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FOREWORD

This technical report documents the results of a literature
review and analysis conducted under USAF Contract Number
F33615-70-C-1132 by MANNED SYSTEMS SCIENCES, INC., 8949 Reseda
Blvd., Suite 206, Northridge, California 91324.

The objective of the investigation was to perform a compre-
hensive review and analysis of the human factors literature
relating to electronic flight display system design, and to
develop research recommendations where necessary.

The contract was initiated under Project 6190, “Control
Display for Air Force Aircraft and Rerospace Vehicles®, which
is managed by Mr. John Kearns, III, Project Engineer and
Principal Scientist. It was administered by the Control Systems
Research Branch (FGR), Plight Control Division, Air Force Flight
Dynamics Laboratory, Wright-Patterson Air Porce Base, Ohio. The
work was initiated by Mr. James Townsend, Group Leader, as a
part of Task No. 6190-07, "Human Factors Engineering for
Aircraft Control Display Systems®” and was performed under the
guidance of Captain Eugene Rathswohl and Lt. Keith Burnette as
Task Engineers. The work effort covered the period from
November, 1969 through December, 1970.

This report was submitted by the authors in January, 1971.
This technical report has been reviewed and is approved.

rl ;

WILLIAM D. KNOX, Lt Col, USAF

Chief, Control Systems Research Branch

Flight Control Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

This report presents the results of a review of 1178
technical documents dealing with human factors considerations
in electronic flight display systems. Design-orieated human
factors data are presented for the following families of design
considerations: display size, information coding, alpnanumerics,
scale legibility, visual acuity, display system resolution,
flicker, contrast ratio requirements, and environmental variables
including ambient illumination, vibration and acceleration.
Quantitative, design-oriented functional relationships are
emphasized. Research recommendations are made where existing
data were found inadequate for design use. A model is presented
for organizing the variables impacting upon human performance
as a function of electronic flight display system design.
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SCOPE OF STUDY

The intent of the study herein documented was to collect,
synthesize, analyze, and to present, in a quantitative form,
the currently available design data needed by an aircraft display
designer to produce advanced electronic flight displays which
satisfactorily meet the pilots perceptual requirements. The
ultimate goal toward which the program is directed is the
evolution of a complete set of display specifications which would
assure satisfactcry individual displays given only individual
task and mission requirements have been initially specified.

In the past, a great deal of effort in the general area of
determining human perceptual characteristics to enhance display
design capability has been carried out; however, only recently
have attempts been made to organize, analyze and consolidate
this information. The present study represents the first attempt
to do this for data specifically dealing with hum:é perceptual
characteristics as they relate to the design of electronic
flight displays.

It is anticipated that the study results presented here,
when used by knowledgeable display designers should produce
significant advances in the perceptual quality of future
individual electronic flight control displays. It must, however,
be emphasized that much experimental research remains to be done
before the goal of a self-contained design handbook adequate for
the formulation of an arbitrary display capable of satisfying
any chosen flight control task, and using any of the many
electronic display media and techniques available, is fully
realized.

The human factors perceptual data available to date in the
literature has dealt with CRT presentations. The problems
encountered with the design of other flexible format displays,
such as: 1light emitting diode, planar gas discharge, thin film
electroluminescent phosphor, liquid crystal, or other possible
X-Y matrix addressable displays, are presently covered only
through engineering interpolation of the existing CRT data. 1In
addition, the perceptual requirements imposed by the use of the
CRT display itself remains only partially documented in the
literature. To compensate for this lack of information the
present study has, in such cases, used the best available non-
CRT data to fill the voids identified in the literature. This
procedure is strictly valid only where supporting experimental
results using CRT's justify it. In large part such testing has
not been carried out, and caution must therefore be used in
applyiny the results.




Because a knowledge of what constitutes the minimum
information required to specify a pilot acceptable display is
at best only incompletely known, the data needed for the design
of such displays is often available only in terms of variables
not applicable to display design, or in variable ranges
unimportant to such designs. The present effort attempted
wherever possible to put this data in a format useful for display
design. It non-the-less remains true that variables of specific
design interest have either been neglected or have been controlled
insufficiently during the human factors experiments. Such data
has ‘een included where no better data is available together with
a caution as to the applicability of the data. Due to the lack
of uniformity of experimental technique between different studies
and due to the subsequent influence this has on the results, both
the human factors data and as much as possible of the experimental
environment and procedure used to obtain it, are provided in the
report.

To sum up, muth experimental research remains to be done before
a handbook containing data completely independent of the method
used to acquire it will become a reality. 1In the interim the
present study will provide the design engineer with a valuable
design tool not previously available to him. It should be
reiterated, however, that the value of this design tool depends
on whether a willingness exists on the part of the designer to
objectively evaluate the applicability of the human perceptual
data rather than to use it blindly without regard to the experi-
mental environment in which it was taken and under which it is
valid.




SECTION 1

INTRODUCTION

There is only one reason for a display tc exist. It
provides an operator with information which he needs in order to
control, manage or monitor a system process. If all procesces
cculd be managed, monitored or controlled thrcugh direct
observation of the processes, there would be ro reguirement fcr
either symbolic or pictorial information displays.

Aerospace requirements for flight control, system

. monitoring, management, navigation, reconnaissance, weaprcn
delivery and other functions, however, typically cannot be
satisfied through direct observation of the controlled process.
Reasons for this center around the facts that the processes
either cannot be directly observed, car be only partially
observed, or information necessary to control the process withirn
predetermined limits cannot be determined from either total or
partial direct process observations. Firally, it is frequently
the case in current and projected aerospace systers that the
amount of information which must be input by the crewmembers in
order to control flight, navigatior, protection or weaponery
processes simply exceeds the human capability for informatior
input and processing. As a result, many functions are allocated
to on-board computing equipment. Conseguently, synthetic
information displays are cormmonplace in aerospace systems. The
displays provide the man-process interface which is necessary to —
combine hardware capabilities with human flexibiiities and
capabilities in order to accorplish total system-cissicn
objectives.

Technology provides two fundamental means of presenting
information to aerospace crewmembters. Ore reans is electro-
mechanical information display; the second rmeans, which holds
considerable prormise for the future, is the electronic informa-
tion display. An electronic flight display is a device which
can produce an electronically generated image that is directly
viewable by the pilot. Arn example cf one group of electronic
flight displays is the catrode ray tube (CPT). CRT's have been
used extensively for the display of radar informaticn and for
the generation of gun sight display ccntent. CRT's also are
receiving attention as flicht data displays, and rear-gortec
CRT's have been used in the design of projected map displays.
Also included in the general class cf electronic flight cdisplays
are such diverse solid@ state display redia as electro-
luminescence, licht emitting diodes, plarar gas discharce
devices, and liquid crystal displays. While the raicrity cf
such media are still righly developmental, aighanurerics, —ar-
graphs and X-Y patrices have been built as disglay cevices, and

improvement of solid state display m~edia.
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Electronic displays, imncluding head-up projections of
display information (HUD) have gained wide use-acceptance, and
it is quite predictable that they will be even more prevalent in
future system designs. This is not simply a fortuitous occur-
rence. Electronic displays frequently are the only suitable
means for the presentation of certain types of information.
Radar imagery is one example. Additional examples include
television imagery, infrared imagery, and certain laser-sensor
- information.

Limited instrument panel space and differing mission-
segment requirements also provide cases which argue in favor of
electronic information displays. Requirements for time-sharing
are central to this argqument. Additional arguments arise from
the simultaneous and concurrent display of information from
multiple sensors. Requirements for display of computed target
track or path history also arque in favor Yf electronic displays
over electromechanical information presen t1ons. High in
importance are the versatility factors associated with elec-
tronic display systems. Such factors inclyde: shades of gray
presentation, variable scale factors, d1splay format flexi-
bility, and the partial deletion of display content of lesser
importance in order to present information of, immediate
importance such as cautionary of failure warnkig signals.
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Electronic displays also provide numerous\engineering
advantages over their electromechanical ‘counterparts in the
areas of reliability, weight, and digital and analog operation,
as well as responses to physical inputs such as G-forces and
vibration. Finally, promising benefits of the solid state
display media must be brought to the front because of their
even better potential for engineering advantages over current
electronic information display techniques.

Past, current and projected trends in display system
technology, therefore, insure a future for both directly viewed
and projected electronic display systems. This future is
predicated not only upon requirements for multi-function, time-
shared, reliable displays, but also upon the usabili of the
electronic displays which engineering technologies are and will
be capable of producing. It is at the usability juncture where
engineering technology and human factors technology must unite.
Sensor and display capabilities and limitations must be matched
with corresponding capabilities and limitations of the human
operator. This is necessary in order to provide a man-machine
system interface which is responsive rot only to engineering
skill levels in sensor and display design, but also to mission
requirements, environmental variakbles and operator capabilities
and tasks. Only in this fashion can total man-machine aerospace
system success be insured.




In the preceding paragraph, the concept “"insuring the
success of a display system®™ was used. What 1s meant by
insurance? Insurance is a wager that the future will turn out
well, and this wager is made by the individual who feels that he
has a sufficient understanding of the future in order to make
the wager worthwhile. Second, what is meant by a system? A
system is an integrated combination of equipment variables,
human capabilities and procedures, enhanced or encumbered by
environmental factors, and directed towards the accomplishment
of pre-specified mission objectives. “"Insuring the success of a
display system®”, therefore, requires a detailed and quantitative
understanding of the significant engineering and human factors
data which impact upon the design of a man-machine display
system for the purpose of satisfying mission requirements.

During the past decade, engineering advances in the design
of sensing, computing and display devices have been outstanding.
One must ask, however, are the outstanding engineering advances
meaningful, and have the expenditures of engineering research
and development resources been efficiently and systematically
directed toward known needs for improvement? Answers to these
and similar questions will never be simple and straightforward.
Any answer, however, cannot be developed outside of a total man-
machine system context. In other words, ans ‘s to such
questions cannot be based upon hardware per: rmance alone.
There is only one reason for a display to ex_. t. It provides an
operator with information which he needs in .. der to control,
manage or monitor a system process. Furthermore, the operator
must accomplish these functions within prescribed mission
requirements and constraints. Sensing, computing and display
hardware comprise only one portion of the total display system.
The characteristics, limitations, and procedures of the human
operator comprise additional and very significant portions of
the man-machine display system. Therefore, to determine the
goodness of a display system, one must be able to specify total
man-machine system performance requirements. This, in turn,
means that one must be able to define human perceptual and
performance requirements, and translate these requirements into
quantitative specifications of the type necessary in the system
design and evaluation process.

In a probabilistic world, there are precious few
unequivocally true statements of fact. However, one such state-
ment has been: To date, there has existed no systematic,
comprehensive and quantitative review and analysis of human
factors requirements and data for airborne electronic flight
display system design. Stated differently, the human factors
state-of-the—-art for airborne electronic flight display
system design and requirements for subsequent human factors
research have been unknown. This is of considerable importance
because human factors requirements provide critical design goals
toward which engineering research and design should be directed.



Nevertheless, airborne electronic information display
systexrs have been and are being designed and developed. More
frequently than not, human factors have been considered in the
designs. The degrees to which all relevant factors have been
considered are, however, frequently ir question. Purthermore,
the degrees to which human factors research resources have been
wasted rediscovering already known amswers to previously asked
questions also are in question. Finally, the frustration of
display system design engineers is known to be frequent and
great whern they repeatedly find that hopefully useful human
factors research has produced only subjective "alternative X is
better than alternative Y" design quidelines, when what is
actually needed are gquantitative functional relationships
between display design variables and operator or system
performance variables.

Limited reviews and analyses of the human factors litera-
ture have been completed in order to provide guidance to
electronic display system designers. The review documents which
exist (Refs.206, 232 and 294) are generally limited in scope.
Only two of the reports (Refs. 232 and294) have attempted to
systematically and comprehensively identify quantitative human
factors design data, and rceither of these has directly
addressed electronic flight displays. A primary objective of
the current study was to fill such voids.

One must ask, what are the human factors information
requirements of the electronic display system design engineer?
Stated differently, what is the minimum set of mutually
exclusive, independent design variables with which the elec-
tronic display system design engineer may describe his system,

and what design—oriented human factors data are needed to allow
the engineer the maximum flexibility in making trade—offs within
the context of the irndependent variable set?

The listing of display design variables shown in Table 1
was developed in an attempt to establish the minimum set of
mutually exclusive, independent varisbles which can be used to
define, from an engineering standpoint, all characteristics of
virtually any electronic display, either CRT or solid state. An
examination of the content of Table I reveals that no variable
in the table can be defined in terms of other variables shown.
Tirus, each variable may be considered as an independent
variable. It may also be seen from the table that two or more

independent variables frequently must be considered in order to

relate display physical characteristics to operator performance
requir-ements. An example is symbol-display contrast, wherein
independent variables influencing display background lumirance
must be considered in conjunction with emitter luminance and
light transnmission coefficients. It is apparent, therefore,
that although the display design variables are independent, they
may te highly related to one another in terms of identifying and
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Table 1. Minimum Set of Mutually Exclusive Display

Design Variables Impacting Upon Design Trade-offs.

Ambient light intensity in which displays must
operate

: Reflection coefficients of display material

Transmission coefficients of display face materials

Required range of light emission intensities of
emitting elements

Number of distinguishable light intensity levels
required s
Required uniformity of light emissions :
a) at high intensities
b) at low intensities

Allowable tolerances for light.intensity,
transmitivity and reflectivity factors

Color :of background

Color'of emitters

Shape of symbols to be displayed

Dimensﬁons of symbols to be displayed

Symbol placement and dynamic interrelationships
Informétion update rate requirements
Emittef‘(or spot) size and shape

Diffusitivity of boundary regions of individual
emitters

Allowable (or required) frequency of AC or pulsed
drive signal

Emitter placement or density
Size of background
Average light intensity of emitters
Display refresh rate requirements
Size of total display face

\
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specifying operator-imposed design requirements. Because of
this, it also is apparent that meaninful human factors design
data will not necessarily exist for each of the independent
variables shown in Table 1.

Human factors in display system design covers a consider-
able range of design factors, ranging from the specification of
characteristics for simple display elements, such as symbols,
through specification of total display format, taking into
account not only display elements, but also the integration of
displayed information in relation to operator encoding charac-
teristics and task requirements. Also involved are vehicle,
sensor and computer characteristics.

The technical activities reported herein did not attempt to
cover the total spectrum of human factors in display system
design. Scope of the effort is shown graphitvally in Fiqure 1,
where it can be seen that physical display characteristics and
operator detection and recognition task performance vere
emphasized. Influences of environmental factors including
illuminance, vibration and G-forces also were considered.

An overall objective of the effort involveu tiie accumu- |
lation and integration of quantitative human performance data {
for display elements in general. This was dore in order to
provide data which might be generalized to the broadest range of
electronic display applications and which could be useful :
independent of particular display formats. Thus, the content
of this report deals with making symbology discrimiuable, ,
visible, legible and flicker-free throughout the spectrum of
operational environments encountered by Air Porce aircraft.
Purthermore, quantitative functional relationships between
selected design variables and indices of human performance have
been emphasized over vague, qualitative human factors recommen-
dations in an attempt to provide human performance data which
may be quantitatively related, when possible, to independent
hardware design variables and combinations of such variables.
Finally, where valid, quantitative design data could not be
found, research recommendations have been specified. Specific
technical objectives for the study are listed below:

- Perform a comprehensive survey of all human factors
literature and on-going research relating to the
man-electronic flight display system interface.

- Perform a comprehensive and systematic analysis and
integration of all valid, quantitative design-
relaed human factors data in order to determine
and identify the interactive relationships between
electronic flight display characteristics and
pilot performance.
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- Develop a heuristic model or procedures for
integrating and relating available human factors
data for electronic flight display system design.

- Prepare a comprehensive, design-oriented technical
discussion of available information and findings.

~ Develop research recommendations for investigating
problems, data voids and data inconsistencies
identified during the program.

In accamplishing the objectives set forth for the program,
a camprehensive literature search was acccmplished. All known
sources of technical information were reviewed, and a total of
1178 reports, articles, journal publications and books were
identified as potentially relevant. In addition, a Defense
Documentation Center Work Unit Survey was reviewed and requests
for data and information were published in several trade:
publications in order to identify on-going or yet unpublished
data of possible relevance. The remainder of this report
presents the best available data for electronic flight display
design, along with research recommendations where existing data
are not adequate. As might be expected, not all available data
were sufficiently quantitative or generalizable to be of value.
Not all data were judged to be experimentally sound enough for
valid usage, although where extreme data shortages were identi-
fied, the best available data are given, with the shortcomings
identified. Design-oriented data presented throughout the
remainder of this report are based upon the best information
which is currently available. Organization of the data 1is
discussed more fully in the next section.




SECTION II “

RELATIONSHIPS OF DESIGN CONSiDERATIONS: A MODEL

INTRODUCTION

The number of variables which the human factors enginé&er
must consider when participating in electronic flight display
design or when planning related research is quite sizeable.
Additionally, many variables interact, and if the interactions
are ignored, design inputs or research activities will suffer
accordingly. In an effort to provide some organi~zztion for the
design variables and data discussed in the remainder of the
report, it was felt necessary to formulate conceptual models
which could serve as means for clustering design variables and
other considerations into logical groupings, as well as showing
salient relationships among the constituents of each group.

The remainder of this section presents our attempts to provide
some order to what could be a very cumbersome technical area.

MODEL

Figure 2 presents a definition of the major clusters of
variables which are of direct concern in the proper human
factors design of electronic flight displays. Each of the major
clusters is addressed separately in subsequent figures in an
attempt to show the interrelationships of desigm variable con-
siderations within each of the major categories shown in Figure
2.  Subsequent major sections of the report also are organized
in keeping with the major categories shown in FPigure 2. Conse-
quently, the additional figures within this section provide the
reader with a general outline of the technical content contained
within the remaindec of this report.
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Information Coding Considerations

The efficiency with which a symbol transmits information
to the observer depends upon: (1) the nature, type and amount
of information presented, (2) number of discrete symbols re-
quired, (3) nature of observer tasks, (4) the environment under
which the display is viewed. Symbols should be selected on the
basis of their ability to be located and identified with 100%
observer performance under “"worse case” viewing conditions.
Relationships among key factors are shown in Figure 4.

Early symbology studies attempted to ascertain the
"optimum® or "best” symbol. Depending upon the idiological
orientation of the experimenter (Gestalt or non-Gestalt), the
"best” symbol form turned out to be “"circles™ or "triangles®”
(respectively). Later studies attempted to establish equally
discriminable symbol alphabets, while another series of studies -
examined symbols presented on radar-type displays. Results
generally indicate that simple outlined geometric forms elicit
optimum observer performance on CRT-type displays. Studies
specifically addressing electronically generated airborme .
displays viewed under operational conditions could not be
identified.

The selection of color codes for visual displays requires
the following considerations: (1) the visual environment under
which it is to be viawed, (2) nature of information, (3) nature
of symbol to be color coded, (4) the hue selected. The ad-
vantages and disadvantages of color codes include: (1) excel-
lent for locating and counting tasks, for displaying additional
information, and for enhancing performance of other codes, while
(2) they are less effective for identification tasks, lose
discriminability under high luminous conditions, in the presence
of color-symbol misregistration and when used in conjunction
with small symbols. The necessity of color codes should be
carefully evaluated.

/
’

Flash rate coding provides an excellent dimension for
displaying critical information requiring immediate attention.
It is limited, however, by limited discriminability, fatique,
and annoyance factors.
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Alphanumeric Considerations

The many factors involved in the selection of an optimum
alphanumeric for use on electronic displays are shown in Figure
5. There are, however, two principal areas of consideration
which ultimately merge together in the rationale for designing
alphanumerics. The first area involves general environmental
factors such as conditions and orientations of viewing, symbol
generation techniques and resolution factors of the display
system. Initial consideration should be given to the environ-
mental factors of vibration, acceleration and ambient illumina-
tion. Once the effect on legibility of these factors is
determined or approximated, an examination of edge displayed
symbology (applies if CRT symbology is presented on the
periphery of the tube), symbol blur, viewing angle, symbol
brightness and symbol contrast percentage (including contrast
polarity) should be conducted so the total cumulative effects on
legibility may be determined in relation to the symbol genera-
tion technique and resolution characteristics of the display
system.

The second area involves the selection of a specific font
or style and the particular symbol height, proportion (width to
height and stroke width to height) and spacing necessary to
optimize legibility in relation to the performance requirements
of the systems task. Symbol size is the alphanumeric character-
istic primarily used to compensate for the legibility degrada-
tions imposed by all of the previously mentioned conditions,
although many other design trade-offs are possible including
contrast, brightness, resolution, etc.

The above flow is presented as a probable course of design
consideration, but should not be construed as the only approach.
Any of the conditions listed may be individually or collectively
altered to adjust legibility.
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Scale Leqibility Considerations

Scales are components of displays used to present quantita-
tive information, generally either by the movement of a pointer
or index relative to the scale, or by the movement of the scale
in relation to a fixed readline or fiducial mark. Figqure 6
shows the relationships of design variables influencing the
precision with which scales can be read.

A primary determinant of scale design is the mission-
imposed degree of accuracy with which the scale must be read.
In conjunction with this factor are limitations on scale length
and consequent requirements for scale value interpolation as
opposed to simply reading the scale to the nearest graduation
mark. A third fundamental factor involves the selection of
scale shape. Pundamentally, scales can be circular (or semi-
circular), straight and horizontal, or straight and vertical.
Experimental evidence shows that, for a given reading accuracy
requirement, design characteristics may vary as a function of

‘the three scale shapes.

Several design considerations are common to all types of
scales. These include scale linearity: logarithmic or other
nonlinear scales sometimes are encountered, and reading accuracy
will vary as a function of the portion of the scale being read.
The numbering scheme for scale graduations and major intervals
also is of considerable importance, in that improper interval
numbering can make an otherwise well designed scale highly
error producing. The distance between scale graduation marks
and the pointer or readline against which the scale is read also
is significant in that excessive distances also will degrade the
accuracy with which an otherwise good scale can be read. Of
course, scale factor (the distance between major scale gradua-
tions) and the number of graduations used are key determinants
of scale legibility. Also involved in this area are the stroke
width and length of major and minor graduation marks. Finally,
checkreading cnee designed intcgrally with the scale can enhance
the identification of predetermined scale values. All of the
above factors must be considered for proper scale design.

18
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Factors Affecting Visual Acuity

Visual acuity is defined as the smallest unit discernable
by the eye. Minimmm discernable acuity is directly affected by
a number of environmental and observer pdrameters as shown in
Figqure 7. Representative environmental factors include: (1)
luminance levels (ambient, surround, display background), (2)
spectral composition of luminance, (3) contrast resulting from
luminance, (4) duration of luminance flashes or exposure.
Environmental factors in turn affect: (1) obserwver eye adapta-
tion level, (2) nature and extent of optical abercration, (3) the
retinal area stimulated, and (4) dynamic acuity. The inter-
action of all of these factors ultimately determine maximm
visual acuity. In addition to the above considerations, other
environmental factors (vibration, acceleration, visual time-
sharing) and observer factors (fatigue, stress, task over-
load%pg) tend to indirectly reduce acuity.

20
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Disclay Svstem Resolution Consicderations

—_— -

‘Resolution is the end product of the interaction of a
nurtber of display systen parameters as shown in Pigure 8. 1In
raster-written displays, resolution is expressed as the number
of active scan lines per unit of symbol or display height.
Raster lines are coamposed of a number of "spots®™, which are the
smallest discernable unit of emitted luminance. Representative
parameters affecting final spot size include: (1) luminance
intensity of system ~ this parameter interacts with all major
comgonents in the system and ultimately determines .the scanning
beaxr intensity and consequently the beam .diameter, (2) spot
spread function - the interaction of the original object point

‘'source of licht with system (point spread function) in trans-
mission to the display screen, (3) display characteristics - the

interaction of system and screen parameters (deflection tech-
nique, voltages, phosphor characteristics, halation, tube size,
screen efficiency), (4) channel bandwidth - bandwidth capacity
(interacting with other system components) directly affects

displaved spot size. . )

Resolution of symbology displayed on CRT screens is
gernerally exprressed as the number of raster lines per symbol
height. The number of scan lines required for 100% legibility

'is a function of: (1) the type of symbology displayed, (2) the

environmental! conditions under which it is viewed, (3) observer
viewing distance, and (4) the nature of the observer's task
requirements. Signal bandwidth also is important.

Solid-state display resolution is likewise the end product
of systen parameter interaction. However, no definitive measure
of solid-state resolution is commonly used. Representative
parameters affecting solid-~state resolution include the display
emitter size, shape, density, and emitted luminance intensity

anéd hue.
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A5 sShown Ln Fliure 3, factcrs contraibuting to the detection
cf £liceer cnoa wisual disclay ray be grouped into two cate-
zocrias:  <ocserver and display. Representative observer
craracteristics that interact to influence flicker perception
include:  [1) the adaptation level of the eye (affected by
anpjent and emitted display luminance), {2) “"persistence of
visicn® {affected by the emitted luminance intensity, flash
duraticrn and light-to-dark ratio), and (3) the retinal ar=a
stizmulated {affectec by viewing distance, display size and
iz=inous intensity).

Prizary disrlay parameters affecting flicker include: (1)
crhosghor characteristics (decay and emission qualities -~ which,
in turn, affect emitted luminance and refresh rate), (2) display
refresh rate {(which is, in part, determined by the addressing
technigue used and phosphor decay functions), (3) information
up-date rate (which is affected by the type of information,
display refresh rate and the size of the display). All of the
above parameters interact, and some tradeoff is possible among
the carameters to prevent flicker on the display. In any event,
it is essential to have a flicker-free display. '
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Flicker Ccnsiderat:ions

As shown in Pigure 9, factors contributing to the detection
of flicker on a visual display may be grouped into two cate-
gories: observer and display. Representative observer
characteristics that interact to influence flicker perception
include: (1) the adaptation level of the eye (affected by
ambient and eritted display luminance), (2) "persistence of
vision" (affected by the emitted luminance intensity, flash
duration and light-to-dark ratio), and (3) the retinal area
stimulated {(affected by viewing distance, display size and

ljmrinous intensity).

Primary display parameters affecting flicker include: (1)
phosphor characteristics (decay and emission qualities - which,
in turn, affect emitted luminance and refresh rate), (2) display
refresh rate (which is, in part, determined by the addressing
technique used and phosphor decay functions), (3) information
up-date rate (which is affected by the type of information,
display refresh rate and the size of the display). All of the
above parameters interact, and some tradeoff is possible among
the parameters to prevent flicker on the display. In any event,
it is essential to have a flicker-free display.
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lecitbil.ity Contrast Ccnsiderations

To be legible, electronically cenerated symbolocy must be
sufficiently brighter than the lnnedlatelj surrounding disclay
bacxground to ensure that the symdols will stand ocut. Figure
1C shows the relatiocnships of factors influencing symdol
brightness and contrast recuirements.

There is no one coatrast ratio which will satisfy all
sy=bol luminance requirements in reiation to display kackground
luminances. As display background luminance increases, Sy=E501
luminance also must increase, but not in direct proportion to
display background luminance. :

Four fundamental families of considerations are involved
in specifying symbol luminance and contrast. One of the rmost
izportant involves display background luminance levels with
which symbology must compete in order to be clearly legible.
Pactors of incident illuminance, display reflectivity and
display-induced background luminance are involved. The second
factor involves symbol luminance and the extent to which the
display face and filters may attenuate symbol luminance.
Display background luminance and symbol luminance are the key
determinants of contrast. A third and significant factor
influencing contrast requirements involves symbol size and
shape, since smaller and less solid symbols require greater
contrast for legibility. Operator performance expectations also
combine with symbol dimensions in specifying minirur contrast
required. For exaxple, contrast requirements increase as
performance requirements become more stringent, such as mere
legibility, versus legibility with minimum reading time, versus
comfortably bright and contrasty symbology. Finally, symbol
contrast requirements are influenced by the luminance level to
which the pilots eyes are adapted. There also is some evidernce
that the use of sun visors or sun glasses may influence contrast
requirements, not only because of their effects upon eye adapta-
tion, but also for other reasons which have not yet been fully
examined.
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Environmental Variable Consideraticns

Environmental variables affect all legibility, readability
and usability considerations and should be consicdered early in
display design planning. Three environrmental variables are
reported: ambient illumination, wvibration and acceleration.

As indicated in Pigure 11, ambient illumination affects
electronic flight displays as a function of three primary
considerations. The first relates the value of solar and
ataospheric illumination based on the existing meterological
conditions and orientation of the aircraft in relation to the
sun. This gross level of illuminaticn is then affected by the
second consideration which involves the transmitivity of the
aircraft canopy and windscreen and the geometry of the cockpit.
Once these factors have influenced the incident illumination,
the third factor, which is the display location, must be
considered before a final ambient illumination level can be
determined at the display face. .

The' factors which must be considered when accounting for
the effects of vibration and acceleration on display legibility
are very similar. The initial consideration for vibration
involves the frequency in cycles per second or hertz, whereas
for acceleration first throughts are given to the rate of onset
(in g's/sec.). When these factors are determined, deliberation
must be given to the amplitude (which is an expression of the
force magnitude in g's) and duration (in seconds) parameters of
both vibration and acceleration. Also common to both wvibration
and acceleration are considerations of the force vectors through
the human bpdy. Primary emphasis in this review has been given
to z-axis vibration and x-axis acceleration. = When examining
forces in relation to the body, it is also necessary that the
relationship of the body to gravity be specified, for example,
whether the subject is in a normally seated position, in a
semisupine position, etc. The last of the considerations for -
vibration and acceleration is the type of restraint system used.
This section does not attempt to review the merits of various
experimental restraint systems since our emphasis is toward
specifying design parameters appropriate to both normally
seated and restrained aircraft pilots. Inherent in restraint
systems are considerations of whether or not subjects were
wearing g-suits (applies more particularly to acceleraticn).

Common to all environmental variables are delineations of
the operator task and performance requirements.

28
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ZISPLAY SIZEZ FCR FLIGHT CCNTEOL
INTROCUCTION
Currert arnd prcojected cockpit designs are increasirgiy \

incorgorating ”“ltln‘e electronic displays for flight control,
"‘gatlon, weapon delivery ané reconnaissance. One of the 3
ments for the use of multiple electronic displays involves.
abliity. Should one display fall, neecded informatiorn can e
rtec on one of the remaining operative displays. Whether \
rnirg electronic flight displays for special use or for !
haring usage, the designer must consider display require-
for each task for which the electronic flight display may
e used. Orne consideration which frequently is not givern
ctiective and detailed consideration is display size.
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Assuming that the nurmbers of vertical and horizontal
displav resolution elements remains unchanged by varying display
size, changes ir. display size, either in con]unctlon with  ;sersor
field of view or independently of sensor field of view, will
affect irmage quality, display flicker, and human performance.

Trke changes in human performance may be in part due to charges
in image quality; on the other hand, they may be gquite inde-
cendent of this factor. Direct effects of display size ard
sensor field of view are discussed below as they irnfluerce

measures of target detection performance and human operatcr
continuous control performance.

Display size produces markedly different effects upor
target detection and continuous control performarnce. Generally
speaxing, increasing display size reduces the probability of
detectlng targets on either PPI type presentations or racar

imagery-type presentations. It is to be anticipated that ;
sirmilar effects would be observed for low light-level television
although this remains to be confirmed. With tasks involving
flight path control and the use of artificial horizon or flight
director displays, increasing the size of the disgplays can
influence tracking or flight control performance. The effects
are fairly complex; however, all effects appear to be guite
small, thus giving the designer considerable flexibility.

It is to be anticipated that vehicle dynanics will interact
with display size to influence pilot continuous control
performance. This latter interaction, of course, can be due in
large part to the effects which varying display size may have
upon scale factors associated with display elements. This, of
course, depends upon whether scale factor is controlled
1ndeperdently of display size. The effects of task and display
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tion and continucus centrol TerzoITance
1

beiow.

size upon target cetec
are ciscussed separately

’ :
. TARGLT DETECTION TASES

Withirn this discussicrn, the effects cf diszliay size,
signal-to-roise ratio ard pip or target size are brieily
Giscussecd as they influence the probability that the crerazter
will detect bornified tarcets. rcbability of detecticrn is nc
the only measure useé to cGefine target detectiorn perforzarnce.
Other measures includée: frecuency of false-positive iderntifl
cations, whereir non-targets are icerntifiec as tarcets;
weighted measures of perfo*nance in which nu=ter of itarcet
identifications is weichteé against number of false positives
ard number of targets missed; and tarcet cetection tizes.) 7Ih
review deals only with probaylllt} of detectinz bonified tarc
and is intended primarily to show that the effects of cdiszizaw
size vary as a functicn of orerator task.

It would appear that the effects of displav size upocn
target detection perforzance are not well reccgnized. 1In a
recent review of the literature dealing with operatcr-

P

reconnaissance disglay systec performance, Seeple anc Gairer
(Ref. 294) found that investications of the effects 5% mary
other variables upon éetection performarce totally icrored

display size as a variable. Serrle ané Gairer alsc report tn

noting the sizes of displays used in nurnerdus studies which «
reviewed provided a curiously accurate neans of crecdicting
maxirum probability of target cetection per;ormarce, at least
for studies involving radar irmacery or incorrorating  cther
factors such as dlsplav rnoise or clutter 1r acd4tlon tc tarce
symbology. -

s .
Noise B ' T

Assuming that informatiorn density, scale factor, tarce
contrast and target size factors are heléd constant, a review
the literature showed that variations in display size had no
meaningful impact upon probability cof tarcet detection fo
noise-free display presentations. This trend held for é
sizes (diameters) rangirnc from 0.2C inches to'1l5 inches.

The addition of sy=bolicgy, information, or ncise over an
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above target information has a marked impact uron proka;ility ct

target detection for displays larger than only 06.75 inches in

diameter. Data from Meister aré Sullivan (Ref. 232) arné Weasrer
(Ref. 342) were combined to cenerate Flgure 12. Data cresented

by Weasner covered display diameters froz 0.20 inches through
6.0 inches. DPata published by Yeister ané Sullivan covered
Cisplay diameters from 3.0 throuch 18.0 inches. P®robabiliswy

detection data matched reuarkablv well (w ltnl 2 few percentac
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points) at the six inch diameter. Trends of the curves frcm the
two sources also are well matched.

Pip Size

Within the context of plan position indicators (PPI)
displays, pip (symbol) size interacts with display size to
influence target detection. Meister ard Sullivan have reviewed
the literature on this subject. They note that a frequent
human factors handbook recommendationr for CRT size is seven
inches of diameter. They point out that this recommendation is
based upon PPI data and assumes smaller target pip sizes of twc
to eight millimeters for approximately 14 inch viewing distances.
When larger target sizes are involved (e.g., 12 to 16 mm), thke
advantage of the seven inch scope becomes less. For larger
target sizes, 17.5 to 18 inch scopes fregquently are recommended.
The tradeoff, however, really lies between pip size and displey
size. Typically, radar target detection, for example, irproves
as pips get larger up to about 60 minutes of visual angle, but
decreases continually as the scope becomes larger.

Meister and Sullivan report a regression equation which
they feel is useful in relating target detection probakbility to
display size and pip size. The equation is:

Y = 26.02 + 3.33X - 0.22){2 - 0.46XZ + 2.09Z

where: Y = mean detectability threshold ir

decibels attenuation of a
reference voltage

X = target range in tenths of PPI
display radius

Z = usable display diameter in units
of 7 inches.

Radar Imagery

A somewhat different approach to the problem of display
size is to vary sensor field of view in conjunction with display
size. The approach has particular application for considera-
tions relating to the display of high resolution radar imagery.

Fundamentally, sensor field of view and display size can be
related to human target detection performance thrcugh imagery
scale factor and display size. For example, if display size is
decreased while sensor field of view is held constant, the
result is a reduction in scale factor of the displayed infor-
mation because the same amount of information must be presented
in a smaller area, requiring a reduction in scale factor (the
relationship between inches of display dedicated to displaying
inches of real-world content).
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Simon (Ref. 367) has reported a study of target reccgnition
using simulated aerial reconnaissance radar imagery in which the
simulated scensor field of view was, under certain combinations
cf concitions, held constant, while display size was varied.

Six and 12 inch display sizes were used. With the sensor fields
0f view studied, the corresponding display scale factors were
1:216,000, 1:108,000 and 1:54,000. Observers were allowed
either 10, 20 or 40 seconds viewing time and were asked to
recognize targets such as airfields, tank farms and a stadium.

In analyzing the resulting data, Simon did not take into
account the fact that imagery scale factor was being varied
simultaneously with display size and sensor field of view.
Simon's data have been replotted in Fiqure 13 in a manner which
allows both display size and imagery scale factoi to be related
to probability of target recognition for each of the three
viewing times studied. Inspection of Fiqure 13 reveals that
display size, imagery scale factor and viewing time all have
marked impacts upon target recognition performance.

It can be seen from the figure that the effects of display
size can be directly comparcd at the 1:108,000 scale factor.
Examination of the figure shows that performance with the 12-
inch display was inferior to performance with the six-inch
display at this scale factor. It is further apparent that
performance with the 12-inch display at the 1:108,000 scale
factor was not much better than performance with the six-inch
display at the much higher scale factor of 1:216,000. If orne
lirearly extrapolates the six-inch display curve to the
1:54,000 scale factor, it would appear that the 12-inch display
should produce performance comparable with the six-inch display.
It would seem, therefore, that the effects of display size upon
probability of target detection are fundamentally similar
whether PPI or imagery presentations are involved. Smaller
displays result in higher probabilities of target detection.

CONTINUOUS CONTROL TASKS

Introduction

One of the primary displays likely to be found in cockpits
of future aircraft willi be the Electronic Attitude Direcztor
Indicator (EADI). A related display used for head-up flightpath
control and weapon delivery will be the Head-Up Display (HUD).
With very few exceptions, symbology for these types of displays
is electronically generated, thereby allowing for considerable
latitude in selecting display sizes and information scale
factors (sensor field of view considerations).
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EADI's and HUD's can contain a variety of different types
of information presented in several ways. For example, Ketchel
and Jenney (Ref. 206) reviewed current and proposed display
designs and conclude that, in relation to real-world counter-
carts, scale factors for pitch, roll and heading information
range from 1:1 to 1:6, which is a sizeable range. Additionally,
overall sizes and shapes of electronic flight displays are not
consistent. Benjamin (Ref. 26) reports that the EADI for the
Navy F-14 aircraft will be a square display measuring approxi-
mately five inches on each side. Other EADI's which have been
designed or flown have, on occasion, been larger, with some
exceeding nine inches in diagonal dimension. PFinally, the
aspect ratios of all EADI's are not square. Width frequently
exceeds height by factors of 1.1 to 1.4. Similar trends may be
identified for HUD's, although aspect ratio for these displays
generally is unity. -

Because of variations in overall size, aspect ratio
{height-to-width) and information scale factors, and because
display dimension variations are known to affect both picture
quality and human performance measures, it is both realistic
and timely to examine the effects which such variations may nave
upon continuous control performance.

Design Variable Relationships

As with radar or other imagery-type displays, both display
size and scale factor (sensor field of view) may be anticipated
to influence continuous control performance. With EADI's or
HUD's, either variable may be changed independently of the
other. 1In other instances, however, simply expanding display
size may serve to automatically increase scale factor, even
though sensor field of view is held constant. An example is the
display of bank angle information. As display width is in-
creased, the bank angle scale factor may be considered to
increase, primarily because the horizon line will now extend
a greater distance from the display center, tesulting in the
extremes of the line traveling greater distances for each degree
of bank angle change. Applying the converse of the argument,
if sensor field of view is held constant, reductions in display
size will produce corresponding reductions in pitch bank and
heading scale factors. It certainly would not be impossible

"to reduce display size to the point where continuous control
performance would diminish simply because the resulting scale
factor would be insufficient to allow for necessary scale
reading accuracy. Accurdingly, precision of continuous control
tasks would diminish, although the degree of degradation most
certainly would be influenced by system (aircraft and controller)
dynamics.

36




It is unlikely that there 1s one display size, aspect
ratio or information scale factor which will result in optimunx
continuous control performance for all system and controlier
dynamics. It is likely that the effects of display size, aspect
ratio and scale factor will vary as a function of the information
content of the display and the pilot's task. For example, if the
pilot's task involves the compensatory tracking of progperly
quickened and scaled steering commands, it is unlikely that
other display dimension variables will have a marked ircpact upon
his performance. However, this is not to suggest that quickening
removes requirements for the proper design of other display
elements. Vreuls et al. (Ref. 372), for example, have shown that
the use of either expanded localizer symbols or rising runway
symbols (radar altitude) can enhance touchdown performance during
simulated Category III-C (zero visibility) landings. HKcwever,
combining the expanded localizer and rising runway information
into one symbol which moved both vertically and laterally in
response to input signals produced touchdown performance which
was inferior to that obtained when neither rising runway nor
expanded localizer was present. These statistically significant
findings were obtained even though the pilot's (apparently)
primary task was the compensatory tracking of integrated,
qguickened command steering symbols. It is apparent, therefore,
that pilot task and other EADI content influence display
dimension requirements, and most certainly influence research
findings.

For flying tasks not involving the use of quickened steer-
ing commands, it is to be anticipated that display size, aspect
ratio and scale factor will play more significant roles in
aircraft control. It is also to Le anticipated, however, that
mission requirements (e.g., level flight, terrain avoidance or
airborne weapon delivery) also will have meaningful impacts upon
EADI or HUD design. Finally, the effects of aircraft and
controller dynamics certainly will be influential, as will
environmental factors'such as turbulence. -

It is not the obiective of this review to attempt to
.specify the characteristics of an optimum or universally
applicable EADI or HUD display. Rather, relevant research is
reviewed s0 that variables of established impact can be
identified and the nature of their effects and interactions
documented for future consideration. Indeed, as many human
factors engineers and display design engineers have repeatedly
pointed out, it will probably be necessary to verify display
design through simulation or inflight testing. Because of the
numerous variables involved in the man-machine interaction
related to continuous control tasks, it is likely that this
necessity may persist for many years to come. '
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Cisplay size ard, corseguently, pitch and bank ancgle scale
crs nave keern exarired indirectly through the evaluaticn of
rrative designs for electrorecharical attitude director
rdicators (2DI's). It rust be rermerbered, however, that

irect cormparisons can provide orly indirect infermation
ause rumercus other display features also are involved. For
t it rmav be worth, however, Monroe, Vreuls and Semxple

(Fef, 244) present a surmary of a study by Gainer et al. (Pef.
1231) irn which instrument approach ard landing perforrance was
irvestigated as a function of attitude director indicator
desicn. Two smaller, four-inch ALI's (Sperry HZ-4 and Berdix
309) were contrasted with two larger, five-inch ADI's (Sperry
EZ-6 ard Collins FD-~1(9). Forty cormrerical aviatior and
military piiots flew a total of 1,920 siculated ILS Category
II1I-C approaches and lanrndings in a multi-jet sirulatcr
recresenting the Boeirg 7C7 aircraft. All approaches were
iritiated at 2,500 feet altitude and 12 miles from the sinulated
glideslope transmitter. In addition to types of flight director
displays, cross wind conditiors and altitudes at which autogpilot
failures occurred also were systematically varied and tested.
211 approaches started with the autopilot in the coupled mode.
During each approach autopilot failures were separately intro-
duced in both the pitch and roll axes ir order to require the
fiicts to manually fly the sirulator using the various ADI's.

At touchdown, pilots always were in full rmarual cortrol of all
axes. Both objective system rerforrmance data and pilot opiniorn
data were collected and aralyzed. PRepresentative measures of
touchdown performance included: runway range, centerline
deviation, roll attitude, pitch attitude, keading error, air-
speed, vertical velocity and drift rate. 2Znalysis of the data
showed that 34% of the touchdowns were successful with the
smaller displays, while 50% were successful with the larger
displays. It is quite obvious that all of the displays had
been tested beyond their design linits. However, the larger
displays did- produce scmewhat Letter performance. Pilot
preference also favored the larger displays.

N L SO SR
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Roscoe, Hasler and Dougherty (Pef. 284) have recently
reported a study conducted ir 1951 to investigate the
proficiency with which pilots could make takeoffs and landings
using a perisccpe as the only source of outside visibility.

Using a twin-engine Cessna T-50, six military pilots flew
take-offs, conmplete traffic patterns ard spot landings. The
aircraft's artificial horizon was covered; glideslope and
localizer displacement displays were not used. The pilots' only
attitude and position reference to the outside worléd was Lty
rreans of a projected periscope display.

Poscoe et al. cite a vreliminary study by Roscoe (Ref.

28l) irvolvirg measurement of the precision with which pilots
centrolled the attitude of an aircraft while performing standard
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irstrument flight patterns. Size of the projection gerisccce
display area and the field of view of the sensor optics were
wvaried. Although no data are presented, Roscoe et al. rexncrt
that results of the experiment clearly indicated that the
precisicn with which pilots could control the attituce of tre
aircraft using the pictorial display improved sigrnificantly with
ircreases in the size of the display size up to eight irches by
eight inches. They also report that wider angles of horizeorntul
visibility associated with lower 1mage magnifications resultec
in greater precision in the pilots' control of aircraft attituce
in horigon-reference maneuvers (e.qg., rated turns, clirkts,
descents and combinations thereof).

Irn the experiment reported in Ref. 284, Roscoe et al.
varied the magnification (i.e., the scale factor) of the
projected periscope display. The display was mounted at the
windscreen directly in the pilut's line of sight. Viewirg
distarce was 15 inches. When viewed fraom this distance, the
viewing screen subtended a monocular field of view of 30
degrees. .Consequently, if a 30-degree outside angle was
included in the eight inch by eight inch image, the resultirng
ragnification (scale factor) was one. By making alterations
to the sensor field of view, scale factors of 0.86, 1.20 and
2.00 were achieved for investigation. In addition to collecting
touchdown data for the three scale factor conditions, data were
recorded for visual contact landings in order to provide a
kaseline.

Two measures of performance were recorded by Roscoe et al.
The indices of safety was simply the number of times which safety
pilots had to assist pilots in making takeoffs or landings.
These numbered only four out of 120 takeoffs and landings, and
were not analyzed further. Assuming sufficient training, the
authors concluded that the safety of periscope flight had been
deronstrated. The index of accuracy of landing was the
difference in feet between the point of landing and the desired
landing spot. Touchdown accuracy data were analyzed to deter-
mine the irnfluence of different image scale factors (magnifi-
cations), the effects of practice, and the effects of using
the periscope in comparison with contact landings. Figure 14
presents distributions of touchdown errors for each of the scale
factors and for contact landings. Fiqure 15 shows variability
of touchdown errors as a function of practice and display
conditions.

Mean touchdown errors were found to be a simple inverse
lirear function of image magnification within the rarge of
ragnifications studied. In comparison with perfect touchdown
performance (zero error), the 0.86 magnification resulted in an
average 72 foot overshoot. The difference was statistically
significant at the .03 level of confidence. The authors
attribute the overshoot to the fact that th: 0.86 magnificaticn
produced an effect somewhat like lookirg through binoculars
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backwards; the effect 1s that oblects appear farther away tnan
they actually are. The 2.00 ragrificaticn resuited in arn
average 200 foct urdershtcct, which was significantly different
from zero undershoct at the .005 level of confidence. The
effect of the 2.00 macrification was to make objects appear
closer than they actually were. Firally, the 1.2 magnificaticr,
which caused obiects to appear approxirately the same distance
away as they would when viewed with unrestricted contact
visibility, resulted ir average touchdown errors which were not
significantly different from either zero error or from the
average error observed for visual landirgs. Similar trernds rmay
be observed in the variability of tocuchdcwn errors as shown in
Figure 15. It should be noted, however, that variabllity of
touchdown performance consistently diminished as a function of
practice. No statistically significant differences were fcurd
among the four conditions during the last block of five larcirgs.

Based upon the results of the studies by Roscce (Ref. 281)
and Roscoe et al. (Ref. 284) it would appear, at least for
flight by periscope, that reduced ragnification may enhance
horizon-refererce flight performance, while a magnification
factor approaching one is to be preferred for approach and
landing performance.

In 1962, Fedderson (Ref. 368) reported a corparison of
helicopter hovering performance using eight-inch and a l4-inch
contact analog displays. Hovering performance was measured 1in
the Bell Helicopter Simulaticn Laboratory using a six degree of
freedom dynamic platform. No statistically reliable
differences were reported for hovering performance as a function
of display size. Cross ard Bittner (Ref. 97 ) point our,
however, that the hovering task required during simulation trials
involving the l4-inch display was nmore difficult than the
hovering task used with the eight-inch display. It is quite
difficult, therefore, to draw any meaningful conclusions from
Fedderson's study.

Cross and Bittner (Ref. 97) have recently reported
experimental data generated using a vertical contact analog
display (VCAD). The objectives of their studies were to define
the relationship between VCAD display size and the accuracy of
judging certain flight parameters, and to obtain estimates of
the absolute accuracy with which selected flight parameters
could be judged as a function of display size. Using what is
described as a gereral purpose, fixed-base aircraft simulation,
experimental subjects were required to make control inputs to
acdjust VCAD presentations for various pitch angles, roll angles
and altitudes. The VCAD displayed only ground plane and sky
plane contact analog textures, along with a horizon line. Other
contact analog symbology was not used. Control inputs were not
aerodynamically crosscoupled; accordirgly, for example, changes
in roll angles did not produce corresponding changes in pitch
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angle, or subsequently, altitude. Manipulations in display size
were accomplished by changing the sizes of tne CRT's

on wWwhich the display was presented, while holdirng viewing
distance constant at 32 inches. Four different tube sizes were
used (5-inch, 8-inch, 1l4-inch and 17-inch). Tube dimensiors in
inches and corresponding visual angle dimensions are shown in
Table 2. A 1:1 relationship between display movement and
corresponding real-world cues was used for all display sizes.
Pesults of several separate experiments are discussed below:

Table 2. Display Dimensions Studied by Cross and Bittner
Tube Size Height Width

5 inches 5.4" (6©° 6') 4.5% (70 58')

8 inches 5.4% (90 34°) 7.0" (120 30°)
14 inches | 9.1% (16°© 16°') : 11.9% (210 4°)
17 inches 10.9% (190 22°) 14.2" (250 2°')

Roll angle control was investigated by requiring fcur non-
pilots to maintain pre-specified roll angles in the presence of
low amplitude, low frequency forcing functions 'n the pitch and
roll axes. Subjects operated a rate control joystick to
maintain roll angles of zero, 20 and 60 degrees. Eight, 14 and
17-inch display sizes were used. Each subject maintained each
roll angle for ten two-minute trials using each display size.
Results of the experiment showed that subjects were able to
maintain all three roll angle standards with very high degrees
of accuracy after only a few trials. Maximum error seldom
exceeded two degrees, regardless of display size used. Average
absolute error averaged over a trial seldom exceeded 0.5
degrees. Root mean square (RMS) error data are plotted in
Figure 16 as a function of roll angle and display size. Curves
for other display sizes were analytically determined and are
shown in the figure.

Two aspects are of signficance in Pigqure 16. First, all
roll angle RMS error values are quite small. Second, it is
quite apparent that display size interacted with the particular
roll angles which subjects attempted to hold. Cross and
Bittner indicate that the causes of the interaction are not
totally clear, but may be due in part to difficulty in
perceptually integrating over large display areas. Based upon
these Jdata, Cross and Bittner concluded that the "optimal®”
display size is dependent upon the magnitude of the roll angle
being judged. If the roll angle standard falls below 18
degrees, larger size displays are favored. If roll angle
exceeds 18 degrees, smaller sizes prove better. Considering
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overall trends in the data, they conclude that an 1ll-inch
display would appear to be the most effective tradeoff for
minimizing errors over a wide range of roll angles.

In a separate experiment, Cross and Bittner determined the
accuracy with which three naval aviators and three non-pilots
could make absolute roll angle judgements as a function of
display size. By verbal command, the experimenter reguested
that roll angles ranging from 60 degrees right roll through 60
degrees left roll be set in by the subjects using a joystick
rate control. No roll angle scale was used. Correctness of
response feedback was provided in order that learning could
occur. Analysis of average errors and absolute average errors
showed that display size did not affect the abilities of subjects
to set in various roll angles. Further analysis of the data
showed that an average subject should be able to set in a roll
angle within + 3.0 degrees on 99.97 percent of his attempts,
regardless of the roll angle he may be attempting to establish.
Figure 17 shows average absolute error (AAE) as a function of
the roll angles which subjects were requested to establish using
the VCAD. It is apparent from the fiqure that AAE was different
as a function of the roll angle to be set in.

Cross and Bittner also investigated the effects of display
size upon the ability of non-pilots to maintain pitch angles at
plus or minus 750, 450, 300, 150 or 0°9. Pive, 8, 14 and 17-inch
display sizes were investigated. Sine wave forcing functions
were introduced into both the pitch and roll channels, and the
subjects' task was to operate a rate control joystick to main-

" tain pitch attitude separately at each of the nine pitch

attitude reference values. The tracking of pitch attitudes was
performed for several variations in roll angle. Average
absolute error and RMS error scores were computed as performance
indices.

As Cross and Bittner point out, the amount of change in the
position of the horizon line that results from an increment in
pitch angle is a function not only of pitch angle, but also
display size ard viewing angle (i.e., sensor field of view).
The relationship among these variables is shown in Figure 18.
When display viewing angle is manipulated to maintain a 1:1
correspondence between the display and the real-world, the
amount ¢f change in the position of the horizon line that
results from a given increment in pitch angle is the same,
regardless of the size of display used. Conversely, if viewing
angle is held constant while display size is varied, the amount
of horizon line displacement per pitch increment intreases as a
direct function of display size. Consequently, larger displays
provide a more sensitive index of change in pitch angle than
smaller displays assuming that dlsplay viewing angle remains
constant. Cross and Bittner held viewing angle constant while
varying display size.
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As they point out, asking a subject to maintain a given
pitch angle with varying sized displays is a legitimate
procedure. BKowever, once a subject is asked to ascribe
numerical values to a given pitch angle (absolute judgement),
the task becames impossibly confusing. For example, if subjects
were asked to judge the position of the horizon line according
to a "real-world®” criterion, error would automatically increase
as a function of display size, at least for conditions wherein
display viewing angle (sensor field of view) is held constant.
Consequently, they did not require subjects to make absclute
judgements of pitch angle as a function of display size in this
study. Subjects only tracked pre-established pitch attitudes.

Results of the study are shown in FPigures 19 ard 20.
Figure 19 shows the relationship between AEE (in volts) and
display size. The data represent predictions for an average
subject maintaining the zero degree pitch angle standard after
training. Since there was no interaction between display size
and pitch angle standard, the shape of the curve can be
considered representative for all standards. It can be seen
that AAE was found to be least for intermediate display sizes.
The minimum point on the curve was found to correspond with a
12.25-inch display.

RMS error is shown in Figure 20 as a function of a display
size and magnitude of the pitch angle standard. Because of the
close proximity of the curves for the various display sizes,
Cross and Bittner only published curves for worst and best case
conditions. The curve for the five-inch display represents the
worst case, while the computed curve for a 12.25-inch display
represents a best case. Curves for all other display sizes fell
within these bounds. The most striking effect in Pigure 20 is
the finding that the minus 75 degree pitch angle standard was
clearly more difficult than the remaining standards. Otherwise,
there was little difference among RMS error scores for the
remaining standards. Of particular interest-is the absolute
magnitude of the RMS error data for the various standards.
Considering thel2.25-inch display, RMS error was less than one
degree for all standards except the 75 degree standard. Since
RMS error is an estimate of the standard deviation of errors
about the mean, it is quite apparent that the average subject
could maintain pitch angle within three degrees of pitch angle
standards from negative 845 degrees to positive 75 degrees over
99X of the time. The considerably degraded performance
associated with the negative 75 degree standard was attributed
to ineffective pitch angle cues available for this condition.

The following general conclusions appear warranted based
upon the experiments of Cross and Bittner. The effects which
display size had upon absolute judgements of pitch and roll
angle magnitudes was quite small. Display size was consistently
found to have an effect on the accuracy with which an assigned
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value of pitch or roll could be maintained. Intermediate
display sizes resulted in the most accurate performance,
although an "optimum®” display size would have to be selected
based upon the particular pitch or roll angle being controlled.
Considering the pitch angle studies, performance was optimized
for display sizes ranging from approximately 8 to 13 inches.
The display size found best in these studies was the ll-inch
display. In contrast, a rather pronounced interaction between
display size and magnitude of the roll angle standard was
found. Larger displays were favored if the standard was less
than 18 degrees, while smaller displays were better for
standards greater than 18 degrees. The display size which
appeared to maximize judgement accuracy across all roll angles
was an 1l inch display. When all results of these experiments
are considered as a unit, the ll-inch display appears to
represent an optimum trade-off. '

The reader is cautioned against over generalization of
these data, however. Pirst of all, the data were collected
using an eye-tc-display viewing distance of 32 inches. There-
fore, any generalization of the data to other viewing distances
should be accomplished on the basis of visual angle dimensions
rather than inches of display height or width. Second, the data
were collected in the context of contact analog display systen
information content and presentation format. It would be
expected that the effects of display size might be somewhat
different for displays of lesser pictorial content and greater
symbolic content. The use of pitch ladder scales and roll angle
scales are two primary examples of how inforration content might
influence the effects of display size upon absolute judgement
performance if not continuous control performance. Similarly,
performance might vary as a function of display viewing angle
(sensor field of view). Also, in the simulation used, aero-
dynamic crosscoupling was not present. Additionally, many of
the other flight tasks required of the pilot were not
simulated. Pinally, qualified pilots were not used in all of
the experiments. It is unlikely, however, that this had any
affect upon the data due to the relative simplicity of the tasks
involved. For full task simulation, however, the use of
gualified pilots would be a necessity.

CONCLUSIONS

Considering just electronic displays used for flight path
control (EADI's), experimental data which have the most direct
application are those published by Roscoe et al. (Ref. 284)
and Cross and Bittner (Ref. 97). In these studies, termiral
area flight control, approach and landing and a variety of other
attitude control tasks were examined to determine the effects of
display size upon task performance. There is some degree of
correspondence between the results of the studies, even though
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Roscoe, et al. used a projected periscore display while Cross
and Bittner employed contact analog displays. Both studies
concluded that displays with a diagonal dimension of approxi-
mately 11 inches resulted in optimal performance, with Cross and
Bittner reaching this conclusion from investigations of pitch
and roll angle control considerably in excess of those used by
Roscoe et al. Additionally, Cross and Bittne: also have shown
that making pitch and roll angle judgements and continuous
control of pitch and roll angles are not markedly influenced by
display size when one considers that an EADI must be designed
to produce acceptable control performance throughout a range of
360 degrees of both pitch and roll.

Based upon data obtained from projected periscope images of
the real-world, Roscoe et al. have shown that a magnification
of one (i.e., a display-to-real-world ratio of 1l:1) is needed
for acceptable approach and landing performance. The data of
Cross and Bittner are predicated upon displays with a magnifi-
cation of one. Whether this ratio will produce adequate pitch
and roll scale factors for continuous control of all aircraft
dynamicsrcannot be answered from their data. Indeed, the
answer to this question cannot be provided without considering
controller and system (aircraft) dynamic response character-
istics in a closed-loop feedback system context. As discussed
within the scale legibility portion of this report, relating
display scale factor to continuous control performance is
beyond the purview of this report. It must be pointed out that
none of the reports reviewed within this section systematically
varied electronic flight display scale factors for either pitch
or roll attitude control. Thus, conclusions regarding display
size which may be drawn from available data are limited to
displays incorporating scale factors of 1l:1.

Review of available data indicates that electronic flight
displays ranging in diagonal dimension from eight through 17 -
inches produce similar control precision, with an 1ll-inch
display providing for an acceptable tradeoff. These findings
are based upon a viewing distance of 32 inches; display sizes
would be linearally reduced for shortened viewing distances.

It would appear that additional research dealing specifi-
cally with display size for EADI displays is not necessary.
What will be needed, however, are investigations of pitch and
roll scale factors for particular aircraft applications.




SECTION 1V

INFORMATION CODING

INTRODUCTION

Williams (Ref. 356) stated that flight is inherently a
goal-directed activity and that every flight has a beginning and
an end. In order to successfully complete this activity, a
number of sub-goals must be established and achieved for all
phases of the flight. These sub-goals necessary for flight
cornsist of:

1. Direction of flight - ultimate goal.
2. The attitude of the flight - performance desired.

3. Mechanical operation of the craft to achieve the
above.

It is hence necessary to provide the pilot with means of
accomplishing these sub-goals. This requirement, an information
system, must allow the pilot to set up indices of desired
performance and to control the aircraft in order that the
desired performance will be achieved. Additionally, the pilot
must take into account other requirements of flight. These
include the presence and flight path of other aircraft relative
to his own, weather conditions, terrain features, flight
regulations and the physical limitations of his aircraft. It is
the express function of the on-board data management and display
system to provide him with the above information.

Roscoe (Ref. 283) argues that the sub-goals of flight are
related in a hierarchical fashion. Through direct manipulation
of the controls, changes are introduced into the aircraft's
attitude, thrust and external configuration, which in turn
affects the craft's velocity vector and this indirectly affects
the craft's position in space and time. These changes are in
turn reflected by changes in the aircraft's display indices.
Since information is conveyed by changes in these indices, it is
necessary to decide upon a consistent and ®"natural® (Carel, Ref.
58) set of movement relationships in the display system. This
is tihe basic problem in the design of integrated visual displays.

The concept of hierarchical relationship in the pilot's
tasks provides the rationale for theological grouping of
information into a relatively small number of integrated displays.
This hierarchically related information should be presented in
a common frame of reference or coordinate system. The difficulty
occurs in trying to decide how far this integration will proceed.
Analysis and experience suggest that at least two views of the
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flight domair should be presented: a horizontal or downward-
looking view for use in navigation and mission requirements and
a vertical or forward-looking view used for flight control.

Simple combinations of a large number of information items
in a single display unit does not necessarily result in an
integrated display system. The underlying principle of display
integration requires related information to be presented in a
common reference system which shows the relationships among .the
items to be perceived. Additionally, it is necessary that this
relationship be perceived directly by the observer. This
necessitates keeping the display itself as simple and
unencumbered as possible. On the other hand, it is necessary
to include in the display sufficient information for the
successful operation of the aircraft. These, and many other,
restraints dictate symbolic coding of the information presented.

This section addresses the problem of how information is-
encoded in the display system, i.e., examine some of the symbol
alphabets developed. But, in order to fully appreciate the
strengths and weaknesses of the reviewed matter, we must ask
ourselves what it is that one is looking for. By a definitive,
but necessarily brief, statement cf some of the problems and
considerations in display coding, it is possible to ascertain
where the present state-of-the-art in symbology research stands.
This accomplished, an attempt is made to reduce the rather
extensive amount of research done in the area of coding to
manageable proportions and digest the results and recommendations
found therein. By so dcing it is possible to ascertain those
areas where additional research is required.

Figqure 21 indicates the general format for this section.
Shape coding is examined first. This includes a review and
summary of the general work in the area, followed by a closer
look at some research aimed specifically at radar symbols. This
is followed by a summary of findings and general recommendations.
Next, the subject of color coding of information is addressed.
Some of the major advantages and disadvantages of color coding
are examined, pertinent research evaluated and recommended color
alphabets summarized. Again, research recommendations are
proposed. Finally, the use of flash rate as a coding dimension
is addressed.

SHAPE CODING

Introduction

“

A shape code is used to symbolically or pictorially
represent a given amount of information in a limited amount of
space. Because of their capacity to transmit various amounts
of information under a number of operatina conditions, a large
number of shape code alphabets have arisen in the literature.
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It is impractical (or impossible) to consider all of them in
this report. For this reason, this review has been limited to
those studies whose results could make possible contributions to
the establishment of optimal airborne electronic display
symbology. Even with this restriction, it is necessary to limit
this review to those studies conforming to a realistic design
methodology. This is not to say that other studies not reviewed
are not sound; rather their primary sources did not explicitly
indicate the above criterion.

With the abundance of studies in the area of form perception
and shape coding, it is necessary to ascertain what it is exactly
t:at a givern shape code is to do. Only after this has been
established can the criteria for the selection of this code be
spelled out. Without a selection criteria formerly fixed,
journeys through the literature are frustrating and often
unrewarding. With the selection criteria in mind, those studies
which possess possible contributions to the development of an
optimal shape code alphabet can be gleaned out. This,
essentially, is what this review attempts to do. By specifying
that the code (shape or other codes) is to be limited to
electrically/optically generated airborne displays under
operational conditions, and is to be used to transmit operational
information through integrated dlsplays to the pilot operating
under operational stresses, selection criteria for the code can
be established.

Criteria for the selaction of shape codes {or any codes for
that matter) should be established by answering at least the
following questions:

1. what is the optimum shape (color, etc.) for the code to
assume? In answering this question, all the parameters that are
expected to interact with this symbol should be considered in the
selection procedure. The amount of dynamic change present or
expected, the criticality of the information, the presence or
absence of other symbols, the effects of rapidly changing
luminance levels must all be considered. '

2. Number of categories - How many discrete symbols will’
be reguired to provide the necessary information in symbolic
form? This minimum number of symbols should be: considered with
step number one since different shape alphabets have definite
size limitations.

3. Minimum amount of information - What is the least amount
of information that can be presented and still successfully
perform the mission? If possible, a symbol type and alphabet
should be selected in which a single meaning is a551gned to each

symbol.
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4. Optimnum symbol size - How large (bright, etc.) dces the
selected symbol have to be in order to provide good legibility
under the range of operational conditions to be encountered? It
is necessarv to keep the symbol as small as practlcal in order
not to interfere with the readout of other information, but
large enough to ensure accurate transmission of the required
information. This consideration includes the visual angle
subtended by the symbol as well as the stroke-width-to-height of

each symbol.

5. Spacing of symbols - What are the spacing requirements
that need to be considered in order to present the maximum armount
of information required on the display:- surface? The formatting
of the syvmbology is important to produce the least amount of
interference. .

6. Absolute identification - Will it be necessary for the
observer to read the symbol alphabet without reference to a
standard? This consideration will limit the size and complexity
of the alphabet selected.

7. Ease of learning - Is the alphabet selected such that it
can be readily learned -by the user population and not show a
performance deterioration during adverse or emergency situations?
The alphabet should be equally interpretable under adverse as
well as normal conditions.

8. Safety factors - Is there a provision for a safety
factor (an alphabet of less than the maximum amount of symbols)
in the event it will have to be used in noise or less than
ideal conditions? If the minimum amount of discriminability is
left between symbols in an ilphabet,’ the introduction of
relatively low amounts of rnoise will, in most cases, significantly
reduce performance.

9. Technical feasibility - Is the alphabet feasible Ior
presentation with the equipment it is to be used with? The
more detailed and complex the alphabet, the more sophisticated
the generation equipment must be to present it with the desired
resolution.

With the above usage restrictions and selection criterion,
the literature produced little in the way of directly pertinent
information. Most of the studies reviewed dealt with low-light
levels under laboratory conditions. Almost all of the studies
dealt with only one to two of the many parameters interacting
with airborne display systems. In most cases, many of the
significant variables were not evea recognized (mentioned), let
alone controlled for. Most of the subjects were operating in
unknown or stress producing environments and consequently their
results can be expected to vary from the performance of skilled
subjects (pilots) familiar with the experimental cornditions
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(aircraft flight, etc.). For these and many other reasons,
generalization from the literature to operational conditions is
tenuous.

. In light of the above discussion, why even bother reviewing
many of the older studies on form perception and shape coding
studies? There are several parts to the answer of this question.
The first is that there have been "significant contributions®:
made by many of these older studies to.the problem of information
display systems. Even though those studies were unidimensional
in nature, (one parameter varied and  the rest of the world
supposedly held constant), they tended to focus attention on
several of the variables important to information coding
f:inimum size, viewing angle, form perception variables, etc.).
Secondly, their lack of examination of the interaction effect of
many of the variables impinging upon their results have spurred
later researchers to challenge their results and in many cases
to conduct better controlled experiments. ¥PFinally, even with
the weaknesses and limitations of these findings, the results
of many of these earlier studies have crept into the present-day
thinking on display design. Valid or not, much of this thinking
is passed on from one generation of displays to the next, with
little consideration givep to its applicability.

The following review of some of the more often quoted
studies illustrate many of the above problems. The first few
studies examined are concerned with establishing the “"best” form
or establishing those characteristics which go to make up the
best form. With this goal in mind, consideration should be
given to the parametric conditions (the many points along the
continuum of per: .rmance) under which the particular form
championed is to be viewed. In order to declare a particular
form best, the conditions under which it is best must be
specified. Systematic (factorial) testing and/or cc "rol »f the
many parameters which interact to influence obs. -ver _.erfc.mance
should be conducted. PFinally. care should be e: rcised in the
development of the methodology in order to ensur. that the
resulting data will be a reliable measure of the parameters one
wished to test.

The second group of studies looks briefly at the development
of symbol alphabets. These studies are concerned with the
development of groups of readily recognizable and easily
discriminable symbols to be used on more complex displays.

Form Perception

Research on shape coding of information has its roots in
early studies of form perception going all the way back to the
work of H. C. Stevens in 1908 (Ref. 328), Geissler in 1926
(Ref. 129), Pease in 1927 (Ref. 262) and Kleitman and Blier in
1928 (Ref. 210). These early stirrings soon took on the form of-
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unofficial movements after the introduction of Gestalt Psycholoqgy
(Kafka, 1935 - Ref. 187). As a consequence of Kafka'’s work with
the Laws of Pragnanz, considerable research was generated in an
attempt to ascertain the "best” figure in the Gestalt tradition.
Fehrer in 1935 (Ref. 118) found that simple symmetrical shapes
are most easily learned. Woodworth and Schlossberg in 1954,
(Ref. 361) emphasized the virtue of symmetry. Fitts et al.
(1956 - Ref. 122) found that figures symmetrical around the
vertical axis led to somewhat better performance (accuracy of
recognition) than those symmetrical about the horizontal axis.
Attneave in 1957 (Ref. 11) found that observers rated simplicity
of shape primarily on the number of turns in the contour and
their symmetry and sharpness. Dardano and Donley (Ref. 99)
found that complete fiqures (circles) were more discriminable
than incomplete fiqures (1/2 circles). Gaito (Ref. 126) found
the propensity to perceive a curved line as straight to be
greater than the reverse.

In opposition to the Gestalt principles, Collier in 1931
(Ref. 83), Whitmer in 1933 (Ref. 353), King et al. in 1944
(Ref. 207), Casperson 'in 1950 (Ref. 60), Smith and Boyes in
1957 (Ref. 314) all demonstrated that triangles, rectangles, or
crosses are superior or "better” than circles. Rappaport (Ref.
274) did not verify his hypothesis that symmetrical figures
would result in better performance than an equally complex
assymetrical figure. Deese (Ref. 104) found that when observers
need only remember one form at a time, complex forms are more
accurately identified.

Perhaps it would be of benefit at this point to ask just
what this or that figure is "better®” or "best" for. Certainly,
if these early results are to be generalized to visual display
problems, such important parameters as resolution, brightness
contrast, ambient and background illumination, visual noise,
exposure time, and redundancy gannot be dismissed. If we are to
extend them to the complex visual displays addressed here, we
must take into consideration such psychological, physiological,
and social factors as individual motivation, psychological set,
individual differences, response complexity, channel capacity,
individual cultural orientation and form familiarity. Clearly
the early studies do not control for these and many other
variables, but they are considered here for their results have
vectored later decisions on coding. Subsequent researchers
have sometimes quoted these studies, somewhat out of context,
to support their own findings, even though their studies were
not comparable. Black on white, white on black, soclid a2nd
linear, equal area and equal height forms have been stirred
together without particular attention paid to design.

Several studies have produced results which indicate that

the threshold of recognition of a visual test object is
influenced to some extent by the shape of the object. Kleitman
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and Blier (Ref. 210), for example conducted a study using solid
black equal area forms on a white background to test subjects

on direct and peripheral vision. Their findings indidated that
the triangle was superior to the circle, square, or star for
both direct and peripheral vision, and that the triangle has the
lowest visual threshold of the forms tested. The difficulty
with their results is that the equal area design gave the
triangle the advantage in angular subtense. This variable was
not discussed by the authors.

Collier (Ref. 83) presented seven different solid forms in
a reripheral view study. His sizing method was not described.
His scering was ir terms of extent of perimetric field and a
subjective measure of certainty. He reports that equalateral
and isosceles triangles are vastly superior, followed by the
square, parrallelogram, circle, hexagon and octagon in that
order (Table 3). Regardless of the sizing problem, it is
obvious that confusion possibilities are greatest between the
hexagon, octagon and the circle. Additionally, the two triangle
forms used were not adequately described and consequently little
weight can be placed on their reporteda advantages.

Munn and Geil (Ref. 251) also examined equal area forms
viewed peripherally to determine what forms could be most
accurately discriminated. Two forms were presented simultaneously
in tne peripheral area of vision, one stimulating the lateral
portion of each eye. The subjects (four) were instructed to
fixate on a central fixation point prior to exposure of the forms
presented. Each form was 10 cm“ and was cut out of black paper
which was then placed in front of a light box illuminated by a
10 watt bulb. The forms were viewed from a distance of 60 cm.
The box aperture was covered prior to exposure with white paper.
The forms were presented in random order and orientations and
at different peripheral angles (beginning at 85° and descreasing
in 59 decrements). The subjects were not provided with knowledge
of results. ' :

Munn and Geil reported that the triangle was correctly
recognized over the greatest parametric field followed by the
square, circle, rectangle, and hexigon in that order. Again,
angular subtense is possibly the explanation for the first
three ranks. It is also obvious that only the triangle has no
confusion form in the five symbol design.

Helson and Fehrer (Ref. 162) used six equal area soiid
black on white forms {area ranging from approximately 800-1,000
rm2) in their study of light and form thresholds, just
noticeable form and form certainty. The forms illumination
levels were increased until accurate identification was obtained.
The symbols were viewed from a distance of 275 cm (approximately
nine feet). The results indicated that the triangle and the
rectangle were the best forms (i.e. had the lowest light thresholds
for just noticeable light). The circle Zid not place Iirst orn
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Table 3. Summary of Results of Study by Collier, (Ref. 83)

HORIZONTAL RIGHT

HORIZONTAL LEFT

FORMS
Number of Per cent HNumber of Per cent
exposures correct  exposures correct
Circle 77 69 50 68
Octagon \ 77 28 50 30
Hexagon 77 45 50 48
Square 77 74 50 70
Parallelogram 77 71 50 70
Equilateral Triangle 77 86 50 78
Isosceles Triangle 77 71 50 82
539 63 av. 350 64 av.

VERTICAL UPPER

VERTICAL LOWER

Circle ‘ 38 38 50 50
Octagon 38 18 50 33
Hexagon 38 41 50 50
Square 38 74 50 76
Parallelogram 38 69 60 82
Equilateral Triangle 38 82 50 90
Isosceles Triangle 28 69 ‘ 60 68
266 55 av. 350 64 av.
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any measure taken and was rated as “neither good nor bad®. Table
4 presents a summary of the verbal reports given by the four
subjects for the first:50 observations with each form. It is
observed that the triangle was most correctly identified by the
observers and showed the least amount of confusion with the

other forms used. The advantage appears to be explainable in
terms of angular subtense and/or confusion forms within the
matrix.

Whitmer (Ref. 353) conducted a study in which he found that
the rank order of different shapes, based on the percentage of
correct discrimination, was triangle best, followed by diamond,
square, rectangle, circle and hexagon.

King, Landis and Zubin (Ref. 207) using only triangles,
squares amd circles, found subliminal perception (using forced
. guesses) to exceed chance and that the triangle, though not
significantly, did exceed the other two forms.

Hochberg, Gleitman and McBride (Ref. 168) believing that
the previous conflicting reports were due to a lack of consider-
ation of and control for the effects (background figure inter-
action) of area of the figure and specific framework effects,
attacked the problem from a different direction in an attempt to
gain better control over these variables. Instead of triangles,
they used an equal area circle, square, and St. Andrews cross
projected as bright forms (with increasing intensities) upon a
dark screen. The circle required the lowest light level for
recognition while the St. Andrews cross required the greatest
illumination for visibility. In this case, visibility was
inversely related to angular subtense in direct opposition to
other equal area studies. They concluded that a "good" figure
is compact, simple, symmetrical, and familiar, as expected in
the Gestalt approach. They made no effort to explain their
findings, which were contrary to prior findings, using white
forms on a black background. Neither did they mention the
possibility of a decrease in "perceived brightness® over large
angular extents.

Hanes (Ref. 156) concluded that triangles, perhaps, have
been most persistent in giving lower thresholds, but whether this
fact still held above threshold was still open to question. He
reasoned that if “"compactness®” was a factor in determining a
threshold, it may also help in determining apparent brightness.
In his experiment to test this latter point, he used circles,
triangles, and squares each with three different areas: 0.003,
0.0123, and 0.17858 square inch. These figures when viewed at
a distance of 24 inches, subtend visual angles of 9, 19, and
148 minutes of arc respectively. His five subjects varied the
brightness of the variable shape to equal the brightness of the
standard shape. The brightness levels were 0.1, 10, and 100 ml.
Hanes found that with the triangle (with an area of 0.0031

/
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Table 4. Summary of Results of Study
by Helson and FPehrer, 1932

Reports from all Os on Form*

(First 50 Observations)

Pigures Exposed

gigﬁrgs Tri. Rect. Sq. Circ. Semi-c. Angle Total Av.

Tri. 180 0 0 0 52 57 208 '7u.5 0.
Rect. 0 0 0 215 53.7 0.
Square 0 0 180 30 1 g8 215 53.7 5.80
Circle 0 (1] 20 170 1 7 198 49.5 5.59
Semi-c. 8 2 1] 0 124 12 142 35.5 7.0
Angle 6 0 0 0 6 120 132 33.0 8.51

*Numbers indicate number of times stimulus was identified as
each of the reportable forms.

r

square inch and brightnees of 0.1 ml) as the standard, the mean
value of the equal sized square which appeared equally bright was
0.125 ml, but for the triangle the mean value was only 0.095 ml.
(See Table 5). The triangle therefore, appeared brighter than
the square. The colunn means in Table 5, however, indicate that
while this relationship holds true in a majority of the cases,
the shape which appears brightest is somewhat dependent upon

size and brightness level used. When the two smaller sizes are
used, the triangle has a consistently higher apparent brightness
than do the other two forms, but for the larger sizes, the circle
appears brightest. Hanes could find no single expisnation
adequate to account for these results.

These early studies have little to offer in the way of
unanimous conclusions. They do, however, offer a possible rank
order of the symbols examined with the top spot apparently
going to the triangle (see Table 6), followed by the square,
circle and rectangle respectively. Additionally, these findings
indicated that apparent changes in visibility of the few symbols
examined were a function of the presentation method, the inter-
action effect with similar figures and the luminance levels
used.
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Symbol Alphabets

The next group of studies reviewed used larger alphabets of
symbols, but likewise failed to uncover those characteristics
which go to make up the "kest”™ figure.

When working with larger alphabets, it is necessary to
select representative geometric forms from a large number of
form families (star family, triangle family, etc.) in order to
ensure a balanced design. Unbalanced designs (symbols selected
from a small number of form families) of this nature will tend
to be biased in favor of the forms selected. ,

Casperson (Ref. 60) conducted a study to determine the
discriminability threshold of six different geometric forms and
to relate their relative discriminability to three quantifiable
aspects of their construction: (a) area of the figure, (b)
maximum dimension, and (c) perimeter. To produce variations in
the six basic forms, he constructed five different variations
of each basic form (Pigure 22). These fiqures, when equal in
area, differed in maximum dimension and perimeter. Additionally,
each set of figures was reproduced with seven different areas in
order to measure discrimjnability thresholds. Six complete sets
of stimuli were made for each of the seven areas. The figures
were solid black photographic prints on semi-gloss paper, and
the illumination on the cards was 11.2 foot-candles. The 20
male subiects viewed the stimulus cards from a distance of 20
feet with their chins in rests. They were instructed to report
only the basic form name presented. Each subject had seven
experimental sessions; in each session he judged a complete set
of 30 figures (all with the same visual area) 28 times.

The results indicated a difference in discrimination in the
six forms tested. The results'tend to confirm earlier reports
that circular and elloptical chapes are difficult to identify
(Helson and Fehrer, Ref. 162). 'Area was found to be the best
measure of discriminability for ellipses and triangles. Maximum
dimensions predicted discriminability best for rectangles and
diamonds, while perimeter was the best predictor for stars and
crosses. As a group, the best predictor for all the forms was
maximum dimension. In ranking the discriminallility of the six
basic forms, it was found that the triangles, rectangles, and
crosses consistently maintained their position in the first
three places, while the stars, diamonds and ellipses occupied
the lower three places, regardless of the variable used to
measure performance. A comparison of the variance contributed
by the subjects with the variance due to form differences
substantiates the hypothesis that forms do differ in their
discriminability and that the differences among the individuals
making the discrimination are small when compared with these
form differences.
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Pigure 22. Porms and Variations Used by Casperson, (Ref. 60)
The Seven Areas Used Were: .032, .072, .128, .200,
.288, .512, and .800 cm2.

Sleight (Ref. 310) attempted to obtain information on the
relative discriminability of a number of geometric forms when
the subject had to deal with a complex panorama before him. Six
each of 21 different forms (Figure 23) were mounted on 1-1/4
inch clear lvcite squares. The figures Were the maximum size
that could be inscribed in a 1l-inch circle. A 25 inch circle N
painted flat white was used as the display background for the
target symbol. Sixteen male and five female subjects sorted all
six of designated target form into a compartment as quickly and
as accurately as possible from a total of 126 forms.

The forms sorted most quickly were respectively: swastika,
circle, crescent, airplane, cross and star (Table 7). When the
subjects ranked the figures in order of "attention-getting
value®, the swastika ranked first followed by the cross, the
star, airplane, crescent, diamond, circle, heart, and triangle
in that order. There was a high positive correlation between
the ranking of the figures according to sort time and the :
subject's ranking of items according to "attention-getting 5
value®.

Since the symbols used by Sleight were reasonably large,

there was little posgsibility for blur to occur. In this type

" of study, there would appear to be an advantage given to the
circle, even in the presence of several polygon forms, because
of its size and area. Sleight also used an unequal sampling of
form families with five polygon used as compared with only one
triangle, square, and star. The numerous polygons and the
circle accounted for a large percentage of the sorting error and
must have contributed to the slow sorting time for the circle.
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Figure 23. PForms Used by Sleight.{(Ref. 310)

!

In a series of experiments, Bitterman et al. (Ref. 31)
attempted to explore the implications of a diffusion model for
visual form perception which was derived from the Kohler-

Wallach theory of figural after effects (which states that

corners tend to round-off, gaps close and fine detail to blur

into larger detail). In his first experiment, foveal form
threshold were measured in terms of the intensity of illumination
required to identify luminous figures briefly exposed in a dark
room (Figure 24). Significant variance due to form was found in
the thresholds for these simple figures of equal area. Inspection
of the graph in Figure 25 reveals a rather marked linear relation-
ship between the two v.riables (lumirance required for detection
ard parameter to area). :

In the Bitterman study results, the square was frequently
called a circle at pre-threshold levels, and the triangle was
also mistaken for a circle (but not as often as the square). The
cross was frequently called a diamond, the X a square, the I a
triangle with the apex down, the L a sem1c1rc1e or a half-moon,
and the H on occasion was called a butterfly. The circle was
rarely called anything but a circle. 1In general, as the diffusion
model suggests, corners tend to round and gaps tend to close.
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Table 7. (a) ¥ean Sorting Time and (b) Relative
Discriminability of the Six Porms. 3
(from Sleight, Ref. 310) g

Table (a)

Mean Times for Sorting Six of Each Porm and Groupings
by Significance of the Difference Between Mean Times

Mean Skew- i
Group Form Time* SD ness#é* i
. (.01 min.)

] Swastika 11.4 1.748 -.689
Circle 15.2 4.75 .568

At Crescent 18.5 10.63 .761
Airplane 27.9 .- ¥3.24 .111

Cross 29.1 16.78 .663

Star 30.4 12.75 .972
Fllipse : §o.o 26.80 1.220
Rectangle 45.3 27.90 -806

B " . Diamond . 847.2 22.29 1.238
Triangie 53.7 28.22 .765

Square 58.0 34.00 .679

Beart 66.0 52.72 .699

Ship 70.2 34.35 1.150

c Semicircle 71.5 42.77 .793
Pentagon 73.4 36.34 .495
Trapezoid 77.3 86.65 1.086

Shield 83.5 54.62 1.488
Octagon 94.7 54.88 1.088

D Double-concave. "7.99.3 71.06 .855
Heptagon T 103.2 53.38 . .972
Hexagon : . 107.7 53.79 .731

* Each mean presented here is based on the last two trials for
all Ss combined (N = 42).

#* Groups denote forms, each of which is significantly different
. from all other forms (at the 1% level) except those within the
'same bracket. For example, the swastika is significantly

better than the ellipse, the ellipse is significantly better
than the heart, and so on.

*%% Skewness is calculated using the formula three times the mean
minus the median divided by the standard deviation. In a
perfectly syrmretrical distribution the obtained value would
be zero.
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Table 7. (a) Mean Sorting Time and (b) Relative
Discriminability of the Six Forms,
(from Sleight, Ref. 310)

Table (b)

Relative Discriminability of Geometric Forms as
Determined by (a) Mean Selection Order, and
(b) Mean Sorting Time*

. Rank by Rank by
Form Selection Sorting
Order Time
Swastika 1 1
Cross 2 5
Star 3 6
Airplane g8 4
Crescent S 3
Diamond 6 9
Circle 7 2
Heart 8 12
Triangle 9 1o
Double-concave - 10 19
Semicircle 11 13
Shield .12 17
Rectangle 13 8
Ellipse 13 7
Ship 15 13
Square 16 11
Trapezoid - 17 16
Pentagon 18 15
Hexagon 19 21
Octagon 20 18
Heptagon ' 21 20.

* Rank order correlation = .79
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OmAL+TH

- Log Threshold Luminance (mL)

Area . Perimeter
Form (Square inches) (Inches) Perimeter/Area
Circle .25 1.77 7.08
Square; diarond a/ .25 2.00 8.00
Square; diamond a/ 1.00 4L.00 4.00
Triangle .25 2.27 9.08
L a/ .25 2.31 9.25
Cross; X a/ .25 2.69 10.75
Cross; X ~ 1.00 5.36 5.36
T - .25 2.69 10.75
H .25 3.02 12.10

a/ Identical forms differing in orientation by 45°.

Figure 24. Description of Figures Used in First Study
by Bitterman et al. (Ref. 31)

1.7 1
o &

L ]

: | § : v | L4
4 5 6 7 8 9 10 11 12
Parameter to Area (P/A)

Figure 25. Required Luminance Threshold as a Function of
Parameter/Area, Note that the Two Lowest P/A Values Represent
the 1.00 inch2 figures and the Remaining Figures are for the
Smaller 0.25 inch< figures. (After Bitterman et al., Ref. 31)
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In the next series of parametric experiments (Bitterman,
Ref. 3]), form thresholds were found to vary inversely with
exposure-time, with area, and with magnitude of critical detail.
Qualitative as well as quantitative reciprocity of time and
intensity was discovered; distortion of form (blurring of fine
detail) appeared with short exposure times which were comparable
to those obtained with low illumination levels.

The fifth experiment in the series was designed to examine
the role of critical detail in form perception. In the figures
used (Figure 26), length and/or area increased progressively
while perimeter/area (P/A) decreased slightly.

Examination of the results presented in Figure 27 suggests
that the principle source of variation for the crosses, X's, and
L's was magnitude of the critical detail measured in terms of
the lengths of the arms constituting the interior angles.
Thresholds for crosses and X°s decreased in a similar manner
with increasing length of details despite the fact that for the
crosses, P/A incresses markedly and area remains the same while,
for the X's, P/A decreases markedly and area increases signifi-
cantly. From these results, Bitterman concludes that the
perception of form, at low levels of illumination, is limited
primarily by local diffusion (diffusion of the detail) which
obscures critical detail, rather than by the relative amount of
diffusion from the figure as a whole (expressed in terms of P/A).

From the data collected in his experiments, Bitterman made
the following general conclusions:

1. Brightness thresholds vary inversely with exposure

time and with area, but appear unaffected with rather extensive
changes in configuration.

v+ Ada o

Figure 26. Forms Used in Experiment V.
(Adapted from Bitterman et al. Ref. 31)
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Fiqure 27. Brighﬁness and Form Threshold as a Function
of the Length of Critical Detail. (After Bitterman, Ref. 31)

2. Porm thresholds vary inversely with exposure time
(increase exposure time decreases threshold), with area (increased
area decreases threshold), and with magnitude of critical detail
(increased size of detail decreases symbol threshold).

Bowen et al. (Ref. 38); surveyed the literature and were
unable to find any definitive rules for establishing easily
recognizable symbols. Rather, they found distinctive
combinations of features for each shape: no one of which was
absolutely necessary. They, therefore, attempted to establish
the rank discriminability of a set of 20 geometric symbols under
various conditions of degradation of noise, distortion, and blur
and to select subsets of these symbols that would yield minimum
confusion. The shapes were selected so that each would appear
distinctively different, simple, have few elements, but in some
sense be symmetrical (Figure 28). Slides were made for each
symbol under each of the 12 viewing conditions and were back-
projected onto the center of a five by five inch opal giass
screen producing symbols of 0.5 inch height and strcke-width-to-
height ratio of 1:10. Viewing distance was 50 inches and the
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Figure 28. The 20 Symbols Selected by Bowen et al. (Ref. 38)

brightness of the display was & to 5 foot-Lamberts (dependent on
the noise condition of the slide). Seven subjects were each
shown the 480 presentations individually for 0.5 seconds.

The results indicated no significant difference in the.
performance among the Subjects. (Table 8, however, indicater a
significantly different score in the accuracy of recognition for
each symbol). Increasing the amount of noise and the amount of
distortion significantly lowered performance, but increasing the
amount of blur (within the range used in this study) did not.
Bowen hypothesized that blur causes a lack of definition to the
small elements and therefore renders the background more uniform,
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Table 8. Percentage of Correct Recognition.
(From Bowen et al., Ref. 38)

Percentage Percentage
Symbol No. Correct Symbol No. Correct
1 .916 11 .785
2 .898 12 .756
3 .869 13 .779
8 ' .869 14 .506
5 .839 15 -.762
6 .881 16 .553
7 .875 17 .458
8 .833 18 .720
9 .839 19 .559
10 .863 20 .690

while affecting the solid dominant parts of the figure to only a
small extent. Hence, the overall loss of resolution is counter-
balanced by an increase in the effective figure-ground contrast.

The interaction term (which is defined as the degree Af
variation in a score which is attributable to the combination
effects of two or more of the conditions and which is distinct
from the effects due to the conditions considered individually)
“Noise by Distortion by Blur” was significant and is graphed in
Figure 29. As these three conditions combine into progressively
more and more adverse display conditions, performance deteriorates
at an increasing rate. While blur alone did not affect the
scores significantly, it does enter into this interaction temm.
Hence, Bowen concluded that some blur is tolerable, provided
that the other display conditions are fairly good. However, when
the other conditions are poor, the presence of blur will recruit
to the other factors to degrade symbol recognition.

The results of the experiment were entered into a master
confusion matrix which describes the probability of any of the
20 symbols being responded to when one symbol was displayed.
From this matrix, optimum subsets of symbols were found and are
presented in Table 9.
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Table 9. Optimun Sets of Symbols.
({Adapted from Bowen et al., Ref. 38)

Articulation scores

Number of for conditions
Symbols
in Set Recommended Symbols* Best Average Worst
2%* 1 €:2; or 1 &€ 3; or 2 ¢ 3; 1.0 1.0 1.0
or 7 & 18; or 5 & 7; or
5 ¢ 14.
3 1, 2 ¢ 3; or 5, 7, &£ 18, 1.0 1.0 1.0
4 1, 2, 3, ¢ 8; or 5, 6, 7 1.0 .99 .99
& 14.
5 1, 2, 3, 8, € 5; or 4, 5, 1.0 .98 .91
6, 7 ¢ 14.
6 1, 2, 3, 8, 5, € 6. 1.0 .98 .91
7 1, 2, 3, 84, 5, 6, € 7. 1.0 .98 .83
8 1, 2, 3, 4, 5, 6, 7, ¢ 8. 1.0 .97 .79
9 1, 2, 3, 8, 5, 6, 7, 8 ¢ 9. 1.0 .95 .69
10. 1, 2, 3, 4, 5, 6, 7, 8, 9, 1.0 .94 .67
€ 10.

% For additional symbols use: 11 but not with 3
12 but not with 5 or 7; and
13 but not with 8.

*% Symbol numbers refer to symbols shown in FPiqure 28.
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Figure 29. The Interaction Effect of Noise, Distortion,
and Blur Upon the Probability of Correct fesponse:
(After Bowen et al., Ref. 38)

Yhile the above combinations are optimal, any combination
of the first ten figures should yield good results, however, a
square and a rectangle should not be used together. In general,
symbols 15 thru 20 should not be used, if possible. The number
of symbols should be kept minimal, and under adverse conditicns,
no wore than six symbols shpuld be used.

A second experiment was designed to provide information
about optimum size and stroke-width-to-height ratio for symbols
to be used for tasks similar to those found in operational radar
centers. The stimuli were: (a) a circle, (b) a variation of a
cross, (c) a square, and (d) a triangle. Each symbol used had
three sizes (0.25, 0.375, and 0.50 inch) and three stroke-width-
to-height ratios (1:6, 1:8 and 1:10). The subject’s task was to
count the number of occurrences of a specific symbol as cuickly
and as accurately as possible when they were displayed.

The results indicated that the cross was counted most
rapidly in all three size categories. The triangle turned in
the poorest performance with reqgard to counting speed. The
0.5-inch symbols were counted the fastest with stroke-width-to-
height making no difference for this size. Zor smaller size
symbols, however, the thinner stroke-width-to-heights were
superior.



Based on the above data,‘Bowen et al. made the following
general recommendations:

1. Symbols should subtend a minimmm of 20‘ of arc, but
if the viewing distance is longer than the normal 28 inches it
should form a visual angle of about 22' of arc. :

2. The stroke-width-to-height ratio should be 1:8 or 1:10
for symbols of 0.484-inch or larger viewed up to a distance of
seven feet.

3. The best presentation rate was found to be about one
symbol per 0.7 second.

The results of Bowen's study and his recommendations have
appeared in many handbooks, guides and later studies on coding.
Valid or not, his efforts appear to be the first attempt to
establish guidelines for symbol construction. Unfortunately,
there appears to bpe no follow-up work attempting to validate his
recommendations.

Since the symbols used in this study were presented in
various orientations, the question of the context in which the
symbol is presented becomes apparent. Additionally, the
orientation of the symbol relative to the observer is- perhaps a
factor in the discriminability of certain figqures (Form Number
11 proved less efficient in experiment number one where it was
presented in isolation than it did in experiment Number II where
it was presented in connection with other symbols).

Williams and Palzon (Ref. 357) investigated some of the
variables thought to effect symbol discrimination and search
time on complex Air Force information systems. One hundred
symbols were derived and presented in five staggered ten by ten
matrices and five ordered ten by ten matrices. Each symbol was
projected for 0.5 second and viewed by six subjects viewing them
from 85% left, 0°, and 85° right of center (20 feet from the
screen). The symbol brightness was 20 Ft. Lamberts, and the
background brightness was 2 Ft. Lamberts. The symbols subtended
a visual angle of 20 minutes of arc (see Figure 30).

The results indicated that the type of matrix was not
significant for search time or for accuracy. Viewing angle was
significant for accuracy, but not for search time. At the
center viewing position, area type forms (Table 10) were
recognized most accurately, but at the right and left positions,
perimeter type forms were recognized overall with most accuracy,
followed by the pictorial type forms and then by the combired
geametric forms.
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Symtols Used by Williams and Falzon. (Ref. 357)

Figure 30-a is Representative of the Random Matrix,

Figure 30.

" Pigure 30-b of the Ordered Matrix.
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Table 10. Assignment of Fiqures to Experimental Categories, t
(After Williams and Palzon, Ref. 357) ‘e

Assigmment of Symbols to Experimental Categories

Simple X Simple X Camb. X Comb. X Pict. X Pict. X

, . .
kAR A

Perim. Area Perim. Area Perim. Area

A-10 A-5S A-8 A-3 A-6 A-1 i
B-10 A-7 B-5 A-9 B-3 A-a 3
D-1 B-2 B-8 c-4 B-4 B-1

D-4 B-7 D-6 c-7 B-9 B-6 3
E-10 c-2 " p-10  * D-3 B c-1 B
F-9 c-3 E-3 E-2 D-9 c-6

H-8 c-8 E-5 E-9 . PF-2 _D-5

B-5 D-2 P-4 -5 | B-5 D-8
H-8 E-1 F-8 -7 | G-3 E6 |
H-10 E-8 G-1 -1  G-& E-7 -
I-8 E-8 G-2 - B-3 = G-6 F-7

1-7 F-6 c-8 I-1 G-9 H-2
J-4 F-10 1-8 1-2 o -6 . I-3 '

J-5 ~ H-9 1-9 1-10 - J-3 J-1

J-9 I-6 J-10 J-2 . - J-6 J-7

Williams and Palzon mafe the following recommendations for
the selection of symbols to be used in displays with a large
number of symbols present:

1. Simple geometric symbols are recommended if high
accuracy and low search time are required and the center V1ew1ng
can be used.

2. If the tight and left viewing angle must be used (but
angles not greater than 85° from the center), then simple
geometric and/or pictorial-perimeter type forms are reccmmended
(the latter being the best).

3. Combined geometric forns, as used in thlS experiment,
were not recommended.
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Results found in the above experiment indicated that solid
geometric—-type symbols were not recognized with sufficient
accuracy for use in complex 2ir Force displays. In order to
obtain a list of combinable symbols for use in system displays,
Williams and Falzon (Ref. 358) conducted a similar experiment
with the twenty-five symbols shown in Figure 31.

~ Six individuals familiar with the system viewed the 25
symbols under conditions stated for the study. During each
trial, the symbol was projected on the screen from 0.5 second
subtending a visual angle of 10 minutes of arc.

Cambinaticas using outlined diamonds proved rather poor and
wvere often confused with other symbols in the matrix (Table 11).
Outlined squares and circles, on the other hand, seemed to
yield satisfactory combinations. Outlined triangles were superior
to outlined diamonds, but were still rather poor when compared
with the square and circle combinations for accuracy. Search
time rankings indicated that square and circle combinations
could\pe located quicker than triangle or diamond combinations.
Straight ahead again proved best for search time, followed by
right and left positions of the display.

Figure 31. Figures Used by Williams and Falzon. (Pef. 358)
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Table 11. Search Time Rank Order of Symbols-
{After Williams and Falzon, Ref. 358)

Search Frequency Cumulative Symbols
Time Per Frequency - Prom
(Sec.) Measure All Measures Figure
3.98 1 1 12
4.00 1 2 22
4.17 1 3 13
4,23 1 4 20
4.480 1 5 8
5.83 2 7 6, 24
4.90 1 8 11
5.33 1 9
5.50 1 10
5.70 1 11 ' 2
5.90 1 12 10
6.17 1 13 7
6.23 1 14 23
6.33 1 15 15
6.46 1 16 14
6.60 2 18 1, S5
6.87 1 19 18
7.13 1 20 ‘ 4
7.33 1 21 25
7.36 1 22 ~ 19
7.73 1 23 17 .
8.33 L 24 21
8.43 1 25 16

The circle-X (Symbol #17, Figure 31) was often confused
-with the square-X (Symbol #2). If the circle-X was not viewed
at the center position, the extended diagonals seemed to cause
the figure to appear as a square-X.

‘ . T
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Summary

With the exception of the study by Bowen, et al., none of
the above studies presented the symbols being discriminated in
a realistic operational situation. Hence, the validity of
generalizing these findings to radar or other electronic display
situations appears to be limited. Likewise, the limited scope
of the responses required of the subjects in'these studies could
hardly be compared to the complex response requirements of the
operational situation. Later studies will show a definite inter-—
action effect between these two important parameters. Also, the
somewhat arbitrary manner in which the symbols were selected for
testing, the limited number of types of symbols and the
restricted nature of the testing done on the symbols selected
does not appear to be conducive to broad generalizations of the
recommendations derived therefrom. Be this as it may, the
recommendations by the above authors have been broadly generalized
and appear in many recently published studies.

Nonetheless, the above studies are not without merit. When
applied to situations comparable to the tested situations, the
general recommendations made appear to be quite valid.
Unfortunately, the recommendations forwarded are not unanimous
in nature. The guides proposed by Bowen et al. are diametri-
cally opposed to those proposed by Williams and Falzon (i.e.,
Bowen suggests that modifiers - slashes or wings added to a
basic figqure - should not cross, distort or interfere with the
primary symbol, while Williams and Falzon contend that modifiers
contained within the primary figure lead to fewer confusion
errors than extended modifiers). Based on the sparse evidence
provided by the other studies reviewed and on the general
recommendations from the area of form perception, it would appear
that the recommendations made by Bowen et al. would be more
valid for use on electronically generated display. This is not
to say, however, that these symbols (presented on Figure 28) are

" universally applicable to all display situations. Careful
consideration of the display, the enviromment in which it is to
operate and the tasks demanded of the observer must be taken
into consideration when generalizing this (or any) symbology to
a new display situation.

Radar-Type Sympnology

In the early days of radar, a very limited number of
symbols could be generated on radar scepes. This limited alpha-
bet quickly became a usable, if not standardized, target
vocabulary. As technology advanced, however, newer equipment
permitted the generation of complicated new symbols which soon
displaced some of the older symbols. Unfortunately, this change
did not constitute an orderly growth from the original alphabet.
New meanings were assigned to older forms and new forms replaced

* older symbology. Recent state-of-the-art advances enable the
' ‘
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radar screen to present the observer with much more information
much more rapidly. Computer generated synthetic video has
transformed the traditional CRT into a meaningful picture of
action with targets completely identified as clear symbols on an
uncluttered background. Map overlays, terrain features, equip-
ment position, check procedures, and mmich more can be presented
upon demand. \

With this capability, there is a temptation to build large
vocabularies of meanings based on information which the conputer
can provide. Consequently, the appearance of newer, more
sophisticated equipment will generally mean the introduction of
a newer set of symbology to go with the equipment. Yet, as far
back as 19489 (Ref. 127), Gebhard warned that:-these complicated
codes are of little value unless they can be internreted by the
operator under field conditions. Several studies have been made
in an attempt to ascertain the “"best" set of symbology
(Honigfeld, Ref. 171; Davis, Ref. 101), but again they have
failed to come to any unanimous conclusions or specific recommen-
dations. Berqgum and Burrell (Ref. 28) recommended a standard-
ization of radar symbology before the problem intensified.
Honigfeld (Ref. 171) reviewed the literature in an attempt to
formulate quidelines for standardization of radar symbology, but
was unable to specify a standard alphabet. With this obvious
need for standardization and limitizing, it is dlfflcult to
understand why new codes continue to appear.

The literature indicates that each new code designer leans
heavily on earlier studies which appear to support his own
particular theory. Many of these studies have been repeatedly
summated without reference to the original conditions of the'
studies, and consequently many of the original weaknesses in
coding have been perpetuated. It is obvious that these often
quoted studies have influenced current thinking concerned with
radar symbology, but with the mrultitude of new variables
associated with newer equipment it is difficult to see how much
of the earlier work can be directly applicable. A careful
evaluation of the situation is certainly warranted.

As stated above, little of the preceding data can be
applied directly to radar symboloqy However, some of the
general recommendations found in the above literature could
possibly be of value. These irclude:

1. The suggestion of an interaction effect when highly
similar symbols are utilized irn a limited coding system. Symbols
from the same or similar gecmetric family (i.e. triangles) tend
to appear more similar as viewing conditions are degraded.

2. Consideration should be given to the apparent chénges»
in visibility of an individual symbol with different types of .
presentation methods. The samre symbol will not necessarily be

Y
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equally discriminable in different display formats (i.e., in
presence of clutter, noise, etc. as apposed to a uniform display
background) . -

3. The characteristics contributing to the legibility of
symbols, usually a function of the form family from which the
symbol was derived, should be m;ximized.

4. The number of symbols presented and the amount of™ ™~
informaticn that must be encoded in each symbol should be
weighted against the amount of information the operator reeds
and can efficiently handle.

True radar simulation studies are limited in number and in
scope. The studies that have been concerned with radar
simulation have tended to point out equipment problems rather
than dealing with problems associated with symoology. The fact
is that radar symbology has a number of unique parameters, many
of which have not been examined at all. In addition to the
considerations listed on page 53 dealing with general coding
(which apply equally well here), the following variables must be
considered:

1. Types of Presentation - What effects does the
compression or expansion of information have on man's ability
to comprehend slowly or rapidly changing situations?

2. Kinds of Information - How can computers be best used
to decrease the complexity of the information presented and
increase man's capacity for decision making? ~

3. Search Area - How are detection time and accuracy
affected by increasing or decreasing search area?

8. Target Discrimination - What variables should be
controlled for in order to increase discrimination of targets?
Target discrimination on a CRT screen appears to be a function
of: Relative motion of the target, brightness of the target
and of the screen, type of symbol used, viewing distance,
ambient ard background illumination, size of the symbol, display
size, and many more. ;

5. Irrelevant Informatiorn - To what degree does the
presence of irrelevant irnformation degrade operator performance?

6. Information Processing - How much of -the- information
presented on a radar scope can the operator process under
normal and stress producing operational conditions?

7. Spatial Characteristies - How similar should the display
be to the real-world situation?




8. Psychological Stress - What effect does the increased
speed, and complexity of the tasks associated with radar opera-
tions have on human performance? 1In addition, consideration
should be given to the physical environment and possible
perceived detrimental outcomes (i.e., the perception of danger).

With the above considerations in mind, we will proceed to
the literature. _ :

Attneave (Ref. 1l1) reports a series of experiments which
appear to have some important implications as to how one
perceives spatial relationships among abstract visual stimuli.

He notes that complex visual objects are not only harder to
reproduce from memory than simpler ones (Attneave, 1955), but
alsc harder to learn by name and to match. In the study reviewed,
he attempted to determine quantitatively definable aspects of
figure *complexity”, the relationship of judged complexity to
information content of the figure, “"degrees of freedom®, compact-
ness and several other variables. Seventy-two randomly shaped
stimuli (FPigure 32) were constructed using differing numbers of
turns, degrees of curvedness and symmetry. These shapes were
projected (for a period of 10 seconds) upon a wall screen in the
front of the room in which the observers were seated for a period
of 10 seconds. One hundred and sixty-eight airmen basic trainees
served as subjects and rated the figures as "Extremely Simple®,
"Very Simple®”, "Simple®, "Medium", “Complex”, or "Very Complex”.
The size of the viewed symbol and viewing distance was not
specified, but obviously varied with seated position.

The results of this study indicated that whether the shapes
“were angqgular, curved, or mixed made no significant difference in
judged complexity. Symmetrical shapes, however, were judged more
complex than assymetrical shapes with the same number of inde-
pendent turns. Symmetrical shapes were judged less complex than
assymetrical shapes with the same total number of turnhs. Conse-
quently, the number of turns in the shape was the most

%
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Figure 32. Representative Pigures Used in Study
by Attneave,(Ref. 11)
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important determinent of judged complexity. The results also
indicated that the curved shapes, although they appear no more
complex than anqular shapes, contain more information per symbol.
Attneave concludes that this is wvalid since curved shapes
require more dimensions for their specification than angular

shapes.

The implications of Attneave's findings are (a) symmetrical
patterns or shapes may appear to possess more meaning (contain
more information) and be more easily interpreted than
assymmetrical patterns or shapes with the same number of turns
and (b) the difficulty of pattern recognition increases as a
function of the number of turns in the symbol.

Baker, Morris, and Steedman (Ref. 13) created nonsense
forms by random filling of a 300 x 300 cell square matrix to
investigate factors of radar target recognition in air-to-ground
systems. The forms created varied greatly in visual subtense,
area and the number of changes in the direction of the peripheral
outline (See Figures 33 and 34). The resolution was varied from
.00 (perfect resolution), .01, .02, to .08-inch blur-disc diameter
and the area of the display ranged from 6, 12, 16, to 24 square
inches. Four different orientations of the displays were also
used to reduce the effects of learning. Subjects were under a
monetary incentive plan to maintain motivation. Subjects were
seated individually in front of display (distance not specified).
Each subject’s task was to locate on a problem display a specific
target shcwn to them on a briefing display. The results
indicated that the time and error scores increased as a function
of: (a) an increase in the number of irrelevant forms on the
display, and (b) an increase between the resolution of the
reference photograph of the target and the target as it appeared
on the problem display. They found the absolute resolution of
the forms to be of little value so long as the resolutions of
the referenced %orm and the problem form were the same. Improve-
ment shown with practice appeared to be a result of the subject's

.00 .02

Figure 33. General Appearance of the Matrix Forms at
the Four Different Blur-Disc Diameters Measured in Inches.
(After Baker, Mqrris, and Steedman, Ref. 13)
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Figure 34. The Twenty Targets Used in the Experiment.
Target Size Ranges from Three Cells (No.6) to 78 Cells (No. 1).
Note that Five of the Targets are Discontinuous, i.e., they
Consist of a Cluster of Cells, not all of which are Connected.
(From Baker, Morris, and Steedman, Ref. 13)

ability to learn what effect a change in resolution will have
upon the appearance of the target form rather than an increase
with the general familiarity with specific targets and search
.areas. The performance data also indicates that the location

of the target on the display affects performance. It was found
that as the ratio of the target area to the area of the smallest
circle which would enclose the target increased, search time and
errors increased. Finally, increasing the blur disc diameter
decreased the subject's performance (FPigure 35).

Steedman and Baker (Ref. 321) made a follow-up investi-
gation of speed and accuracy of target recognition as a function
" of the displayed size and resolution of targets. Circular
problem displays were cut from the basic 12-inch square 90,000
cell matrix giving circular discs of 7.8~inches diameter. The
five problem discs were then photographically reduced so as to
result in a series of displays with diameters of 1.95, 3.90, and
5.85 inches, and matrix cell sizes of .01, .02, .03, and .08~ ~
inch respectively. Resolution of the matrix cells for the //
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Figure 35. Probability of Error (a) and Search Time
(b) as a Function of the Amount of Blur Present.
(After Baker et al., Ref. 13)

largest cells were .00 (perfect resolution), .02, .04, .08 blur
disc diameter. Four groups of 16 subjects were used, each grougp
taking one fourth of the total of 16 treatment conditions. The
24 targets selected at random (ranging in size from three cells
to 78 cells) were viewed at four different orientations (900,
1800, 270°, and 00°) at a distance of 28 inches. (See Figure
36). The subject was presented with a "briefing target and then
required to locate the same target in the presented 'ﬁioblen
display”. - A monetary incentive was used to maintain a high
level of motivation in the subjects.

The significant finding was that both criterion measures,
search time and errors, remained relatively invariant until the
visual angle subtense of the maxisum dimension of the targets
fell below 12 min. arc (See Figures 37 and 38). Hence, assuming
a 12-inch viewing distance, a target must have a minimm size of
0.032 inch as displayed in order to expect relatively accurate
and rapid recognition umnder ideal conditions. Where practical,
minimum visual angle of target detail should be about 20 seconds
of arc to insure recognition.
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Figure 36. The 28 Targets Used in the Study Ranginq in Size
from 3 Cells (Number 6) to 78 Cells (Number 1),
(After Steedman and Baker, Ref. 321)

In this experiment, the subjects always “knew® the target
would be "there®” and thus allowed a probapxllty of error in
that in the pract1ca1 radar situation, the operator is not
certain that there is a target "out there".

Gerathewohl, et al. (Ref. 133) conducted an experiment to
study the effect of noise on relative form 2iscrimination.
Twenty-four subjects viewed four targets (circle, sqyare,
triangle and cross) each with an area of about 70 mm“. (The
square was approximately 8.3 mm on each side at a simulated
distance of 10 miles). The targets were randomly arranged on
3 target circles, each of which included three of the above
figures, on a PPI scope with a surface lumination (at 20
revolutions per minute sweep rate) varying from 4.0 to 10.5 ml
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Figure 38. Search Time and Probability of Error as a i}unction
of Matrix Cell Size. Each Poin! Represents 1538 Observations.
{After Steedman and Baker, Ref. 321)

and with target lumination ranging from 60.0 to 375.0 ml jie]dinq -

a continuously changing target to background contrast of from - e

18:1 to 36:1. The subjects viewed the targets one at a time at
a simulated range of 10, 20, and 50 miles (Figure 39).

Target Circles

Figure 39. Schematic View of farget Symbols and Target
Circles Used by Gerathewohl et'al. (Ref. 138)
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The relative discriminability of the four forms are shown
in Table 12. The triangle ranked the hicghest, followed by the
square, circle and cross in that order. Out of the 864 identi-
fications per symbol, the triangle was ..isidentified 373 times;
the square, 556 times; the circle, 625 times; and the cross, 671
times. The proportion of error for the cross was 0.77. There
was a tendency for all the figures to be called a tr: ngle.
These data correlate reasonably well with findinas of studies on
form perception discussed earlier in this section.

The relative discrimination of all the targets was smaller
at the 50 mile range than at the other ranges. However, there
were more targets identified correctly at the 20 mile range than
at the 10 mile range. The orientation of the target may have 4
had a slight effect on accuracy of discrimination, but this /
effect was small when compared with the figure characteristics.

(See Table 13.)

. Dardano and Donley (Ref. 99) investigated the discrim-
inability of five geametric fiqures which were selected for
convenient generation from sine-waves and for ease of encoding
with additiornal information. Independent variables in their
study were: (1) density level of the presentztiions (24 and 48
symbols), (2) ratio of each target symbol (1 circle : 1 cross,

1 circle : 2 crosses, and 1 circle : 5 crosses), and the number
of symbols to be discriminated (4, 8, 12, 16 and 24). Tweuty
subjects viewed 30 slides on a simulated planned position

indicator radar scope. , \
< -

Each subfect sat directly in front of the screen and his
viewing distance was ‘self-determired (and unspecified). Symbols

used are presented in Figure 40.

v
o ey

(‘A.
. _
Results of this study indicate that the cross-within-circle
and the cross were most discriminable. Dardano and Donley
sugagested that the straight lines were a characteristic of the
most discriminable symbol. The circle and the half—circle were

Cross Circle 1/2 Circle 3/4 Circle
with
Circle

Figure #0. Symbols Used by Dardano and Donley. (Ref. 929)
14
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LwifF ZlEzIyirirarle, anc the three~cuarter-circle wis Le€333
lrzzririnaizle 'accoeunting for 2L cf the total ¢f 3% esrrors of
zinfzzicn . The cross—witniin-clrcle was ccnfusel with the
Sircle ‘whree times cut of fcur) as the cuter ccntcur of the
cirz’= azteared to be dozirnant over its intericr lices.

stidy cf these syzkols, excludéing tihe thres-cuzarter-
= zs receated urder fielid ccrditions bv Dardarc ancd
Ster s (Fef. 100) to deterc—ine (a) any charnce in the discrizi-
rzrlcr crizr reccrted earlier, (o) effect cf size cn discriz:i-
rzzion, i{c) cotizal size for presentation cf the sy=kci, and (<g)
2ffzct I unicue characteristics of electrcn cereraticn of
swzols on their relative discrizirability. Acain the ckserver
g3t i——ediztely i front of the display at a self-ceter=ined
SizTancs

Severn syrool sizes were included in the analvsis: 2/16°%,

</.&%, 53/16", 6/1€¢*, 7/1¢®, ard 3/16". 2t the lower

t i{z,26%), all sy=bcls were harely discrinirable, exhikbited

ece ~ariability and were rnot included ir the statistical

ysis (Figure 41). The relative discrirminaticn order of -the
sy=ocis did rot conforz to the ranks resultinc fro= the

ier study. The cross renaired the rore discrircirable arnd

malf-circle the less discririnable. The circle shifteé tc

eccrnd —ost discririrable and the cross-within-circle

ed to the thiré positior. The difference between the =cst

]
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:el. The =iri-u~ size at which discriziratior was nct
‘as tetween 3/16' arnd 5/1€%; at 1/8" there was amn

e crease in scanning tize anéd errors of cmissicr fcr
5. 7The size at which these sy=tols ceased to function
ivelv as radar sy—tols apceareé to lie between 1/1i€" and
(Ficure 41). )
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Henigfeld (Ref. 171) reviewed the literature

ar sy=bology anéd conciuded that there has nct

rx dore in chocsing ore stape code systex,
assigring —eanings to it to allow for the

¢ recommendations on radar sy—bology.

ts indicated that the various nethocé of

i (slide rr0"ector, tachistcscoges, iewers,
ual cor well sizulated CRT tubes) were rc

ogous to actual racdar operation to t,e.‘_lt cne
results to radar syﬁuclogy. Ecnigfeld found
that defired, let alore corntrclleé for, such

Crs as acceleratiorn, huzmidity, tercerature,
tress which are ceor—only fourné in fielcd
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g 10.04
Z 9.01 SYMBOL MELYN
¢ 8.0} Circle 2.36
2 7.0 Cross 2.39
g 6,0L Half-Circle 2.6€9
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5 a.0%
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Target Size in Sixteenths of an Incx

Figure 41. Scanning Time as a Punction of Symbol Size.
Curve Connects Mean Score at Each Size Level,
(After Data from Dardano and Stephens, Ref. 100)

operating conditions. She recommended that the establishrment of
a standard radar symbology should await further experirentaticn
and evaluation of these variables.

In 1969, Davis (Ref. 101) reviewed the literature and
concluded that earlier studies were not relevant for apglicaticn
to radar situations. Many of the earlier conclusions she
concluded were invalid because fhey did not take into accourt
many of the operator-radar-scope variabies found in the
operational situation. Davis conducted a series of experirents
which were irtended to allow for these variables by dealing with
the symbols in isolation, in confusion studies, symbol rmeanirgs
and grouping. From the results of these studies, Davis drew ur
a set of recommendations for proper design of radar symbology.

In Experiment III, 20 subjects (visually screenred civiliarn
and military technical employees) from a previous expericert
completed a paired-camparisen meaning test (assigning a given
meaning to a given symbol). Friendly, unknown, and hostile were
explained to the subjects and after each meaning had beern cefired,
the subjects were given a set of comparison sheets ard a 3 x 5
card for use in comparing the symbcls one at a time and then
circling the symbol that kest fit the meaning. After comgpleting
cre meaning selection, the subjects were presented icentical




mzsarial on Z:ffsrent crier anc instructecd toc consider tn
52 fcr a seccrnd meaninz. Third zearing was treated 1o a
sirilar manrner. Selecticn without zrcicrged t:c“ﬂ“b Fas
z-gnasized. Cata from this study is shewn in Takle 14.

Tne circle, oval and scuare were frecuently selected as
rie uul) arc rarxed low on the urkrown and hostile.list. Th
et plane andéd the half square were ranked high as Xcstiile
ciiowed Ty the vees and the apex ur ané down. The triarngie,
hcwever, which 1s a forr of the vee, did not fcllcw a —earing
trerd. The intersecting arcs show the strongest trerd as
urknowrn, but beyond this there is ro clear distirnction.

The half-octagon was assoclated as an unkrown target.
Perfor-arce with the half-octagon was best when the half-circie
with the enclosing diameter was omitted. Since the half-circle
appears to be an “"ideal” target, the half-octagon is nrot
recormmended. It is also urdesirable because of degradaticn on
the CRT. The irtersecting arcs are also shown under the
unknown coiumn. It is possible that size differences woauld
further irmprove this form within the recommended codes. Usirg
it with the plus sign or the X should be avoided. This syrmbol
has miniral effect on the circle, half-circle, pointer, and
square. It is the best fifth symbol in the study.

The triangle was poor (as both hostile and unknown) in toth
tize and errors. The pointer and the diamond probably ainter-
acted with it to degrade perforrance. Further changes in size
might irmprove the triangle symbol.

The plus signrn showed poor performance wher paired with the
X. It was recomrernded that one of these twc syrbols be
rejected in the same code.

The data gave no evidence concerning the advantages or
disadvartages of either linear or alphanureric modifiers. The
rodifiers were considered in the study orly in terms of inter-
action with the basic forms. The potential advantage of such
modifiers shculd be further investigated.

In arother experiment ir the sane series of studies
xperizent V, from Davis, Ref. 101), 10 new subjects were
lected and vistally screened and then fariliarized with a set

figures similar to those used irn the above discussed study.
They were *hern presented with 10 sets of modified symbols (5

s in each set being devised or modified in accordance

with the results cf the four preceding experirents). The
syrbols were centered within @ 1/8-inch radius on 3 x 5 cards
(Ficure 32). The five basic syrbols (or suits) of a series
arveared frcm 9 to 13 times in each deck of 55 cards (2 decks
of cards teing used for each subtest for a tctal 2-Zeck count
cf 22 for each syrbol). while the test decks cf carcs were




B P I S g oL s o
R i o b e B Vi oSl b A

Table 14. Tctal Occasicn Each Syrbkol was Preferred for

A Given Mearing Recorded for Each Symbol, (Froz Davis, Ref. 161)

Paired Comparisons - Totals

N = 20

FRIEND FOE UNEKNCAN

No. of No. of No. of GRAND
Choices Pank Choices Rank Choices Rank TOTAL

1. M 241 9.5 189 16 211 15 641
2. A 131 22 285 4 201  17.5 617
3. 189 17 298 2 249 5 736
s. 0 213 4 240 10 212 13.5 665
5. B 224 12 248 7 213 12 685
6. \/ 148 21 293 3 210 16 651
7o\ 242 8 178 18 219 10 639
8. Q 250 5 242 9 230 9 722
9. 0 241 9.5 184 17 294 2 719
10. 206 16 201 14 263 5 670
1. 0 290 2 145 22 212 13.5 647
12. 163 20 250 6 237 7.5 650
13. m 243 7 175 19 237 7.5 655
14, yeo¢ 173 19 261 5 295 1 729
15. O 357 1 66 23 130 23 553
16. 3 266 4 198 15 201 17.5 665
17. A 121 23 306 1 216 11 643
18. T 267 6 246 8 279 3 772
19. ¢ 211 15 236 12 163 21 610
20. O 269 3 152 21 162 22 583
21. <@> 237 11 166 20 243 6 646
22. A 217 13 237 11 170 20 624
23. @ 185 18 234 13 195 19 614
97




Figure 42. Arrangement of Symbols on 3 x 5 Cards for Expericent
(Davis, Ref. 101)

used and timed alternately, item sorts were inversely orcdered to
avoid possible recognition of the fact that each symbol appeared
22 times in the two decks. The subject was shown a specific
symbol on a briefing card and asked to sort out all of the sare
symbols in his deck of cards. This procedure was then repeated
for the second deck of cards in the subtest. A brief rest
gericd was allowed and the subject was tested with the second
set of symbols (second set of 2 decks of cards). Sorting error
rate and the time required to sort out each of the target
syrmbols were recorded as the perforrmance measures.

The error rate and the sorting tire are surmarized in
Table 15.

In general, the Friendly AST (air supported target) has
been described by the circle. The results indicate that the
circle was best when relatively smaller than the other targets.
An ellipse within the code degraded perforrance with the circle.

The upper half-circle with enclosing diameter proved to be
an excellent symbol, but performance with it was degraded with
the presence of the open octagon and possibly with the triangle.
Maximum efficiency was obtained when it was twice the size of
the circle, pointer with the apex horizontal, intersecting arcs
ard either the sguare or the plus sign.
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Takle 15. Sur=ary of Performance Showing Total Errors (E)
aréd Tire in Mirutes (T) for Each Symbol (S). (After Davis, Ref. 101)

The ellipse was used ir only two sets ard ir both the cases
performance was inadeguate with elorgated times and increased
errors. The circle and probably the diamond were the major

contributirg factors.

The diamord proved generally poor as a target in terms of
tire and error. It was extrerely poor when compared with the
triangle of nearly equal apical angle.

The poirnter, or open triangle, with about 459 angle is an
excellent target in either the horizontal or vertical orientation.
It can be used with the circle, 90° diamond, half-circle, square,
plus sign or irtersectirng arcs with little cdegradation. This
symkol, along with the circle and half-circle, should be used in

any coce. -

The scuare shows lcw errors, but its size relative to the
circle is very inmportant. The ratio of the diareter of th
sguare to the circle should be 5/8.
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ollowing general recommendations are based or the
rcm the entire series of experiments:
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1. Discernibility, or pure visibility, is rot an adequate
reasure fcr selecting symbols to code mixed information. Two or
rore hiahly discernible forms may interact with resultant poor
discriminability.

2. Any experimental method which presents symbols individ-
ually carnot dermonstrate interaction between symbols. Sorting
techniques are not suitable for code selection.

3. Experiments gsing black-on-white drawings representative
of a coded, five-dimensional PPI display suggest the following
tentative rules for code design:

a. Symbols should differ strongly in shape. Variations
of a single form family such as the circle and ellipse are not
desirable.

b. Redundant cues such as size difference may be
advantageous.

c. Characteristics which are enhanced by a unique
search method add to the saliency of an individual symbol in a
code comrplex.

d. If several basic symbols are to be grouped within a
major classification, a familiar resemblance may be desirable.
Absolute discrimination of these basic forms requires that the
resemblance be descriptive rather than perceptive. If absolute
discrimination is not required, a single symbol should be
adequate.

e. The most satisfactory five-dimension code in the
current studies (Series IIIa) results in an average locating
time of 0.80 seconds cambined with an average error rate of 0.44
percent. The pocrest code (Series IIIc) requires an average
locating time of 1.34 seconds with 2.64 percent errors. This
advantage reduces time to 59 percent and errors to 16 percent.

4, Purther experiments using actual CRT displays are
recormended before final standardization of radar symbols. A
variety of phosphors and ambient illumination levels should be
included.

5. Learning studies should be conducted to select idezl
methods for increasing the informational value of the basic codes.
Modifiers added to the basic symbols cculd confuse the total
picture. A trade-off between the advantages of total information
in a single symbolic unit and clean symbols with auxiliary read-
outs for additional information must be considered.
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Conclusicns

As stated abcve in the ccmrents by Honicfeld (e, 17, <=
little mean¥dgful worx has beern done in the area <f disglav
syzbology to allcw for the drawirg of specific conclusioc.s cCr

recormmendations applicable to electronically genera*ed flizn
displays. The only unarimous opinion found in the reviewed
studies was to the effect that further controlled research «
regquired. Unlike the reviewed studies, however, real worlc
appropriately simulated real world) testing is reguired which
includes not only realistic viewing conditions, (fluctuatirn
ambient illumination, observer and/or symbology mctich,
vibration, visual and motor time sharing) but also realisti
observer task performance requirements (tractirg, disglay
searching, etc.). The inclusion of the above consideratiorn
essential for further meaningful research on symbology for
given operational airborne display, rot to mention valicd
generalizations from one display situation to another.

Sur
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A brief review of the preceding results indicates that the
triangle is the most efficient of the gecoretric forms tested irn
terms of search-time and accuracyv (Gerathewohl, Ref. 134). Tre
4 is the most discriminable of the operationally tested symzols
used by Pardano and Stephens (Ref. 100), followed by the circle

,the cross within a circle and the half-circle M,
respectively. The circle, oval or square were nost freguently
identified as friendly aircraft (Davis, Ref. 101), while tke
jet plane A and the half-squarefl) were most often called hostile.
The half-octagon and the hooked curves were frequently
identified as unknowns. The cpen triangle £ proved to be an
excellent sywbol, recardless of its . rientation (Davis, Pef. 1CI1).
Orientation of symbol had a slight effect on discriminaticn
(Gerathewchl, Ref. 134).

Deese (PRef. 104) concluded that detectability varied as a
function of symbol size, with the slope of the size/detectability
relationship quite steep between 1mm2 to 2cm?2 (symbol size) and
leveling off after 2cm?. Dardano and Stephens (Ref. 100) found
3/16 to 5/16-inch to be the minimum size for field operatiors,
but that at 1/8-inch or above performance fell off {scan time and
error increased). Steedman end Baker (Ref. 321) recommend target
size to be no less than 12' Lrc, but as nmuch as 20' of arc, if
feasible. Baker, et al. (Pef. 13), found that search-time and
error increased as the number of irrelevant forms present
increased. ‘They indicated that subjects could "learn® what
effects changes in resclutior will have on targets.

Recommendations

The problem of optirum shapes for electronically generated
displays is closely related to the resolution of the display
itself. Symidols found to be excellent in terms of labcratory




lack-on-white) performance may suffer significant
nce aegraﬂatwcﬁ when subjects to electronic generation
eraticnal conditions. Additionally, symbol types found
t in acceptable observer performance on one type of
system (CRT, for example) may produce unacceptable
rmance or. another type of dlsplay (EL). Environmentally
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Trhe establisnment of a set of standard, "worst case",
viewing conditions would provide a basis against which to
evaluate pertinent symbology data (CRT type of solid-state display
viewed at 28 inches under arbient illumination ranging from 0.1
to 8,000 f£t. Lamberts, with contrast varying from 10:1 up to
100:1, wvibratior rarging from 3 to 35 cps with amplitude ranging
from 3/10 to 3 g's and with various visual and psychomotor task
cerfcrxance). Examination of variois forr families (i.e.,
triangles, circles, squares), symbol sizes with each of the above
design variables independently varied (and varied in combinations)
st.ould provide the symbol shape-size combination that is most
readily legible under the widest range of parameter variations
t-at are likely to be encountered in flight. Additionally, these
cata should provide valuable design oriented trade-off relation-
ships among all of the parameters examined and indicate the
interaction effect of a nurber of the more significant variables.

Specifically, threshold symbol size is known to decrease as
tre luminous level is increased up to a maximum (about 100 ft,
Larberts, depending on other conditions). No data are found
relating threshold syrbol size to luminance at high luminance
levels (above 1,000 to 2,000 ft. Lamberts). Likewise, minimum
symbol size is known to increase in the presence of vibration,
but the exact nature of this relationship is unknown. A :
systematic evaluation of minimum symbol size required for 100%
legibility under increasing frequency and amplitude of vibration
would establish this reiationship. The relationship of symbol
size and contrast could be examined in a like manner. A similar
procedure would be followed for the evaluation of the other
factors associated with symbol legibility..~

In all of the above examinations, the observer performance
reasure would always be 100% symbol discriminability over all
{cr the greater portion) of the range of variation of the design
variakle being examined (or expected to be encountered in flight).
On the cther tand, the values derived (symbol size, for example)
could not be inordirately large because of possible interaction
effects with other parameters (reduction in the amount of other
informaticn that could be presented).
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Irtrocuctiorn

Pcssibly the most difficult and controversial aspect o
visual disvlay ercoding and one that has produced consice
literature is that of color coding. This situation is cc
by the fact that the exact physiological nature or basis of cclcr
cerception is still only hypothesized. The retiral cones are
generally recarded as the color sensitive recectors, tut the
crecise rarner in which they function is still beirg irvesti-
gated. Xo sirgle theory is cormpletely accerptable, evern tocay.
Hcwever, certain empirical procedures have been evolved which
are useful in describing and even predicting the phencmerna of
visual color ard constitute the basis of modern coloriretric
procedures.
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Luxerberg and FKuehr (Pef. 226) conclude that cclor
experiences are rore than simple sensations eliciteé by certain
stimuli. Color perception occurs in various modes as for
example when the observer is aware of a surface that glows,
glitters, appears dull, transparent, or reflective in nature.
Mcst visual display systems usually involve more than one of
these perceptual modes. Of the various modes, aperture color
appears to be one of the more important in visual display desigr.
aperture color is usually seen as being non-object conrected;
that is, it appears as if it were filling a hole in a surface.
There are three attributes associated with aperture color, and
they are correlated to some extent with the physical character-
istics of light. These consist of brightness, hue and saturation
which are the response correlates of luminance, wavelength,
purity and duration. These three attributes are of primary
concerr in the design of colored visual displays. Object colors
arc their prcperties of reflectance, volume, forr, transmittance,
etc., are relevant, but only indirectly.

wWulfeck (Ref. 363) concludes that the sensation of color
consists of at least the three factors listed above and that
these are complexly related to the physical characteristics cf
the stimulus and to the illuminant under which it is viewed. He
describes brichtness as being closely related to the rate of
transfer of luminous enerqgy, that is the lumens per sterdiarns
per unit of area (lamberts). The hue (color) of ar okject is
closely related to the dcrinant wavelength of the light being
emitted or reflected from its surface. The saturation of a
color (the purity) is related to tre amount of white light mixed
with the hue or color. The latter is devendent tc a large
extent upon the tyve and the amount of illuminant present.

It —ust be noted that the specification of a color is
usually done so in terms of all three of its attributes. Since
all of these interact, care nust be exercised when reasuring
ore compcnent to keep the other two as nearly constant as
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cossible. For this same reason, the display designer must take
irto considerationrn the other two attributes of a selected color
when assigning it to a visual display. He must choose colors

that will be bright enough to be legible under all conditions
expected to be encountered while viewing the display. This
includes ktoth the arount and types of illumination to be
encountered. As Wulfeck (Ref. 363) points out, important markings
or scme aeronautical charts simply vanish under red light.

Until most recently, it had been possible to account for
nearly all the aspects of color vision by one of two basic
theories of color vision. With very few exceptions, all the
important theories of color vision could be grouped into two
basic categories; the trichromatic school of the Young-Helmholtz
tneory or in the opponents-process concept of Herring.
Schroeder (Ref. 291) evolved a theory which does not require
different kinds of cones or photochemicals, but accounts for
color by having three identical receptors positioned at appro-
priate points along the outer segment of each cone. Color
discrimination is accomplished by the interference of reflected
waves with incident waves from an object. This theory, however,
is entirely physical in nature and does not account for the
physiological or psychological phenomena or process. Boynton
(Ref. 39) proposed a theory that attempted to account for the
physics, physiology and the psychology of color vision by
assuming three types of photo pigments distributed among five
types of cones. He concludes, however, that the process of
color vision will not be fully understood until “"electro-
physiologist, probing into the brain with his electrodes, has
found the electrophysiological substrate of conscious color
experience®”. Several other attempts have also been made, but
none have successfully accounted for all the parameters of
color. -

Color may be perceived as chromatic or achromatic. Chromatic
colors are those colors that elicit hues; that is, colors with
wavelengths that elicit the primary sensation of hue (e.g., red,
blue, green). The chromicity of a color refers to the particular
aspect cf the color described by its dominant wavelength and
purity (purity is the property that evokes the sensation of
saturation). The discrimination of hue is an individually
sensitive process wherein the observer may be able to detect a
hue difference, but is unable to describe the difference or
assign a name to it. Additionally, small luminance variations
can obscure the detectability of hue shifts. With all other
variables being held constant, the detectability of hue change
also varies with the portion of the color spectrum being
altered. Osgood (Ref. 259) states that there are four spectrum
positions at which maximal differential sensitivity occur. Thes:
positions are generally regarded as being: &880 (blue), 485
{(green), 575 (vellow), and 640 nm (red).
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Achromatic colors are referred to as neutrals or grays ir
that their dominant wavelengths do not elicit the sersaticn of
hue. Without the quality of e, achromatic colors do rnot have
the attribute of saturation which Burnhar, Hares, and Bartleson
(Ref. 55) describe as a color's degree of departure frcm an
achromatic color of the same brightness. Lurinance changes aiso
considerably affect saturation. At a level above same optimmum
(50-100 ft. L), a decrease in saturation of chromatic colors
occurs until at extremes a total cdesaturation or achresmicity is
approximated. In this region of absolute lurirarnce thresholds,
all colors (with the exception of red (630 nm and up) elicit
achromatic sensations. Again, the luminance level necessary for
maxizum saturation is wavelength-dependent. However, colors
which elicit greater saturation require less lurinance to appear
maximally saturated (blues, reds, and purples are in this
category). Yellows and green-yellows regquire comparatively high
luminance levels to appear saturated.

As is evident here, colors by thermselves are complex stimuli
with interrelations between luminance, purity, dominrant wave-
length, and of course, the psychophysical resporse. Basic
knowledge of these interactions would be beneficial in
establishing a true multidimensional coding system. Bishop and
Crook (Ref. 30) working towards such a code discevered that the
interdependence of these dimensions lecomres more apparent with
small stimuli. Jones (Ref. 186) concludes that systematization
of brightness, saturaticn, and hue is still far from complete ard
that much work remains to be done in this area.

The investigation of color codes has becoxe more vromounced
in recent years with the advent of and irncreasing reliance on
computer generated and other complex display systems. But even
in these modern systems, man is still the primary analyst of the
information presented, and ways and means of improving his
efficiency are constantly being sought. Even under optimum
conditions, the amount of information that the human can process
within a given period of time reaches an asymptote as the amount
of stimulation increases. As Miller (Ref. 237) pointed out,
man’s channel capacity is rather small. The introduction of
independently variable attributes of a code selected from a
single continuum may increase the amount of information that can
be transmitted, up to certain limits. In this respect, color
coding holds great promise in the more complex display situations.

The brief discussion thus far enumerated but a few of the
many parameters that must be considered in the application of
color to visual displays. Add to these such basic considerations
as: the effects of brightness, size, and nature of light source,
the nature of the operator's task, the interaction effect of the
colors employed, the use of multidimensional codes, and the cost
of generating color ard its reliability, and the scope of the
task is widened even further. It is beyond the scope of this
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repcrt tc deal extensively with these and the many more variables
asscciated with color codina. Indeed, it is not even certain
trat it wculd be cf value to do sc. This sectiorn, therefore,
will 1imit itself to addressing three problems of color codirng

of wvisual distlavs. This 1s by ro means an attempt to relegate
the many cther variables to positions of lesser irmportarce, but
—erely an effort to concentrate attention on several of the
factors directly aprlicable to visual displays. These factors
are:

1. hue Alghakbet Size: What is the maxirum rurker of colers
that can be absoxutely discririnated urder operational corditicrs?
Trnis cuestion takes into account such factors affecting
discrirmiration as: symbol size, ambient ard backgroundé iliurmi-
raticn, degree of recistratior (or rnisregistration of colcri,
luminance levels, curity, ard brightress.

2. 2dvarntages of Color Codes: Urder what ccrcéitions is tx
use of color coding rore efficacious than other —eans of codirng
inforration? This question must take into account: the
nature of the information presented, density of the infcrmaticn
presented, nature of the operator's task, the criticality of the
irnformation, arnd the trade-off values involved.

3. Disadvantages of Colnr Coding: Are the advantages
achieved through the use of color warranted in light of tae cost
of production? Here we are corcerned with the problems of the
initial cost of generation, raintenarce and reliakb:lity cf
color, and the need to use this method. Additionally, some of
the disadvantages of colcr codirng must be considered.

These three "questions®™ form the basic structure for the
following review. ’

HUE ALPHABET SIZE

Considerable research effort has beer directed tcwards
establisking the nurmber of different spectral hues which can be
used together effectively. Ketchel and Jenney (Ref. 206)
conclude that the rumber Zepends upon the brightness ard size of
the light source, the nature of the observer's task, and the
particular colcrs used. If only relative judgements are reguired
0f the observer, the nurber of discrininable spectral hues 1s
guite large. Pizy (Ref. 278) cites an unpublished report by
halsey (1962) who estirates that under ideal conditions the total
nurber may be as high as ten million. But, Halsey goes on to say
that under poor conditions and ccnsidering stringent speed and
accuracy demands plac~d on the observer as well as the realistic
limitations placed on operatioral color generating equiprert,
the number of discrimirable colors may be as low as three.




wulfecr (Fef. 263) sucgcgests that «ith Jfood -llumirnaticon
(nct srecified) and saturated cclers, scce 128 nues ccull re
ccrraratively discrimirated by chbcserwvers. FEe cauticns, hcowe
trnat the ability of the eye to discrimirnate cclors varies wi
the different porticns of the color spectrus fbelng dealt wit
The eve's ciscrimination is createst at two separate pcints
alorg the sgectrux, in the regior. cf klue-creern wavelergths and
vellcw wavelerncths (see Figure 43). At these tw0 points, wave-
le:gth cdiffererces as srmall as one rillimicron can be discrirl
natec as serarate hues. At the red ernd of the spectrur,
~owever, the difference must be as great as 20 =illizicrens irn
orcer tc be discrininsted as separate hues. He alsc ncotes that
the nunter of colors that can be discriminated con an atsciute
asle 1is much srmaller thar the 128 figure givern atove.

Mcst display-oriented exctericmenters prefer to use ats
adcerents as the criterion of discrirminability. Baker zn
Gretrer (Ref. 12) determined that with a brightness cf 1 milli-
lazkert ancd with & visual ancie subtense of at least. 45 =in. of
arc, the ten hues shcwn in Figure 44 carn te ccrrectly identilied
nearly 10C% of the tice.

1

If white is included, the nu—ker of absolute icertifiatle
nues is 11. 7This nuczker has been confirred by several other
scurces (Ralsey ard Chapanis, Fef. 3€9; “Muller et al., Pef. 2530;
Morgan et al., Ref. 247).

(Ref. 18€) concluded that the findings on aksolute
hue ijudgemernts were "in sharp contrast® to research or corparative
judcerents. Wricht (Ref. 367), in a corgparative discrimciratiorn
study, found that observers could comparatively discririrate
approxirately 15C stirulus hues. Hanes and Phodes (Pef. 1357)
attemgted to train okbservers irn order to increase the .uzber cf

Esolutely discriminable surface colors. After extersive
practice their observer was only able tc identify 50 cclors,
but this skill was readily lost without practice. (It should be
ncted that the Munsell chips used by Eanes and Rhodes varied in
saturation ard lightness as well as hue).

Trhe size of an urecuivocal hue alphabet has beer deterrcinecd
by the rurmker of points alorng the wavelencth contiruun that are
accurately discriminated by the visually rormal observer. This
rurker cf discrizinable hues rct only defires the anmount of
infor-atior. that can be transmitted per stirulus, tut also
incicates sore cf the qualifications of the hue as a coding
means. Probatly ore of trhe first investigaticns of the nue
continuus using this method of absolute discrirciraticn (1ucge-
mert) +=s carried out by Halsey and Chapanis (Ref. 369). They
used lumirous spectral hue (which did vary inr saturatiorn) in
develioring fcur alrhabet sizes ranginrng frcrm 10 stizuli to 17
stirmuli. The test spots used were akout 45 minutes cf arc and
fad lu-irances of 28 candles rer sguare reter., The bacrzraund
luminarce was 24 candles per sguare reter.
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Suggested by Baker and Grether, (Ref. 12)
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Table 16 summarizes the findings of this study. It carn be
seen that the 10 stimuli alphabet was identified with the
greatest accuracy {average of a 2% error rate). The error rate
increased as a function of the size of the alphabet.

Conover and Kraft (Ref. 87) and Conover (Ref. 85) extended
the work of Chapanis and Halsey to surface hues. They attempted
to determine the maximum number of absolutely identifiable hue
stimuli and to construct a scale of equally discriminable hues.
Ten subjects viewed 25 hues in random order, masked by one of
three neutral backgrounds. The color patches were presented
through a three degree aperture of a neutral mask and were
viewed under 21.8 ft-candles of 68000 K illumination.

Table 16. Summary of Data Obtained with Absolute
Judgement of Spectral Colors, (Chapanis and Halsey, Ref. 369)

Number Percent of Average Errors cf
of Colors Responses Judgmernt (Per
in Set Correct cent of Range)
17 75.3 2.6
17 69.4 2.9
17 72.4 2.7
15 - 97.4 1.8
15 92.2 '
15 94.8 1.9
12 99.2 2.1
12 92.5 2.6
12 97.5
12 93.3
12 95.6 2.4
10 ‘97.0
10 98.0 2.6
10 97.5 2.7
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The authors found that the number of absolutely discrirmi-
racle hues varied from 53 to 16 , depending upon the individual
zeing tested. CUnder ideal viewing conditions, half of the
sutjects tested could discriminate without appreciable error
nine maximally saturated surface hues. They suggest that this
te the maxirmum nurcber used in displays. If the operatcr is to
maxe abtsolute judgements on the basis of hue alone, then eignt
should be the raxirum number used to minimize error. From their
2sults, the authors recommernd the 5, 6, 7, and 8 hue alphabets
mcwrn in Table 17. They caution, however, that these colors

>
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re for surface hues alone. Care should be exercised in extra-

clatincg these results to CRT type or self-luminous displays
xit"o t further validation. The smaller alghabets should be
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‘mere applicable to 1mprove identification accuracy. They
est that not core tharn six hues be employed when cdesaturated
uminous hues are used. If these are to be viewed under
raced corditions, no rcore than five should be used.
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The achromatic series of hues were deliberately omitted from
the recormerded colors (white through black) because they coculd
rot accurately be absolutely discriminated under less than ideal
viewing conditions. They estimated that the average person's
ability to make reliable absolute judgements of lightrness
differences is limited to not rore than three steps -~ white, gray
and black.

Bishop and Crook (Ref. 30) conducted a series of studies to
determine the nurber cf colors which could be absolutely identi-
fied by subjects with norral color vision when viewed against
various colored backgrounds. Additive nixtures of light were
passed through narrow-band and Illuminant-C filters and projected

nto a viewing screen by a device which permitted independent
cortrol of the target and background characteristics. The
stimulus parameters of hue, luminance level, purity, target size,
and target shape were varied, ard the results of these factors
interacting with training and the presence of distracting tasks
were studied.

Eight subjects with varying degrees of training served in
the study. All subjects had normal color visicu. The 28
stimuli were presented on a 0.5 ft. Lambert white background.
Mean ambient illumination was 0.2 ft.Lamberts. The subjects
viewed the 0.5 inch stimulus from a distance of 20 inches (which
subtended a visual angle of 1 degree, 26 rinutes). XNo tine
linit was placed on the stinmulus presentation but the subjects
were instructed to avoid excessive delays. Response times varied
widely, with an estimated model time of 10 seconds. Purity
levels of the colors were varied from 10f up to the maxinmun
shown in Takle 18. A purity of 70%, however, was assumed to be
the Lest that could be obtained in operatiocnal systems and this
fijure was used in the concludirg recommendations. The target
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Table 17. Recommended Color Alphabets: Chart A for 8 Hue
Alphabet, Chart B for 7 Hue Alphabet, Chart C for 6 Hue Alphabet
and Chart D for 5 Hues. (After Conover and Kraft, Ref. 87)

Book
Notation CTP;:’{!!&I‘ Dominant Munsell
oordinates Wave Length Rerotation
(Munsell) x y H VvV C
Chart A
1R 441 234 493 o IR5 06 :10.3
SR 5¢a 163 596 6 9.5R5.93 11.5
1Y 477 458 579.8 2Y 7.12 11.6
1GY 374 482 565 6 5GY 6.48,8.3
9G 241 365 499 7 10G 4 88 6.8
5B 193 241 482.8 6B 4 00 7.0
1P 27, 171 420.0 1.5P 3 74.11.1
3RP 357 248 510. 0° 2. 5RP 4 90 9.5
Chart B
SR 481 324 610.0 5R5.13,10 6
3YR 525 405 589.8 AYR6.28,12.4
Y 448 477 575.5 6Y 7.63,11.0
1G 314 466 552.3 10GY 5.83 8.2
7BG 216 33 490.5 7BG 4.67,6.7
7PB 2¢1 165 470.1 7PB 3.48,10 3
3RP 357 248 s10 0f 2 SRP 4.90,9.5
Chart C
1R 441 294 493. 0 1R5.06,10.3
3YR 525 405 589.8 4YR6 28,12. 4
g(Y; 429 4188 572.7 9.5Y7.39.10.2
257 406 513 2 5G5.€9,7 6
SB 193 241 482.8 6B 4.00;7.0
P 318 209 547.2¢ B.5P 4.41.11.2
Chart D
IR 441 294 493.0° 1R5.06,10.3
TYR 496 430 584.5 8YR6.45.11.2
1GY 374 482 565.6 5GY 6.48,8.3
1B 207 287 487.6 10BG 4.29,6. 3
5p 284 184 559 € 55P4 16 12. 4
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Table 18. Colors and Purity Levels Used by
Bishop and Crcok. (Ref. 30)

Catalog Dominant Excitation
Color Designation Wave Length Purity
Red Corning 2-78 630 - 160%
Orange Wratten 72B 606 100
Yellow Corning 3-110 588 100
G-Yelliow ‘ Wratten 73 578 100
Y-Green 1 Corning #4-102 352 100
Y-Green 2 Wratten 74 538 96
Green Corning 4-105 521 82
B-Green Corning 4-104 500 92
G-Blue Wratten 75 492 88
Blue Corning 5-60 bel 97

luminance level was varied (1, 10, and 100 ft-L) and the target
size was varied (0.06 inch, 0.12 inch, 0.50 inch and 2.0 inch).

Bishop and Crook concluded that learning played an important
part in the discrimination of a large number of colors. Although
not specifically studied in this series of experiments, the
results indicated that the basic set of 28 stimuli displayed on
a white background could be learned in from 10 to 18 trials. It
was also found that conditions which tend to attenuate the
colors produced poorer scores. It was found, however, that the
subjects could learn to identify colors with purities as low as
50% presented on colored backgrounds with purities as high as
50% with a moderate amount of practice. Learning beyond this
stage was deemed too costly for the results produced. :

The three luminance levels used in this study (1, 10, and
100 ft.L) were all identified with ‘satisfactory’ accuracy.
Luminance levels of above 100 ft.L were not examined because of
the limitations of the generating equipment and the introduction
of the additional parameter of glare.

With a small amount of additional training, the subjects
could reduce identification error to zero using colored back-
grounds of not more than 50% purity. (See Graph D, Pigure 45).
The subjects reported that the colors looked different on the
colored backgrounds, but the results reported suggest that the
tasks were rnot much more difficult with the colored backgrounds

112




o "(\ { vt v T T
= =l ;_dg_-:ggﬂ c o1Bl | | ]] Irsox |
~— -l ’ J =94 ~ w0 } ‘B'NAX u
[+1] e } 4 Hars - ;S [+1] . g
AN : NS |
S B N noef A L ‘
“ b B ~ - ks |
6. : §ow t*‘/\“/
0 B 4 by
Q + ® 1 - o v J l J
1 L1 i 11 | T | ;
+ 2 3 & 3 & Y g 9 w 2 3 & 3% 6 ? & 9 ; fy
Practice Runs Practice Runs
o T 1] r N S |
- C! T-MAX ~ o] |1-50
— _ " =  so o S “1
i & | 3-50%] | 2 .1 B-50%|
a *° ~ -+ - i wm e 4 143 1 — 4
4wl ] 8 w»}
h L -+ L‘ 20 |y % i
u e} 4 &) 0 I 4
o b—V> - 14— ° ;/"-\*—*\ 7
. 2 ) - ] [ ] ? @ L ] - ' P 4 b * 3 [ 9 4 [ ] E -]
Practice Runs Practice Runs
» 1 . T S
v [ T ]
- T-50% | e 1L ! T-30%, |
2 B-wHITE] w | B-WHITE |
— A s ' , , t 9
o «© @ « 1 ous—L—<—1|—
oy » 4 wi} ;
8 =» 8 20 ——iq.
5 o . [
& N
o | ° + .
Practice Runs Practice Runs 3
r

Figure 45. Percent Error in Color Identification as a Function
of the Number of Practice Runs., (Averaged for All Subjects) for
Selected Target (T) and Background (B) Purity Combinations
(After Bishop and Crook, Ref. 30)

113

A




than with the white. Additional examination of this problem of
colors appearing to be of different colors on colored hack-
grounds is required before equally discrisinable color alphabets
could be developed ‘'for different backgrounds.

In conclusion, the authors make the following reccruen-
dations based on the results of their experiments:

There are probably 50 to 70 colors varying in hue, purity,
and lurminance in the range betweer 2 and 200 times the back-
ground lurirance, which car be identified absolutely with
extensive training under laboratory conditions. There are
approximately 30 colors usable in an operational system,
assuming moderate training and reasonably favorable working
conditions. Identificaticn of 28 colors at maximum purity,
varying in hue, and in luminance in the abcve range, against a
white background, can be learned in 10 to 14 practice runs
through the set. Such factors as colored backgrounds and
reduced target purity increase the difficulty of identification.
After targets at maximum purity against a white background have
been learned, targets at no less than 50% purity combined with
colored backgrounds of no rore than 50% purity can be learned
with a moderate amount of additional practice. More severe
conditions require extensive training. About 10 hues (with
white) are likely to be usable in an operational set, 3
luminarces, and 2 purity levels (other than zero purity), though
only about half of the possible combinations can be safely used
without excessive training. Background purity interacts with
target luminance, high purity producing increased errors at the ,
lower luminances. Colored targets a: luminances below that of a .-
colored background cannot be identified with satisfactory ’
accuracy. Target size in the range from 0.12 inch (21' of visual
angle) to somewhere above 0.5 inch (5° 4') is not a significant
factor, but a decrease in diameter of round targets from 0.12 inch
(21') to 0.06 inch (10') impairs identification. Conditions which
appear to interfere with the subjective reference standard, such
as distracting tasks, lapse of tire, arnd increase in the number
of items tested in a set, tend to impair color identification.

Meister and Sullivan (Ref. 232) reviewed the literature on
coding and recormended the colors presented in Table 19 for use
in the design of visual displays. Examination of this table
reveals that the recommerdation correspond rather closely with
the distribution suggested by Baker and Grether (Ref. 12).
Meister and Sullivan did not indicate the sotrces they used as
the basis of their recormendations.

Morgan et al. (Ref. 247) rcakes the following recommendations

for color coding targets to be detected acainst a nonuniform
backgrourd: :
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Table 19.

Meister and Sullivan. (Ref.

232)

Pecormended Chromatic Colors

Color Recoirmendations by

Dominant Federal Spec.
Color Munsell Chromaticity | Wavelength |595 Ecuilvalents
Name Book Notation | Coordirates Nonometers (paint chips)
Purple | 1.0 RP 4/19 x - .2684 430 27144
y - .2213
——————————————————— .l—-_._.——-.__—--_————Jr-———_——.._-...._.-—.-———._-—_—-———
Blue 2.5 PB 4/10 X - .1922 476 15123
y - .1673
——————— P—‘——-—-—-————-—--‘—_-——‘--—- P s e o A - - — — ——— — — — . — ——————— ——
Green 5.0 G 5/8 x - .0389 515 14260
y - .8120
______ e —- ————————————————— - — — o ——— . s > s i s [ T . S e e Sl A . . . T S S ——— — T ——— — ————
Yellow | 5.0 Y 8/12 x - .5070 582 13538
y - .4613
——————— e o e s s i s e e e o e . st e s s e e S e S - it Sl S S o~ — ——
! Orange | 2.5 YR 6/14 x - .6018 610 12246
y - .3860
Red 5.0 R u4/14 - .6414 642 11105
y —- .3151
______ i - ——————— . —— e i > ————————————— — - > —— o —— . —— e S - - - Y - ——— - —— —— ——
Recormended Achramatic Colors
Color ISCC-NBS Munsell Chromaticity Federal Spec.
Name Symbol Value Coordinates 595 Equiv.
Black Bl N1.0 or lower X - .3151
y - .3425 17038
_______ T S S S
Gray Gy —-——— x = .3100 16187
y = .3160
——————— h-———-—————-—ﬂ——-———-————————-——---——--————-—-—-—.4 —— ——————————————
White White N9.0 or higher x = .3137 17886
' = .3222
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1. Choose a color that contrasts most with the colors in 
the background.

2. Choose a brightness that differs as much as possible
from the background. Pick white or bright colors for dark
backgrounds, and visa versa.

3. Use a fluorescent color for targets against a dark
backaround.

4. Use as large an area of solid color as possible. Do not
use strips or checks; patterns like these are not visable at
small visual angles; they only fuse and reduce the contrast of
the target against the background.

5. If the target has to be seen against various kinds of
background, have the target in two contrasting colors, dividing
the target so as to make the two areas of solid color as big as

possible; one or tne other of the two colors will contrast with most

backgrounds. Good pairs of colors for this purpose are the
following:

white and red

bright yellow and black
bright yellow and blue
bright green and red.

Summagx

This brief summary of some of the more important works
dealing specifically with hue alphabet size allows for the
drawing of the following conclusions:

1. No definite alphabet size can be spec;fied An average
drawn from the reports reviewed shows the size to be between
8 and” 12 hues, the exact size varying with the viewing conditions,
the individnal viewer, and the amount of 1nformat10n that is
required to be displayed .(Table 20).

2. The specific hues recommended varied from study to
study. This is a good ‘indication that such important variables
as illumination levels, individual differences, and display

mechanisms all play a 51gn1f1cant part in the perceptxon of .
color,

-

3. Only brief references have been made in connection with

‘color on CRT type displays. No significant research has been

yncovered directly dealing with the use of color coding on CRT
displays under the operational conditions experienced in
airborne environments.

116




Table 20.

Summary of Recosmmendations.

Color - Absolute Discrimination

Display Min. Max.
Authors Type No. No. Recommended
Meister & Slides S 7
Sullivan crr 3 5
Ref. 232 Surface 7 11

Hue
Baker & Spectral 10 I1f white is included no.
Grether Hues is raised to 1l nues
Ref. 12 absolutely discriminable
Halsey & Spectral 10 17 10 max. for 98% accuracy
Chapanis Hues
Ref. 369
Conover Surface 5 8 8 max. no. absolutely
Kraft Hues identifiable by most of
Ref. 87 population with accept-

able accuracy
Bishop Spectral 1o 10 hues (with white) are
Crook Hues likely to be usable in
Ref. 30 operational situation
Muller 10 Developed equally
et al. discriminable alphabet
Ref. 250
McCormick Not 8 Adopts Conover & Kraft's
Ref. 230 Specified recommend.
Luxemberg 11 10 colors plus white can
Kuehn be correctly identified
Ref. 226 nearly 100% of time
Roth (EQ) 9 Adopted from list by
Ref. 286 Baker & Grether
Gebhard 8 12 Colors not specified
Ref. 127
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In light of the above, the recommendations made by Conover
arnd Kraft (Ref. 87) regarding the generalization of color
coding recommendations to areas other than those prescribed in
irdividual experiments certainly appear valid. Due to the
extrerne interaction between the human visual process and the
parameters associated with light and color, it would be
impossible to predict performance with any degree of certainty
without direct empirical validation with the systems to be
erployed.

ADVANTAGES OF COLOR CODING

Urlike the preceding section dealing with the size of the
hue alphabet, more conclusive data have been found relating to
the utility of color as an aid in display information coding.
From the review that is to follow, several general conclusions
can be seen to emerge:

1. Color codes are best for location or attention gaining.

2. Color coding is less efficacious than other coding
methods for identification tasks.

3. Human performance is improved with color codes when the
color is used in conjunction with other coding methods (alpha-
numerics, or geometric shapes).

4, The use of color in coding provides an additional
dimension for the presentation of information.

S. The sensation of color is common to all color-normal
observers and therefore requires little additional training.

The following review has turned up little in the way of
pertinent information relating to the effectiveness of various
colors for coding. Several studies have examined the order of
discriminability of several commonly used coding colors.

Snadosky et al. (Ref. 318) conducted an experiment in which
they determined the relative order of absolute discrimination of
a number of colors. Using a three color additive technique,

36 alphanumeric symbols were projected simultaneously in seven
colors (red, green, blue, yellow, magenta, cyan, and white).
Six male subjects with 20/20 normal color vision were used in
the study. Six randomizations of an alphanumeric matrix were
programmed, generated on a character tube, and photographed on
70-rm Kalvar film for a total of 252 symbols arranged in an

18 x 14 matrix. The subjects viewed the screen from approxi-
mately 18.5 feet away. The symbols on the screen had a height
of 1.75 inches (27 min of arc). Ambient illumination falling
on the screen was .about 0.01 ft.L. The color misregistration
ranged from 33% to 200% (see next section for definition).
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The results of their study indicate the relative discrimi-

nability of the colors examined to be as shown in Table 21 and
response time as shown in Figure 46.

S

Table 21. Relative Discriminability of‘Colors(Examined.
(After Snadowsky et al., Ref. 318)

Relative

Color Used Discririnability
Red 93.75%
Yellow . 98.30X%

Blue 83.30%
Magenta - (Red + Blue) 95.455%
White - (Red + Blue + Green) 98.48%
Green 97.73%

Cyan - (Blue + Green) 98.00%

The negligible amount of ambient illumination and the
relatively high contrast ratios achieved in this study would
almost never be obtained in operational airborne display systems.
While it would be difficult to generalize these findings, they
do help to indicate a trend that will develop over the next few
studies.

Rizy (Ref. 278) in a follow-up study to the one performed
by Snadowsky et al, produced somewhat different results. He
projected a total of 252 symbols arranged in six different 18 by
14 matrix formats onto a front projection screen (6 ft. x 8 ft.)
located a distance of 20 feet from the projector. Six subjects
were seated approximately 18.5 feet from the screen (individually)
and viewed the symbols which were exposed for 15 seconds. The
ambient illumination reflected from the screen was 0.09 Pt.
Lamberts while the display color brightness ranged from 0.12
ft.L for the dimmest blue to 0.70 ft.L for the brightest white
character. The maximm allowable misregistration was 33% of the
strokewidth. The letter heights on the screen were approximately
1.75 inch {27 min of visual angle) which was well above the
generally accepted lower limit.

Rizy found red to be superior for color coding, followed
by yellow, magenta, and white which were statistically
equivalent. These were followed respectively by cyan, blue and
green (see Figure 87). He suggests that the high discriminability
of yellow can probably be explained by the nature of the response
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of the human eye (visual mechanism) to the wavelength character-
istics in this portion of the color spectrum (see report section
on visual acuity). He found the relatively low rank of the
green harder to explain, since it and yellow are the brightest
appearing colors. Green had long been considered an excellent
color in terms of visibility and discriminability. He suggests
that in this case, perhaps the green appeared too bright and
this led to color confusion. Again, due to the sensitivity of
the eye, the brightness (intensity) of the green could be
reduced considerably without impairing legibility.

The author predicted apriori that the least bright of the
celors would be omitted most often because of the assumption
that the brightest colors would be seen more readily than dimmer
colors. This, however, was not the case. Figure 88 shows the
almost the exact opposite was found in this study. The least
bright colors (blue and red) produced the fewest omissions while
the brightest (white) produced the most omissions. Rizy
concludes that symbol brightness alore is not as effective in
attracting attention as differences 11 both brightness and hue.

Finally, the results indicated that blue, although omitted
the least, was most often misidentified. The white and yellow
symbols were least often misidentified. He concluded that this
was a-good measure of the code legibility and is directly
dependent upon the brightness of the symbol color.
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Average Number of Characters Omitted
Per Trial (N = 648 trials)
N

Symbol Color

Figure 48. Number of Omissions as a Punction of Color,
(After Rizy, Ref. 278)
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These two studies show scme correlation in the results and
sore deviations. It must be remembered, however, that they
were both conducted under low-light level conditions and the
results of both could be expected to vary considerably with
substantial increases in the illumination level. Solid research
in this area is required prior to the drawing of any conclusions
or recommendations. Some of the following studies indirectly
deal with this problem.

Eriksen {(Pef. 116) conducted an experiment to determine the
speed with which various objects could be located on a visual
display under the following conditions:

1. When various classes of obiects on the display differed
from one another on only one of four visual dimensions of hue,
brightness, size and form. ’

2. When the classes of objects varied from one another on
two or three of these dimensions (Table 22).

Table 22. Visual Dimension Variations Used in Experiment.
(After Eriksen, Ref. 116) '

The Seven Classes of Objects Used
Within the Pour Dimensions.

Visual Dimensions

3:??2?122 Hue* Form Biiggt- ?;if)

Target R 5/6 Circles N 1/ 4/8
2 YR 5/6 Hexagons N 7/ 5/8
3 Y 5/6 Diamonds N 6/ 6/8
4 GY 5/6 Triangles N S5/ 7/8
5 G 5/¢€ Crosses N 4/ 8/8
6 BG 5/6 Stars N 3/ 9/8
7 B 5/6 Squares N1 10/8

* Munsell notation.




A total of 60 subjects viewed the 3 foot square display
screen (viewing distance not specified) which was perpendicular
to the subject's line of sight. Illumination levels were not
specified.

The results (Table 23) show that the location times obtained
by compounding the dimensions failed to show any consistent
advantage over the single dimensionsal location times. Hue-Form
is the only case where a compound dimension gives a slightly
faster location time than the best of the single dimension
location times. All other combinations give a slightly slower
time than the individual dimensions. Color was the fastest of
the single dimensions, however, this time was improved slightly
when combined with form.

Table 23. Mean Scores for the 4 Single and 10 Compound
Dimensions, (Eriksen, Ref. 116)

Single Obtained Compounded Obtained

Dimensions Mean Dimensions Mean
Hue (H) .678 HF .652
Form (F) .753 us .754
Brightness (B) .919 HS .7172
Saturation (S) .942 FB -7172
BS .928

PS -929

HFB .706

EFS .766

HSB .776

FBS .909

*The means are the mean of the logarithms of location time
in seconds.

Cohen and Senders (Ref. 81) conducted an experiment to
determine if shape or color coding was more efficient in
reducing search time and errors in locating dials on visual
displays. Twenty-nine subjects viewed banks of black dials
with white pointers on white backgrounds. Fach dial was 1.75
inches ir diameter and the pointer was 7/8 inch long and each
was clearly tareled 0.5 ir. high). A 0.5 inch ring around each
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dial was used for color or shape coding of the dial. The panels
of dials were exposed for 0.8 second {(Illumination level and
viewing distance not specified).

The results shown in Pigure 49 indicate that the color code
was more efficacious for locating the dials after -the initial
learning period (first 8 trials). After five days of testing,
one day of non-testing was allowed. The sixth day of testing
reveals a sharp increase in response time, with the smallest
increase appearing in the color coded group. Relearning was
also fastest with the color coded group. The authors conclude
* that color coding is feasible as a means of decreasing locating
time in visual displays.

Green and Anderson (Ref. 147) counducted a study to examine
luminous color as a partial redundant search cocde with color-
coded alphabet sizes of two, three, and four colors. Twenty
observers viewed a display containing two-digit numbers (in the
range from 10 to 69) arranged in a random order in a matrix of
10 rows and 6 colums. The numerals were projected onto a screen
located 10 feet from the observers. The projected matrix was
16 3/8 by 12 inches while the numerals were 1 1/8 by 5/8 inch.
The numbers were either green (Munsell 5.0GY/6/6) or red (Munsell
2.5 YR/6/10), and were presented on a black background. Three
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Figure 49. Mean Exposure Time Required by Each Group as a
Punction of the Number of Days. The Mean for the First Half and
the Last Half of Day 6 Trials are Recorded Separately,
(After Cohen and Senders, Ref. 81)
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experimental conditions were used. 1In the 'Set' condition, the
display contained 60 numbers, of which 0, 10, 20, 30, 40, 50, or
60 were red and the remainder were green. No number appeared
more than once in any display so that color was not essential to
the search task. In the control condition, the display had 10,
20, 30, 40, 50 or 60 numbers of one color (either red or green)
while the remaining positions in the matrix were blank.

The results indicated that when the subject knows the
target's color, search time is mainly a function of the number
of symbols with the same color as the target (Figure 50).
Search times are somewhat longer with multicolored displays than
with single colored displays with similar densities. They
interpreted these results in term& of Eriksen's hypothesis of
display hetrogeneity (even though the number of stimulus
categories of a partially redundant code and not the rumber of
dimensions of a totally redundant code was the variable in
question). Additionally, since the number of color categories
‘was confounded \with display density in this experiment, these
effects could possibly be the result of either increments in
total clutter or increments in code size. '
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o
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Figure 50. Search Time as a Punction of the Wumber of Symbols
With Target's Color. Each Point is the Geometric Mean of
.80 Measurements. (After Green and Anderson, Ref. 147)
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Anderson and Fitts (Ref. 9} conducted an experiment to
determine how much information a subject could report after a
tachistoscopic presentation of symbols. The variables used
were the information content of the symbols and the method of
information coding. Alphabets of nine symbols each were
cerstructed of colored patches, black numerals on white back-
grounds, and nine numerals on colored backgrounds. The colors
used were: red, orange, yellow, blue, green, violet, flesh,
pink and indigo. With the first two alphabets, four message
lengths were used: 3, 4, S, and 6 symbols respectively. The
information content varied from 9.51to 19.02 bits per amessage.
In the,colored—-numeric alphabet the messages were held to three
svmbois, with information varying from 6.34 to 19.02 bits per
nessage. The symbols were exposed for 0.1 second to 12 subjects
sitting 10 to 12 feet from the screen. There was an alerting
signal three seconds prior to exposure of the stimulus. Subjects
reported first the color symbol thenm the number.

The results indicated that performance with color-numeric
alphabet was greatly superior to performance with either color
or shape alone (see Figure 51). The average amount of information
transmitted with three color-numeric symbols was 16.97 bits which
was significantly greater than the amount . transmitted with six
nunerals alone (18.30) and the six color patches alone (7.69
bits). Performance with colors was better for messages containing
only four symbols than for longer messaqes (see Table 24).
Performance with numbers was slightly better with five symbols
than with six symbols.

The resuits :f a second similar experiment with two new
subjects tended to confirm the findings of the first experiment.
The use of color-numeric symbols led to significantly better
performance than did colors cor numbers alone.

Alluisi and Muller (Ref. S) examined verba! :nd motor
responses to several types of . .des (color, nume. .c and
inclination), which were presented for short periods of time
(0.5 sec.). ' Their results indicated that performance with the
numeral codes was superior in bLoth types of response. Accuracy
and speed both were better with numerics, while colors evoked
the slowest response and produced the most errors. A combined
accuracy-speed measure reflected a task-by-code interaction in
which verbal responses were slightly better (in bits/sec) than
motor responses for numeral codes, about the same for
inclination codes and definitely poorer for color codes.

Conover and Kraft (Ref. 87) conducted an experiment
comparing color with shape coding. They concluded that the
maxirum average information transmission rate for color was
10.44 bits per exposure as campared with 14.94 bits per exposure
with numerals while a combination of color and numerals yielded
18.6 bits per exposure.
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Table 28. Average Information Gained (in Bits) for Color
Alphabet and for Numeric Alphabet.
(After Anderson and Fitts, Ref. 9)
Mumber of L, .
Symbols Symbol Position (Left to Right) deas.
Per Per
Measure 1 2 3 4 5 6 Symbol
Numerals
3 3.15 3.14 3.14 3.14
L 3.15 3.15 3.14 3.15 3.15
5 3.12 3.08 3.05 2.71 2.81 2.95
6 2.83 2.92 2.84 2.16 1.65 1.92 2.69
Colors
3 3.02 2.91 2.82 2.91
4 2.84 2.61 2.30 2.27 2.50
5 2.29 2.04 1.68 1.10 0.90 1.60
6 2.04 1.89 1.44 1.11 0.59 0.52 1.28
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Figure 51. Mean Total Information Gained Per Message.
(After Anderson and Pitts, Ref. 9)

It was concluded that the maximum nuwber of hues that
could be used for color coding ranges from five to eight.
Electronically generated color codes using short persistence
phosphors (not specified) permitted only four absolutely
discernable hues. The precise number is a function of the
viewing conditions and the percentage of the population that
must read the code.

Hitt (Ref. 167) made a study to ascertain the relative
effectiveness of selected abstract coding methods, based on
their effects on various operator tasks. The five codes shown
in FPigure 52 were selected and the number of code levels were
varied over two, four, and eight levels. Target density was
also varied over 80, 80, and 120 symbols per display. Five
different operator tasks thought to be basic to visual display
reading (identifying, locating, comparing, counting, and
verifying) were used. The symbols, 1/2 inch for the longest
dimension, were mounted in eight columns and five rows omn 30 x
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Figure 52. The Five Code Categories Compared by Hitt. (Ref. 167)

YNo attempt was made to hold saturation and brightness constant.

22 inch posters. PFcr eiach of the five code types, nine display
posters were made (one code xz three densities x three code
levels). After initial training to learn meanings associated
with each symbol level, the five subjects completed the trials
for the 225 experimental conditions at a rate of 15 conditions
per session for 15 sessions. The entire procedure was repeated
with another set of 5 subjects for cross-validation resulting
in a correlation of + .97. ‘

Table 25 indicates that for location, color coding was
best. For identification tasks, however, numeral codes were
superior with color coding ranking fourth.

As might be expected, increases in both number of code
levels and in target density degrades operator performance. The
author suggests that numeral coding, or even one of the other
coding methods, was superior to color coding if more than nine
or ten code levels were desired.

Primisel (Ref. 273) made a further investigation into the
amount and nature of the non-target objects with both partially
and fully redundant codes. Targets were identified by hue-form
cambinations amidst varying levels of competing and non-
competing clutter. (Competing clutter was of same hue or shape
as the target). His findings confirmed the findings of Green
and Anderson (Ref. 147) and Smith (Ref. 315). More interesting
is the implication in his findings that there is a search-task
difference joverned by an interaction of the number of
competing non--targets with the kinds of non-targets. He found
that with small numbers of non-targets that competed in shape
or hue, search area seemed to be determined by both dimensions
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Table 25.

Rank Order of Code Cateqories as a Function

of Type of Task. (After Hitt, Ref. 167)

Tasks First Second Third | Pourth Fifth

Identify Numeral Letter Shape | Color | Configuration
13.64 13.02 12.53 | 12.34 11.77

Locate Color Numeral Letter | Shape Confiquration
8.46 7.82 7.25 6.93 5.03

Count Numreral Color Shape | Letter | Configuration
12.60 12,22 11.49 11.11 7.07

Compare Numeral Color Shape |} Letter | Configuration
6.85 6.72 6.56 6.33 48.76

Verify Numeral Color Shape | Letter | Configuration
10.01 9.95 9.50 9.05 6.60

Note:

(1) Scores reported in terms of mean correct response
per minute.

(2) Code categories connected by line are not
significantly different at p = 0 .05.

but that with large numbers of competing non-targets the subject's
search area seemed to be determined by only one of these. ,
Conover and Kraft (Ref. 87) state that colors produced by
very small sources (saturated spectral hues or surface colors)
will appear different to color normal observers if the size of
the color patch is less than 20 minutes of visual angle. This
small size, when directly fixated, will result in the observer's
confusing blues with biue-greens, mauves and gray-greens with
greens, and purples with yellows and browns. (For further
explanation of this matter, see section on Color Abberation).

S. L. Smith (Ref. 315) conducted a study based on the
premise of Green and Anderson (Ref. 187} that visual search time
is a fundamental measure of the potential value of display
color coding, but expanded it to include a greater range of
display densities, more displayed colors, both light and dark
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display backgrounds and different methods of display presen-
tation. Eleven men and one woman with normal color vision made
a total of 300 visual searches on various display backgrounds.
The displays consisted of varying combinations of three digit
numbers randomly placed in a square field 12 x 12 inches and
viewed at a distance of 18 inches. The displays were made up as
2 x 2 color slides and rear-projected producing symbols on the
screen of 1/3-inch high by 1/6 inch wide. The colors used are
listed in Table 26. Ambient illumination was over one-half foot
candle. The experimenter indicated the target digit and color
(or noted that color was “"unknown®) on a separate display and
then exposed the slide. The subject searched for the target and
when found it pressed one of 10 buttons corresponding to the
third digit in the series.

’

Table 26. Colors Used by Smith, (Ref. 315)

Display Color White Background Black Background
{(Munsell Notation) (Munsell Notation)

Red 2.5 R 5/10 S R S/12

Green . 7.5 GY 8/8 S GY 7/8

Blue 2.5 PB 6/8 2.5 PB 6/8

Orange 2.5 YR 7/10 2.5 YR 7/10

Black/White 7.5 P 3/8 N 9/0

Neither the particular color of the target number, nor
whether the display had a dark or light background, ner the
interaction of these factors had a _significant effect on visual
search time. Other conditions be1ng comparable, average search
time increased steadily with increasing display density.
(Figure 51). On the multi-colored displays, when the color of
the target number was known in advance, average search time was
considerably shorter than when the target color was unknown.
wWhen the color of the target number was unknown, a comparison
of search time on single-colored versus multi-colored displays
showed no significant difference (Figure 53-a).

The authors apparently found no evidence of field hetero-
geneity effects on search time under non-set conditions (color
unknown). With a color-set condition, he did find a slight
effect attributable to wrong-colored items.

Jones (Ref. 186) remarks that one thing is apparent from
both of the above studies: that search time is decreased by the
concamitant use of a partially redundant color code as a code
set. Purthermore, the decrease is proportional to the number of
colors used with a given level of density.
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Smith and Thomas (Ref. 317) attempted to measure systemat-
ically the apparent superiority of display color coding by
comparing it with various shape codes in the context of a
relatively simple operator task, that of counting a particular
class of displayed items. Forty-five slides were used, each
containing 20, 60, or 100 symbols (bright colored figures on a
dark background) to produce a 29-inch square display field
viewed by eight subjects seated approximately five feet fram
the screen (see Figure 58). Ambient illumination was about two
foot-candles. Some displays were multi-colored (each symbol
could appear in any of five colors) while in other displays all
symbols were of the same color. Subjects counted each of these
displays 10 times, once for every shape and once for every
color.

A second set of 15 100-item slides were used to examine the
effectiveness of shape-coding while color did not vary. A third
set of five multi-colored displays, on which one military symbol
appeared 100 times, represented in all the various colors, was
used to study the effects of color on shape counting.

Inspection of Figure 55 indicates that colors were counted

about twice as fast as the best set of symbols and three times
as fast as the poorest symbols code. Fewer errors were made with

Figure 54.

COLORS MILITARY | GEOMETRIC | AMCRAFT
(MUNSELL SYMBOLS FORMS SHAPES
NOTATION)
GREEN RADAR TRIANGLE [C-54
12.3 6 8) Eg A ‘t’
BLUE (=1, ] DIAMOND C-47
(s 86 as3) » ¢ > o
WHITE AIRCRAF Y SEMICIRCLE | F -100
(5 v 8 > f ! - A
RED MISSILE CIRCLE F -102
(38 am) 1 o 4
YELLOW SHIP STAR 8-~352
wo v e | ey * A

Colors and Symbols Used by Smith et al.
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color counting than with shape counting and fewer errors were .
made at low display demsities than at high densities. Statisti-
cally reliable differences in counting time were confirmed

(p € .001) attributable to display density, the particular shape
code displayed, the code - used for counting {(shape or color) and
all interactions of these variables. There was no noticable
effect on color counting attributable to the shape code on which
color was su rim%osed. Fowey igti i

difference (§e<,. 1) was at;riggéaglgtgglsgégg%éysﬁgéégbig shape
counting. Additionally, there was apparent improvement in speed
and accuracy of shape counting when variable color was eliminated
from the display. The average counting time for the military
symbols and for the geometric symbols was comparable with a
slight advantage to military symbols. Counting time for aircraft
shapes was substantially higher than for military symbols or
geometric forms, respectively.

Summary ‘

It is evident that the application of color as a coding
dimension enhances performance in visual search tasks. Combining
the color code with other forms of coding (alphanumerics and shape
coding) also aids in performance up to a point. The added
dimensionality of color also increases the information rate that
can be presented in a given display. These favorable results,
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however, are tempered by the fact that most of these results
were obtained under low and steady light levels. The effects
of rapidly changing illumination has not been explored.
Additionally, the effects of high ambient illumination upon
color coding requires examination.

A final significant factor is the fact that none of the
studies examined addressed the problem of color coding on
colored CRT type displays. The interaction effect of electronic
display phosphors (for colored displays) and changing illumination
conditions may produce significantly different results. This
area will require careful examination.

DISADVANTAGES OF COLOR CODING

Conover and Kraft (Ref. 87) reviewed scme of the probiems
associated with color coding and compiled the followirng list of
general disadvantages associated with color:

. 1. The average color-normal person can discriminate only
about nine hues of surface color on an absolute basis under
ideal conditions, and even fewer under adverse conditions.

2. Some people are color-defective; about 8% of all males
and 0.4% of all females.

3. Color discrimination is seriously degraded when surface
colors are viewed under highly chromatic light sources.

. 4. Even with recent improvement of colored phosphors for
use on CRT type displays, the presentation of satisfactory
colored symbols by electronic means in video displays still
presents technical problems.

5. Character and stability of the display enviromment is
difficult to create and control. Color' judgements are influenced
by many aspects of the surrounding conditions. Homogenity of
background, color and intensity of adjacent areas, differences
between expected and actual conditions of illumination, perceived
location of color relative to its surround, and the visual
impressions that colors are abstract or attached to an object
are examples of these factors.

6. All color coding methods present practical problems in
maintenance. Surface colors have a tendency to fade with age.
Signal lenses may crack or become obscured by dirt. Electron-
ically generated color symbols are subject to distortion and
(color) noise bursts and to effects of aging phosphors.

7. Signals or color patches of small dimensions, 20 minutes

or less in visual angle, cause normal subjects to show certain
characteristics of anomalous color vision. Color codes
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recommended for two degrees or larger do not apply to 20 minutes
or smaller sources of light. .

In addition to these genéral limitations, a number of
specific disadvantages have been uncovered in the literature.
Snadowsky et al. (Ref. 318) for example, discussed the problem
of misregistration of color on symbology. He defined registra-
tion as the superimposition of a homomorphic image to form a
composite single image. Misregistration, then, is the degree
or percent of misalignment of these images and is defined as:

M~ S

MISREGISTRATION = S X 100%

where M = the strokewidth of the misregister :d image and
S = the sa”ckovldth of the perfectly reglstered
mixturé character and the unregistered primary
color. chara\Fer.

. By this definition, then, an image with 0% misregistration
""is completely aligned while an image with 100% misregistration
represents two distinct images precisely adjacent to each other.
Based on the results of his experimentation, he recommended that
misregistration cannot exceed 33% under operational conditionmns
without loss of performance. Pifty plus percent misregistration
results in serious performance loss. This recommendation
required validation, however, since it applies only to normal
operating conditions and not to adverse operating conditions.
Combined with the other variables found in a "worse case® view-
ing situation, the misregistration tolerance may be found to be
considerably lower than 33%. '

Another specific disadvantage with the use of color is the
problem of chromatic aberration. (Chromatic aberration is
discussed in more detail in Section III.) Back in 1949, Duke-
Elder (Ref. 108) discussed the fact that the eye functions in
some respects similar to a prisam in that both refract 11ght._ In
both the lens and the prism, shorter wavelength light is bent to
a 7rreater extent than longer wavelength light. This degree of
b iction (or bending) is related in inverse proportion to the
wav..length., Myers (Ref. 253) suggests that because of this
characteristic, only one wavelength can be focused on the retina
at a time. PFPor example, when yellow-green rays are focused on
the retina, blue and red rays should be both equally unclear with
their focal points falling to the front and the rear of the
focal plane, respectlvely. This effect is referred to by Duke-
Elder as "Chromatic Aberration®.

Jones (Ref. 186) notes that the problem of chromatic

aberration is of critical concern because of its effect on
visual acuity. She suggests that either the use of a small
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colored stimuli or moderately sized stimull viewed at a distance
would be inadvisable for reliable color cocling.

Mitchell and Mitchell (Ref. 242) have referred to this
aberration effect as "Chromatic Myopia®. In their study it was .
found that under -blue light, distant objects (6 feet or more)
are imaged in front of the retina and the normal emmetropic eye’
is not able to adjust to the differences, since it's accommo-
dative power is already at it's maximum.

In a study to more clearly define this problem, Myers (Ref.
253) conducted a study to ascertain possible adverse accommodation
effects which might result in the loss of visual acuity in color
coding. Five males, ages 21 to 32, served as subjects, each
having 20/20 vision and normal color vision. Two 35 mm slide
projectors were used; one to project the Landolt C-ring image
(see "iqure’'56) (either red or blue) and the second to project
the color (red and blue) area surrounding the rings. Eight
diffgrent size C-rings were used for each subject for each color
combination. (See Table 27) e

The response unit consisted of four pushbuttons in positions
corresponding t» the C-ring opening positions (3, 6, 9, 12
o'clock). Trke S determined the location of the opening and

' depressed the appropriate button. A total of 140 presentations

were prese ted for each stimulus-surround color combination.
Subjects sat in a chair in a darkened room with their chins in a
rest 28 inches from the screen. The image was exposed for 0.75
second and the subjects were instructed to "guess® even if they
were nqot sure of the Tocation.

The results supported the general hypothesis that the red
stimilus condition would result in better performance than the
blue stimulus. The order of performance resulted in the R/R
(red stimulus/red background) condition having the smallest
aperture size threshold, followed by the B/B (blue stimulus/blue
background) and R/B (red stimulus/blue background), respectively.

5Width

Pigure 56. The Standard Landolt *"C" Ring,
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Table 27. Sizes of C-Ring Apertures in Inches
and in Min. of Arc and Seconds of Visual Angle,
(Myers, Ref. 253)

Size on Size Projected on Visual 2Angle

Slide Screen at 70 Inches at

(Inches) (Inches) 28 Inches.
1. .0019 .0131 1*, 37" or 1.67"
2. .0023 .0158 1', 56" or 1.93°
3. .0027 .9186 2', 16" or 2.27°
g .0031 .0210 2', 35" or 2.58'
5. .003¢5 .0236 . 2', 54" or 2.90°
6. .0039 .0263 3°, 14" or 3.23°
7. .0043 .0290 3', 33" or 3.55°
8.

.0036 .0316 3, 54" or 3.90°

(See Table 28). The average percent of correct reponse for
each of the four conditions were:

Table 28. Summary of Results,
(After Myers, Ref. 253)

80.1% ' Red Stimulus/Red Background

73.5% Blue Stimulus/Blue Background
60.5% Red Stimulus/Blue Background
50.4% Blue Stimulus/Red Backgroun

Figure 57 indicates a general decrement in performance with
the blue stimulus for the range of aperture sizes used. On the
other hand, the fact that the threshold for both red stimulus
conditions was higher than those for the blue stimulus conditions
indicates that the size factor was consequent1a1 in determining
overall color difference.

Myers concluded that the "critical®™ size to which color may
be applied to a visual display varies with the particular
situation and with the colors employed. The results of his study
do not appear to support Conover and Kraft's recommendation of a
general 20 degree visual angle cut-off point. 1In fact, Myers
concluded that in must applications, the small differences in
visual acuity resulting from accommodation differences with ,
various color combinations would not be a serious impediment to
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Red on Blue (R/B) Blue on Red (B/R)

971
100

85.4

Correct Response (X)
4
Correct Response (X)

TZ345 LFEE I B IR AR
Small Large Small Large

Size of Aperture Size of Aperture

Red on Red (R/R) Blue on Blue (B/B)

Correct Response (%)
Correct Response (X)

Small Large Small Large
Size of Aperture Size of Aperture

Pigure 57. Mean Correct Response for all Subjects for Each
Stimulus Level and Each Condition. (After Myers, Ref. 253)
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the use of color. Blue would be the exception, since the eye
focuses this color myoptically. In any case, the loss of visual
acuity was only critical witn small degrees at a visual angle of
less than four minutes.

CCNCLUSIONS AND RECOMMENDATICNS

With the already present partially redundant coding
dimensions present on most displays (position coding, size
coding, shape coding, etc.), one must seriously question the
need for the addition of color coding to airborne displays. The
advantages derived from its use would have to be greater than
the current literature indicates. The demonstrated utility of
color codes is maximal in large, camplex, cluttered and
unstructured displays. The opposite is true of most airborne
displays; simplicity, compactness and well-defined structure
are basic factors in their design.

It is admitted that the addition of color to airborne dis-
plays may serve to improve pilot acceptance factors, but the :
cost of so doing is great. Careful research is needed to relate
color-coding in electronic flight displays to the many human
performance variables and environmental variables in realistic
operational type tasks. Any such research should take into
consideration the many environmental factors associated with
airborne electronic displays: ambient illumination levels,
vibration, the interaction effect of other light emitting
sources within the cockpit, the various stress levels the pilots
situationally experience, and many more. In the case of head-up
displays, the added factors of buzzing, real-world backgrounds
are added to the list. All of these factors require careful
examination with respect to the use of color coding.

One starting point from which to make the above decision
is to establish the performance requirements of the display
observer. What is it exactly that the observer must do and what
information is required for him to accomplish this task? Wwhen
information requirements have been established, the optimum
presentation formats for the information can be addressed. The
format examination should include the efficiency of the
"dimension (in terms of human as well as equipment performance
and reliability), the reliability of the dimension (performance
under normal as well as adverse viewing conditions) and the cost
of the dimension (in terms of research required, training and

equipment).

When the above evaluation has been completed and color
coding of the information appears to be warranted, the literature
provides an indication as to which colors would be likely
candidates for further evaluation. Hues in the yellow-green
and red range of the color spectrum appear to offer the most
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promise. However, evaluation under the proposed operating
conditions is mandatory. No data,for example, have been found
in the literature addressing color discrimination under high
ambient illumination conditions (over 1,000 ft. Lamberts). (How-
ever, reports have been made of colored aeronautical chart
symbols 'disappearing' under daylight flight conditions because
t@e colors were 'washed-out' - Eriksen, Ref. 371).

Representative design variables that should be examined in
the evaluation of different hues for use on electronically
generated displays would include:

High Intensity Ambient Illumination - What effect does high
intensity ambient illumination (1,000 to 8,000 plus ft.Lamberts)
have on color discrimination? Wwhat hues are equally discrimi-
nable under these viewing conditions and what are the effects of
different observer visual {(lccating, identifving, etc.) and motor
tasks (tracking, adjusting) on discrimination? S

Chromatic Visual Environment - How do changes in the visual
enviromment chromicity affect color discrimination (i.e., viewing
under sun-up or sun—-down conditions)? What is th aximum size
of the color alphabet (100X discriminable) obtain..le under
these viewing conditions?

Glare Factors — Whit are the effects of glare on color
discrimination under high ambient (and chromatic) viewing
conditions? What interaction effect is encountered (if any) with
the introduction of filters and visors in the glare enviromment?

Color Contrast - What are the contrast requirements for
color discrimination nnder high ambient illumination (up to
8,000 f£t. Lamberts) viewing? What is the optimum background
brightness for comfortable viewing under the above conditions?
(Contrasts of 25 to 100% should be examined with an emitted

display background luminance of about 180 ft.Lamberts).

Symbol Size and Shape - What is the optimum symbol size
(including stroke width and stroke-width-to-height) and shape for
the color code under the above illumination conditions? Simple
solid geometric forms should be evaluated with sizes ranging from
two to three minutes of arc and up. One hundred percent
discriminability thresholds should be established as a functlon
of different shdpe-color combinations. _

As with any other visual performance measure pertinent to
electronic displays, the observer performance measure should be
a minimum of 100% legibility under all anticipated viewing
conditions. Additionally, the minimum should optimize reading
time, detection time or identification time, depending upon the
visual task to be performed. Subjective observer preferences
should be included in the above evaluation, where possible.
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FLASH RATE CODING

Introduction

There appears to be little in the way of data relating to
flash rate coding. The few data that are available tend to shy
away from recommending this method of coding if other methods
are available. There are, however, some new and encouraging
possibilities for the use of this dimension.

An early review by Gebhard (Ref. 128) indicated that flash
rate coding was a possible but not very practical means of
representing information. He suggested the use of a course
flicker which stayed well below the fusion frequency. The
frequencies he suggested for scaling into a usable code ranged
from about 0.5 to 30 flashes per second with the retinal
intensities about 10 millilamberts for the 30 flashes per seccnd
rate. He found about 15 discriminable steps between 0.5 to 30
flashes per second, but reliability was poor. The aunthor
suggested that it would be more profitable to use simpler on-off
type flash codes.

Gerathewohl (Ref. 132) conducted a series of studies on
flashing light signals. He found that flashing light signals
were more conspicuous than steady ones when brightness contrast
is low.

Gerathewohl (Ref. 135) investigated how conspicuous flash-
ing light signals are at three different flash frequencies and
duration rates (1, 2, and 4 flashes per second and durations of
1/2, 1/4, and 1/8 second each). The results indicated that when
" the subject had a complex psychomotor task, the flashing light's
efficacy as a warning depended on the conspicuity of a series of
flashes, not.on the luminance of a single flash alone. With a
luminance of 1 millilambert, subjects will respond to a series
of light flashes in a complex situation with the same speed
regardless of whether the flash is once each second, or four
times each second with a 1/8th of a second flash duration. At
low contrast, the short, fast flashing light appeared to be more
conspicuous than the longer, slow flashing light. Gerathewohl
concluded that subjects responded more quickly when the flash
rate was faster. Three flashes per second was the fastest rate
he used in this particular study.

Baker and Grether (Ref. 12) found little in the way of data
applying to flash rate coding. They determined that five flash
codes could be discriminated under ideal conditions. However,
they found this dimension nnsatisfactory because high brightness
is required if a high flicker rate is to be seen as flicker.
They indicated also that this codlng dimension is annoying to
the operator.
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Cohen and Dinnerstein (Ref. 80) conducted a study to
examine the relationship between flash frequencies and the
ability to identify various flash rate frequencies correctly.
They used 10 subjects to judge nine flash rates that varied from
one flash each four seconds to 12 flashes per second. The
stimulus used was a high intensity blue-white Strobotron tube,
masked to a point source.

The results indicated that their subjects could discriminate
an absolute maximm of five flash categories under the best
conditions. Even with only four stimulus categories, occasional
confusion occurred. The authors recommended using only three
flash rates for an operational situation:

8 flashes per second
1 flash per second
20 flashes per mimute.

Morgan et al. (Ref. 287) recommends that flash rates be
limited to no more than four rates and that these should be limited
to only one or two items on the display itself. ’

Honigfeld (Ref. 171) reviewed the literature and concluded
that flash rate is a poor way to present information. She found
it detremental to performance under all conditions as it is
critically influenced by brightness and size. With high flicker .
rate, the target must have high brightness and large size.
F11cker1ng light, especially at certain rates is annoyuxg to
view.

She did conclude, however, that under certain conditions,
one could make good use of the annoying properties of this code.
The periphery of the eye is especially sensitive to intermittent
stimnlation between two and sixty cycles per second. These
frequencies are recommended only to attract attention. This
flicker range may also produce apparent movement, which may or
may not be beneficial. Honigfeld recommends Cohen and
Dinnerstein’'s suggested rates for coding: & flashes per second,
one flash per second and 20 flashes per minute.

Ziegler, Reilly and Chernikoff (Ref. 365) conducted two
experiments to (1) determine the effects of adding flash coded
directional information to a conventional displacement display
and (2) to compare a display system which indicates error
direction by means of flash coding with one where flash coding
of error direction is combined with brightness coding of error
magnitude (the latter being referred to as "depth-of-flash”

coding) .
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The display used in Experiment I was a five inch CRT tube
with a 1/2 inch long horizontal reference line centered on the
tube and a 1/32-inch diameter dot moving along the Y-axis normal
to the center of the reference line. The dot flashed on and off
with a 50-50 duty cycle. When the dot was 1/8-inch or more
above the reference line, it flashed at a rate of 60 cpm to
indicate high error direction. When the dct was 1/8 inch below
the reference line, the flash rate was 120 cpm, providing “low"
arror direction information. No flashing occurred if the dot
vas within the + 1/8-inch range of the reference line. Each
display was tracked at a viewing distance such that the maximum
visible dot displacement, from the reference line, subtended
visual angles of 1, 2, 4, 8, and 16 min at the eye of the
observer. Each of seven subjects served in three sessions on
each of the five visual angles. The subjects were dark adapted
for 15 min. prior to each session.

The results of Experiment I are summarized in Figure 58. As
visual angle decreased, tracking error was found to increase for
both the displacement-coded and displacement-plus-flash-coded
displays. At certain angles, performance was improved .by the
addition of flash-coded error information.

In Experiment II, eight different dark-adapted subjects
viewed the display from a sitting position 16 feet from the CRT
tube. A 1/16-inch diameter spot of white light was flashed in
a similar manner to Exp. I but the brightness of the light varied
as a function of the amount of error (between 50 and 1200 Ft-L).

4o Displacement -
No Tracking

8 Displacement
P Plus Flash -

Integrated Error
(Arbitrary Units)

1 A A 1 '

16 8 4 2 1
Visual Angle (Minutes of Arc)

Figure 58. Tracking Error as a FPunction of Visual Angle
for Experiment II. (After Ziegler et al., Ref. 365)
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As the error decreased, the brightness difference above and below
the reference brightness became less until at zero-error the
subject momentarily saw a steady light of 600 Ft L. The average
brightness of the display remained constant (but unspecified).

The results are summarized in Figure 59. The authors
found the difference between the displays to be significant with
the flash coded display superior in all but the first two
sessions.

After the initial sessions approximately 1-1/2 times as
much error was made when display information was limited to
error direction alone. The superiority of the depth-of-flash
was evident after a relatively short learning period.

The last study indicates some of the possibilities for
fiash rate coding of information. It is also evident that much
careful work is needed in this area before this technique can be
perfected.

0

713 T \ U

50 |

Depth of Flash

Integrated Error (Arbitrary Units)

a0 L
3|
20 |
10 &
0 1 L LA A F I I | J 1 2
1 23 8 56 78 910
Session

Figure 59. Tracking Errors as a Function of Training
for Experiment II Coding Methods.
(After Ziegler et al., Ref. 365)
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Summary

The majority of the literature reviewed here tends to fall
into one of three categorles.

1. Plash rate coding is the least desirable of the several
dimensions of coding available for visual displays. As such, it
should only be incorporated into the display as a "last resort”.

2. That flash rate coding is useful®, but limited in scope,
with three to five distinct, discriminable flash rates available.
In this category, Gerathewohl suggests flash rates of 1, 2, and
4 flashes per second with durations of 1/2, 1/3 and 1/8 second
each.

3. That the full potential of flash rate ~oding has not
been exposed. In this group, Ziegler et al. have shown that
flash rate and depth-of-flash coding do offer possibilities for
unique encoding of information. More research and validation
remains to be done in this area, but it does appear to offer
possible new approaches to the coding problem.

*There appears to be little question as to the value of a flashing
light as an attention-gaining device. (Gerathewohl, 1953, Baker
and Grether, 1954, Honigfeld, 1964). However, the fact may be
often overlooked that this too is a coding dimension.
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SECTION V

ALPHANUMERIC DESIGN CONSIDERATIONS

INTRODUCTION

Ketchel and Jenney (Ref. 206) recently state, "0Of all
the coding techniques, alphanumerics has attracted
the greatest attention because letters and mumerals
offer almost limitless possibilities for encoding in-
. formation. The optimum characteristics of alpha-
numeric codes for various applications have been the
subject of intense investigation over the years, and
nearly half of the research reports ever published
on symbology deal with some aspect of alphanumerics”.
This section reviews the research dealing with pertinent factors
in the legibility of numerals and capital letters, and the
development of legibility recommendations for alphanumeric
symbals to be used in operational electronic display systems.

It is not the purpose of this section to review the entire
body of research relating to alphanumerics, but rather to
present research material directly supporting alphanumeric
legibility recommendations for cathode ray tube {CRT) displays
and near related electronic displays.

Specifically, the literature was reviewed with the
objective of presenting design-oriented guideline data on the
following legibility features of alphanumerics for electronic
display application:

- 'Pont or Style

- Symbol Size and Proportion

- Symbol Spacing

- Words

- Edge (off center of tube) Displayed Symbology
- Viewing Angle

- Symbol Blur

- Matxix Symbol Generation Techniques

K These physical factors were manipulated as independent
var1ab1es for the studies reviewed. For these variables it was
necessary to establish meaningful performance measures, or
dependent variables, which would specify acceptable operator
performance criteria and validly reflect display system
perf -xmance.

i
ﬁThe dependent variables selected for this task were chosen
based upon the following criteria. Pirst, consideration was

given to the performance measures which define symbol legibility:
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accuracy, rate, speed, and threshold of identification. Second,
it was necessary to establish which measures had been used in
alphanumeric research concerned with symbol leqibility and
third, careful consideration was given to those measures of )
legibility which ra=flect the performance required of a pilot

in an operational cockpit setting. { i

measures defining symbol leqibility, reasons one and two did

not eliminate any dependent measures from consideration. The
pilot's operational setting did, however, eliminate threshold

of identification since it was considered inapplicable as an 5l
operational measure of legibility. This was because (1) thresh- .
o0ld of identification is usually determined by measuring the
distance from the eye to the symbol when the number of 1dent1f1-
cations are either 50 percert correct (50 percent threshold) or
100 percent correct (100 percent threshold) (Ref. 303), and (2) ¢,
only a 100 percent correct level of identification is acceptable’’
for systems usage. This eliminated from consideration all
studies with a 50 percent correct level of symbol identification.
Those studies with a 100 percent correct threshold were included,
provided the viewing distances used were close to the 28 inch
operational standard. In such cases, these studies were con- |
sidered under accuracy of 1dent1f1cat10n' ’ /

I

Because research was available on all the performance 'i
i
3

As mentioned, prime consideration was given to those
performance measures which best describe the pilot's legibility
requirements. These are whether ox not the pilot can accurately
identify the symbols, and the speed or rate at which he can. - -
identify them. It should be noted thatysince speed of symbol'’
identification is measured as the time in seconds from symbol
presentation to symbol identification, it applied only to those
studies which did not use a fixed exposure time.

Having established that accuracy and speed or rate of
symbol identification are acceptable as dependent measures of
alphanumeric legibility, it remained to specify the acceptable
operator performance levels for each of these measures. As an
examination of the variety and complexity of any electronic
flight display task will reveal, it is difficult to specify
a generally acceptable systems performance level for speed or
rate of symbol identification without carefully examining the
individual requirements of the given task within the framework
of the overall aircraft system. This suggests that speed or
rate information taken from reviewed studies and intended for
design purposes be carefully evaluated against operational
requirements. If operztional requirements are not available,
then these data should be used as guidelines for projected
"worst case” design considerations. When considering accuracy
of symbol identification, however, a performance level approach-
ing 100 percent correct identification isgenerally necessary for
acceptable systems usage. This is a requirement consistent with
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the operational philosophy that says an operator may be allowed
considerable tolerance, for a variety of circumstances, in the
absolute time (rate) permitted to identify a given symbol and
still be effective, but that his identifications must, in all
cases, be accurate to be useful in the system.

Having established the desirable independent variables and
what constitutes an acceptable dependent performance measure,
it remained to find alphanumeric legibility studies consistent
with these requirements. :

Ideally, exact alphanumeric legibility recommendations
could be generated from the existing literature for each con-
dition effecting the operational use of CRT's in flight displays.
In reality, however, the body of research currently available is
not adequate to this task. Shurtleff (Ref. 304), a recognized
authority on alphanumerics, conducted a three-year comprehensive
study to establish alphanumeric legibility specifications for
visual display devices, and concluded that "the data are not
cdpplete enough, nor described in sufficient detail, for one to
be‘able to specify unequivocally what the values of each relevant
factor should be for a given display situation.” ’

'In addition to the incomplete ‘data found in the literature, .
certain methodological problems limit the utility of those data
which are avai}able. One of the more confounding of these
problems is the use of extremely short exposure times frequently
used for presenting symbology. Studies which employ an extreme-
ly short viewing time are generally attempting to challenge the
capabilities of the subject in order to introduce errors which
can be analyzed and compared statistically, the idea being that
an alphanumeric conkiguration.which performs well under these
limited viewing timés will also perform better under operational
conditions. ‘This h not always been found to be true. For
example, in the ared of linear scales (Refs. 66 and 67), reading
accuracy for one scale was found to be superior to a second
scale when both were tested at .075, .15 and .3 seconds, but
when these same scales were tested at .6 and 1.2 seconds, the
latter was found to be better. Moreover, in terms of flight
display, Gainer and Obermayer (Ref. 125) have found that from
.3 to .7 seconds is a typical range of eye fixation times for a
variety of instruments. Within the studies reviewed in this
chapter, care should be exercised in extrapolating from data
where the exposure times are much less than .3 seconds.

A second methodological problem encountered in the

literature has been reduction of symbol brightness, which, again,
is usually done to obtain a mor= workable distribution of scores
for statistical analysis. Thi. meansg that for studies where the
subjects view symbology under low lighting conditions, interpre-
tation of the results must take into consideration whether or

not those characteristics which seemed to improve legibility

are effective for dim illumination conditions only. The necessity
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for this precaution is demonstrated in a study by Brown and

Lowery (Ref. 45) where variations in stroke width to height were
found to improve leqgibility for poor brightness conditions, but
had no effect on legibility when symbol luminance was increased.

Realizing that there are limitations within the existing
literature dealing with alphanumeric legibility, it seemed
appropriate to establish the following hierarchy of study pre-
sentation. Only thcse studies concerned with the objective
evaluation of numeral or capital letter symbol legikility, under
controlled and specified experimental conditions by visually
screened subjects, were considered for this review. Exception
to these criteria were permitted where particular study results
appeared to contribute to an area void of technically acceptable
research. Where such studies were used, mention is made of their
inherent limitations and any conclusions drawn from them are
qualified. These requirements naturally eliminated much research
from inclusion in this rewview. However, for those interested in
a general summary on alphanumerics, Cornog and Rose (Ref. 90)
have published an excellent reference handbook encompassing over
200 studies.

Likewise, studies pertaining directly to electronic display
devices were given priority consideration. Where electronic
display research was missing, or sketchy, supplemental non-
electronic display material was used if it was available. If
research voids existed in an area, the opinions expressed by
recognized authorities may be cited, or the authors' opinions,
based on the total body of literature reviewed may be presented.
Finally, recommendations are given for future research designed
to eliminate existing data voids.

b
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FONT OR STYLE

Introduction

As applied to display systems design and usage, font refers
to the fundamental geometry or style of a particular set of
alphanumerics. It is the basic framework' for the generation of
a set of alphanumerics and, therefore, effects other symbol
characteristics such as width-to-height and stroke-width-to-
height.

The font of letters and numbers used in displays is espe-
cially relevant to human factors considerations of legibility,
an element in alphanumerics that has been variously defined.
For example, McCormick (Ref. 230) defines legibility as “the
attribute of being able to identify given letters or numerals
to the exclusion of others and depends primarily on such fea-
tures as stroke width, form of character, background, size and

illumination”™.

For this review, however, legibility is defined as a
property of alphanumerics which is measured in terms of three
objective performance criteria: accuracy, speed, and rate of
symbol identification. The following section reviews research
that relates to changes in legibility resulting from the use of
varying alphanumeric fonts.

. Because so little useful research has been conducted on
alphanumeric font using operational electronic displays, the
following section on font comparisons for non-electronic visual
display devices is presented as supplementary information.
While the experimental conditions surrounding each of these
supplementary studies qualify them according to the selection
criteria for inclusion in this review, details of the research
are not presented, both for the sake of brevity and because
these conditions were not judged to be directly applicable to
electronic display usage. Por a complete description of the
experimental conditions, see the specific studies cited, and
for an exceller.t in-deptn summary on non-electronic display
devices, see Shurtleff (Ref. 303).

Non-Electronic Display Studies

Mackworth (Ref. 229), in his original attempt to improve
the legibility of a complete set of alphanumerics, developed
the Mackworth style (see Figure 60) which he evaluated against
letters similar to the AND 10400 style (see Figqure 61) and
numbers similar to the Leroy style (see Fiqure 62). Presenting
the symbols individually for 1.62 seconds at 10 Ft. Candles of
illumination, he found that for accuracy of identification, his
font was superior to the AND 10400-Leroy letter-number combina-
tion. But as Crook and Baxter (Ref. 93) point out, differences
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Pigure 60. Mackworth Alphanumerics.

0 2 4
I 3 5

Figure 61. AND 10400 Numerals.

 ABCDEFGHIJKLMNOPQRST

UVWXYZ 1234567899

Figure 62. Standard Lerdy Alphanunefics.
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in brightness contrast and overall symbol size may have given
the Mackworth style an a‘vantage in the comparison, and this
may have confounded the _cudy\sfnclusion of apparent superiority.

The AND 10400 numerals were further compared with Berger
numerals (see Figures 61 and 63) by Brown, Lowery and Willis
(Ref. 46) with the height, width, and width-to-height percentage
held constant. Mean error scores indicated that the only sig-
nificant differences between the two styles were for the digits
“4" and "9". The Berger "4" was significantly better than the
AND "4" for two sets of experimental conditions. First, for
trans~-illuminated brightness levels of 0.33, 0.79, 1.63, 2.60
and 3.34 Pt. Lamberts at 0.20 and 0.04 second viewing times, and
second, for a floodlight condition where illumination brightness
levels of 80 and 40 Ft. Candles were used with a 0.007 second
viewing time. The AND "9° was significantly better than the
Berger "9" for the floodlighted condition only. The viewing
times of 0.04 and 0.007 seconds are extremely rapid for normal
systems application, but the superiority of the Berger "4" for
the brightness levels tested and the 0.20 second viewing time is
appropriate for systems usage.

In a three-way comparison, Atkinson, Crumley and Willis
(Ref. 10) evaluated the AND 10400 and Berger numsbers with a set
of numbers suggested by Brown et al. (Ref. 46) called AMEL (see
FPigures 61, 63 and 64). Two sets of conditions were tested:
first, a simulated daylight condition with illuminations of 11,
24 and 34 Ft. Candles with a viewing time of 0.005 seconds and
second, a red transillcmination condition with brightnesses of
0.10, 0.30, 0.80, 1.60, 2.60 and 3.30 Ft. Lamberts at a viewing
time of 0.20 seconds. Mean error scores indicated that the AMEL
digits were significantly better than either of the other two
styles for both the daylight and transillumination conditions.

Once again, a short exposure time limits the system appli-
cation usefulness of the daylight condition, but the 0.20 second
exposure time for the transillumination condition is realistic,
and the data can be used where red lighting is acceptable.

Brown (Ref. 374) compared the legibility of Garamond Bold
letters (see Figure 65) with NAMEL letters (see Figure 66).
Nineteen letters (B, I, J, K, Q, V, & W excluded) were presented
at a 0.20 second viewing time with brightnesses of 0.30, 0.80,
1.60, 2.60 and 3.30 Ft. Lamberts. The purpose in this study was
..to compare NAMEL letters, which are constructed with a uniform
stroke-width-to-height and without serifs (a fine line or
embellishment appearing chiefly at the ends of symbol strokes)
with Garamond Bold letters, which are constructed with variable
stroke-width-to-height and with serifs. Study results indicated
that for accuracy of identification, NAMEL letters were superior
to the Garamond Bold letters at all brightnesses levels tested,
—-with the greatest differences falling at the 0.30 and 0.80 Ft.
Lambert levels.
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Figure 63. Berger Numerals.
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Figure 64. AMEL Numerals.

ACDEFGHLMNOPRSTUXYZ

Pigure 65. Garamond Bold Letters.

ACDEF GHLMNOPRSTUXY Z

Figure 66.. NAMEL Letters.



The Mitre Corporation (Ref. 302), in attempting to develop
a font which would be legible in different kinds of visual
display systems, developed in the Lincoln/Mitre alphanumeric font
(see FPigure 67). Using four symbol brightnesses of 4, 6, 8,
and 10 Ft. Lamberts (background brightness 1 Ft. Lambert), and
a 0.01 second viewing time, the Lincoln/Mitre font was found to
be statistically superior to the standard Leroy font (see Figure
62) in accuracy of identification for all brightness levels
except the 4 Ft. Lambert condition.

It should be noted that this comparison was made at an
extremely short viewing time which limits the application of
the study conclusion. The data are interesting, however, in
that the Lincoln/Mitre group was able to dewvelop a font which,
. at least for the conditions tested, was superior to the standard
Leroy.

A new approach to number legibility was studied by Lansdell
in 1954 (Ref. 312). Ee constructed a set of numerals incorpora-
ting geometrical shapes designed to be easily recognized (see

"+ Figure 68). Comparing these numbers with Mackworth numbers (see

Figure 60) at a 0.6 second exposure time and a brightness level
of 10 Pt. Lamberts, Lansdell established that his numerals were
significantly superior to the Mackworth for accuracy of identi-
fication. Two years later, Poley (Ref. 123) revised the
Lansdell numbers (see Figure 69) and compared them again with
the Mackworth numbers (see Figure 60). He found that for three
illumination levels, 10, 30 and 50 Ft. Candles and three ex-
posure times, 0.3, 0.8 and 1.3 seconds, the Foley numbers were
significantly better than the Mackworth for accuracy of identi-
fication. Yo cross comparison of the Lansdell and Foley-
Lansdell numbers has been reported.

Ceonclusion
b

Table 29 presents a summary of the non-electronic display
-font comparisons. Because of a lack of cross comparison studies,
it is not possible to select a single most acceptable non-
electroni¢c display font. Shurtleff (Ref. 303) recommends the
Mackworth alphanumerics as designed by the Lincoln Laboratory as
the best choice available; yet both Lansdell and Poley have
demonstrated that their relatively unorthodox new fonts are
superior to the Mackworth for the conditions tested.

The Brown study (Ref. 374) indicated that, for letters, a
uniform stroke-width-to-height, without serifs, was better for
accuracy of identification than a variable stroke-width-to-
neight with serifs. Shurtleff (Ref. 303), in commenting on the
Brown findings states, "it is recommended that letter styles
featuring variable stroke widths and serifs be avoided in
display situations, particularly when factors such as symbol
brightness and exposure times are at marginal values”. While

155




ABCDEFGHIJKLMNOPQR

STUVAXYZI123U4546737998

Figure 67. Lincola/Mitre Alphanumerics.

(]
4
]

1 2 31 4 5 & 7

Figure 68. Lansdell Numerals.
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Figure 69. Foley Numerals.
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Table 29. Non-Electronic Display
Font Comparisons: A Susmary.

Study Fonts 1n3§:2?;§tea
Mackworth (1944) Mackworth?- AND 10400/Leroy Alpharcumerics
Showman (1966) Leroy - Lincoln/Mitre? Alphanumerics
Brown (1953) Garamond Bold - NAMEL? Letters
Atkinson (1952) AND 10400 - Berger - AMEL' Numbers
Lansdell (1954) Lansdell’- Mackworth Numbers
Poley (1936) Foley/Lansdell’~- Mackworth Numbers

!Significantly better at either .05 or .01 level.

2Appeared better or a small percentage better.

3Shown to be superior, but comparison has limited utility
due to the extremely short exposure times used in study.

these results appear to validate that serifs do not improve
symbol legibility, the effect of variable stroke-width-to-neigat
on symbol leqibility is not sufficiently understood to form a
conclusion. Both the Lansdell and Foley-Lansdell numerals
incorporated variable stroke widths, and they were both snown

to be superior for accuracy of identification to a standard
Mackworth which used a fixed stroke width. Further investiga-
tion is deemed necessary before this issue may be reconciled.

The applicability of the non-electronic display research
just discussed to an electronic display operational situation -
is complicated by the variations in alphanumeric legqibility
induced by the methods of symbol generation and display media.
The NAMEL font, for example, was originally developed to optimize
alphanumeric characters for aircrew station displays and was
standardized in MIL-M-18012 (see Figure 70) and MS 33558 (see
Figure 71). For a description of MIL-M-18012 number and letter
dimensions see Table 30. MIL-M-18012 alphanumerics apply to
both transilluminated and reflectively illuminated aircrew
station displays and control panels; MS-33558 alphanumerics
apply to dircraft instruments and dials. Transilluminated
aircrew station display characters are somewhat like cathode,ray
tube (CRY) characters because both emit light; however, CRT
displays are luminescent and aircrew station displays are in-
candescent. Transilluminated characters are made up of solid
areas of light passing through a translucent material, whereas
electronically generated characters are varyingly composed of
electronically generated raster matrices, dots or line segments.
Thus, the method of symbol generation is responsible for the
individual elements of composition defining tne algaanumeric
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Figure 70. MIL-M-18012 Alphanumerics.

Pigure 71.

MIL

Standard MS-33358 Alphanumerics.
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character. Variations in shape, width-to-height, stroke-width-
to-height, brightness contrast, etc., have been shown to affect
legibility. Electronic display alphanumeric standards based on
non-electronic display research represent an extrapolation which
does not consider the large number of highly technical and :
interacting factors induced by the electronic system of symbol g
generation. Although current thinking (Refs. 373 and 206) speci- :
fies MIL-M-18012 and MS5-33558 for electronic display devices,
the following review of relevant research should be considered
as it has been specifically conducted on alphanurmeric fonts for 8 |
electronic displays. 5

Electronic Display Studies of Font

One of the initial attempts to specify the optimum font for
CRTs was conducted by Rowland and Cornog (Ref. 287), who examined
a broad spectrnum of commercially available alpkanumeric fonts
for use on a Spanrad Air Traffic Control television display
screen. Basing their decision solely on a groap subjective
evaluation, these investigators concluded that rone of the
existing fonts Wwas acceptable. In an attempt to produce an
acceptable .font, they designed a set of minimum size, upper-
case alphanumeric characters which they called the Courtney font.
Using the same group subjective technique, they compared their
new Courtney font to the commercial fonts previously examined
and decided the Courtney font was superior. l

This asserted superiority was further validated by the
follow-on study of Moore and Nida (Ref. 246), who employed a
subjective method of evaluation to arrive at a parallel conclu-
sion with Rowland and Cornog, namely, that for CRT application,
the Courtney font was superior.to all commercially available
fonts.

Shurtleff and Owen (Ref. 306), however, observing that the
subjective method of evaluation had been used in these tests,
felt it necessary to 1nvest19ate the legibility of the new
Courtney alphanumerics using a more ob]ect1Ve measure. They
objectively compared the Courtney font (see Figure 72) with a
standard Leroy font (see Pigure 62) using a Miratel l4-inch
video monitor connected to a 525-line Pairchild television \
camera. Table ¢7 presents the experimental conditions for this
test. Legibility was measured in terms of both accuracy and
-speed of symbol identification. For symbol resolutions of 6, 8,
10 and 12 lines per symbol height, study results showed that
with a srmall amount of practice the subjects identified the
televised Courtney font less accurately and less rapidly than
the Leroy font (Figures 151 and 152). With additionak practice,
however, the subjects found the Courtney and Leroy to be similar
in accuracy and speed of identification (Figures 153 and 154).
Statistically, the analysis indicated that only resolution was
a statistically significant source of variance {ss=2 section on
alphanumeric resolution). The differences between fonts were
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Fisure 72. Courtney Alphanumerics.

not statistically significant, nor was there a significant
interaction between fonts and resolution. Shurtleff and Owen
concluded, *"There seems little to be gained by using the
Courtney symbols for television, s%nce the perform-
ance was not better than that obtalined witn the
Leroy alphanumerics. Furthermore, the data suggest
that the viewer must be given practice with the o
Courtney symbols, before his performance Lecomes N
as good as that obtained witnout practicé with a°
standard lettering font." Tihis conclusion appears to Le
well justified for the results obtained in this study.

Shurtleff, Marsetta and Showman (Ref. 305) studied the-
standard Leroy and a revised Leroy font (the symbols, B,G,h,K,
Q,5,2,1,5,6,7 were modified for CRT usage) to determine the
minimum symbol size (converted to visual angle of subtense) for
good symbol identification at 10, 8, and. 6 active raster scan
"lines per symbol height. See Table 74 for study details. ’sing
a General Precision 945-line television camera and a,Conrac 21

¢ inch video monitor, minimum-symbol sizes were established for
both the standard and revised Leroy fonts for 85 and 99 percent
correct levels of symbol identification. Zxamination of Table
75 shows the visual angles of subtense were imilar for both
fonts at each level of resolution. Statistically, syrmbol re-
solution was the only sicnificant source of variance (see
section on alphanumeric resolution). The average rates of
symbol identification for the symbols identified 85 and 99 per-
cent correctly are given in Table 76. These data -ndicate that
. .

-
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for zcthx the standard and the revised Leroy fcnts, the rate
sccres were similar at voth 85 and 99 percent accuracy of
icentification levels for each value of resolution. Thus, for
the conditions tested, neither of these fonts appears superiocr
to the other for CRT usage. Of the eleven symbols modified in
the revised style, only the H and B were recommended for in-
clusion in the standard Leroy font for use on television.

Bell (Ref. 25) compared two teletype fonts for legibility
on a televised display. Using a 945-line General Precision
Laboratories 820 camera and a Conrac CQE-14 monitor, the Long
Gothic Style (Figure 73) was compared with the Murray Style
(Figure 74) at resolutions of 12, 10, 8 and 6 active raster
lines cer symbol heicght. The experimental conditions for tais
test are presented in Table 71. The mean resconse times and tne
nunber of errors are given in Table 72 and 73 for each subiect
and both fonts. Inspection of these data led Bell to conclude
that, for the resolutions tested, no difference existed between
the legibility of Long Gothic and Murray alghanumerics. This
analysis must be considered as trend information since a
statistical analysis was not feasible due to the limited numter
of subjects used and a large intra-subject variance.

Cecnclusion

It appears that the standard Leroy font is acceptable for
electronic display usage; however, this recommencdation is made
more from default of usable font comparisons than from any
established superiority. In fact, a visual comparison between
the Leroy (Pigure 62) and MIL-M-18012 (Figure 70) alphanumerics
indicates they are both fundamentally the sare. Some differences
are noted, however, for the C,I1,J,M,4,5,6,9 and zero.

The small differences between these fonts and tne relative
availability of MIL-M-18012 alphanumerics led Ketchel and Jenney
(Ref. 206) to state, "As to character font, stroke width,

and width~to-height ratio, we also conclude that

MIL-M-18012 is suitable as a goal for electronic

and optically generated displays so long as allow-

ances are made for departures from this norm due to

the techniques of generation and the vertical and

horizontal resolution of the display system. We

have found very little evidence to indicate how much

degradation in form and proportion is tolerable. Wwe

suspect that legibility will vary not only with symbol
font, but also with such conditions of use as the

amount of alphanumerically coded information, the

operator's familiarity with the numeral and letter

combinations, and the degree to which he can antici-

pate the occurrence of given staterents. Here, tco,

we believe it is preferable to test these hypotheses

through empirical studies.”
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FPigure 73. Long Gothic Alphanumerics.
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Ficure 74. Murray Alrhanumerics.




Tne relative suitability of MIL-M-18012 for electronically
gererated alghanumerics is an extrapolation based on the apparent
similarity of this font to the standard Leroy which has been
ermpirically tested. As previously mentioned, however, differ-
ences do exist betwesn these fonts, but the effect on legibility
of these differences has not been cbjectively determined and is
therefore suspect. We heartily agree with Ketchel and Jenney
that hypotheses concerning symbol leqgibility should be tested
through empirical studies, and a good start would be to
objectively determine the acceptability of MIL-M-18012 alpha-
numerics for electronic display application. Also, Ketchel and
Jenney note that allowances should be made for differences in
symbol generation techniques and resolution factors. Considera-
tion should also be given to environmental factors such as
vibration, acceleration and ambient illumination (see environ-
mental variables section).
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SYMECL SIZE AND PrROPORTIGCN

This secticn exanines the influence cf aeiznt, w_
height, and stroke-width-to-height on the legizility <f zlzrz
numeric sympbols. Symbol height is presentec as tze w3
of subtense formed by the height of the symbols at a rar
viewing distance. Width-to~height :onsideratlo“s are ¢
as that percentage which symbol width is of sy=tol Leis:
Stroke-width-to-height is likewise expressed as that cer
which stroke width is of heicht.
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Because no acceptable electrcnic disglas studies were Izuind
in the literature for this topic (one excegticn in sy=zZci ne.znt), ;
the following non-electronic display studies are gresentei as
supplemental material.

Symbol:- Height

Woodson et al. (Ref. 360) recently state, "Ias zseneral, tne
larger the size of letters and numerals, the less we nhave tcC
worry about backgrounds and illumination.”

Limitations on available display space, ccnsiderat
information density, and general econoamic restraints ci te
compel the systems designer to employ symbols no iarger
those absolutely required to meet the legibility reguire=e n:s c
the system task. The following studies are presertec to assist
designers in establishing the minipum symbol size for legizility.

Howell and Xraft (Ref. 174) studied the relaticnsnip be-
tween symbol size, blur, and brightness contrast on the iegizil-
ity of Mackworth alphanumerics. Symbol size was examined a:
36.8, 26.8, 16.4 and 6.0 minutes of arc. Xo arcbient illwu=ina-
tion was specified but the surround was 3.5 Pt. Candles anc t-e
stimuli, prior to blur transition, varied from 46 tc 134 Ft.
Candles. Shurtleff (Ref. 303) tabled the Howell and Rraf: Zata
at each level of symbol size for the conditions of blur and
brightness contrast (see Table 31). Blur was defined as t:e
ratio between the width of the transition gradient from ficure
to ground and the stroke width of the letters. Performance was
measured in terms of both accuracy and rate of syztocl icdentifi-
cation. Table 31 shows that for accuracy of identification wit:h
the indicated conditions cf blur and contrast, 26.8 minutes of
visual arc is required to nmaintain a consistently high tercent-
age correct performance. At 16.4 minutes of arc, perfor* mance
began falling off for the dearaded brlghtness ccatrast ancé tihe
heaviest blurred condition, although for the zerg blur cocniiticn
performance was approximately 97 percent which wds egual tc
performance for zero klur and the larger 26.8 ard 36.8 =:nutes
of arc symbols. Performance did not substantlal¢1 increase -z
the 26.8 to the 36.8 ninutes of arc conditicn for arny cf <re

blur or brightness ccnditions. An examiratior cf£ Table 32




Tazle 31. ccuracy and Rate of Symbol Identification
fcr the Eowell and Kraft Study. (Refs. 174 and 303)

Brightness
Yisual Angle irn Contrast Percentage Symbols
Minutes of Arc Blur {(in Percent) Correct Per Second
. 3729 95.4 1.26
2.82 1214 88.8 1.20
3729 96.9 1.31
1.66 .
6.8 1214 94.7 1.24
0.55 3729 97.3 1.36
. 1214 96.7 1.29
3729 98.0 1.34
‘ .00 1214 97.9 1.30
3729 96. 4 1.27
2.82 1214 93.6 1.21
166 3729 97.7 1.34
26.8 1214 96. 4 1.22
3729 97.9 1.36
0.55 1214 97.3 1.31
3729 98.3 1.34
0.00 1214 97.3 1.32
3729 54.2 1.16
2.82 1214 87.4 1.03
o mow
16.4 - -
6.55 3729 96.8 1.28
- 1214 96.3 1.21
3729 97.6 1.29
0.00 1214 96.3 1.26
3729 - 47.0 .70
2.82 1214 23.2 -66
3729 48.3 .72
6o 1.66 1214 30.0 .66
3729 57.7 .82
0.55 1214 48.3 .66
3729 65.3 .78
0.09 1214 50.8 : .65




1 cates that, for rate of :cdentification, there was =
stantial differerce between the 36.8 and 26.38 zinutes r
conditicns. From 26.8 to 16.4 minutes of arc, hcwever, a 7.3
fercent averace decrease in performance was obtaineé. 7Thus, Zcr
bot accuracy and rate of symbol identificaticn acress the olur
ané brichatness contrast levels tested, the 26.8 minutes cf arc
{.22 inches synbcl height at a 28-inch viewing distance} condi-
tion aprears to maintain consistently high performance. If -c
bhlur is anticipated in the design, tZen 16.4 minutes of arc

{.13 inches symbol height at a 28-inch viewing distance) is
acecuate for systerms apglication.
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Shurtleff, Marsetta and Shtowman (Ref. 305) cerformec a
study to determine the visual size (in minutes of arc) cf Lercy
and revised Leroy alrhanumerics required on televisicn for 99
ané 85 percent symbol identification at resolutions of 1C, 8 and
6 active scan lines per syrbol height. For a description of the
experimental wariables in this study see Table 74, and for a
rore detailed review of this study see page 364 in the secticn
on resolution. Table 75 shows that the visual angles of sub-
tense were similar for the two fonts at each value of symbol
resolutior. Statistical analysis indicated that a symbol reso-
lution of 6 lines differed significantly at the .01l level frcm
both 8 and 10 lines, but that 8 and 10 lines did not differ
significantly from each other. This would suggest for resclu-
tions of 8 to 10 active scan lines per symbol heicht that a
minirun visual angle of approximately 15 minutes of arc should
be used with Leroy alphanumerics for a 99 percent accuracy of
identification level. If 6 scan lines are used, then a nininmuxm
visual angle of 36 minutes of arc snould be used for 99 percent
accuracy. Rate of syrbol identification was similar for all
symbol resoluticns and both fonts at the 85 and 99 percent
correct symbol identification levels (see Table 76).

Conclusion

The Howell and Kraft data indicate for the non-blurred
conditions that a visual size (visual angle of subtense in
minutes of arc) of 16.4 minutes of arc (.13 inches symbol heigat
at a 28-inch viewing distance) is adeguate for approximately 97
percent accuracy of identification. Assuming this data estab-
lishes a reasonable visual size for solid line printed syrbols,
the visual size of 15 rminutes of arc determined by Shurtleff
et al., on a television system, suggests that 8 to 10 active
scan lines of resolution are adecuate to produce performance
corrarable with the printed symbols. It is therefore recomend-
eé that 15 minutes of arc be considered the minimum visual size
for alghanumeric symbols displayed on a CRT with a resolution
of 8 tc 10 {or —cre) uctive television scan lines per svmbol
heicht. 5Szould the symbols be subject to blurring (up to 2.&82}
the svrool size should be raised to a minizmum of 27 minutes
Syziols rresentec on a television systen erplcrinc a resclu

-
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of 6 active scan lines per syzmbcel height should use a mininum
vis-:zal size of 36 minutes. For consideration of the minimum
wvisual size for alrhanumeric s:mools viewed under conditions of
vibraticn, acceleration, extremes of brightness or contrast
ratic, cocnsult the arpropriate sections of this report.

tn

ol Width to Height

Brown (Ref. 374) studied the effect of variations in width-
" heicht procorticn ugpon the legibility of capital block letters
to be used in aircraft cockpit plastic lighting plates. . Four
widths of 35, 70, 85 and 100 percent of symbol height were
investigated for brightnesses of .30, .80, 1.60, 2.60 and 3.30
Ft. Lamberts at .20 (see Table 32) and .04 second (see Table 33)
exposure times. These data indicated for the conditions tested
that increases in symbol width result in improwved legibility.

It should be ncted, however, that this study was conducted under
sirmlated night conditions and that, as indicated, the luminance
values were guite small. This facto:, combined with the short
exposure times used, contributed to the generally high percent-
age of errors across all test conditions. Since accuracy of
identification error percentages must approach zero for effective
syster considerations of legibility, it is squested that these
data be used cautiously.

Soar (Ref. 319) examined width-to-height and stroke-width-
to-reight in numeral leqgibility. Because he was interested in
studying the symbol proportion effects of width-to-height on
legibility, ne maintained the rectangqular area covered by any
given number constant for the numeral width-to-height tested.
The stroke-width-to-height was, however, varied for each symbol
width-to-height considered. Pour widths of 30, 45, 60 and 75
percent of symbol height were studied (symbol height variedi ard
tne viewing distance was not specified), using AMEL rumerals,
established by Brown, Lowery and Willis (Ref. 46), at a .04
second exposure time and one Pt. Candle stimulus illumination.
Results indicated that for accuracy of identification, differ-
ences in legibility due to stroke width were not significant,
except for the 8. Soar also emphasized the fact that the inter-
action of width-height proportions and stroke-widtn-~to-height
was in no case significant. This led to his conclusion that
subsequent studies of width-height proportions could be conduct-
ed without considering stroke width. His results further indi-
cated that for accuracy of identification, a width of 75 percent
of symbol height was optimum for the values tested (see Table 34).

Wny this author concluded that 75 percent width-to-heignt
was surerior is not aprarent because 6 out of the 10 dlglts were
superior at the 60 percent width-to-neight level in comparisan
tc the 75 percent width-to-height level. Extremely high error
rates (92 percent and up), a short exposure time and a low
illumination level limit the application of any study conclusion
to systems usace. This study was included in this section be-
cause of the dearth of acceptabple and usable studies on width-
~=-neicht prorortion.
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Table 32.

Total Nuzmter of Errors and Percentage Erx
Various wWidth-Height Prcrcrticns with Transiilu—ira

.20 Second Exgrosure Tire.

or fcr

100

(capteé freco Brow-m, Ref. 374)

ang

Vvariable

W/H Luminance of Transilluminat*ica (Fe. L.)

(Perceat) Datun .30 .80 1.22 2.60 3.329
100 terrors 36 36 35 42 24
terrcrs 15.00 15.00 12.50 17.50 15.690

85 $errors 49 39 43 ﬂ 39

3 errors 20.42 16.25 17.92 15. 6 16.25

70 ¢errors 67 63 54 53 61
terrors 27.92 26.25 22.50 22.08 25.25

55 terxors 131 90 89 97 77
serrors 54.58 37.50 37.08 40.42 32.08

Table 33. Total Number of Errors and Percentage Zrrcr for

Various Width-Beight Prorortions with Transillumiraticn and
(Adapted fror Brown, Ref. 374)

.04 Second Exposure Tire.

Va;;gble Luminance of Transillurminaticn (Ft. L.)
(Percent) Datum .30 .80 i1.60 2.60 3.30
100 $errors 129 61 36 30 31
terrors 53.75 25.42 15.00 12.50 12.92
85 ferrors 152 69 53 46 37
serrors 63.33 28.75 22.08 19.17 15.42
70 terrors 166 95 69 60 57
terrors 69.17 39.58 28.75 25.00 23.75
55 terrors 203 140 116 112 96
serrors §4.58 58.33 48.33 46.67 40.00
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Tarzle 34. Average Nurber Correct Responses Per Subject
fcr Various XNuoeral width-to-Height Percentages,
(adapted frcm Scar, Ref. 319)

width-to-height 1in Percent

Nuneral 30 45 60 75
0 1.26  1.19  2.32  3.74
0* - -~ 2.45  4.06
1 7.06  6.28 7.20  6.09
2 3.90 5.16 5.50  5.07
