regarding several important
visual display problems. The conditions under which quantitative
data should be displayed in tabular er in graphic form have been
specified; several factors have been shown to be important for the
design of scales employed in measuring and plotting air navigation
courses; & number of features have been found to contribute sigifi-
cantfy to speed and accuracy of clock reading; the spacing of scals
divisions and the size and number of intermediate numerieal markings
on instrument dials have been shown to be major determinants of
reading accuracy; the direction and plane of movement of controls
and indicators have been shown te be an important factor in deter-
mining human cfficiency in initiating appropriate control movements;
and the coordingate system and type of directional stabilization used
with radar-scope presentations have been found to be significantly
related to speed and accuracy of interpretation.

Capacities of individuals for diseriminating pressure, shape, and

* location have been studied, and practical findings obtained that are

of wide interest because of their significance for understanding the
proprioceptive and tactual control of behavior and because of their im-
plication for maximizing the cues available to the man who is operating
machine controls,

Investigations of the efliciency of different types of adjustive reac-
tions have shown that there are important differences between the
teeuracy of the hands and feet in controlling a visual indieator; that
there are significant differences in the aceuracy of control toward and
away from the body as compared with left-right control movements;
and that successive clockwise or counterclockwise adjustments ars
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mado with speed and accuracy superior to a series of alternating
adjustments. In a following-pursuit task (tracking a target with a
gun sight} it has been found that the shape and mode of action of
hand controls has a very important influence on the accuracy of
verformance,

In two studies of the effects of unusual environmental conditions
upon perceptual abilities, it was found that mild anoxia has liitle or
no influence upon the extent of illusory visnal judgiments, and that
the amount of positive acccleration is significantly related to the
accuracy of dial reading.

FUTURE RESEARCH

Tuvesiigations of the kind reported in this velume will continue
to be emphasized by the Psychology Branch. In the future, moreover,
it is hioped to cstablish some of the theoretical principles underlying
engincering psychology. The number of theoretical problems in this
ficld is Iarge. Information is needed, for example on such questions
as how men orient themselves in three-dimensional space, what sensory
cues aroe relie.d on in making precise connective and adjustive control
movements, and how interpretation of single instrument displays is
influenced by the total pattern of surrounding abjects in the workplace.

During the coming year it is plannod to undertake several studies at
a more complex level than any carried out thus far. It is expected
that equipment will be available in the laboratory for simulating with
a high degree of validity somo of the tasks of the pilot and of the radar
operetor and for obtaining detailed quantitative records of perform-
ance. It is also expected that an air-borne psychological laboratory
will be available for ebtaining reliable records of pilot reactions and
flying proficiency.

A murber of university psychology lnboratories have initiated
research on equipment-design problems under contract with the Air
Matériel Command. These universities should make a significant
contribution to engincering psychology. The research at universities
will complement the work of the Psychology Branch, and make it pos-
sible to investigate certain problems more intensively and more sys-
tematically than is possible at Wright Field.

One university contract ealls for systematic study of different types
of visual and auditory warning devices. The effectiveness of differ-
ent stimuli is being studied in a situation where the environment and
tho task given the subject are carefully controlled, and also in a Link
trainer where the subject is engaged in a complex and changing
problem. Two related university projects involve the study of factors
influencing the ability of individuals to interpret dials, seales, and
computers, and the ability to read various kinds of verbal materials,
including numerals and letters, quickly and accurately. Factors such
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as style of numerals, illumination, noise, and vibration wiil be studied
systematically. Anothier university laboratory is studying oricnta-
tion problems in relation to the design of various types cf cquipment
used by the pilot, mdar operator, and navigator in keeping track of
ground position, heading, and aititude. Two other university proj-
ects are concerned chiefly with control-design problems and questions
of motor abilitics, Design of controls for use in the prone and supine
positions and study of the effect of general body position on motor
abilitics is the topie of one project. The other project concerns the
design of controls to provide most cffective tracking Ly the gunuer,
and the frequency analysis of tracking errors in relation o such fac-
tors uis the mass of the instrument being positioned, angular speed of
the target, control principle employed, and musele gronps used. Sev-
eral additional university contracts are concerned with more speeific
problems.

It is believed that future research both st Wright Ficld and at uni-
versitics will be characterized by increasingly eflicient methodology
as techniques of investigation in this new field are refined, as experi-
mental variables come to be understeod betier, as questions of iater-
action eflects, population differences, and learning ave settled, and
as better apparatus is developed for studying cquipment design
problems,

EVALUATION

The scope of engineering psychology appears broader, the psycho-
logical problems more numerous, and the applications move signifi-
cant than when the research program was initinted a year ago, It
has been found, for exumple, that such a familiar instrument as a
clock is misread over 30 percent of the time when a peor dinl design
is used, and that the difference in number of errors when a good and
a poor dinl is used is almost tenfold. As another example, vesearch
data indicate that the efticiency of the defensive fire-control system of
a large homber—a system that has cast millions of dollars to produce—
can be increased by approximately 25 percent simply by changing the
shape and mode of action of the hand grips used by the gunner.

For the past 200 years man has been adjusting censtantly to the
new devices of o machine age. The importance of designing machines
in relstion to man’s own capacities for perceiving and reacting is
finally coming to be recognized. The application of psychological
research {echniques to this problem is an exciting challenge.

Since the scope of this new field of psychology is so broad, and the
need for basic psychological information so widespread, it is hoped
that in the future many psychologists will undertake research on
cquipment-design problems,
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APPENDIX A

Names of Personnel Who Were
Assigned to the Psychology Branch
of the Aero Medical Laboratory at
Some Time Between 1 September

1945 and 1 October 1946

Military  status  at
time of separation
or as of Oct, 1, 1948

Months of servico with the

Psychology Branch

Military

Civillan | Toisl

Atorn, Murray.....
Abrams, Ucorge D...
Allenstein, Morton B
hakas g
cdwerih, Sa .
Hicier, Robert B..
Boory, John F..... .

Brlek, 38y Rovcvuveanvacannaas erecsersercascaces eee] M
Brown, Judson 8........... teecnversecrsssencaan el M

Brown, Walter T....... cvemtssvecesssasraranvanns

Carter, Launor ¥oeeevnicrincncanes eatensanacnsan.
Curl, KArthur 2. oo oo
Christensen, Jullen M...ocaeeeaee... cecoanscacesne
Connell, Shirley C........ Censcmcestsiasacssiaransn
Cowles, JohN T e aceaeciiirioniiitrecntnccarencanans
Cowles, Mary B vveenencncocenenans eeeevaanns
Diggles, 800 Sueene i iceneenionnnceans seecsanssinaane
Ducody, Michael M.....oocanee.. e eeenacracrens

Eklof, Charleg Reeeueneenenn. reescencsencacncanaans Corp

Fitts, Paul M. ... eeereeeaieccacincenccncocaccacns
Gagne, Robert M.....

inn, Vernon H. oo
Grether, Walter ¥
Jenkins, Willintn O
Jolinson, Albert P.
Junes, Richard K.,
Jmcpf;, Robert T,
Kourinek, George..
Lehinan, ‘Thosuas R
ST TR 1 YO (113 3 s
McKewen, Ieter 8....... eecetncisansscansrerannens

....................

Meshew, Rotert L...... ereenaesesncsnatananrecnnns Sit

Milton, JONN Lo e cenircieenaniecrvosonsrsoracnans

SMuechilhaurer, Helinut............ ceemesanaren . | Pyt

Mureay, Norman L eeeeceeerieaiennnennss
Nebkon, Ralph Booooeoiveivinneicinerenes veessnnees

Neston, WilEiIN, e eeeieaiensicnceascsecssascaacens 8

Parivh James W..... erescensaenes secescmvencsesnas
I'epitone, Abert..... veeeecessseacoasersvensasosas .
Robbing, leving ........ eevessanarssoasnsnennans con
Hocttele, RoBett T oiriarniirieeioeracnerananonns
Cerding, Robert. vvecenrerceniiananne civecennn
Shadely, Johit Ao, cveeeennaee eeseerrentnrrannrnans
Slmuuflcr, Halph E........... evaccesniseeranaennne
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Name

Military status  at
time of separation

Months of service with the
Psychology Branch

ot s of Oct. 1, 1948

Military

Civillan

Total

Emith, Raymond B
Sowder, \Wands 1.

Etautler, Neil P
Eurung, i{vslyn.
Terry, Jeanetta.
Thoinas, Frances......
Van $aun, H. Richazd
Wapner, Jerums,
Wall, Patefcls A
Warrick, Melvin
Webbd, Wise B. __
Young, Xatharine

“Fint 'Lt
Flrst Lt.
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Allenstein, M. B, 173.
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Bakalus, J., 14, 137,

Barnes, R. M., 58, 60,

Bartlett, ¥, C., I1I, 10, 60.

Beard, A. P, 56, 62.

Becker, J., 61.

Bedworth, 8. J., IV, 163,
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Bell, C, 51.
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Berger, Curt, 83,

Black, 3. W., 33.
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