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ABSTRACT

Principles of Design for Complex Displays:

A Comparative Evaluation

Sharolyn A. Converse
Old Dominion University

Director: Dr. Glynn D. Coates

The present study examined the main and interactive
effects of information format, information density,
principle of information grouping, orientation of the
airspeed scale, and task type on response time (RT) and
accuracy in a decision making task. Forty-eight college
students viewed static displays of primary flight
instruments and signaled responses to the displays by
pressing keys on the computer keyboard. Three levels of
task type were employed. In the current state estimation
task, subjects were required to determine whether each
individual instrument reading was within prespecified
limits. In the future state estimation task, subjects were
required to attend to the relationship between instrument
readings, and to estimate the implication of these
relationships for future flight conditions. In the combined
task condition, subjects completed both the current and the
future state estimation tasks during each experimental
trial. All subjects were exposed to three levels of

Information format (analogue, diglital, or combined analogue
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and dlgltal dlsplays), and to three levels of I{nformation

denslity (low, medium, or hlgh>.

Results of the study indicate that an interaction of
Information format and task type slgnlflcantly affected RT
and percent correct response. Performance in current task
conditions was enhanced when subjects viewed digital
displays, while analogue displays beneflted performance In
future task conditlons. RT was longest, and accuracy was
lowest, when subjects were in the future task by diglital
informatlon format condlitlons. Reversing the alrspeed scale
degraded performance across task types, and across all

i of Information format. However, the reversed

a

1ev
airspeed scale degraded performance most sSeverely in
conditions of future state estimation and digital Informat
format. The grouping principle variable moderated
performance only for tasks in which the relationship between
stimulus readings determined the correct or (incorrect
identity of the instrument readings (future state
estimation). For future task <conditions, sequential
grouping provided shorter RT, but lower percent correct
response, than did functional grouping. No effect of
information density was obtalned. This findling probably was
due to the manner In whlch Information denslty was
operationallzed In the current study. The study flindlngs
are dliscussed In terms of thelr Impllicatlons for the deslan

of complex displays.
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Principles of Design for Complex Avionic Displays:
A Comparative Evaluation

Cockpit displays transmit information that is generated
by avionic sensors to members of the air crew. In early
flight systems, information was presented to pilots on a
relatively small number of electro-mechanical instruments,
each of which reflected the status of one flight parameter
(Hollister, 1983; Hunt, 1983; Wherry, 1984). The function
of the pilot was to monitor the instrument panel, to
integrate mentally the displayed information, and to provide
inputs to the system via flight controls (Chorley, 1984;

Kiein & Cassidy, 1972).

Early efforts to improve cockpit displays were based on
the study of visual perception. During and shortly after
World War II, attempts to improve visual digplays focused on
accommodat ing the sensory properties of the human eye. The
measure of an effective display was the degree to which it
facilitated the rapid detection of a stimulus signal (Paden,
1981; Grossman, 1983; Hollister, 1983; Roscoe, 1968). Many
of the design principles that were developed during this
period continue to be used today. For example, guidelines
for evaluating the luminance of a dispiay and its surround,
the acceptability of the visual angle at which a display
must be viewed, and the effectiveness of chromatic and
achromatic contrast continue to be used In the evaluation of
contemporary displays (Booth & Farrell, 1979; Hollister,

1983; Lyons & Roe, 1980; Snyder & Bogle, 1984).
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As technologlical advances made possible the creation of
new flight systems and subsystems, additional instruments
were added to the cockpit. Initially, growth in the amount
of information available to pilots was considered to be a
positive factor. Cockpit designers assumed that large data
bases would Improve decision making by giving pilots a more
complete overview of total system functioning (Boucek,
Ptfaff, & Smith, 1983; Paden, 1981). Thus, the beneficial
effects of displaying Increasingly large amounts of data
were not weighed against the potential danger of overloading
pilots with too much informatlion (Adams, 1982; Companion &

Sexton, 1982; Dorris, Sadosky, & Connolly, 1977).

By the mid-1960s, the mass of information that could be
detected by avionic sensors was too large to be displayed
within the limited confines of the cockpit (Chorley, 198i;
Schmidt, 1984). In addition, evidence that pilots were
being supplied with more information than they could use
effectively began to appear in the literature. Researchers
reported that display clutter was the most common complaint
registered by pilots In evaluations of cockpit instrument
panels (Kirkland et al., 1962; Roscoe, 1968). Such data
underscored the fact that the amount of information provided
to air crew members could not continue to expand

indefinitely (Eggleston, Chechile, Fleishman, & Sasseville
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1986; Dorrls, Sadosky, & Connolly, 1977; Schultz, Nichols, &

Curran, 1985).

Serlal Information Processing and Limited Capacity

The human information processing system is limited in
its capacity to encode information from the envircnment
(Broadbent, 1958; Hick, 1952; Moray, 1980). Although there
currently is disagreement about the exact process by which
the human brain encodes information, most researchers agree
that, at least in some situations, stimull are encoded in a
sequential or serial fashion (Howell, 1982; Lane, 1982;
Sternberg, 1966; 1969). The encoding of a stimulus Is not
an instantaneous event. Rather, the encoding of each
stimulus consumes a speclific amount of time. Thus, when
stimuli are encoded in a serial fashlon, a large stimulus
set will take longer to encode and process than will a small

stimulus set (Hick, 1952; Neisser, 1967; Smith, 1968).

Support for serial information processing is derivea
from numerous studies in which a strong linear relationship
between response time (RT) and the number of stimuli in a
stimuius set has been found (Allulsi, 1970; Hick, 1952;
Kahneman, 1973; Kantowitz, 1981; Sternberg, 1969). Several
researchers report that over 80% of the variance in subject
response time is explained by the size of the stimulus set

(Bishu & Drury, 1986; Conrad, 1955; Dorris et_al., 1977).
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In relation to the avionics environment, the Theory of
Serial Information Processing predicts that Increasing the
amount of information to which pilots must attend will
increase mental workload and delay responses to changes in
system state. When flight sensors transmit more information
than the pilot can encode and process, specific pieces of
information must compete for the pilot’‘s attention (Howell,
1982; Kahneman, 1973). The greater the amount of
information transmitted, the greater is the competition
among gpecific pieces of information for the attention of
the system operator (Banks, Gilmore, Blackman, & Gertman,
1982; Broadbent, 1958; Koonce & Moroze, 1982). As a result
of this competition, the likelihood of information
processing errors increases and air crew performance is
likely to be degraded (Schmidt, 1984; Williams, 1982).
Thus, the design of effective visual displays for modern
aircraft requires a systematfc effort to reduce the
attention and information processing demands of the modern
cockplt environment (Adam, 1981; Carel, 1965; Chorley,

1984).

Strategies to Reduce Cockpit Worklecad
Display of Relevant and Essential Information

In order to reduce mental workload in the cockpit,
display designers are advised to present only "relevant and

essential information" to the air crew (Schultz, Nichols, &
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Curran, 1985; Murphy & Mitchell, 1986>. Unfortunately, this
recommendation provides little assistance to designers of
avionic displays because there is no clear agreement about
what constitutes "relevant and essential information" in the
cockpit (Banks et al., 1983; Huntoon, 1983). While some
definitions of what constitutes important cockpit
information have been proposed, there is no general
agreement as to the validity of these definitions. In
addition, the vague terms that are employed in such
definitions are likely to be understood differently by
various designers of complex displays (Companion & Sexton,
1982; Hollister, 1983)>. In summary, an exact description of
what information should and what information should not be
displavyed on the aircraft instrument panel has not been
determined. As a result, there currently is no objective
method of measuring display clutter (Eggleston, Chechile,

Fleishman, & Sasseville, 1986; Wherry, 1984).

Designers generally prefer to cope with the question of
what information to provide to crew members by risking the
presentation of too much information, rather than by risking
the deletion of important data (Koonce & Moroze, 1982>.
This trend is encouraged by regulations of the Federal
Aviation Agency that require speclific pieces of information
to be available to pilots at all times. In addition,

aircraft manufacturers are hesitant to alter display formats

Reproduced with permission of the:copyright:-owner. Further reproduction prohibited without permissionyzapw.manaraa.ce



Page 6

in a radical way, due to fears of adverse pilot reaction
that can, in turn, reduce sales. While these concerns and
policies are defended on the grounds of flight safety and
sound economic policy, they have hindered efforts to
alleviate clutter and confusion In the modern cockpit.

1 n

Due to the difficulties encountered in defining and
displaying relevant and essential cockpit Information, a
second method of reducing pllots’ mental workload recently
has captured the attentlon of human factors researchers and
designers of complex displays. This method involves the
creation of visual display formats that combine data into
cohesive groupings (Baty & Watkins, 1979; Goidsmith &

Schvaneveldt, 1984).

The belief that the grouping of related information
wiil reduce mental workload is derived from Miller’s concept
of information '"chunking' (Miller, 1956). According to
Miller, human observers are not limited strictly to
processing information in a serial fashion. Rather, human
observers reduce the demand imposed on short term memory by
integrating discrete pieces of data and encoding the

resulting “chunk" as one unlt of information.

Sensory Information must be gathered and interpreted in

terms of a coherent framework |f Informatlon processing is
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to be efficient. This framework is supplied by the beliefs
an observer has about the types of information that are
characteristic of a specific phenomenon. Thus, observers
Integrate discrete pleces of information that are related to

a gpecific object, person, or environmental circumstance.

Observers form ldeas about the relationships that exlist
between characteristics of an object or between
characteristics of an environmental situation as a result of
past experience with the environment (Rosch, 1975; Smith,
Shoben, & Rips, 1974). For example, early in life, most
observers decide that, If a small animal with four legs and
a tall makes a barking sound, It is called a dog. However,
if a simllar animal makes a different sound, the observer
determines that the animal is called a cat. In the same
way, young observers of the worid determine that certain
sets of Iinformation are characteristic of a normal
situation, while other sets of information provide evidence

that something is amiss in the environment.

Once an observer forms a belief about the types of
information that characterize an object or a situation, the
belief Is stored in long term memory as a prototype or
schema. As individuals grow and learn, many schema are
accumulated. These schema then direct the observer’s
attention to specific stimull, and determine what

information will be integrated <(Rosch, Mervis, Cray,
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Johnson, & Boyes-Braem, 1976). For example, when an
observer tentatively Iidentifies an object within the
environment, the schema for that object is retrieved from
long term memory. The schema then directs the observers
attention to other stimuli that also are believed to
characterize the object. In effect, the observer |is
searching for evidence that the initial identification of
the object is correct. If the tentative hypothesis is
confirmed, all Information relating to the identified object
can be ‘"chunked" together and processed as one unit

(Neisser, 1976; Stern, 1985; Taylor & Crocker, 1981).

Schema not only allow observers to process information
efficiently, they also drive the observer’s response to the
environment <(Casey, Kramer, & Wickens, 1984; Garner &
Felfoldy, 1970; Hintzman & Ludlam, 1980; Stern, 1985). When
an observer perceives the relationships between stimulus
Inputs correctiy, an accurate understanding of the
environment [s fostered. This comprehension enhances the
observer’s ability to respond appropriately to external
stimuli. However, when the relatlonship between various
pieces of information is unclear, or when unrelated pieces
of information are combined erroneously, an observer’s
concept of the environment is faulty, and responses to the
environment are likely to be inappropriate or inefficient

(Grossman, 1983; Koonce et al., 1982; Morrison, 1986).
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Thus, in order for an observer to respond correctly to the
environment, he or she must perceive the relationships

between stimulus Inputs correctly.

Miller’s (1956) "chunking" concept is the basis of the
integrated display format, a design technique that
mechanically combines related information into well defined
groups before the information is displayed. The result of
the mechanical "chunking® then is displayed in graphic or
pictorial form. Because information is integrated before it
Is displayed, pilots are relleved of the need to determine
informational relationships. Thus, cognitive workload
should be decreased. The mechanical ‘“chunking" of
information alsoc advises pilots of the relationships that
exist between specific pleces of information. This process
should help to increase and refine the pilot’s knowledge of
overall system functioning (Bishu & Drury, 1986; Caraux &

wanner, 1979; Roscoe, 1968; Schmidt, 1984).

Unfortunately, the success of integrated displays has
been mixed. Several authors report that the operators of
complex systems demenstrated Improved performance when
system status information was displayed in an integrated
form (Cralk & Lockart, 1972; Hunt, 1983; Huntoon, 1983;
Medin, Alton, Edelson, & Freko, 1982). However, these
optimistic findings are counterbalanced by evidence that

integrated displays do not always Iimprove performance. In
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some cases, integrated displays seem to increase, rather
than decrease, the cognitive complexity of monitoring and
deciphering system status information. Carswell and Wickens
(1984> and Baty and Watkins (1979) obtained no performance
gain when integrated displays were substituted for
traditional electro-mechanical aircraft instruments. Casey
(1986> obtained no support for the hypothesis that RT and
errors decrease as a negative function of the amount of
information integrated. In addition, several researchers
reported no significant difference in performance across
integrated and nonintegrated displays (Benbasat & Taylor,
1982; Blomberg & Pepler, 1983; Chorley, 1984; Koonce et al.,

1985).

Explanations of Information Integration Results

Grouping Principles. Several explanations of the

inconsistent effects of information integration have been
offered. Bishu and Drury (1986) suggested that inconsistent
findings were due to the fact that the basis for integrating
information was nof consistent across studies. According to
Bishu and Drury, more than 14 Iindependent principles for
grouping information are recommended by display designers

and human factors experts.

Three principles of information grouping have received

the most extensive research attention. These principles
are: 1> gequential grouping; 2> roupin a rdin to
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freaquency of uge; and 3> functional gqrouping. Proponents of

sequential grouping suggest that Information that a system
operator uses at the same point in time should be grouped
together. Temporal relatlonships between the use of
specific pieces of iInformation generally are identified in a
procedural flow analyses (Meister, 1985). An excellent
example of information Iintegration that is based on the
princliple of sequential grouping of Iinformation Is the
design of multifunction cockpit displays. These displays
provide different information on a CRT screen, depending on

the phase of fllght (Companlion & Sexton, 1982; Hunt, 1983).

The frequency grouping principle recommends that data
be grouped according to how often specific pieces of
information are required for operator decision making.
Information to which the system operator refers most
frequently are placed in close proximity, and are positioned
in a central locatign that is well within the operator’s
normal field of view. On the other hand, information that
plays a less central role in operator decision making is
placed in the periphery of the operator’s field of view.
The frequency with which specific types of information are
used often is determined on the basis of expert opinion.
However, frequency of use information can be evaluated most
precisely by Illnk analysis techniques (Meister, 1985;

Pennington, 1982). An excellent example of information that
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Is Integrated according to the frequency groupling principle
is the basic T configuration for primary flight
instruments. This instrument panel design was derived from
link analyses of pilots’ eye movement patteins and positions
Instruments, in part, according to how often pilots scan
each Instrument (Fitts, 1951; Fitts, Jones, & Milton, 1949;
Harrlis, & Spady, 1985; Spady & Harris, 1983; Tole, Stephens,

Vivaudou, Ephrath, & Young, 1983).

The functional grouping principle suggests that data
should be grouped according to the unique information needs
of a specific task or activity. Thus, the prerequisite for
functional grouping is the identification of discrete tasks
or activities that must be performed by the operator of a
complex system. Designers can obtain such task-analytic
information most accurately by completing a procedural
analysis of system operation (Meister, 1985). Once discrete
tasks or activities have been identified, information
relating to each task or activity should be grouped together
on a separate area of the instrument panel (Boles & Wickens,
1983; Roske-Hofstrand & Paap, 1985). The common practice of
displaying primary flight information and navigational data
on separate areas of the instrument panel is an example of

functional grouping.

Each of the proposed principles of information grouping

has received some support in the literature. This fact has
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led many human factors specialists to suggest that designers
should follow the recommendations of all of the principles
for grouping information (Murphy & Mitchell, 1986; Summers &
Erickson, 1984). However, this suggestion rarely can be
implemented because the various grouping principles often
provide contradictory recommendations. For example, if
several pieces of information relate to the same functional
activity, but each is required with different frequency, the
functional grouping principle and the frequency of use

grouping principles provide contradictory recommendations.

When the designer of a complex visual display is faced
with contradictory recommendations from competing principles
of information grouping, the research literature provides
little guidance as to the relative importance of each

grouping principle (Banks et _al., 1983; Statler, 1984). As

a result, the display designer is left with no specific
recommendation for grouping information, and the designer
must solve the problem c¢f how to integrate information
according to the dictates of intuition or guesswork (Wherry,
1984>. In sum, the overwhelming problem with information
integration is that there currently is no consensus on what
the basis for grouping information should be, and there is
little evidence as to the relative importance of the various
grouping principles that have been suggested (Bishu & Drury,

1986; Schmidt, 1982; 1984).
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Once a display designer decides to adopt a specific
principle of information grouping, the problem of how to
integrate information is not resclved completely. The
designer of a complex display still must decide the degree
to which information must be related before it should be
combined or integrated. Although it generally is agreed
that only correlated information should be combined, the
speclific degree of correlation that Is required in order for
integration to benefit, rather than degrade, performance has
not been defined. Some authors suggest that the integration
of moderately to highly correlated information will enhance
operator performance. However, the specific value that
denotes a moderate or a high correlation coefficient is left
to the discretion of the designer or researcher (Benbasat &

Taylor, 1982; Carswell & Wickens, 1984a).

The varying nature of the relationships between specific
pieces of information may pose further problems for the
design of effective displays. While two sets of information
may display the same degree of correlation, the direction of
the correlational relationship may be divergent. If both
positive and negative corre]ations_exist within a set of
related data, there are no guideiines to determine whether
both positively and negatively related information should be
grouped together and, if so, whether the divergent direction

of specific relationships should be identified to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissionyaw\w.manaraa.cc



Page 15

observer by some sort of coding mechanism (Miles, Mlller, &

Variakojlis, 1982).

The complex Interrelationships between the readings on
a primary fllght display serve as an excellent example of
the problems encountered when attempting to display related
information in an optimal manner. Generally, indications of
the alrcraft’s airspeed, flight altitude, and attitude
(e.g., whether the nose of the plane is pointing up or down>
are presented In close proximity on the primary fllight
display. Although airspeed, altitude, and attitude readings
are interrelated, the direction of the relationships among
subsets of these variables is not constant. Increasing the
attitude of a plane (e.g., bringing up the nose) causes
altitude to increase. Thus, attitude and altitude
demonstrate a positive relationship. However, the
relationship between attitude and airspeed is negative;
increasing the aircraft’s attitude causes airspeed to
decrease. Because changes in attltude drive altitude
changes, altltude and airspeed also are related negatively,
although this relationship is less direct than is the

relationship between attlitude and alrspeed.

Considering the disparate direction of gpecific
relationships among an alrcraft’s attitude, altlitude, and
airspeed readings, how should these variables be presented

on the face of an integrated display? For example,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.c




Page 16

traditional human factors guidelines specify that scale
orientation should be consistent across adjacent instruments
(Chapanis, 1969; Meister, 1985; Woodson, 1981). The
guidelines also recommend that increases in the value of a
reading on a vertical scale shoulid be indicated by movement
of the scale pointer from a lower to a higher position
(McCormick & Sanders, 1981; Woodson & Conover, 1956). If
these suggestions are followed, an increase in attitude and
a decrease in airspeed are represented by movement of the
two scale pointers in opposite directions (e.g., up for
attitude, down for airspeed). Thus, the negative
relationship between airspeed and attitude is underscored by
the divergent direction of pointer movement on the airspeed

and altitude indicators (Miles et _al., 1982)>.

In spite of the argument outlined above, Miles et al.
(1982> suggest that the scale orientation of vertical
airspeed indicators should be reversed so that the lowest
airspeed value is displayed at the top of the airspeed
scale, while the highest airspeed value is represented at
the bottom of the airspeed scale. In this scheme, both
increases in altitude and decreases in airspeed are
indicated by an upward movement of a scale pointer. The
suggestion of a reversed scale for the airspeed indicator
was stimulated by the comments of experienced pilots who

reported that opposing scale pointer mcvement across
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airspeed and altitude instruments often was Iinterpreted to
mean than an alrcraft had begun a horizontal roll. Thus, It
may be that the opposing movement of airspeed and altitude
scale pointers erronecusly activated pilots’ mental model of
horizontal roll conditicons more often that it highlighted a
negative relationship airspeed and altitude readings. While
this issue requires further investigation before firm
recommendations can be made, [t does illustrate the type of
unsolved problems that are encountered In the design of

integrated displays.

Task Type. Paradoxical findings from evaluations of
integrated displays also have been attributed to the
moderating effect of task type. Peterson, Smith, Banks, and
Gertman (1982> reported that, in a stimulus detection task,
functlionally Iintegrated displays improved performance over
performance obtained with either traditional
electro-mechanical displays, or with digltal displays.
However, these authors reported that performance in a
stimulus locatlion task was superior for subjects who viewed
traditional electro-mechanical (e.g., nonintegrated>
displays. These findings were replicated by Carswell and
Wickens (1984b>, Wickens et a]., (1985>, and by Boles and
Bagnara (1986>. Casey et al., (1984) reported that. while
integrated disgplays Iimproved performance on a signal

detection task, RTs were longer and accuracy rates were
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lower for integrated displays than for electro-mechanical
displays when subjects completed a fault detection task.
Similar findings were reported by Coury, Boulette,
Zubritcky, & Fisher (1980), Harwood, Wickens, Kramer, Clay,

& Liu (1986>, and by Schmidt (1982; 1984>.

Information Format. The moderating effect of task type

on Information Integration has been explalned In terms of
the varylng levels at which information is integrated across
studies (Calhoun & Herron, 1981; Schmidt, 1984). In this
context, "levels of information integration" refers to the
information format that is selected to display the results
of the mechanical integration process. Levels of
information integration exist on a continuum, with digital
displays representing the 1low end of the Integration
continuum, pictorial displays representing abstract or
highly integrated information, and electromechancial
dispiays representing the mldpoint on the contlinuum of

information Integration (Hunt, 1983; Schmidt, 1982).

Reduction of mental workload in the cockpit requires
that information be displayed at the level of integration
(e.g., data format) that enhances the observer’s
comprehension of the information’s meaning. However, the
optimal level of information integration appears to vary,

depending on the task that the system operator is required
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to perform (Companion & Sexton, 1982; Garner & Felfoldy,

1970; Koonce et al., 1985; Wickens, 1984b).

When an operator needs to determine the exact value of
a variable, quantitative information allows the operator to
use the relatively slow but highly accurate serial
processing mechanism to encode information (Holstein, 1974;
Jacob, Egeth, & Bevan, 1976>. Thus, if an operator needs to
extract precise Information, alphanumeric data that are
displavyed on a digital display will provide the information
most accurately. Analogue or pictorlial displays tend to
evoke holistic or global information processing. This
information processing strategy employs the "chunking" of
information. Thus, it is more rapid but less accurate than

serial information processing (Jacob et al., 1976; Posner &

Mitchell, 1967; Snodgrass, 1972). When analogue or
pictorial displays are used to obtain readings of a precise
value, operators generally emit slow and inaccurate
responses. This is due to the fact that the system operator
must interpolate discrete pieces of information from an
integrated display (Coury et al., 1986; Huntoon, 1983>. In
effect, the system operator must dismantle mentally the
mechanical integration that was used to create the analogue
or pictorial display (Goldsmith & Schvaneveldt, 1984;

Huchingson, 1981>.
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Wwhile analogue and pictorial displays do not provide
ready access to precise data values, they do enhance the
perception of relationships between Information, and they
provide a rapld global overview of total system state
(Carel, 1965; Holstein, 1974; Simon & Roscoe, 1956>. Thus,
for tasks that require the rapid observation of trends or
the determination of rates of change, analogue and pictoriai
displays are particularly useful (Jacob et al., 1976; Koonce
et al., 1985>. Conversely, information formats that
represent low levels of information integration (e.g.
digital displays> are less useful for these objectives
because they require the operator to integrate discrete
pieces of related information in order to achieve task
objectives (Caraux & Wanner, 1979; Grossman, 1983; Huntoon,

1983; Miles 1., 1982).

Most tasks that are performed In an operational
environment require both the determination of discrete data
values and the rapid estimation of overall system state.
This fact has stimulated some human factors practitioners to
recommend that operators of complex systems be provided with
both integrated and nonintegrated information about each
aspect of system functioning (Koonce & Moroze, 1982; Murphy
& Mitchell, 1986). Theoretically, this practice would allow
operators to select the data format that is most harmonious

with the task at hand (Boles & Wickens, 1987). For example,
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during take-off and landing operations, it 1s necessary for
a pllot to be advised of his or her precise altltude.
However, during other phases of flight, it iIs necessary only
for the pilot to maintain altitude within a specified range.
A digital display most efficiently provides the specific
information that a pilot needs to hold a precise attitude.
However, an analogue display is llikely to provide the most
rapid comprehension of whether or not the current altltude

reading is within specified limits.

The recommendation to provide information in both
integrated and nonintegrated form has received support in
the literature. For a task that involved monitoring
critical parameters of flight, McGee and Harper (1982)
reported that performance obtalned with a combined analogue
and digital display was superior to performance obtained
with either a purely analogue <(e.g., integrated), or a
purely dlgital (e.g., nonintegrated) display. Combined
digital and analogue displays also were found to improve
performance on a sSystem sStatus monitoring task over
performance obtalned with strictly digital or strictly
analogue displays (Chorley, 1984; DeMalo, Harman, Strybel,
Penner, & Brock, 1985; Holmes, 1983). While these findings
are encouraging, further research is required to replicate

these study findings and to ldentify additional variables
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that moderate the effects of information format on air crew

performance.

The preceding discussion illiustrates the fact that the
question of how best to present extensive amounts of
information to operators of complex systems largely remains
unanswered (Grossman, 1983; Morrison, 1986). Although
techniques for the removal of display clutter have been
suggested, and gulidelines for the integration of Informatlon
have been published, these recommendations generally are
global and nonspecific. To date, few concrete
recommendations have been generated that designers can adapt

to their daily work.

The lack of gpecific principles for the design of
complex visual displays is due largely to the fact that
display technology has developed rapidly, while the
understanding of human information processing has progressed
more slowly (Grossman, 1983; Leffler, 1982; Morrison, 1986).
While the adaptation of electronic display devices to the
cockpit environment has provided Iincreased flexibility to
designers of cockpit displays, the knowledge of how best to
ugse this flexibility has been elusive (Hollister, 1983;
Hunt, 1983; Schmidt, 1984). The current lack of design
principles that are directed specifically to the optimal

utilization of electronic display technolougy is of concern.
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If the design of electronic displays is not based on
empirically tested principles of human information
processing, the new flexibility provided by this technology
may degrade rather than to enhance performance (Boles &

Bagnara, 1986; Grossman, 1983; Morrison, 1986).

Even when guidelines for the design of visual displays
are developed and tested, display designers often have a
difficult time employing them. This is due, in part, to the
conflicting nature of many principles of design for compiex
visual displays. Often display designers find that
adherence to one principle of design means violating a
related guideline. 0f course, the logical course for the
designer to follow in such a situation is to adhere to the
design principle that has the greatest impact upon operator
performance, even if doing so violates a related, but less
influential, guideline. Unfortunately, this plan currently
cannot be implemented, because there is no consensus as to
the relative impact on performance of the various principles

of digplay design.

One reason for the dearth of information about the
relative importance of various design principles can be
traced to the methods that were employed to derive the
existing guidelines. Most of the data on which current
design principles are based were obtained in experiments

that explored the univariate relationship between a specific
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parameter of display design and performance quality (Sulzer,
1981; Wherry, 1984). Although the establishment of
univariate relationships is important, this approach does
not allow researchers to evaluate the relative importance of
various factors to the successful design of complex visual
displays. The establishment of univariate relatlonships
also does not allow researchers to observe important
interactions between design variables (Chapanis, 1969).

vervjew/ t

Multivariate relationships between several parameters
of display design and operator performance must be explored
if principles of display design are to be characterized by
good external validity (Wherry, 1984>. With the advent of
electronic visual displays, the evaluation of the relative
effects of information density, principles of information
integration, and information format on air crew performance
appears to be a critical research need (Roscoe, 1968;
Wherry, 1984). Therefore, the purpose of the current study
was to evaluate the main and Iinteractive effects of
information density (low, medium, and high), information
format (analogue, digital, and combined analogue and
digital), and the principle by which information is grouped
(sequential vs. functional) on operator performance in a
complex, system monitorling task. In addition, the possible

effects of task type and of orientation of the airspeed
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scale on the main and interactive effects of these variables

were evaluated.

The following hypotheses were Investigated in the
current study:
1. Response time Increases and response accuracy

decreases as the level of information density increases.

2. Tasks that require subjects to consider only the
value of an Instrument reading In isolation are completed
more rapidly and more accurately than are tasks that require
subjects to consider an instrument reading in relation to

other system state information.

3. For tasks that require subjects to consider only the
value of an instrument reading in isolation, digital
displays provide superior performance in terms of speed and

accuracy of performance.

4. For tasks in which subjects are required to consider
trend information, and for tasks in which subjects are asked
to consider instrument readings in relation to other system
state information, analogue displays provide supericr

performance in terms of speed and accuracy of performance.

S. For tasks in which subjects are required both to
consider the specific value of an instrument reading, and to

consider an instrument reading in relation to other system
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state variables, combined analogue and digital displays

provide superior performance in terms of speed and accuracy.

6. Reversing the orientation of the airspeed scale
degrades performance across all conditions. However, for
tasks that require subjects to consider the relationship
between instrument readings, reversing the orientation of
the airspeed scale degrades performance more severely than
does reversing the airspeed scale orientaticon in tasks that
require subjects to consider only the reading of each

instrument in isolation.

7. The principle by which information is grouped
moderates performance for tasks that require subjects to
consider the relationship between instrument readings, but
does not moderate performance in tasks that require only
that the subject consider each instrument reading in
isoclation. For the former task type, grouping information
according to the functional grouping principle provides
superior performance in terms of speed and accuracy. This
is due to the fact that functional grouping stresses the
relationships between the readings on each of the three
display instruments, while sequential grouping reflects only
the order in which pllots often attend to specific

instrument readings.
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The hypotheses were expected to be supported by several
significant experimental effects. A significant main effect
for Information density was predicted. Specifically, low
information density was expected to provide the most rapid
and accurate responses. It also was predicted that response
time would Increase and accuracy would decrease as the level

of information denslity lncreased.

A slgnlflcant Information format by task type
interaction was predicted in which the digital dispiay
format would provide faster and more accurate responses when
Subjects were asked to consider individual instrument
readings in isolation. For tasks in which subjects were
required to consider the relatlionships between instrument
readings, analogue displays were expected to provide the
most rapid and accurate responses. Finally, for tasks in
which subjects were requlired to consider both discrete
instrument readings and the relationship between instrument
readings, the analogue and digital display format was

expected to provide the most rapid and accurate responses.

ot

A significant effect for task type by airspeed scale
orientation also was predicted. wWhen the airspeed scale
orientation was the same as the orientation of the attitude
and altitude scales, response time and accuracy were

predicted to be better than when the airspeed scale

orientation was the reverse of that for the attltude and
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altitude indicators. However, the reversed orientation of
the airspeed Iindicator was expected to degrade performance
significantly more when subjects were required to attend to
the relatlonshlp between airspeed, attitude, and altitude
indicator readings, than when the readings from these three

instruments could be considered in Isolation.

The effect of the grouping principle variable was
expected to be moderated by task type. This hypothesis was
expected to be <confirmed in a significant interaction
between grouping principle and task type. For tasks in
which subjects are required to consider only the readings of
each instrument in isolation, seguential and functional
levels of the grouping principle were not expected to
produce RT or percent correct response that is significantly
different. However, for tasks in which the subject is
required to attend to the relationship between the three
instrument readings, functional grouping was expected to
provide shorter RT and higher percent correct response than

would the sequential level of the grouping principle.

Due to the relatively large number of subjects that
were required by the experimental design of the current
study, non-pilots were employed as subjects. This decision
was supported by studies published by Koonce, Gold, and
Moroze (1985 and by Rinalducci, DeMaio, Patterson, and

Brooks (1983)>. Both sets of authors investigated the
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potential differences in performance between pilots and
non-pilots in an aircraft system state monitoring task. The
results of both studies indicated that pilots were faster
and more accurate in their judgments of system state than
were their non-pilot counterparts. However, data obtained
from pilots and from non-pilots demonstrated no difference
in the rankings of the effectiveness of variocus display
parameters. Thus, while non-pilots were slower to respond,
and were likely to make more errors than were their pilot
subject counterparts, non-pilot subjects provided results
that were externally valid when employed to determine the
relative effectiveness cof various principles of display

design.
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Method
Desian

The experimental design was a factorial combination of
two levels of Grouping Principle (Functional, Sequential),
two levels of Alrspeed Scale Orientation <(Matching, Not
matching>, three levels of Informatlon Format <(Analogue,
Digital, Combined Analogue and Digital), three levels of
Information Density (Low, Medium, High), and three levels of
Task Type (Current State Estlimation, Future State
Estimation, Combined Current and Future State Estimation).
Information density, informatlion format, and task type were
within-subject varlables, while grouping principle and

alrspeed scale orientation were between-subject variables.

Subljectg

The subjects were eight graduate and 40 undergraduate
students at Old Dominion Unlversity. All graduate students
and approximately 85% of the undergraduate students were
pald to participate In the current research. The remaining
subjJects were awarded course credit for research
participation. Four subject groups were created, each of
which contained nine males and nine females. All subjects
were rlght handed predominantly, and each subject possessed
uncorrected or corrected 20/20 vision, as tested by an

Amerlican Optical Corporatlion Sight-Screener. No subject had
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received flight training or had experlence plloting any type

of alrcraft.

Apparatus

The stimulus displays each provided readings from three
flight instruments: 1> an attitude indicator; 2) an
altitude indicator; and 3) an airspeed indicator. The
stimulus displays were software generated and were presented
to subjects on a NEC Multisync color computer monitor. The
display software employed an EGA color card that provided a
resolution of 640 x 350 pixels. Reflectance and chromatic
contrast of the display elements and the display background
were held constant across all experimental conditions and
across all subjects. Amblent Illumination In the
experimental laboratory also was held constant across all

experlmental trials.

Subjects viewed the stimulus displays while seated
approximately 39 cm from the stimulus display screen.
Responses to the stimulus displays were signaled when a
subJect pressed three of six possible response keys on the
computer keyboard. Response time was deflned as the
difference between the time at which the stimulus display
appeared on the computer monltor (e.g., display time) and
the time at which the subject had signaled a response to all
three instruments on the stimulus display. Subject

responses were recorded to the nearest millisecond by the
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computer‘s internal clock, and the order in which subjects
responded to each of the three stimulus instruments also was

recorded.

Stimulus Materials

A unique stimulus display was created for each possible
combination of grouping principle, Information format, and
information density. This procedure resulted In a set of 18
unlique display configuratlions. The 18 display
configurations are [llustrated in Figures 1 through 18 in
Appendix A. In addition, a precise description of each
display configuration, and the measurements for components

within the displays, are provided in Appendix B.

Grouping Principle. Nine of the 18 display
configurations represented sequential grouping while the
remajning nine configurations represented functional
grouping. For displays with sequential grouping, the
attitude reading was located centrally on the display, with
the airspeed reading on the left, and the altitude reading
on the right, of the attitude reading. This arrangement of
instrument readings was based on studies of pilot scanning
behavior (Edwards, Tolin, & Jonsen, 1982; Harris & Spady,
1985; Pennlngton, 1982). Such studies have demonstrated
that pllots direct their visual scan toward the attltude
indicator most often. Thus, the attitude indicator serves

as a "home base" for the pilots point of visual regard.
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When a pilot directs his or her visual scan away from the
attitude indicator, Jjust one additional Instrument generally
is scanned before the plilot’s gaze is directed back to the
attitude indicator (Harris & Spady, 1985; Pennington, 1982;
Tole, et al., 1983). In light of these data, proponents of
sequential grouping recommend that the attitude lndicator be
located centrally on a display, while instruments to which
the plilot often shifts hils or her gaze from the attitude
indicator are placed in close proximity to the attitude

indicator.

For dlsplay configurations representing functlonal
grouping, the attitude reading was displayed along the left
boundary of the display. The altimeter reading was
positioned to the near rlght of the attitude reading, while
the airspeed reading was positioned to the far right of the
altitude reading. This arrangement of flight instruments
was based on the fact that the relationship between readings
on the attjitude and altitude indicators is functional, while
the relationship between airspeed and the remaining
instrument readings is incidental. For example, pllots
change the attlitude setting in a direct attempt to change
the altitude at which the alrcraft is flying. However,
pilots do not manipulate attitude in order to alter
alrspeed. Rather, the change in airspeed that accompanies a

change in attitude (s an undesired side effect to which a
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pilot must respond. Thus, according to the functional
grouping principle, attltude and altitude should be grouped
together, while airspeed should be presented In a distlinct,

but spatlially proximate, area of the fllight display.

Information Format. For each level of groupling

principle, a display configuration was created for each
level of information format. Thus, for each sequentlially
grouped, and for each functionally grouped display, a
digital, an analogue, and a combined analogue and digital
configuration was created. Digital displays consisted of
three equally spaced dlgital readouts, with each readout
representing one of the three instrument readings (altltude,

attitude, or alrspeed).

Analogue airspeed and altitude readings were
characterized by a flxed scale and a moving polnter. The
two vertical scales were drawn in white against a dark green
background. The attlitude indicator consisted of nine
vertically spaced "hash marks" that were presented against a
dual color background. The top half of thls background area
was blue, while the bottom half of the background area was
brown. These background colors matched the standard
sky/earth colors that often are used to signlify positive and
negative attltude, respectively. The boundary between the
two background colors signified a neutral attitude reading.

The top edge of a small alrplane symbol served as the scale
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polnter for the attltude Indicator. Unllke the scales for
altitude and airspeed, the analogue attitude Indicator was

characterized by a moving scale and fixed pointer.

On the comblned analogue and digital displays,
Instrument readings were displayed 1In analogue form.
However, a digital reading was printed beside the analogue
scale polnters. The digltal readings matched the value
signified by the position of the analogue scale pointer. On
the airspeed and altlitude scales, the digital reading was
placed on the outside edge of the analogue scale pointer,
while the digital reading was placed between the two legs of
the airplane symbol on the attitude indicator. All digital
readouts were identical In size and shape to the digital

readouts used in the digltal dlsplay confligurations.

mation . Displays representing each of the
three levels of Information density were created for each
possible comblnation of grouping principle and Information
format. For the digital Information format, low information
density was represented by the display of one digital
readout for each of the three stimulus instruments. Medlum
information density was created by the addition of one
digital distractor reading above, and one distractor reading
below, the stimulus readout. High Information density was
created by the addition of two distractor readings above,

and two distractor readings below, the stimulus readout.
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For analogue dlsplays, low Informatlon density was
created by adding no distractor symbols to the altitude,
alrspeed, or attitude scales. Medium I[nformation density
was created by adding two graphic distractor symbols to the
presentatlion area of each Instrument, while high Information
denslity was created by adding four graphic symbols to the

presentation area of each stimulus instrument.

Low Information denslty for the comblned analogue and
diglital configurations was created by adding no distractor
gymbols to the attitude, altitude, and airspeed indicators.
Medlum and high Iinformation density was created by a
procedure that was similar to the procedure described for
creating medium and high Informatlon density for the purely
analogue displays. However, for the comblned analogue and
digital dlsplays, supplemental cues for each level of
information density were evenly divided between alphanumeric

and graphic distractor symbols.

Orlentation of the Alrgpeed Scale. For analogue, and
for comblned analogue and digital displays, a unique display
configuration was created for each level of orientation of
the alrspeed scale. For condltlons In which the orlentatlion
of the alrspeed scale matched the orientation of the
attitude and altitude indicators, low airspeed values were
signified when the alrspeed scale polnter was poslitloned

toward the bottom of the alrspeed scale, while high airspeed
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values were signified when the scale polnter was positioned
toward the top of the airspeed scale. For not matching
alrspeed scale conditions, 1low alrspeed values were
gsignlfied when the scale pointer was positioned toward the
top of the alrspeed scale, while high alrspeed values were
represented when the scale polnter was positioned toward the

bottom of the alrspeed scale.

Instrument Readlngs

Seventeen possible Instrument readings were created
for each of the three stimulus Instruments (see Appendix C).
The correct or Incorrect identity of each instrument reading
was determined by the level of task type in which the

subject responded.

In the current state estimation task, subjects were
requlred to determline whether or not each of the three
Instrument readlngs was withln prespeclifled flight llmits.
The prespecified flight 1limits Indicated that attitude
should be between +02 and -02 degrees, altlitude should be
between 200 and 300 ft, and alrspeed should be between 80
and 120 kt. Three of the 17 possible readings for each
Instrument represented correct values (e.q., Wwlithln
prespecified 1imits>, while the remaining I[nstrument
readings represented incorrect Iinstrument readings for the

current state estimation task.
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Fifty-four combinations of readings across the three
stimulus Iinstruments were created for the current state
estimation task (see Appendix D>. Of these 54 sets of
instrument reading, 27 represented correct readings for all
three instruments, while the remaining 27 combinations
provided one or more incorrect instruments readings. Nine
of the 27 Incorrect displays presented an Incorrect reading
on one Iinstrument only. Of these nine disgsplays, three
Incorrect readings were presented on each c¢f the three
stimulus Instruments. Nine of the Iincorrect displays
presented an Incorrect reading on two instruments. Of these
Incorrect Iinstrument readlings, three were provided by the
altitude and attitude indicators, three were provided by the
attitude and airspeed indicators, 2nd three were provided by
the alrspeed and altitude Indicators. The remaining
Incorrect displays presented Iincorrect instrument readings

on all three stimulus Instruments.

In the future state estimation task, subjects were
required to declide whether the combination of Iinstrument
readings In a fllght display would preserve or return the
alrcraft to prespecified flight conditions. Thus, a single
ingtrument reading could not be identified as correct or as
Incorrect wlthout consldering the readings on the remaining
Instruments in the stimulus display. For example, attitude

may have been 1low because altlitude was too high, and
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alrgpeed was too low. The negative attitude settling would
reduce altitude and would increase airspeed. As a result, a
negatlve attltude reading, in combination with high altltude
and low alrspeed, would require a response of “correct® for
each of the three Instruments. Thus, subjects had to
consider the relationships between the readings on the three
stimulus Instruments in order to determine the correct or

incorrect identity of a specific instrument reading.

Due to the fact that correct and incorrect readings for
each Instrument were defined by a comblinatlon of Instrument
values, the number of correct and Iincorrect values for
speciflc instrument readings could not be determined for the

future state estimatlion task.

A separate set of 54 combinations of three instrument
readings was created for use in the future state estimation
task (see Appendlx E)>. As In the current task stimulus set,
27 of the future task displays represented correct readings,
while the remaining 27 displays provided incorrect readings
on one or more instruments. However, In the future task
stimulus set, the set of correct displays included 123
displays with correct readings on all three instruments,
seven disgplays with high attitude in combination wlfh high
alrspeed and low altltude, and seven displays with low
attitude in combinatlon with low airspeed and high altitude.

The set of Incorrect dlisplays for the future state
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estimation task Included 14 dlisplays with one incorrect
instrument reading. Seven of these displays provided an
incorrect altitude reading, whlile the remaining 7 displays
presented an lIncorrect alrspeed reading. The remaining
thirteen displays with Incorrect Iinstruments readings
presented an Incorrect reading on each of the three

ingtruments.

In the dual task condlitlon, both current state
estimation and future state estimation were completed for
each stimulus display. Thus, a response measure for both
current and for future state estlmation was recorded In the
dual task condition. As a result, single task estimates and
dual task estimates were obtained for current and for future

state estimation.

A third set of combined instrument readings was created
for the dual task conditlon (see Appendix F>. This stlmulus
set was comprised of S4 comblinations of Instrument readings
that were selected randomly from the current task stimulus
set and from the future task stimulus set. Random selection
was conducted according to the constraint that 13 correct
and 14 incorrect displays would be selected from the current
task stimulus set, while fourteen correct and 13 lncorrect

displays would be drawn from the future task stimulus set.
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0f the 14 Incorrect displays from the current task
stimulus set, four represented one Incorrect instrument
reading. As a result of the random selection, the airspeed
and attitude Indicators each provided one incorrect reading,
while the altlitude Indlcator represented two of the
incorrect Iinstrument readings. Flve of the incorrect
displays from the current task set represented two incorrect
instrument readlngs. Among these five dlisplays, two
represented lncorrect readings on the attltude and altltude
Indicators, two provided incorrect readings on the attitude
and alrspeed scales, and one represented Incorrect readings
on the altlitude and alrspeed scales. The remalinling flive
incorrect displays from the current task set provided
Incorrect readings on each of the three stimulus

Instruments.

The correct displays selected from the future task set
included four displays with correct readings on all three
Instruments, flve dlisplays with hlgh altltude In comblnatlon
with high alrspeed and low attitude, and flve displays that
provided low altitude in combination with low airspeed and
high attitude. The 13 lIncorrect dlsplays that were drawn
from the future task stlimulus set included eight displays
with Incorrect readings for one Instrument. Four of these
displays provided Incorrect alrspeed readings, whlle the

remalnder provided Incorrect altltude readlings. Flnally,
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five dlisplays drawn from the future task stimulus set
provided incorrect readings on each of the three stimulus

instruments.

Sets of Experimental Trials

Twenty-seven sets of 28 stimulus trlals (24
experimental, 4 practlice) were created for a total of 648
experimental trials, 108 practice trials, and 756 total
trials. Each set of experimental trials contained two
correct and two Incorrect practice trials as well as 12
correct and 12 lncorrect experimental trials. One
combination of task type, information format, and
Information density was tested with each set of stimulus

trials.

Values for digsplay in each set of experimental trials
were selected randomly from the approprlate 1lst of
instrument reading combinations. Random selection proceeded
according to the restrictions that: 1> 14 correct and 14
incorrect stimulus displays would be presented in each set
of 28 stimulus trials; 2) two correct and two Incorrect
displays would be included in each set of four practice
trials; 3) each specific combination of instrument readings
would be presented only once In each stimulus set; and 4) no
more than three correct or three incorrect stimulus trials

would be presented in succession.
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Brocedure

Twelve subjects (six male; six female) viewed the
stimulus dlsplays In each grouping princlple by scale
directlon condlition. Sublects were tested indlvidually In a
single three-hour session. Upon’ arrival, the subject’s
visual aculty was tested and the experimental procedure was
explalned to the subject. A consent form then was signed by

the subject.

A 20 mlnute tralnlng session was provided to each
subject (See Appendlx G>. Tralning dlagrams that provlided
various combinatlions of alrspeed, attltude, and altitude
readings were used to enhance the training process. Durlng
the tralning session, the meaning of alrcraft altitude,
airspeed, and attitude were explained. Subjects then were
shown how to read the attitude, airspeed, and altlitude
scales. The current state estimatlon task then was
explalned to the subject. At thls point in the tralining
session, the subject was required to view four test displays
and to determine whether or not each of the three instrument
readlngs represented a correct or an lncorrect readling. No
subject commlitted an error on any of the four test displays

for the current state estimatlon task.

The next phase of the training session was used to

explalin the future state estimation task. The relationships
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between altlitude, alrspeed, and attltude was defined, and
several correct and Iincorrect sets of instrument readings
were demonstrated to the subject. Subjects again were
required to view two correct and two Incorrect test
displays, and to determine whether each of the three
instrument readings in each test display represented a
correct reading under conditions of future state estimation.
In the event that a sublject responded Incorrectly to any
instrument in the test displays, an explanation of the error
was given, and instructions for future state estimation were
reviewed. The subject then was asked to view four new test
displays, and to determine the correct or incorrect identity

of the Instrument readings within the displays.

Once the subjJect had demonstrated that he or she
understood the current and the future state estimation
tasks, the displays configurations for analogue, digital,
and combined analogue and digital displays were descr!bed

briefly.

Finally, response key assignments were explained to the
subject. For singlie task condltlong, subjects were
Instructed to signal a response of “correct" or "lincorrect"
for each stimulus Instrument by pressing one of two computer
keys. Thus, for each task trial, three of six possible
responses were to be slignaled (e.g., ‘correct” or

"Incorrect" for airspeed, attltude, and altlitude).
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For single task conditlons, subjects were Instructed to
rest the first, second, and third finger of thelr right hand
on the “j," "k," and "1" keys of the computer keyboard,
respectively. Half of the subjJects In each grouplng
principle by scale direction condition signaled a response
of "correct" by pressing the key directly above the resting
position key, while signaling a response of "incorrect' by
pressing the key directly below the resting key. The
remaining subjects In each grouping principle by scale
directicn condition received the reverse response

assignment.

Response asslignments remalned constant within subjects
across all single task conditions. However, stimulus-
response key assoclatlon varled between subjects, depending
upon whether the subject performed in the functional or in
the sequentlial grouping condition. Subjects In the
sequential grouping condlition viewed a display that
presented airspeed, attitude, and altitude instruments from
left to right, respectively. Thus, the response keys that
correspond to these specific instruments were positioned
with alrspeed, attlitude, and altimeter response keys
positioned from left to right. For functional grouping,
attitude, altitude, and airspeed instruments were positioned

from left to right, respectlively. Thus, for subjects in the
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functlonal grouping conditlion, the attltude, altlitude, and

alrspeed response keys were posltloned from left to right.

In the dual task condition, subjects again were
Ingtructed to rest the first, second, and third finger of
their right hand on the "j," "k," and "1" keys of the
computer keyboard, respectively. However, in the dual task
condltlon, sSublects also were required to rest the
corresponding flingers of their left hand on the *a," *g,t
and "d" keys of the computer keybtoard. Subjects slignaled
"correct" responses in the same direc ion (e.g., up vs. down
from resting key) that was employed In the single task
conditlons. However, withln each condltions of up or dcwn
directlon of response, half of the subjects In each grouping
principle by alrspeed scale orlentation group signaled
responses for the current task on the rlght side of the
computer keyboard, while signaling responses for the future
task were signaled on the left side of the computer
keyboard. The remalning subjects received the reverse

response assignment.

Before beglnning the experlmental trlals, subjects were
Informed that accuracy of performance must be kept at the
95% level across all experlimental condltions. Subjects were
informed that, in order to obtain 95% accuracy, a mistake
could be made on no more than four of the 84 lnstruments

contained In each set of 28 stimulus displays. Wlthin thls
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level of accuracy, subjects were asked to respond as rapidly
as possible. However, subJects were told not to sacrifice

accuracy in order to Increase thelr speed of response.

Each stimulus trlal consisted of the presentation of
one static stimulus display, and the reglstration of the
subject’s response to each instrument in the stimulus
display. A stimulus display remained in view until the
subject had responded to each of the instrument readings.
When a response to each Instrument had been made, the
stimulus display disappeared from vliew. Following an
Interstimulus Interval of 2.4 seconds, the next display

appeared on the computer monitor.

The first four trials in each stimulus set were
practlice trlals for which no response data were collected.
Followlng presentation of the practice trlals, subjects
responded to the experimental stimull. When a set of 28
stimulus trilals had been completed, a message stating that
the current block of trlals was flnlshed was dlsplayed on
the computer monitor. Before starting the next set of
stimulus trials, the experimenter briefly described the
display confliguratlion to which the subject would be exposed
next. The experimenter then restarted the stimulus trials
by pressing a key on the computer keyboard. A rest perlod
of filve mlinutes was allowed after completion of each three

gets of stimulus trlals.
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Each subject completed all trlals In one level of task
type before recelving the next level of task type. Half of
the subjects completed the current task condltion before
recelving the future task condition, while the remaining
subjects were subjected to the reverse task type
presentation order. The dual task condition was presented
to all subjects as the final task type condition. Within
each level of task type, all trials of one level of
Informatlion format were completed before the subject
recelved the next level of Information format. WIithlin each
level of Information format, all trials of one level of
Information density were completed before the subJect

received the next level of Information density.

Glven the constralnts Imposed on stimulus presentation
order, 72 stimulus presentation orders were possible under
single task conditlons, while 36 stimulus presentation
orders were possible for the dual task condition. Stimulus
presentation order was counterbalanced across subjects by
randomly assigning each subject to a unlque task type by
informatlon format by informatlion density stimulus
presentation order. For single task conditions, stimulus
pregentation order was asslagned randomly from the list of 72
possible single task stimulus presentatlon orders. However,
in each grouping principle by scale orientation condition,

six subJects recelved the current state estimatlon task
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first, while the remaining six subjects received the future
state estimation task first. Subjects were assigned
randomly to one of the 36 possible Information format by
Information density stimulus presentation orders for the
dual task condition. Asslignment to stimulus presentation
order in the dual task condition proceeded according to the
restriction that no subject would recelve the same stimulus
presentation order for single and dual task conditions, and
according to the restriction that no more than two subjects
would serve in each of the 36 possible stimulus presentation

orders for dual task conditlions.

Following completion of the nine sets of stimulus
trlals, sublects were «debrlefed orally. The study
hypotheses were explained, and the expected findings were
discussed. Results of the study were available to the

subjects upon request.
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Results

Mean medlian RT and mean percent correct response were
obtained for each subject as a function of grouping
principle (sequential, functional), orientation of alrspeed
scale (matching altitude and attitude, reversed from
altitude and attitude), task type (single task current
state estimation, single task future state estimation, dual
task current state estimation, dual task future state
estimation), information format (analogue, digital, combined
analogue and digital), and information density (low, medium,
high). Data were not discarded from the statistical
analyses on the baslis of response latency, or on the basis

of percent correct response.

Identical five-factor mixed model analyses of variance
were performed on the RT data, and on the percent correct
response data. Information density, information format, and
task type were wlithln-subjects varlables, whlle grouplng
principle and orientation of airspeed scale were
between-subject factors. Newman-Keuls post hoc analyses
were conducted for all significant main effects, while tests
for simple effects were completed for each significant
interaction. The analyses of variance for the RT and for
the percent correct response are summarized in Tables 1 and

2, respectively.
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Malin Effects

As can be seen in Table 1, three main effects were
signiflicant for the RT data. RT for the matching airspeed
scales was significantly shorter (M = 5501.3 ms) than RT for
the reversed airspeed scales (M = 6860.2 ms). However,
percent correct response was not significantly different
between matching (83.9%) and reversed (81.8%) airspeed

scales.

Ingsert Tables 1 and 2 about here

A maln effect for task type Is Illustrated In Figure 1.
As can be seen in Figure 1, RT was shorter for current state
estimation than for future state estimation. This effect
held across single and dual task conditions. However,

performance in the dual task condition affected

Insert Flgure 1 about here

current and future state estimation differently. RT for
current state estimation was longer in dual task conditions
than In single task conditions. Conversely, RT for future

state estimation was longer in single task condlition than

it im o e etme e o AT e -
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Table 1
Analvsis of Varjance Summary Table for Reaction Time Data

Mean Eta

Source df Square F Square
Grouping Principle (GP> 1 33834928.47 0.21
Scale Orientation (SC> b 797783284 .51 S.04% ,025
Task Type (TT) 3 2008543614.00 60.70% .189
Information Format (IF) 2 535684552.00 32.49% .034
Information Denslity (ID) 2 10457609.€8 2.89

GP x SC 1 199337460.31 1.26
GP x TT 3 94212929.07 2.85% .009
GP x IF 2 3499994.96 0.21
GP x ID 2 8015356.78 2.22
SC x TT 3 92771526.17 2.80% .009
SC x IF 2 147222170.70 8.93% .009
SC x ID 2 2886894.19 0.80
TT x IF 6 204420990 .00 17.08% .039
TT x ID 6 3105706.46 0.94

IF x ID 4 12104765.75 2.60% .002
GP x SC x TT 3 37835394.70 1.14
GP x SC x IF 2 2024052.61 0.12
GP x SC x ID 2 9069424.12 2.51
GP x TT x IF 6 7764122.61 0.6S
GP x TT x ID 6 3885351.77 1.18
GP x IF x ID 4 2865613.91 0.61
SC x IF x ID 4 17387872.69 3.73 .002
SC x TT x IF 6 58643803.30 4.90% .011
SC x TT x ID 6 5293674.58 1.60
TT x IF x ID 12 2048712.96 0.43
GP x SC x TT x IF 6 7186901.75 0.60
GP x SC x TT x ID 6 8756047.79 2.65% .002
GP x SC x IF x 1D 4 3465035.55 0.74
GP x TT x IF x ID 12 6879914.16 1.43
SC x TT x IF x ID 12 2911390.88 0.61
GP x SC x TT x IF x ID 12 7489465.52 1.56
Subject (GPxSC) 44 158177638.30
TT*Subject (GPx*SC) 132 33087109.18

IFxSubject (GP*SC) 88 16485873.24

IDxSubject (GP*SC) 88 3613029.23
TT#IF*Subject (GPx%SC) 264 11969579.27
TT*IDxSubjJect (GP*SC) 264 3298585.01

IF*IDxSubject (GP%SC) 176 4659575.99
TT*IF*IDxSubject(GP*SC> 528 4809732.31

*P< .05
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Table 2
Analvsis of Varjance Summarvy Table for Percent Correct
Response
Mean Eta

Source df Square F Square
Groupling Princlple (GP) 1 .23877 0.27
Scale Orientation (SC) 1 .20003 0.22
Task Type (TT) 3 1.24915 24.22% .058
Information Format (IF) 2 . 32892 16.01% .010
Information Density (ID) 2 .00013 0.03
GP x SC 1 .89073 0.99
GP x TT 3 .14828 2.88% .007
GP x IF 2 .01199 0.58
GP x ID 2 .00963 2.26
SC x TT 3 . 65557 12.71% .030
SC x IF 2 .17930 8.73% ,006
SC x ID 2 .01259 2.95
TT x IF 6 .13029 12.12% .012
TT x ID 6 .00177 0.58

IF x ID 4 .00065 0.18
GP x SC x TT 3 .05704 1.11
GP x SC x IF 2 .01274 0.62
GP x SC x ID 2 .00076 0.18
GP x TT x IF 6 .00883 0.82
GP x TT x ID 6 .00691 2.28% .001%
GP x IF x ID 4 .00976 2.65% ,001
SC x TT x IF 6 .05929 5.51% .008
SC x TT x ID 6 .00150 0.50
SC x IF x ID 4 .00343 0.93
TT x IF x ID 12 .00330 1.16
GP x SC x TT x IF 6 .01071 1.00
GP x SC x TT x ID 6 .00172 0.57
GP x SC x IF x ID 4 .00276 0.75
GP x TT x IF x ID 12 .00282 1.00
SC x TT x IF x ID 12 .00182 0.64
GP x SC x TT x IF x ID 12 .00251 0.89
Subject (GP*SC) 44 .90045
TT*SubJect (GP*SC) 132 .05157

IFxSubject (GP»SC) 88 .02055

ID*Subject (GP*SC)> 88 .00427
TTxIF*xSubject (GP*SC) 264 .01075

(Table Contlnued)
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Mean Eta

Source df Square F Square
TTxIDxSubject (GP*SC) 264 .00303
IF*1D%Subject (GP*SC) 176 .00368
TT*IF*ID*xSubject(GP*¥SC) 528 .00283

»*P< .05
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In dual task conditiong. A significant difference between
each level of the task type varlable was confirmed by the

Newman-Keuls post hoc analysis.

A significant effect of task type also was obtained in
the analyslis of percent correct response. As can be seen in
Figure 1, current state estimation was signlificantly more
accurate than was future state estimation. Current state
estimation was slgnlficantly more accurate In the single
task condltlon than In the dual task condltion. For future
state estimatlon, percent correct response was not

significantly different for single and dual task condltions.

A significant effect was obtained for the information
format varlable In the analysis of RT, and iIn the analysis
of percent correct response. These data are [llustrated in
Figure 2. Responses for digital Information format were

slower, and less accurate, than were responses in any other

Ingsert Flgure 2 about here

level of the informatlon format varlable. RT and percent
correct response were not Slgniflcantly dlifferent for
analogue and combined analogue and dlgital Informatlon

formats.
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The groupling princlple variable di!d not slignlflcantly
affect RT or percent correct response. Mean medlan RT for
functiocnal grouping was 6320.7 ms, while mean median RT for
sequential grouping was 6040.8 ms. Percent correct response
for functlional grouping was 84.1%, whlile percent correct

response for sequential grouping was 81.7%.

Information denslity also falled to moderate RT and
percent correct response. RT for low, medium, and hlgh
information density was 6334.1 ms, 6126.9 ms, and 6081.3 ms,
respectively. Percent correct response was 83% for each

level of the Informatlon density varliable.

Crouping Principle by Task Type Effects

A slgnlficant Interaction between grouping principle
and task type was oblained for RY, and for percenl correct
response. These data are lllustrated in Figures 3 and 4,
respectively. Neither RT nor percent correct response for
the current state estimation task was moderated by the
grouping principle wvarlable. This effect held both for

single and for dual task conditlons.

In the single task condition, the effect of grouping
principle on future task RT was moderated by task type.
Under these conditions, RT was significantly shorter for
sequentlal than for functlonal grouplng. However, percent

correct response for single task estimates of future system
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state was gsigniflcantly 1lower for sequential than for

functional grouping. For dual task estimates of future

Insert Figures 3 and 4 about here

system state, grouplng principle moderated nelither RT nor
percent correct response.

Alrspeed Scale Orlentatlion by Information Format by Task
Ivpe Effects

The interaction between orlentation of the airspeed
scale, Iinformation format, and task type was sigrnificant in
the analysis of RT. As can be seen in Figure 5, RT was
signiflicantly shorter for matching than for reversed
airspeed scales, regardiess of information format, and

regardless of task type.

Ingert Figure S5 about here

Orlentation of the alirspeed scale moderated the effect
of Informatlion format on estlmates of current system state.
For matching alrspeed scales, Information format did not
moderate RT for current state estimatlion, elther In single

or In dual task conditlons. However, under reversed
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alrspeed scale conditions, RT for single task estimates of
current system state were signiflicantly longer for analogue
displays than for elther digital or combined analogue and
dlgital displays. For dual task estimates of current sSystem
state, RT was significantly longer for analogue and for

digital digsplays than for combined analogue and digital

displays.

The orientatlon of the airspeed scale also moderated
the effect of Information format on estimates of future
system state. For both matching and reversed alirspeed scale
conditions, RT was signiflcantly longer for digital
information format than for analogue or for combined
analogue and digital information format. However, the
detrimental effect of digital information format was greater
for reversed than for matching alrspeed scales. This effect
held across single and dual task conditions of future state

estimation.

Single task estimates of future system state were
slgniflcantly faster for analogue displays than for combined
analogue and digital! displays. This effect held for both
matching and for reversed orlentations of the alrspeed
scale, However, In dual task condltlions, the orlentation of
the alirspeed scale moderated future task RT for analogue and
for comblined analogue and digital displays. Under matching

airspeed scale conditions, RT was significantly faster for
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analogue displays than for comblned analogue and digltal
displays. Conversely, under the reversed airspeed scale
condition, RT was signiflicantly faster for comblned analogue

and digital displays than for purely analogue dispiays.

A significant Interaction between orientation of the
airspeed scale, information format, and task type also was
obtalned ln the analysis of percent correct response. These
data are lllustrated in Figure 6. Information format did

not moderate the percent correct response for estimates of

Ingsert Flgure 6 about here

current gystem state, elther In single or In dual task
conditions. However, under current task conditions, the
task type varlable moderated the effect of orlentation of
the alrspeed scale on percent correct response. For dual
task estimates of current system state, the percent correct
response was significantly higher for reversed airspeed
scales than for matching ailrspeed scales. However, for
single task estimates of current system state, the percent
correct response was not significantly dlifferent for

matching and for reversed airspeed scales.
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The percent correct response for future state
estimation was significantly higher for matching than for
reversed alrspeed scale orlentation. Thigs effect was

signlficant for both single and dual task condlitlions.

For single task estimates of future system state, the
percent correct response was slgniflcantly lower for digltal
Information format than for analogue information format, or
for combined analogue and digital information format. This
effect held across matching and reversed alrspeed scale
conditions. However, the detrimental effect of diglital
Information was greater for reversed airspeed scales than

for matching airspeed scales.

For single task estimates of future system state, the
percent correct response for analogue displays, and for
comblined analogue and digital displays, was moderated by the
orientation of the airspeed scale. For matching airspeed
scales, percent correct response was significantiy higher
for comblined analogue and digital dlisplays than for analogue
displays. However, for reversed alrspeed scales, the
percent correct response was higher for analogue displays

than for combined analogue and digital displays.

The orlientation of airspeed scaie also moderated the
effect of Informatlion format on percent correct response for

dual task estimates of future system state. Under
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conditions of reversed alrspeed scale, the percent correct
response was gignificantly lower for digital information
format than for the remalning levels of Informatlon format.
However, percent correct response was not slgniflcantly
different for analogue Iinformation format and combined
analogue and digital information format, either in matching
or reversed airspeed scale conditions.

Scale Tvpe DbDv Information Format bDv Information Density
Effects

The Interactlon of orlentation of the alrspeed scale,
information format, and information density was significant
for RT, but was not significant for percent correct
regsponse. The RT data are illustrated in Figure 7. RT was
significantly longer for digital Information than for the
remaining levels of Iinformation format. This effect was
gignificant for both matching and for reversed alrspeed

gscales at all levels of Information denslity.

Insert Figure 7 about here

For matching alrspeed scale conditlons, RT was not
sloniflicantly dlfferent between the analogue and the
comblned analogue and dlglital Information formats at any

level of Iinformation density. However, for conditions of
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reversed alrspeed scale, the effect of information format
was moderated by Iinformatlon density. RT was slgnificantly
shorter for combined analogue and digital displays than for
purely analogue displays under conditions of  hligh
information density. Conversely, RT was not significantly
different for analogue and combined analogue and digital
displays In conditlons of elther low or medium informatlon
density.

Grouping Principle bv Information Format Dv JInformation
Density Effects

The Interactive effect of grouping principle,
information format, and Information density significantly
affected percent correct response, but did not signiflcantly
affect RT. As can be seen in Figure 8 , the percent correct
response was lower for diglital Information format than for
the remaining levels of information format, regardless of
the level of grouping principle, and regardless of the level

of information density.

Ingsert Flgure 8 about here

Under conditions of low and medium Information density,
the percent correct response for digital Information was

lower for sequential grouping than for functional grouping.
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However, for condltlions of high Information denslity, the
percent correct response for digitral Informatlon format was
not signiflcantly different for sequential and functional
grouping. Finally, for medium information density, the
percent correct response for combined analogue and digital
information format was significantly lower for sequential

grouping than for functional grouping.
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Discussion
The current study investigated the effects of task
type, information format, information density, principle of
information grouping, and orientation of the alrspeed scale

on RT and response accuracy In a decision making task.

Task Type Effects

It was hypothesized that task type would moderate the
speed with which subjects responded to stimulus displays and
the accuracy with which these responses were made. As
predicted, responses for the current state estimation task
were significantly faster, and significantly more accurate,
than were respcnses to the future state estimatlon task.

This effect held across single and dual task conditions.

The speed and accuracy advantages for the current state
estimation task refiect the relatively low mental workload
that characterized current state estimation. For current
state estimation, the decision making task required only the
identification of an instrument reading, and the comparison
of this reading with a set of correct instrument readings.
However, future gystem gtate could not be estimated from
individual instrument readings. Future state estimation
required subjects to consider the relationships between the
readings on the three instruments, and to determine the
implication of these relationships for future instrument

readings. Thus, the mental worklocad level of the future
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state estimation task was greater than was the mental

workload imposed by the current state estimation task.

Performance In the dual task condition affected
estimates of current and future system state differently.
For current state estimation, RT was significantly longer,
and accuracy was significantly lower, In dual task
conditions than In single task conditions. The transition
from single to dual task performance exerted the opposite
effect upon estimates of the future system state. For the
future state estimation task, RT was significantly lower
under dual task conditions than under single task

conditions.

The divergent effects of transition from single to dual
task conditions for estimates of current and future state
appear to be the result of two main factors. First, the
relatively short RT for dual task estimates of future system
state probably reflects the effect of practice. This
hypothesis is supported by the finding that, although
estimates of future system state became more rapid under
dual task condltlons, the accuracy of future state estimates
was not signiflcantly different across single and dual task
conditions. A practice effect for future, but not for
current state estimation, would not be surprising, due to

the relatively high mental workload, and the cognitlive
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complexity, that characterized the future state estimation

task.

A second phenomenon appears to explaln the divergent
effect of single versus dual task conditions on estimation
of current system state. In dual task conditions, subjects
appear to have sacrliflced speed and accuracy for the
estimates of current system state, while protecting RT and
accuracy for estimates of future system state. This
suggestion Is supported by the fact that estimates of
current system state were slignificantly less rapid and
signiflcantly less accurate In the dual task condition than

in the single task conditlion.

Interaction of Tagsk Tvpe and Orientation of the BAjrspeed
Scale

It was hypothesized that reversing the orientation of
the airspeed scale would degrade performance more severely
in conditions of future state estimation than in conditions
of current state estimation. This hypothesis was based on
the dlvergent cognitive demands of the current and the
future state estimation tasks. In order to define correct
readings for current state estimation, the subject was
required only to determine if the Iinstrument reading was
within a specliflic range. If an Instrument readling was not
within the prescribed limits, It made no dlfference whether

the reading was above or below the acceptable range. As a
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result, reversing the orientation of the alirspeed scale was
expected to have 1lttle effect on subjects’ ablliity to
determine whether instrument readings were correct or

incorrect in current state estimation.

In order to estimate future system state, subjects were
required not only to detect an incorrect instrument reading,
but also were required to compare the directjon of error
across the three instruments in each stimulus display. In
the future state estimation task, it was the relationship
between the directions of error for the instrument readings
that was the key to the correct or incorrect identity of

each instrument reading.

Reversing the orientation of the airspeed scale created
a display in which the relationship between error in the
alrspeed reading and error in the remaining Instruments
appeared to be reversed. For example, for displays with
reversed orientation of the alrspeed scale, an airspeed
reading of 20 kt (e.g., below correct range) and an attitude
reading of 06 degrees (e.g., above correct range) both were
indicated by a scale pointer position that was on the top
portion of the stimulus display. The spatial proximity of
the two scale pointers was likely to convince subjects that
a positive relatlonship existed between the direction of
error for airspeed and the direction of error for attitude.

Yet, in reallity, a negative relationship existed. Thus, the
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reversal of the directional relationshlp between error 1In
the instrument readings in reversed alrspeed scale
conditions was llkely to confuse observers. As a result, it
was hypothesized that reversing the orientation of the
airspeed scale would increase RT severely, and also would

decrease accuracy, for estimates of future system state.

The findings of the current study indicate that, as
predicted, RT for the reversed airspeed scale condition was
longer, and the percent correct response was lower, for
future than for current state estimation. The RT difference
between matching and reversed alrgpeed scales was
approximately 1000 ms. for current state estimation, while
the RT difference between matching and reversed airspeed
scales was approximately 2200 ms for future state
estimation. In addition, accuracy for future state
estimation decreased from 84% for matching airspeed scales
to 72% for not matching alrspeed scales. These data support
the hypothesis that reversing the orientation of the
alrspeed scale would degrade performance in the future state
estimation task more severely than reversing the orientation
of the airspeed scale would degrade periormance in the

current state estimation task.

Effects of Information Format In Single Task Conditlions

For estimation of current system state, It was

hypothesized that RT would be shortest for digital
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Informatlon format. For current state estlmation, RT for
digital Information format was significantly shorter than
was RT for analogue information format. Thus, it appears
that, as hypothesized, subjects In current task conditions
were able to determlne the correct or Incorrect lidentity of
each instrument reading more rapidly by attending to the
digital than the analogue information format. However,
current task RT was not significantly dlifferent for dliglital
and combined analogue and digital Information formats.
These findings Indicate that subjects attended to the
digital stimull In both dlgital and combined analogue and
digital Information formats. Such a strategy would account
for the fallure of dlglital Informatlon format to obtaln a
speed advantage over comblned analogue and diglital displays

under conditlions of current state estlmatlion.

RT was predicted to be shortest for the analogue
information format wunder conditions of future state
estimation. As predicted, analogue information format
produced RT that was significantly shorter than the RT for
combined analogue and digital displays, and that was
slgniflicantly shorter than the RT for dlgltal Information
format. However, the difference In RT between analogue and
combined analogue and digital digsplays was much smaller than
was the difference In RT between analogue and dlgital

digplays. The combined analogue and digital information
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format produced RT was approximately S00 ms longer than was
the RT for analogue Iinformation format. However, digltal
Information format produced RT that was almost twice as long
as the RT for analogue Information format. Thus, |t appears
that, as predicted, the digltal information format strongly
interfered with subjects” ablliity to comprehend the
relationship between Instrument readings in the future state
estimation task. In addition, the relatively moderate
difference In future task RT between analogue and comblned
analogue and digital Iinformation format may imply that
subjects attended to the analogue scales in both analogue

and comblned analogue and dlgltal dlsplays.

Effectg of Information Format in Dual Task Conditions

It was hypothesized that the combined analogue and
digital displays would provide the most rapid performance
overall In the dual task condition. This hypothesis was
confirmed In the current study for dual task estlimates of
future system state. Under this task conditlon, RT for
comblned analogue and digltal displays, and RT for purely
analogue displays, was significantly shorter than was RT for
the digltal displays. The failure of digital and combined
analogue and dligital displays to produce RT that was
significantly different Indicates that under dual task
conditions, subjects attended to the analogue scales when

requlred to estlimate future system state, whether they
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observed analogue or combined analogue and digital

information format displays.

Comblned analogue and dlgital displays also provided
the shortest RT for dual task estimates of current system
state. However, in this task condition, RT for the combined
analogue and diglital displays was significantly faster than
was the RT elther for purely analogue scales or for purely

digltal scales.

The fact that dual task RT for current state estimatlion
was significantly faster for combined analogue and digital
displays than for dual task RT for digital disgplays is
somewhat curlous. Combined analogue and digital dlsplays
were hypothesized to be superlior in dual task conditions
because they allowed subjects to select information from the
format that best served each of the dual task demands.
According to this hypothesis, subjects should have attended
to the digital readings in order to make dual task estimates
of current system state, whether they observed digital or
combined analogue and diglital displays. However, !f this
etrategy had been adopted, the RT for diglital informatlon
format should not have been significantly slower than was
the RT for combined analogue and dlgital displays. An
examinal ion of the offectl of the Gricntalior of the alcupeod
scale on dual task RT for estimates of current system state

helps to clarlify this curious finding.

Reproduced with permission of the .copyrightowner. Further reproduction prohibited without permissionyzww.manaraa.



Page 80

Interaction of Orientation of the Ajrspeed Scale and
Information Format

RT for dual task estimates of current system state were
not significantly different for combined analogue and
digital information format than for digital information
format In the matchlng alrspeed scale condition. Thus, when
the orlentation of the airspeed scale matched the
orientation of the remaining stimulus instruments, subjects
appear to have attended to the digital readings in order to
make dual task estimates of current system state. This
strategy appears to have been adopted whether subjects were
serving In the digltal Information format condlition or were
serving In the combined analogue and digital Informatlon

format condition.

When the orientation of the airspeed scale was
reversed, RT for dual task estlmates of current system state
was significantly longer for digital information format than
for combined analogue and digital information format. In
fact, under reversed alrspeed scale condltions, RT for dual
task estimates of current system state was over 1000 ms
longer in the digital information format condition than in
the combined analogue and digital Information format
conditlon. The fact that a slignlflcant difference In RT was
found between dlglital and comblned analogue and dlgital

displays only In the reversed alrspeed scale condition
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indicates that the comblnation of dual task demands,
reversed alrspeed scale, and digltal information was
troublesome when subjects attempted to estimate current

system state.

SubjJects who served under conditions of reversed
alrspeed scale were exposed to a dlifferent scale orlentation
for the alrspeed Instrument, depending upon whether the
subjects were observing analogue or were observing digital
displays. When serving in the analogue informalion format
condition, subjects in the reversed airspeed scale group
were trained to expect airspeed values above 120 kt to be
represented by a scale pointer position that was low on the
analogue scale, while alrspeed values below 80 kt would be
signified by a scale pointer position that was high on the
analogue scalie. However, when these same subjects observed
digital displays, they were forced to think of an airspeed
value above 120 kt as too high, and to consider an alrspeed

reading below 80 kt as too low.

Under single task condltions, the use of a dlfferent
scale orlentation for dlgltal and for analogue displays dld
not appear to disrupt subjects’ abillty to Jjudge current
gsystem gtate from digital disgplays. It was only when
subjects were forced to determine both current and future
gsystem gstate from a single digital display (e.g., dual task

conditions) that RT for current state estimation suffered.
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This finding Indicates that when subjects in the reversed
alrspeed scale condition were confronted with dual task
demands, they used different strategies to estimate current
system state and to estimate future system state from

digital digplays.

Estimation of current system state did not require
subjects to determine the direction of error for incorrect
stimulus readings. Rather, it was important only to
determine whether or not the stimulus readlng was wlthin the
range of correct values. This task probably could be
accompl ished most raplidly, and most accurately, by a direct
comparison of the magnitude of the stimulus reading and the
magnitude of correct instrument values. For example, an
observer could determined quickly that a digital alrspeed
reading of 50 kt was below the lowest correct airspeed value
(e.g., 80 kt). When comparing the magnitude of stimulus and
correct Instrument values, subject were, in fact, using a

normal or matching orientation for the airspeed scale.

For estimates of future system state, it was necessary
to consider the direction of error in an instrument reading,
and to compare the direction of error across the three
Instruments withln a stimulus display. The need to compare
the dlrections of error probably stimulated subjects to

compare a mental Image of the stimulus readings with a
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mental lmage of correct Instrument readings on an analogue

display.

If subjects did compare mental images of stimulus
readings with mental Images of correct analogue readings in
order to estimate future system state from digital displays,
recent exposure to analogue displays with reversed airspeed
scale orlentation was 1likely to be troublesome. For
example, experlence wlth the reversed analogue scale would
suggest to the subject that an alrspeed reading of 50 kt was
positioned above the range of correct alrspeed values on the
analogue scale. Yet, when estimating current system state
from digital displays, the subject was trained to consider a
value of 50 kt as below the range of correct alrspeed values
(e.g., 80 kt to 120 kt>b. Such a discrepancy may have
encouraged subjects to rotate the reversed alrspeed scale
mentally In order to eradicate this discrepancy. Subjects
also may have been prompted to recheck their perception of
the direction of error across Instrument readlngs in order
to protect accuracy of response. Either action can account
for the relatively long RT for dual task estimates of future
system state In digltal Informatisn format conditlons.
However, the decreased percent correct response that
accompanied the increased RT in this stimulus condition
indicates that subjects either were not always aware of

thelr confusion, or were not always wlllling to expend the
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additional time and effort to enhance the accuracy of their

responses.

In sum, under dual task and digital information format
conditions, the use of divergent strategies to determine
current and future system state was llkely to be troublesome
for subjects In the reversed airspeed scale group. This is
bec: 3e each strategy required the subject to consider a

dif.erent scale orientation for the airspeed indicator.

Croupjing Principle Effects

Grouping principle was hypothesized to affect RT only
for task conditions In which subjects were required to
consider the relatlonship between Iinstrument readings. As
hypothesized, a significant effect for grouping principle
was obtained only for estimates of future system state. In
single task condlitions, RT for estimates of future system
state were significantly shorter for sequential grouping
than for functional grouping. However, the relatively rapid
RT for sequentially grouped displays may have been the
resuit of two main factors: 1> rapld transfer of
information from the sequentlally grouped displays to the
observer; or 2) a speed-accuracy tradeoff. The significant
Interaction between grouping principle and task type for the
percent correct response provides evlidence that a
speed-accuracy tradeoff was responsible for the relatlvely

low RT obtalned for sequential grouplng.
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For single task estimates of future system state,
percent correct response was slgnlficantly lower for
sequentlal grouping than for functlional grouping. The
comblinatlon of longer RT and higher percent correct response
for functional grouping than for sequential grouping
indicates that subjects in the functional grouping condlition
established a more stringent response criterion for
estimates of future state than did subjects in the
sequentlial grouplng condition. The relatively low response
criterion adopted for future state estimatlion by subjects In
the sequential grouping conditlion may have been stimulated
by the difficulty of determining the relationships between
Instrument readings on sequentially grouped stimulus
displays. However, the precise cause of the variance in
responge criteria for future state estimation that was
stimulated by the levels of grouplng principle cannot be
determined with certalnty within the current methodological

framework.

Effect of Information Density

The Information density varlable did not moderate
overall RT in the current study. Thls finding is curious in
light of the large body of evidence that confirms Increases
In RT as a functlion of Increaslng Information denslty
(Allulsl, 1970; Hurts & Halcomb, 1984; Smith, 1968; Stern,

19853 Sternberg, 1969).
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The fallure of the information density to moderate RT
and accuracy in the current study probably was due to manner
In which Information density was operationalized. In order
to create conditions of medium and high Information density,
extra symbols were added to each low information density
display (see Appendices A and B). However, the symbols that
were added to displays In order to create conditions of
medium or high Information density Imparted no additional
information to subjects. As a result, subjects probably
learned to ignore the extra symbols relatively rapidly. In
effect, the extra symbols socon were not perceived by
subjects as members of the stimulus set. The fajlure of
subjects to attend to the extra symbols that were used to
create conditions of medium or high Iinformation density
could explain the fallure of the information density
variable to obtain its traditional effect on RT in the

current study.

According to subjects’ informal comments, a second
tactor may have diluted the traditional effect of
Information density. For analogue and for comblned analogue
and digital displays, high information density was created,
in part, by the addition of a vertical line along the side
of the alrspeed and the altitude scales (see Appendices A
and B). Unfortunately, these extra lines were positioned in

such a manner as to define the upper portion of the scale
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area that represented correct instrument readlngs. Several
subjects reported that these extra vertical lines served as
cues for the location of the correct reading area. Thus, In
conditions of high Information density, symbols that were
Intended to serve as clutter may have provided important
information that was used by subjects to determine the
correct or Iincorrect identity of an airspeed or altltude
reading. If this was the case for the majJorlity of subjects,
the result would be dilution of the detrimental effect of

high Information density.
Concluslions

The results of the current study indicate that
performance in a complex task often is moderated by the
Interactive effects of several Independent factors. For
example, the task condition in which subjects performed
moderated the relationship between many Independent and
cependent varlables. In some Instances, task type
determined whether or not a varlable would moderate
performance. In other situations, task type altered the
strength of the relationship between an Independent variable

and the speed and accuracy of performance.

The type of task In which a subject performed moderated
the effect of Information format on subjects’ performance.
Information format was a vitally Iimportant factor in the

future task condition where digital displays degraded
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performance severely, both In terms of RT and accuracy.
However, digital displays did not slow RT or reduce accuracy
for single task estimates of current system state. The
implication of these findings Is that display designers must
conslder the type of task that system operators will perform
in order to determine the Information format that will

provide optimum performance.

Task type also moderated the effects of grouping
principle. Specifically, the grouping principle variable
moderated performance only in task condltions that required
subjects to estimate future system state. Thus, the
Interaction between task type and grouping principle
reflects the commonly accepted principle that the
Iintegration of Information enhances performance only when
there is a relatlionship between the Information sources that
are integrated. However, the current findings also indicate
that, even when information is related, integrating the
information will enhance performance only when the
relationships between the pieces of information are of
importance to the task at hand. For displays on which
unrelated Informatlon ls presented, reduction of the visual
scanning demands of the display |is likely to enhance
performance more than will attempts to integrate

information.
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The Interaction between task type and grouping
principle provides é second recommendation for the design of
complex displays. For task conditions that required
subjects to estimate future system state, functional
grouping obtained more accurate responses overail than did
sequential grouping. However, thls accuracy advantage was
obtained at the expenses of increased RT. Thus, in order to
determine which grouping principle will enhance performance
most notably, a display designer must consider not only the
task that the system operator wlll perform, but also must
consider the performance objective. If |t Is most Important
for the operator of a complex system to estimate system
state accurately, the functional grouping principle may
provide the superior Dbasis for the integration of
information. However, if it Is most important for system
operators to respond rapidly to changes in system state, the
functional grouping of information may be counterproductive
to performance objectives. This possibility certainly

deserves further research attention.

An accuracy advantage for functional displays was
obtained only In the matching airspeed scale condition.
This finding is not surprising in light of the fact that
functional grouplng ls based on the practice of integrating
task relevant data in order to underscore the relatlonships

between these sources of Iinformation. Reversing the
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orlentatlion of the alrspeed scale provides a distorted image
of such relationships. Thus, it is not surprising that
accuracy was degraded for functional displays that employed
a reversed alrspeed scale orientation. The implication of
this finding 1s that display deslgners must conslder the
overall obJjective of system operator performance when
selecting each parameter of display design. It does little
good to stress the relationship between several sources of
information in one parameter of the display, lf these same

relationships are distorted by a second parameter of design.

In the current study, the orientation of the airspeed
scale exerted a strong influence on the speed and accuracy
of performance acrosgs  experlimental condltlons. The
suggestlion to reverse the orlentation of the alrspeed scale
resulted from pllot reports that the opposing movement of
scale pointers on vertical airspeed and altitude scales
often creates a false impression of horizontal roll (Miles
et al., 1982>. However, the proposed solution for this
problem (e.g., reversing the orlentation cf the airspeed

scale) seems to create more problems than it solves.

The practice of reversing the alrspeed scale
orientation may reduce the number of times a pilot perceives
Incorrectly that the aircraft ls In a horizontal roll, but
the practice 1is 1likely to Increase the incidence of

incorrect airspeed readlings. The consequences of an
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incorrect perception of horizontal roll are much less likely
to extract thelr cost In terms of equipment and human lives
than are the consequences of determining that airspeed Iis
too high, when, in fact, airspeed !s too low. The negative
effect of reversing the orlentation of the alrspeed scale
was relatively strong in the current study. This finding
not only provides evidence that reversing the orientation of
the airspeed scale will degrade, rather than enhance pilot
performance, but also underscores the importance of
congsldering the effect of a change in display design on

overall performance of the system operator.
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Appendix A

Figure 1. Display for Sequential Information Grouping,
Analcgue Informatlon Format, and Low

Information Density

(Appendix Cont!lnued)
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Figure 2. Display for Sequential Information Grouping,
Analogue Information Format, and Medium

Information Density

(Appendlx Contlnued)
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Flgure 3. Dlsplay for Sequentlal Informatlon Grouplng,
Analogue Informatlon Format, and Hlgh

Informatlion Denslity

(Appendlx Contlnued)
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Flgure 4. Display for Sequentlal Informatlon Grouplng,
Digitai Information Format, and Low

Informatlion Density

(Appendlix Contlnued>
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Figure 5. Display for Sequentlal Information Grouplng,
Digital Information Format, and Medlum

Information Density

(Appendix Contlinued)
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Floure 6. Display for Sequentlal Information Groupling,
Digital Information Format, and Hlgh

Information Density

(Appendlix Contlnued)
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Figure 7. Display for Sequential Information Grouping,
Combined Analogue and Diglital Informatlion

Format, and Low Information Density

(Appendlx Cont!lnued)
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Flgure 8.

Display for Sequentlal Informatlon Grouplng,
Comblined Analogue and Digltal Informatlion

Format, and Medlum Information Density

(Appendlx Contlnued)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permissiony\w\w.manaraa.c



AlOD

Floure 9. Display for Sequent!al Information Grouplng,
Combined Analogue and Digital Information

Format, and High Information Density

(Appendlx Contlnued)
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Flgure 10.

Dlsplay for Functlonal Informatlon Grouplng,

Analogue Informatlon Format, and Low

Information Density

(Appendix Continued)
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Flgure 11. Display for Functlonal Informatlon Group!ng,

Analogue Informatlon Format, and Medium

Information Density

(Append!lx Cont!lnued)
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Figure 12. Display for Functional Information Grouping,
Analogue Informatlion Format, and High

Information Density

(Append!x Cont!lnued)
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Flgure 13. Display for Functlonal Informatlon Grouplng,
Dligital Informatlon Format, and Low

Information Density

(Appendlx Contlnued)
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Figure 14. Display for Functional Information Grouping,
Digital Informatlion Format, and Medium

Information Density

(Appendix Contlnued)
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Flgure 15. Display for Functlional Information Grouplng,
Digital Informatlon Format, and High

Information Denslity

(Append!ix Cont!nued)
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Flgure 16. Display for Functlional Informatlon Grouplng,
Combined Analogue and Digital Information

Format, and Low Information Density

(Appendlx Contlnued)
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Figure 17. Display for Functlonal Informatlon Grouplng,
Comblned Analogue and Diglital Informatlon

Format, and Medlum Informatlon Denslty

(Appendix Continued)
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Floure 18, Display for Functlonal Informatlion Grouplng,
Combined Analogue and Digital Information

Format, and High Information Density

(Append!x Continued)
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Appendix B
Description of Stimulus Display Configurations
CGroupling Principle

Sequential grouping was created by presenting the
attitude reading in a central location on the display. The
airspeed reading was placed on the left of the attitude
indicator, while the altitude reading was positioned to the
right of the attltude reading. Functlonal grouping was
created by placlng the attltude reading on the left side of
the stimulus display. The altitude reading then was
positioned to the near right of the attitude reading, whiie
the airspeed reading was positioned to the far right of the

altltude reading.
Information Format

Digjtal Information Format. Diglital displays provided
Ingtrument readlings In alphanumerlic form. Each dlgltal
reading consisted of three numbers that were displayed In
vellow against the dark green background of the CRT screen.
The numeric symbols were .64 cm tall and .32 cm wide, and a
space of .16€ cm separated adjacent numbers. Thus, each

three digit readout was 1.28 cm wide.

Dlgltal altitude, attltude, and alrspeed readlngs were
presented in three equally spaced columns. The columns

(Appendix Continued>
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were pogltloned so that the right edge of the flrst column
was 6 cm from the left edge of the second column, while an
equal distance separated the right and left edges of the
second and third column, respectively. For both functional
and sequentlial grouping conditlions, the total width of a

digital display configuration was 15.84 cm.

Analogue Information Format. In conditions of analogue

information format, airspeed and altitude readings were
presented on separate vertical scales that were
characterized by flxed scales and movelng polnters. The
vertical scales were drawn In white against a dark green
background. The vertlcal scales were 15 cm tall, and major
scale dlvislon marks were drawn at !ntervals of 2.54 cm.
Minor scale dlvision marks were positlioned at equal
intervals between the major scale division marks. Pointers
on the airspeed and altitude indicators were small white
triangles that were .64 <cm long at the base and
approximately .05 cm long at the tip. The position of the

scale pointer varied across experimental trlals.

The analogue attlitude Indlcator consisted of nlne
vertically spaced "hash marks." The "hash marks" were drawn
In white and were presented against a dual color background.
The top half of this background area was blue, while the
bottom half of the background area was brown. The "hash

(Appendlx Continued)
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marks" on the attitude Indicator were .64 cm wide and a
space of 1.27 cm separated each of the nine "hash marks."
Thus, the total helght of the analogue attltude Indicator
was 13.42 cm. The top edge of the airplane symbol served as
the scale polnter for the attltude Indicator. The two legs
of the alrplane symbol each were .64 cm tall and .32 cm
wide. One leg of the alrplane symbol was placed .48 cm away
from each side of the "hash mark" space on the attitude
Indlcator. Thus, the two legs were positloned 1.60 cm

apart.

In sequential grouping conditions, the analogue
Indlcator was separated from the rlight edge of the alrspeed
indicator, and from the left edge of the altimeter, by a
space of 1.27 cm. Thus, In conditions of anlogue
information format, the total width of the sequential
grouplng dlisplay was 18 cm. In functional grouping
condltions, a distance of .64 cm separated the rlght edge of
the attlitude lIndlcator from the left edge of the altltude
indlcator. However, a dlistance of 3 cm separated the right
and the left edges of the altltude and alrspeed l!ndicators,
respectively. Thus, the total width of the analogue display

in functlonal groupling conditlons was 19.70 cm.

Combined Analoaue and Dialtal Information Format. The

analogue instrument scales were presented in the

(Appendlx Contlnued)
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combined analogue and digital displays. However, a three
digit reading that reflected the scale value signified by
the analogue scale polnter was printed beslde the analogue
scale polnters. The digital readings were positioned .32 cm
to the side of the alrspeed and the altitude scale pointers.
For the attitude Indicator, a digital readout was placed In
the center of the two legs of the alrplane symbol. A space
of .32 cm separated the left side of the digital reading
from the rlght slide of the alrplane symbol. Simllarly, a
space of .32 cm Separated the right side of the digital
reading from the left side of the alrplane symbol. All
digital markings were printed in vyellow, and digital
readlngs were lidentical in size and shape to the digital
markers described for the digital information format
displays.

Information Density

Digital Information Format. For the dlgltal

information format condition, low information density was
represented by the display of one digital readout for each
of the three stlmulus lnstruments. Due to the fact that
each stimulus letter was .64 cm tall, the total height of
the dlgltal display under condlitlons of low Information

density was .64 cm.

(Appendix Continued)>
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Medlum Informatlion denslty was created for dlgltal
displays by the addition of two digital distractor readings
to the readout column of each instrument. One dlstractor
reading was placed 3.18 cm above the stimulus reading while
the second distractor readlng was placed an equal distance
below the stimulus reading. As a result, diglital displays
In the hlgh Informatlon conditlon consisted of three rows of
equally spaced alphanumerlc readouts. The total helght of a
digital display in the medium information density condition

was 8.28 cm.

High Information density was created for digital
displays by the addlitlon of four distractor readings to the
readout column of each of the three stimulus instruments.
This procedure resulted In a total of two dlstractor
readings above and two distractor readings below the
stimulus readout. Thus, In the hligh information condition,
digital displays consisted of five rows of equally spaced
alphanumeric readouts. The rows of alphanumeric readouts
again were separated by a space of 3.i18 cm In the high
Information denslty conditlion. The total helght of a
dlgltal dlisplay In the hlgh Informatlon density condltion

was 15.92 cm.

Analoaue Information Format. Low Informatlon density

for the analogue and for the combined analogue and digital

(Appendix Continued)
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conflguratlions was represented by the presentation of the
attitude, altlitude, and alrspeed !ndicators as described
above wlith the addition of no graphic c¢r alphanumeric

distractor symbols.

Medlum Information density displays for analogue
condltlons were created by adding two graphlc distractor
symbols to the presentation area of each of the three
Instruments. The alrspeed Indlcator and the altltude
indicator both were supplemented with a small diamond shaped
symbol! and a small "++" symbol. Each of these symbols was
.64 cm tall and .32 cm wide. For the airspeed indicator,
the diamond shaped symbol was displayed .64 cm to the left
of the uppermost scale division mark, while the "++" symbol
was displayed .64 cm to the left of the Jowegst scale
dlvislon mark. For the altlitude Indlcator, the dlamond
shaped symbol was displayed .64 cm to the right of the
uppermogst scale divislon mark, while the "++" symbol was
displayed .64 cm to the rlight of the lowest scale dlvislon
mark. Distractor symbol placement for the alrspeed
Indicator and for the altltude lndlcator was ldentlical for

sequential and for functional grouplng displays.

For condl!tions of medium Informatlon density, the
attitude indicator was supplemented with a "#' symbol and a
"¥x" gymbol. Again, both dlstractor symbols were .32 cm

(Appendix Continued>
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tail and .64 cm wlde. The "#' gymbol was placed In the
center of the lower edge of the altitude Indlcator, while
the "x%" symbol was displayed centrally on the upper edge of

the attitude indicator.

Analogue displays representing hlgh information denslty
displayed the graphic distractor symbols employed in the
medium information density condition. However, in order to
create high Information denslity conditlons, two additlonal
graphlc symbols were added to the presentatlion area of each
of the three instruments. Thus, each analogue instrument in
the high information density condition was supplemented with

a total of four graphic symbols.

In conditlcns of hlgh Informatlon denslity, the alrspeed
and the altlitude Indlcators were supplemented wlth three
small Y-shaped marklngs and a vertlcal bar. The Y-shaped
markings were positioned .64 cm from the Inside edge of the
airspeed and attitude scales. Each Y-shaped marking was .64
cm tall and .20 cm wide and a space of .10 cm separated
adJacent symbol! elements. The vertical bars each were 1.60
cm tall and .08 cm wide. One vertical bar was positlioned
.64 cm from the outslde edge of the alrspeed scale, whlle
the second vertlcal bar was placed .64 cm from the outslde
edge of the altitude Indicator. The lower edge of the

(Appendix Contlnued)
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vertical bar was positioned at the midpoint of the vertical

scales.

Two addlitlional graphlc symbols were added to the
attlitude Indlcator to create high Information density.
These symbols can be observed iIn Flgure 12 of Appendix A.
Both of the graphic symbols were .64 cm square. One
distractor symbol was positioned at the lower right corner
of the attitude Indicator, whlile the second dlstractor
symbol was poslitioned at the upper left hand corner of the

attitude Indicator.

Combired Analoaque and Digital Information Format. For

comblned analogue and dlgltal conflgurations, low
Informatlon density was provided by presenting the attlitude,
altitude, and airspeed indicators with no added graphic or
alphanumerl!c dlstractor symbols. Medlium and high

Information density were created in the combined analogue
and digital displays by a procedure that was simllar to that
described for the purely analogue display conflgurations.
However, for the combined analogue and digital displays, the
suppiemental cues for each ievel of information density were

divided evenly between alphanumeric and graphic symbols.

In order to create medlum Information denslty for
combined analogue and digital displays, the "++" symbol was

(Appendix Contlnued>
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displayed .64 cm to the left of the Jlowegt scale division
mark of the alrspeed Indicator, and .64 cm to the right of
the ]lowest scale dlvision mark of the altitude Indlicator.
Both graphic distractor were identical to their counterparts
in the analogue Informatlon format conditlon. A numeric
distractor cue was presented .64 cm to the left of the top
scale marker of the altitude Indicator. A second
alphanumeric cue was placed .64 cm to the right of the top
scale division mark of the airspeed indicator. Both
alphanumeric distractor cues were selected from the stimulus

set created for digital information format.

High Informatlion density was created in the combined
analogue and dlgital condltlon by the display of two graphlic
and two alphanumeric distractor symbols on each instrument
presentation area. The vertical bars and the Y-shaped
symbols were positioned as described above for analogue
displays. In addition, two numberic distractor cues were
drawn from the dlgital display stlmulus set, and were added
to the display area of the altitude indicator. One numeric
distractor cue was positioned .64 cm to the right of the top
scale marker, while the second distractor cue was positioned
.64 cm to the right of the bottom scale marker. Two
distractor cues from the digital display stimulus set also

(Appendix Contlnued>
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were placed .64 cm to the left of the top scale division
marker, and .64 cm from the left of the lowest scale

dlvislon marker on the alrspeed Indlcator.
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Appendix C

Possible Values for Alrcraft Instrument Readlngs

Above Prespecifled Range
Alrspeed Attitude Altitude
190 +9 475
180 +8 450
170 +7 425
160 +6 400
150 +S 375
140 +4 350
130 +3 325
In P ified R
Alirspeed Attltude Altlitude
110 +1 275
100 0 250
090 -1 225

elow Prespecifi Range

Alrspoeed Attitude Altitude
070 -9 178
060 -8 150
050 -7 125
040 -6 100
030 -5 075
020 -4 050
010 -3 025
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Appendlx D

Posslible Instrument Readings for

Current State Estimation Task Conditions

Correct Instrument Readings
Alrspeed Attltude Altltude
110 +01 275
110 +01 250
110 +01 225
110 +00 275
110 +00 250
110 +00 225
110 -01 275
110 -01 250
110 -01 225
100 +01 275
100 +01 250
ico +01 225
100 +00 275
100 +00 250
100 +00 225
i%0 -01 275
100 ~-01 250
100 -01 225
090 +01 275
090 +01 250
090 +01 225
090 +00 275
090 +00 250
090 +00 225
090 -01 275
090 -01 250
cee -G: 225

(Appendix Continued)
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Incorrect Instrument Readings on Airspeed Instrument

Alrspeed Attltude Altltude
150 000 250
040 001 225
160 -01 275

Incorrect Ingtrument Readings on Attitude Instrument

Alrspeed Attltude Altltude
100 -07 250
090 005 275
110 -09 225

Incorrect Jnstrument Readings on Altitude Instrument

Alrspeed Attitude Altltude
090 001 375
110 -01 075
100 000 425

(Appendix Continued)
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{/

Incorcect Instrument Readings opn Two Instruments

Incorrect Readings on Airspeed and Attitude

Alrspeed Attltude Altltude
170 -07 225
040 006 250
180 -08 225

Incorrect Readinas on Alrspeed and Altitude

Alrspeed Attlitude Altltude
060 000 150
070 001 425
170 -01 075

Incorrect Readlipag on Attitude and Altltude

Alrspeed Attltude Altitude
110 009 475
100 -08 050
090 008 450

(Appendix Continued)
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Airspeed Attitude Altitude
160 -06 100
070 003 325
140 -04 150
030 007 425
180 -08 0S50
060 004 350
130 -03 175
040 008 400
150 -05 125
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Appendix E

Posglble Instrument Readlngs for

Future State Estlmation Task Condltlions

Correct Instrument Readings With
All Readinas in Prespeclfled Ranqe
Alrspeed Attltude Altltude
110 001 250
110 000 275
110 000 225
110 -01 250
100 001 275
100 001 225
100 0co 250
100 -01 275
090 001 225
090 000 275
090 000 250
090 -01 250
090 -01 225

Correct Instrument Readinas with Low Alrspeed,
Low Attltude, and Hiah Ajtitude Readings

Airspeed Attitude Altlitude
070 -03 325
060 -04 350
050 -05 375
040 -06 400
02¢ 07 425
020 -08 450
010 ~-09 475
060 -04 250
090 -01 275

(Appendix Cont!inued)
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Correct Ingstrument Readings with High Alrspeed,
Hiah Attitude. and Low Altlitude Readlings

Airspeed Attitude Altitude
130 003 175
140 004 150
150 005 125
160 006 100
170 007 075
180 008 050
190 009 050

(Appendix Contlnued)
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Incorrect Instrument Readinag with Incorrect Alrspeed

Alrspeed Attlitude Altltude
070 -03 100
040 -06 025
090 -01 175
110 001 125
130 003 375
150 005 425
170 007 375

Incorrect Instrument Readings wjith Incorrect Altjtude

Alrspeed Attlitude Altitude
020 -08 150
010 -09 075
0es -09 100
100 ooo 400
160 006 325
180 008 450
190 009 350

Incerrect Instrument Readinas with
Incorrect Readinas on ALL Instruments

Airspeed Attltude Altltude
190 -09 025
180 -08 050
170 -07 075
160 -06 100
150 -05 125
140 -04 150
130 -03 175
070 003 325
060 004 350
050 005 375
040 006 400
030 007 425
020 008 450
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Appendix F

Posslible Instrument Readings for Combined Current

and Future State Estimation Task Conditions

Correct Instrument Readinas From Current Task Set

Alrspeed Attlitude Altitude
110 +01 275
110 +00 275
110 +00 225
110 -01 275
100 +01 225
100 +00 275
100 +00 225
100 -01 275
090 +01 275
090 +00 275
090 +00 250
090 -01 275
090 ~g1 250
090 -01 225

Correct Instrument Readinas From Future Task Set
wWith All Ingtrument Readings ln Prespecjified Range

Airspeed Attitude Altitude
110 -01 250
100 001 275
100 001 225
090 001 225

(Appendix Continued)
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With Low Alrspeed, Low Attitude, and High Altjitude

Airspeed Attitude Altitude
070 -03 325
060 -04 350
040 -06 400
030 -07 425
010 -09 475

Correct Instrument Readlipngs From Future Task Set
With Hiah Alrspeed.Hiah Attitude, and Low Altitude

Airspeed Attitude Altitude
140 004 150
180 005 125
160 006 100
170 007 075
180 008 050

(Appendlix Continued)
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Incorrect Instrument Readings From Current Tagk Set
With One Incorrect Instrument Reading

Alrspeed Attitude Altitude
150 000 250
100 -07 250
090 001 375
100 000 425

Incorrect Instrument Readinas From Current Task Set
With Two I ¢ Inst ¢ Readi

Alrspeed Attitude Altltude
110 009 475
090 008 450
040 006 250
180 -08 225
070 001 425

Incorrect Instrument Readinas From Current Task Set
With All Instrument Readinas Incorrect

Airspeed Attitude Altitude
160 -06 100
070 003 325
180 -08 050
060 004 350
150 -05 125

(Appendlx Contlnued)
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Incorrect Instrument Readings From Futuce Task Set

with Incorrect Altltude Reading
Alrspeed Attltude Altltude
020 -08 150
060 -09 100
160 006 325
190 009 350

Incorrect Instrument Readings From Future Tagk Set

With Incorrect Alrspeed Readinas
Alrspeed Attlitude Altltude
040 -06 025
090 -01 175
150 005 425
170 007 375

Incorrect Instrument Readinas From Future Task Set
With Incorrect Readings on ALL Instruments

Alrspeed Attltude Altlitude
170 -07 075
160 -0& 100
140 -04 150
070 003 325
040 006 400

o e e - e emmi s o s age e e
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Transcript of Tralnlng Session for Subjects

Introduction to.Instruments

The study In which you are partliclpatling requires that
you look at alrcraft displays on a computer screen and
respond to the displays by pressing keys on the computer
keyboard. On each display, you will see three flight
Instruments: 1> an attltude Indlcator; 2> an altitude

indicator; and 3) an airspeed indicator.

The attltude Indlcator reflects an alrcraft’s position
in space. For example, an attitude reading of 000 degrees
means that a plane is flying a level course and will not
gain or lose altitude. When the attitude reading Is above
000 degrees, the nose of the plane ls polnted upwards and
the plane is flying in an upward position, getting farther
from the ground as it flles. A low or minus attitude
reading means that the nose of the plane is pointed down,

and the plane is getting closer to the ground as it flles.

The next Instrument !s the altlitude Indicator. The
altitude indicator tells the piiot now many ft above the
ground he or she is flying. So, an altitude readlng of 300

ft means that the plane 1is flying 300 ft above the ground.

(Appendix Contlnued)
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The last Instrument |s the alrspeed lndicator. The
alrspeed Indlcater simply tells the pllot how fast the plane
ls flylng. In fact, the alrspeed indicator ls just llke the
speedometer in your car. So, an airspeed reading of 125 kt

means the plane is fiying at 125 kt.
Relationshipg between Instruments

The readings on the three instruments in each display
are not Independent of one another, but are related in
varlous ways. First, let me explaln the relatlionshlp
between attitude and altitude. If the altitude reading is
above 000 degrees, the plane will get farther away from the
ground as It flies. This means that, when attltude Is above
000 degrees, the altitude at which the plane Is flylng
increases gradually. On the other hand, when attitude Is
below 000 degrees, altltude decreases gradually. In short,
a positlve attlitude Increases altlitude whlle a negatlve

attitude decreases altitude.

Pllots use the relationship between attitude and
altitude to control their alrcraft. When a pllot wants to
decrease altltude, a control movement that reduces attitude
below 000 degrees wlll result In a loss of altltude. On the
other hand, !f the pllot wants to Increase altltude, a
control movement that moves the attitude setting above 000
degrees will result In a gain In altltude.

(Appendlx Contlnued)
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Let me check to see if you understand the relatlonship
between attitude and altitude. If the altitude is too high,
what should the pilot do to correct the situation? It
altitude is too low, what should the pilot do to correct the

situation?

Now I’d llke to expla!n the relationship between
alrspeed and altitude. When the nose of the alrcraft is
down, airspeed increases. This is easy to remember if you
think of a bicycle golng downhill. As a blcycle rider goes
down a hill, he or she picks up speed, even wlithout pedaling
faster. The same thing happens to an airplane. On the
other hand, when the nose of the alrcraft Is up, alrspeed
gets slower. So altitude and 2airspeed have a negative
relationship. As altitude goes In one direction, alrspeed

moves in the opposite direction.

Let me check to see !f you understand the relatlonshlp
between altitude and airspeed. If altitude changes from 200
ft to 400 ft, what will happen to airspeed? If altitude
changes from 400 ft to 200 ft, what wlll happen to alrspeed
now?

Reading the Instrument Scalesg
Let me explaln how you will read the instruments that

are in each flight display. The reading for the attitude

(Appendlx Contlnued)
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always ls on the center of the display screen. The reading
for the altltude Indicator Is on the left of the display,
whlle the alrspeed Indlcator ls always on the far rloht.
(Each Instrument |s shown to the sublJect on a cardboard
tralning dlagram that lllustrates analogue scales of low

information density>.

As you can see, the Instruments In the trainling dlagram
have no numbers on them. In some experimental trials, you
will observe and Jjudge Instruments llke this. So, sometimes
you will have to determlne Instrument readlngs by locklng at

the position of the scale polnter.

In ordér to read the attltude scale, you will have to
look at the positlon of the top edge of the alrpiane symbcl.
The area of the airplane symbol tells you what the attitude
reading Is. (The top edge of the alrplane symbol s polinted
out to the subjJect on the trainlng dlagram). In fact, you
can consider the top edge of the alrplane symbol to be a
kind of scale pointer. But its important tc know that, on
the attitude indicator, the "hash marks," not the airplane
symbol, move. So, the attltude Indlcator has a flixed
pointer but a moving scale. The alrplane symbol always lis
In the same central area on the attitude Indicator.
However, the background of the attitude scale moves so that
the top of the alrplane symbol may be In the brown or In the

(Appendix Continued)
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blue area of the scale, and sometlmes the top of the
alrplane symbol |s positioned on the line where the blue and

brown colors come together.

When the top edge of the alrplane symbol |s posltioned
at the middle "hash mark" on the attitude Indlcator, an
altitude reading of 000 dearees |s represented. The area
above the mlddle "hash mark" slgnifles a readling above 000
degrees. Thls area !s coiored blue. That was done to help
you remember that, when the airplane symbol is in the blue
area, the nose of the plane In up and altitude will
increase. When the top edge of the airplane symbol |Is
positioned by a "hash mark" that is below the 000 degrees
mark, the area behind the alrplane symbol ls colored brown.
This should help you remember that, when the top of the
alrplane symbol Is In the brown colored area, the nose of

the plane is down, and the aircraft is losing altitude.

The values on the attitude Indicator range from 10 to
-10 degrees, with a difference of 002 degrees represented by
the dlstance between each of the "hash marks." For example,
a reading of 002 degrees is signifled when the top of the
airplane symbol Is one "hash mark" above the boundary
between the blue and brown background areas. If the top of
the alrpiane symbol 1s positioned one "hash mark"' up, a
readlng of 004 degrees Is signifled. Low attltude readlngs

(Appendix Contlnued)
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are represented In the same way, but are found on the bottom
half of the attitude indicator. For example, if the top of
the airplane symbol is positioned one "hash mark® below the
boundary between background colors, a reading of -02 degrees
s demonstrated. An attltude of -04 degrees would be
demonstrated when the airplane symbol is at the next "hash

mark."

The altitude Indicator is a vertical scale with a small
dlamond shaped polnter. On the altitude Indicator, the
scale remalns constant while the small pointer s moved to
slgnal the altltude reading. (The altltude Indicator Is
illustrated to the subject on the training diagram). The
values on the altitude indicator range from 000 ft to S00
ft. A reading of S00 ft is represented when the pointer is
next to the top scale bar, while a reading of 000 ft is
represented when the pointer is next to the lowest scale
bar. When the scale polnter Is at the mlddle scale bar, an
altitude reading of 250 ft [s signaled. On the altitude
indicator, the distance between each scale bar represents a
difference of S0 ft. For example, if the scale polnter is
positioned at the lowest bar on the altltude scale, a
reading of 000 ft is demonstrated. An altitude reading of
S0 ft would be slgnlfied when the scale polnter |s
positioned at the next scale bar up.

(Appendlx Cont!nued)
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The alrspeed Indlcator !s simllar to the altitude
Indlcator and you wlll read both Instruments In the same
way. However, values on the airspeed indicator range from
000 kt to 200 kt. A reading of 200 kt Is represented when
the scale polnter is at the top scale bar while a reading of
000 kt 1Is represented when the pointer Is at the lowest
scale bar. So, the middle bar of this scale Is equal to an
alrspeed readlng of 100 kt. The dlstance between each scale
bar on the alrspeed scale represents a dlfference of 20 kt.
For example, a reading of 200 kt ls signified when the scale
pointer Is at the top bar on the alrspeed Indicator scale.
If the scale polnter ls posltioned at the next hlghest bar

on the airspeed scale, a reading of 180 kt Is demonstrated.

Lets take a mlnute to make sure that you understand how
to read each of the I[nstruments. I am golng to show you
four sample displays and for each one, I would like you to
tell me the reading that is signaled by each instrument.
(Subject s shown a sample display contalning the three

stimulus instruments).
Correct and Incorrect Instrument Readings

The reading for each Instrument In the dlisplay can be
correct or lIncorrect. Lets look at correct and lncorrect
readings for each lInstrument. For the attitude indicator,

the readlngs between 02 and -02 degrees are correct. The

(Appendix Contlnued)
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correct range includes the values of 02 degrees and -02
degrees. So, attltude readings of -02, -01, 000, 001 and
002 are all correct. All other readings for attlitude are
Incorrect. If you lock at the tralnlng diagram, you can see
the areas on the scale that represent correct and incorrect

values for attitude.

For the altitude Indicator, readings between 200 ft and
300 ft are the only correct readings. Agaln, 200 ft and 300
ft are consldered correct readings. In addition, altitude
readings of 225 ft, 250 ft, and 275 ft are correct. As
before, all I[nstrument readlngs that are not within the
range cof 225 ft and 275 ft are lIncorrect. You can see the
scale areas that represent correct and lncorrect altltude
readings if you look at the altitude indicator on the

training display.

Correct readings for the alrspeed indlicator lie between
80 kt and 120 kt. So, for alrspeed, the correct readlngs
are 80 kt, 90 kt, 100 kt, 110 kt, and 120 kt. All other
alrspeed readings are Incorrect. The training display
iliustrates the areas of the airspeed scale that represent
correct and lncorrect values.

Do you have any questions about what values represent
correct and Incorrect readlngs for any of the three
instruments? Let me check to make sure you know how to

(Appendlx Continued>
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determine correct and incorrect readings for each
Instrument. I am golng to show you two more tralining
displays. Please tell me what reading ls slgnlfled by each
Instrument on the displays, and whether or not the reading

for each instrument Is correct or is incorrect.

Instructions for Current State Estimation Task

Now I‘d llke to tell you what your task wlll be !n the
experliment. When a £fllght display of three Instruments
appears on the screen, you are to determine the readlng for
each instrument, decide whether thls reading Is correct or
incorrect, and signal your decision about each instrument
reading by pressing a key on the computer keyboard.
Remember, you are to signal elther a correct or an incorrect
response for each of the three instruments that you will see

on each dlsplay.

Instructions for Future State Estimation Task

In this task, I am going to ask you to examine the
readings on the three instruments on a display and determine
1£f the three !nstrument readings ln comblnation represent a
condition that would preserve or return the aircraft to
presgpeclfled fllght 1imits., In order to complete thls task,
you will have to remember the relatlonships between
Instrument readings that we talked about earller. Remember
that a positive attitude increases altitude but decreases

(Appendix Cont!lnued)
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airspeed. For purposes of this task, you can assume that,

if the attitude Indicator is positioned one "hash marker"
above the 000 degree mark, altlitude will go up a distance of
one scale marker, while airspeed will go down to a degree
equal to one scale marker. In order to complete this task,
conslder that the attitude reading represents a control
movement that you have Just made. Next, determlne how thils

change in attitude will impact alrspeed and altitude.

In this task, a speclflc Indlcator readlng may be
Incorrect at the current moment but still be In correct
position to bring a second parameter back to prespecifled
fllght conditions. For example, you may sSee that attltude
is at -06 degrees, and that altltude iIs at 400 ft. 1In this
case, the attitude and altitude readings are correct because
the low attitude setting will return the high altitude to
the correct reading zone. You can see this by noticing that
the airplane symbol on the attitude indicator is three scale
markers below the 000 degree marx, while the pointer on the
altitude Indlicator ls three scale markers above the center
of the correct altitude range. Thus, the negative position
of the attitude indicator will compensate for the high

altitude readings.

In some dlisplays, two Instruments may be correct, but
the third Iinstrument may be Incorrect. For example, if

(Appendlx Cont!lnued)
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attitude Is -06 degrees, altltude 1s 400 ft, and alrspeed |s
160 kt, the attltude and altitude values would be correct,
whlle the alrspeed value would be Incorrect. This s
because the negatlve attltude setting wlll decrease the hlgh
altitude and bring it back to the correct range. However,
the negative attitude setting also will lIncrease the

alrspeed reading, and alrspeed !s already too high.

Lets take a minute to make sure that you understand how
to determine correct and incorrect readlngs for each of the
Instruments In this task. I am golng to show you six sample
displays and, for each display, I would llke you to tell me
whether or not the readings for each Instrument are correct
or lncorrect. Remember, you must glve a response for each
Instrument. Don‘t feel that you have to hurry your
responses at thls point. I am most Interested In maklng
sure that you know how to Judge correct and Incorrect

instrument readings.

(The subject is shown three correct training displays,
one Incorrect alrspeed tralnlng display, one Incorrect
altituce display, and one display i{n which no Instrument Is
correct. If the subject makes an incorrect response for any
of the tralning displays, the error wlll be dlscussed and
the subject wlll respond to one additlonal correct and one

(Appendix Cont!lnued)
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additlonal lIncorrect sample display that represents the
error type for which the subjects made an incorrect

response).

Slanaling a Responge

Let’s talk about how you will signal your responses.
Please rest the pointer, index, and third finger of your
right hand on the "H," "J," and "K" keys of the computer
keyboard. This hand poslition is the "resting posltion."
You must have your fingers positioned this way before you
begin the experiment. In addition, return your fingers to
this position after you have responded to all of the

instruments in each stimulus display.

The response key for a correct attltude readlng s the
"Y" key whlle the response key for an incorrect attitude
reading is the "N" key. The response key for a correct
altitude reading is the "U" key while the key that signals a
response of incorrect altltude is the "M" key. Finally, in
order to signal a response of correct airspeed reading, the
“1" key should be pressed. A response of incorrect airspeed
reading shouid be slgnaled by pressing the "," key.
(Correct and Incorrect responses for each Instrument are

demonstrated on the computer keyboard.)

(Append!x Contlnued)
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Notice that the left response key signals a Jjudgment
about the left Instrument on the screen, while the mliddle
response key signals a judgment about the middle instrument
on the display screen. O0Of course, the rlight response key
corresponds to the lnstrument on the right of the display.
Also, notice that to make a response of "correct" for any
instrument, you always move your finger to the key above the
resting position key for that Instrument. On the other
nand, you &iways move your flnger to the kev bpelow the
resting finger key In order to make a response of

"Incorrect.”

Let me make sure you understand how to make a correct
and an lncorrect response for each instrument. Why don‘t
you show me how you would make a correct response for
alrspeed? Now show me an Incorrect response for attltude.
Finally, show me how you would make an incorrect response

for altltude.
Study Procedure

You wlll see 28 dlfferent dlsplays In a rcw. Each of
these displays wlll be similar to the ones I‘ve shown you in
the tralining session. Once you have made a response for
each of the three Iinstruments, the display will disappear
from the computer screen. In a couple of seconds, a new
dlsplay wlll appear. Respond to the Instruments In this

(Appendix Contlnued>

Reproduced with permission of the:copyright:owner. Further reproduction prohibited without permissionyypaaw.manaraa.c



G15S

display, and the instruments in all subsequent displays, in
the same way as you responded to the Instruments In the
first dlsplay. When you have completed the flrst 28
displays, a message that says, "You have completed 28
trlals," will appear on the upper left hand corner of the
computer screen. When you see thls slgn, please don’t touch
any keys on the computer keyboard, or you will disturb the
recording of your responses. When the sign appears on the
computer screen, Just relax. I will teil you about the next
displays that vou wlll see, and then I wlll let you start
the next set of trials. After each three sets oi trials,

you will be glven a short break.
Accuracy Instructions

When you respond to the instrument readings, it is
important to be very accurate. You must make your responses
95% accurate. Thls means that, of the 84 Instruments that
you will see in a set of 28 displays, a mistake can be made
In responding to only four [nstruments. As long as vou are
sure that your responses are 95% accurate, respond to the
displays as quickly as vyou can. But do not respond so

qulickly that your accuracy falls belcw the 95% mark.

Before we begin the experiment, do you have any
questions about anything we have discussed in the training

session?
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