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EXECUTIVE SUMMARY

The Aviation Research Group (ARG) in the De-
partment of Psychology at New Mexico State Uni-
versity (NMSU) has research interests relating to
several aspects of the organization and display of
information in the cockpit. In this report, we present
a systematic analysis of the information required by
pilots in various phases of flight. Qur aim is to specify
what information is needed, when it is needed, and
how pilots conceive of the organization of the infor-
mation. This project was devoted to an analysis of the
informarion required in normal flight operations as
contrasted with unusual or emergency situations. In
future work, we plan to conduct a similar study of
information requirements in various emergencies.

The nature of the present study is largely descriptive
in that it provides numerous analyses of the priorities
pilots assign to different information elements. The
study required the development of various taxonomies
including: (2) Information used in flight and planning,
(b) Phases of flight, and (c) Sources of information used
in flight. The analyses show overall priorities of the
information elements in various phases of flight and
how these priorities compare for more- versus less-
experienced pilots. Not surprisingly, priorities change
over the course of a flight, and we proposed that the
design of new displays would benefit from considering
these changing priorities. We also present data on how
pilots conceive of the organization of the various ele-
ments of information. These data, too, can assist display
designers in layour of information.

The differences in information priorities asa func-
tion of flying experience identify some issues that
flight instructors should consider in flight training.
Overall, more experienced pilots tend to give higher
priorities to several information elements as though
they are considering more factors with higher prior-
ity. In particular phases of flight, less experienced

pilots give lower priority to communications both
with ATC and with traffic than do more experienced
pilots. The less experienced pilots assign higher pri-
ority to vertical velocity than do more experienced
pilots. A discussion of these differences and others
can be found in the report.

Our analysis of the sources of information re-
quired in flight shows the dramatic impact of GPS
technology on aviation. The analysis of sources also
allows a determination of the degree to which redun-
dant information is available. Clearly, safety may be
compromised when information is only available
from a single source.

Modern aviation is undergoing several dramatic
changes that affect neatly every aspect of aircraft
operating in the national airspace system. Among
these changes are: (a) the move to “Free Flight,” (b)
the development of new control systems for aircraft,
(c) development of new information displays and
methods for selecting displays, and (d) changes in
processes and policies of aviation-related organiza-
tions. As these changes come about and as an aid in
planning, it is valuable to have models that can help
analyze the effect of the changes on critical issues of
safety, automation, workload, and situation aware-
ness. We have presented a pilot-centered model of
information requirements in flight tasks emphasiz-
ing the source, priority, and mental organization of
the information elements. This model should allow
one to make informed decisions about the design of
new technology including information displays. The
model should also be useful for evaluating the effect
of changes in the airspace system by providing baseline
information about where pilots can obtain informa-
ton in the current system and by reminding policy
makers about what information pilots need and when

they need it.






PRIORITIES, ORGANIZATION, AND SOURCES OF INFORMATION
ACCESSED BY P1LoTs IN VARIOUS PHASES OF FLIGHT

INTRODUCTION

This report summarizes the research accomplish-
ments for a one-year project investigating the priori-
ties pilots assign to different information in various
phases of flight under normal operating conditions.
We use the term, information, to emphasize our focus
on interpreted data, in contrast to raw data. For
example, when we refer to information about Traffic,
we mean the knowledge that aircraft traffic is present
in some particular position rather than the particular
data that leads to the knowledge. Thus, our analysis
is directed at a cognitive level in contrast to a concern
with perceptual processes. The term, information
elements, is used 1o refer to the knowledge pilots come
to possess (or should possess) during the course of
flight. An understanding of how pilots prioririze and
organize flight-related information can be of value in
the design of display systems for pilots. The data
presented in this report can also help characterize
what information pilots need as we attempt to char-
acterize the nature of the National Airspace System.
This introductory section will provide the rationale
for the research effort, as well as background for the
research.

Motivation

There were several motivations for us to undertake
the research reported here. First, a characterization of
information priorities related to various phases of
flight together with an analysis of the mental organi-
zation associated with the information would be
useful in the design of new displays for aircraft. Those
displays could then be organized to present only the
most salient information for any given phase of flight
and in a well-integrated fashion, reduce the cognitive
requirements, and thus the workload, imposed on the
pilot. The end result should be that the pilot can
devote more effort to other tasks not directly associ-
ated with extracting information from cockpit dis-
plays. Second, this approach may provide an alternative
to traditional rask analysis by examining operator
perceptions and cognitive organizations of darta.

Third, identifying the priorities of information should
allow us to characterize how pilots view information
needs in the cutrent National Airspace System, and to
derive from that how changes in the use of that
airspace or the allocation of tasks between actors in
the system may change perceived priorities. This
should then have an influence on how future displays
are designed to best support any new tasks or tasks
performed in an altered airspace environment.

Display Design

As modern aviation adopts new technology for the
display of information and the control of aircraft
systems, there is a clear shift away from individual
dedicated displays {e.g., altimeter, airspeed indica-
tor, turn-and-bank indicator) toward integrated dis-
plays in which most information comes from a
common source such as panel-mounted cathode-ray
tubes (CRT"s), head-up displays (HUDs), ot helmet-
mounted displays (HMDs). Some critical issues in
the design and engineering of such displays concern
the decisions about what information to display at
any given time, as well as how to display it.

Design decisions about what to display at what
times would benefit considerably from a chorough
analysis of the various required elements of informa-
tion (aircraft position, weather, engine status, com-
munications, etc.) and their properties (priority of
the information, source of the information, quality
of the information, etc.} in various phases of flight.
Together with data revealing how pilots organize
these information elements, the analysis can assist
efforts toward integration in displays and prior-
itization and layering of information elements. For
example, displays designed so that critical informa-
tion is available when needed in a practical format
should be of great assistance to the pilot who is
actively controlling the aircraft. Andre and Wickens
(1991) demonstrated the ability of an integrated
three-dimensional cockpit display system to reduce
mental workload while increasing situation aware-
ness. Well-designed displays should also help estab-

lish and maintain the pilot’s situational awareness



when automated systems are in control. Research on
mode errors and mode awareness in supervisory con-
trol (Sarter & Woods, 1992) indicates that the in-
creased capabilities and autonomy of new automated
systems have made mode awareness problems more
prevalent in the modern cockpir.

Comparison With Task Analysis

A long-standing goal in the analysis of aircraft
systems is to produce thorough analyses of the tasks
involved in flying aircraft and the information re-
quired to perform the tasks (Alexander C. Williams,
Jr. in Roscoe, 1980). Although the analysis we pro-
pose to perform is related to task analysis, it is also
distinct in some important ways. In the usual ap-
proaches to task analysis, goal-directed activities are
analyzed in terms of goals to be accomplished and the
actions required to accomplish those goals (cf.
Surcliffe, 1997). A limitation of this approach in the
context of aviation is that the actions required of a
pilot to accomplish goals are largely determined by
the nature of the technology in the aircraft so, in
essence, every aircraft calls for a distinct task analysis.
Of course, by abstracting the actions somewhat, one
could reduce the number of distinct task analyses
required, butabstracting would often move the analy-
sis from the task per se toward the goals of the tasks.
For example, we could use “put in 10 degrees of flaps”
instead of “move the flap control to the 10 degrees
mark,” but in doing so, we have technically moved
from specifying an action to specifying a goal (or,
better, a subgoal). It seems clear that goals do remain
more constant across technological differences than
actions do. Even with extreme degrees of automation
in aircraft, most goals of flight remain the same as
they were with pilots in control throughout the
flight!. Still, we should be able to provide a more
thorough analysis of the various phases of flight than
simply specifying the goals (and subgoals) of each phase
and still have some generality across technologies.

Our approach assumes that goals remain relatively
constant across technological changes, and the criti-
cal information pertaining to flight also remains
relatively constant. For the pilot actively controlling
the aircraft, it is obvious that particular information
elements are critically important at different times in
a flight, but it is also true that even when the aircraft
is being flown by automated systems, the same

information elements are critical. Moreover, for pi-
lots to maintain {or to quickly attain) good situ-
ational awareness, they must have these critical
information elements whether they are actively in
control or not. We also propose that pilots’ menral
models of flight depend upon having the appropriate
information elements. When the pilot’s model contains
incorrect information, “pilot error” is not far behind.

Evaluating Changes in the
National Airspace System
Another application of the data we report is found
in its potential for assisting in the analysis of the
consequences of changes in the National Airspace
System. Qur analysis identifies the critical informa-
tion elements for the various phases of flight. Given
these data, it is reasonable to ask about how access to
thiscritical information will be affected by any change
in the system. If a proposed change in the system
eliminates certain information, our analysis should
help to determine whether that information is usually
used and, if so, alternative sources of the information
could be sought. Studies could then determine
whether the alternatives are adequate or whether new
options should be considered. In summary, we see
our model as providing baseline information about
the current state of the National Airspace System that
will be useful in planning.

General Plan of the Investigation

The research team consisted of several pilots and
student assistants in the Aviation Research Group
(ARG) at New Mexico State University, including
two pilot consultants. The decisions about materials
and taxonomies were made by consulting with the
pilots on the research team. The research involved
three distinct projects:

Project 1. Selecting particular phases of flight,
developing a taxonomy of information elements ac-
cessed during these phases, developing a taxonomy of
information sources, and identifying the sources of
each information element.

Project 2. Collecting priority ratings from pilots
for each information element in each phase of flight.

Project 3. Collecting relatedness ratings from pi-
lots for a subset of the information elements to allow
for an analysis of the organization of the information
elements.

! There are clear exceptions where certain goals cannot be preserved with automation as with the goal of realizing the pleasure of

flying well.



Project 1: Phases of Flight, Information
Elements, and Information Sources

The ARG team developed initial taxonomies of
phases of flight, the information elements accessed in
these phases, and the sources of these information
elements in the National Airspace System. The tax-
onomies were refined by discussions with pilots re-
sulting in the final products.

The phases of flight are shown in Table 1. To make
the project manageable within the one-year period
for the work, we initially decided to restrict our work
to flying phases, as contrasted with ground phases.
The major concerns of safety lie in the flying phases.
However, it became clear that it was also necessary to
include some planning phases, as well as flying phases,
because preliminary testing suggested that pilots want
to include considerations of planning. If separate
planning phases are not specified, considerations of
planning will be included in flying phases. To keep
planning and flying distinct, it was decided to in-
clude two planning phases, Preflight and In-Flight
Planning, in addition to flying phases. In-Flight
Planning was included to keep needed planning in-
formation distinct from information used in flying,
particularly in the Cruise Phase.

The flying phases we included are those found in
most discussions of the phases of flight. The Transi-
tion to Cruise Phase was included to keep the infor-
mation used there distinct from the Climb and the

Cruise Phases. In contrast, the Transition to Descent
was not included because our pilot consultants
thought that the transition was not that distinct from
the Descent itself. Finally, the analysis was restricted
to normal operations, as distinct from emergencies,
to keep the project manageable in the time frame. A
follow-on study will conduct a similar analysis of
various emergencies.

Table 2 was arrived at after performing a prelimi-
nary analysis of the information required in normal
flight operations. To keep the number of elements
manageable, some of the items represent large catego-
ries of elements (e.g., Aircraft Configuration, Engine
Health, Airport Configuration, General Weather).
Other elements refer to very specific items, such as
Pitch, Bank, Airspeed, and Altitude. The choice of
these elements is intended to be appropriate for
evaluating information priorities in the various phases

of flight.

Sources of Information in the Current
Airspace System

To help relate our analyses of information require-
ments to the state of the National Airspace System,
we also undertook an analysis of how pilots obtain
the information they need in flight. First the tax-
onomy of information sources shown in Table 3 was
developed. The sources distinguish major categories of
information sources (Communications, Documents,

Table 1. Phases of flight.

Percent of Percent of
Phases of Flight Flight Time Accidents’
Pre-flight Planning NA NA
Takeoff 2% 21.4%
Climb 13% 8.8%
Transition to Cruise (no data) (no data)
Cruise 60% 8.8%
In-flight Planning NA NA
Descent 10% 13.4%
Approach 14% 41.8%
Landing 1% 3.8%

2 The statistics on percenc of flight fime and percent of accidents come from a
1985 report by Boeing reported in Nagel {1988). This reporc distinguished
between Inidal Climb and Climb. Percentages shown combine Initial Climb
with Takeoff. The report also distinguished berween Inital Approach and Final
Approach, whereas percentages shown combine these into Approach. The
statistics may be mote representative of air cartier aviation than of general

aviation.



Table 2. Taxonomy of 28 information elements.

Aircraft
Configuration
Aircraft configuration
Engine
Engine health
Fuel quantity
Fuel selection
RPM ({power)
Position
Altitude - AGL
Altitude - MSL
Distance
Orientation
Bank
Pitch (attitude)
Yaw
Direction
Course
Heading
Track
Waypoints
Speed
Airspeed
Ground speed
Vertical velocity
Schedule
Time - ETA/ETE
Environment
Airport
Airport configuration
Runway aim point
Runway rematning
Communications
ATC Comm
Traffic / other Comm
Hazards
Obstructions
Traffic
Regulations
Airspace
Weather
General
Wind

Expanded Description of each Element
Flaps, landing gear, cowl flaps, speed brakes, spoilers

General health of engines

Fuel remaining

Current selected source of fuel
Power setting or desired power

Altitude above ground level
Altitude above Mean Sea Level
Distance to waypoint or airport

Bank
Pitch
Yaw

Desired track - Planned course

Nose direction

Actual track over the ground

Location and type of enrcute waypoints

Indicated airspeed

Actual speed over the ground

Climb rate or descent rate

Estimated time of arrival / Estimated time enroute
Altitude, ranways, approaches, NOTAMs, active runway
Desired point of touchdown

Length of remaining runway on takeoff or landing

ATC instructions, clearances, etc.
Communication with traffic or other information source

Towers, trees, mountains, etc.
Other aircraft

Type of airspace AB C D, restricted, MOA etc.

General weather conditions
Wind direction and intensity



Table 3. Taxonomy of sources of information
needed in flight.

Communications
ATC Air Traffic Control Comimunications
Comm Other (Flight Service, Traffic, ATIS, etc.)
Documents
Chart  Charts
Hist History (Aircraft or Flight)
Plan Flight Plan

Instruments
ASI Airspeed Indicator
Al Attitude Indicator (Artificial Horizon)
ALT Altimeter
TC Turn Coordinator
HI Heading Indicator

VsSI Vertical Speed Indicator
Engl. Engine & Fuel (RPM, Oil Pressure,
Temperature, etc.)

Clock Clock

DME  Distance Measuring Equipment

GPS Global Positioning System

VOR  VHF Omnidirectional Radio Range
Direct Perception

Aud Auditory (Excluding Communications)

Vis Visual (Excluding Reading Instruments)

Instruments, and Direct Perception). For each of the
information elements (Table 2), we identified the
sources that can provide the informartion. These
resulting sources for each information element are
shown in Table 4. The sources of information are
distinguished according to whether the information
is directly available (D), available through inference
using multiple sources of information and/or as-
sumptions (I}, or is planning information producing
desired or expected values (P). Clearly, direct infor-
mation is more readily available and immediately
usable than is information that must be inferred. Thus,
one view of Table 4 might emphasize the “D” entries.

Several observations can be made about the out-
come of the analysis of information sources shown in
Table 4. First, the observation that much of the
information is available from direct visual perception
(not counting reading instruments) brings home the
point that, without visual conditions, flight is a
strikingly different activity. The potential differences
between instrument meteorological conditions (IMC)
and visual meteorological conditions (VMC) are also
dramatized by the number of different information

elements available from ATC. The table also reveals
redundancy in information sources. Safety is cer-
tainly enhanced by the availability of alternate sources
of information in case one source should fail. Finally,
the ubiquity of GPS as an information source sug-
gests that this technology is destined to become a
major resource in the future if it hasn’t already. As
others in the human factors and pilot communities
have noted, there are problems of over reliance, over
confidence, and lack of familiarity with particular
GPS units that can lead to dangerous situations. At
the same time, the value of the information provided
by GPS systems can greatly simplify tasks of navigat-
ing leading to lower workload. Making the system
work well and making it reliable and usable are
challenges for pilots, manufacturers, and researchers.

Project 2: The Priorities of the Information
Elements in Various Phases of Flight '

During development of the priority-rating task,
we considered distinguishing between visual and
instrument flighc for some of the properties of infor-
mation elements because the sources of information
often depend on this distinction. Qur initial tests,
however, indicared that the differences were minor,
so we simply asked for general priorities.

Following the selection of the phases of flight and
the development of the taxonomy of information
elements, we began to collect the priority rating data
by distributing questionnaires at several sites around
the country. The details of this methodology are
provided in the following sections.

METHOD

Participants

Twenty-seven certified pilots of varying age and
experience were used as sources for the priority rating
data. To examine the effect of experience on judg-
ments of priorities, we separated the pilots into two
groups based on their total flying time. The hours of
the 11 less experienced pilots (novices) ranged from
65 to 820 with a mean of 361 and a standard devia-
tion of 225. The 16 more experienced pilots {experi-
enced) had a range of flying time from 1,600 to
17,000 hours with a mean of 6,634 and a standard
deviation of 4,352. Fifty-four percent of the less expe-
rienced pilots held the Instrument Rating, while 88% of
the more experienced pilots were instrument rated.



Table 4. Sources of the information elements in the National Airspace System.

- =

Information Element|, = | - = | o~

A R
Aircraft Config. DD D
Engine Health P D D|D
Fuel Quantity P
Fuel Selection
Power I|D D
Altitude - AGL Dp P P D
Altitude - MSL DP P P D D
Distance Dp| P |[DP| I | P I |D|D D
Bank D DI 1 D
Pitch I (DI I D
Yaw D I
Course pp| P |DP| I | P I DP| D D
Heading DIP P I D I |1 D
Track DpP P|P|P I I DI|I D
W aypoints P IP|P|P 1|D|DP|D D
Airspeed I P|D I I
Groundspeed DP I |P|I I|D|D|I D
Vertical Velocity DP I |1 P|1I I I D D
Time - ETA/ETE DpP I | P D|D|D
[Airport Config. DP| D DP| D D D
Runway Aimpt. P D P D
Runway Remain, D [(DP| D b D
Obstructions Dp|DP| D |[DP| D D D
Traffic D (DpP D
Airspace DP DI|DP| D D|D|D
General Weather DP | DP P D
Wind DP | DP P 1|1 1 I

Note. D = Directly obtained (cusrrent) values

I = Inferred (current) values using multiple sources

P =Planned or expected values




Materials

The priority rating data were collected using a2
questionnaire that included demographic informa-
tion (Appendix A), a definition of the information
elements (Table 2}, instructions for the priority rat-
ings (Appendix B), and a form listing the information
elements on the rows, the phases of flight on the
columns and cells for assigning the priority ratings
for each information element in each phase of flight
(Appendix B). The definition of the priority ratings
is shown in Table 5. The cells left blank were coded
as 4 (lowest priority) for analysis of the priority
scores,

Table 5. Definition of the priority ratings.

Priority Description
1 Critical and/or Frequently Accessed
2 Important and/or Usually Accessed
3 Relevant and/or Sometimes Accessed

blank Not Relevant or Rarely Accessed
Note. Blanks were coded as 4 for analysis.

Design and Procedure

Collection of the priority data occurred over an
eight-month period. The participants were given the
priority-rating packet and a stamped, addressed en-
velope. Upon completion, the participants returned
the demographicinformation and the priority ratings
through the mail.

RESULTS AND DISCUSSION

Overall Priorities for Phases of Flight and
Information Elements

The priority rating data lends itself to several
different analyses. One way to examine these ratings
is to average them across information sources within
a phase of flight, the result reflecting how many
sources of information were rated as being critical
during that phase. The average would approach 1 as
more sources were rated “critical.” The average prior-
ity ratings for each phase of flightare shown in Figure 1°.

By way of comparison, the mean priority ratings
were 2.45 and 2.35 for Preflight Planning and In-
flight Planning, respectively. For the flying phases,

Phase of Flight
Tran to
Takeoff Climb Cruise Cruise Descent  Approach  Landing

1.0 : : | | :
=
20
=
n 2.0 4
=
z
ot
=2
ot
-9
= 3.0 4
g
p=

4.0

Figure 1. Mean priority for flying phases.

3 This figure and several others have lines connecting the points. Strictly speaking, the lines are inappropriate because the abscissa
represents discrete points rather than a continuum. However, the addition of lines facilitates reading the figures. Think of the lines as
leading the eye from point to poins, rather than as an interpolation between points.



the highest average priority ratings were for the Ap-
proach, followed by the Landing, Takeoff, Descent,
Climb, Cruise, and Transition to Cruise. Climb and
Descent had nearly identical means. This ordering of
priority ratings appears to roughly correspond to
what pilots often report as the relarive difficulty of
the different phases of flight. In a later section, we
discuss the relationship between priorities and
workload.

It is also of interest to examine how the priority
ratings were distributed across the four categories (1
= top priority to 4 = irrelevant or rarely accessed). The
distributions are shown in Figure 2. The figure shows
the proportion of each of the 4 rating categories in
each phase of flight. The proportions sum to 1 for
each phase. These distributions show that the overall
higher average priorities in the more demanding
phases of flightare primarily due to an increase in the
proportion of information elements receiving the
highest priority rating. These data also suggest that
the 3™ category (Relevant and/or Sometimes Ac-
cessed) is not used very often. However, its frequency

does increase in the less demanding phases of flight
where, presumably, pilots are monitoring several
factors on an occasional schedule.

In addition to looking at priorities for phases of
flight, it is informative to see how priorities are
assigned to the information elements overall. The
overall averages are shown in Table 6 with separate
columns for the flying phases and the planning phases.
There are clear differences in the priorities associated
with planning and with flying. Of coutse, we need to
examine the information priorities separately for each
of the phases, but the overall priorities give a general
idea of which items of information are of interest
throughout a flight (those at the top of the list). The
planning priorities reflect the relative importance of
the different information elements. Proper planning
should include special consideration of the high-
priority items. Items at the end of the list may be
important in particular phases but not overall. For
example, Runway Remaining has an average priority
near 1 in Landing, in contrast to near 4 in Cruise.
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Figure 2. Distribution of ratings across phases of flight.



Table 6. Average priorities of information elements.

Flying Planning
Information Element Priority Information Element Priority
RPM (power) 1.44 Fuel quantity 1.35
Airspeed 1.49 General weather 1.39
Engine health 1.58 Time - ETA/ETE 1.57
Traffic 1.66 Wind 1.61
Pitch (attitude) 1.67 Airport configuration 1.78
General weather 1.79 Waypoints 1.85
ATC 1.79 Altitude - MSL 1.87
Aircraft configuration 1.80 Distance 193
Altitude - MSL 1.85 Airspace 1.96
Heading 1.89 Course 2.07
Altitude - AGL 1.92 Obstructions 2407
Wind 1.98 Ground speed 2.09
Traffic / other Comm 1.99 Engine health 231
Course 2.13 ATC 2.35
Obstructions 2.13 Fuel selection 235
Track 2.13 Heading 2.39
Airspace 2.19 RPM (power) 244
Vertical Velocity 2.20 Altitude - AGL 2.44
Bank 2.24 Airspeed 2.50
Fuel selection 224 Traffic / other Comm 2.57
Yaw 2.25 Track 2.67
Fuel quantity 2.30 Aircraft configuration 2.67
Airport configuration 2.55 Traffic 2.74
Distance 2.63 Runway remaining 3.22
Ground speed 2.74 Bank 3.43
‘Waypoints 2.76 Pitch (attitude) 3.46
Rumway aim point 2.97 Vertical Velocity 348
Time - ETA/ETE 2.98 Yaw 3.50
Runway remaining 299 Runway aim point 3.54




