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STANDARDIZATION OF AIRCRAFT CONTROL AND PERFORMANCE
SYMBOLOGY ON THE USAF HEAD-UP DISPLAY

CHAPTER I

HEAD-UP DISPLAY

Background

The idea of presenting head-up information dates back to the beginning of powered flight.
When the Wright brothers needed flight information, they attached an 8-inch-long piece of string to
the center wing spar directly in front of the pilot's face. The attached end of string, superimposed
on the horizon, resulted in a display of aircraft performance (e.g., climb or dive). Unknown to the
Wrights, the HUD was born. In fact, one of the most advanced fighter aircraft of today (F- 15) still
has a string attached to the aircraft canopy, providing important, easy-to-access flight information
directly in front of the pilot's visual field.

When strings were not practical, resourceful pilots developed other tools. The windscreen
of an airplane is one such tool, and a careful examination of a windscreen can explain how the term
"bug smasher" became synonymous with the word "aircraft." Bug smears on the windscreen of
early, open-air cockpit airplanes provided an excellent head-up tool for many instructor pilots. If
the windscreen was clean or the bug smear was not handy, then a grease pencil was used to create
an aiming reference. The technique is still used today throughout flight schools as both a visual
reference for basic turns and as an aimpoint control for the final landing approach.

The basic concept behind the HUD is to display fligh, information in the area in front of the
pilot's face, so the pilot does not have to look "down and in" the cockpit. Even though the
technology of yesterday limited the capability of displaying anything more than a piece of string or
a smudge on the windscreen, the concept of generating flight information between the windscreen
and the pilot's eyes continued through years of aircraft development. Figure 1 depicts a 1955
concept of the future fighter cockpit that includes a HUD. The goal for researchers was to develop
a HUD that contained all the basic flight information (an all-aspect HUD), and eventually could
become the primary flight display--replacing the head-down instrumentation.

Special attention was given to the HUD in the armed forces, particularly for use in fighter
aircraft. Fighter aircraft requirements have always been to "aim" and to "see and avoid." The pilot
could not afford to visually fixate on instruments in the cockpit--for fear of losing sight, and losing
fight. All the early fighter aircraft used a type of HUD for weapons aiming (some a little more
sophisticated than others--but they all had one). The British Royal Air Force appears to be the first
to use the HUD for more than a tool to aim a weapon. However, it was not until the Vietnam era
that the need and the technology came together to produce a device similar to current HUDs.



The fist all-aspect HUD in the U.S. Navy (USN) and U.S. Air Force (USAF) appeared
during the 1960s with the A-7 aircraft. Pilots liked the concept, and many preferred the HUD in
place of traditional head-down displays (HDDs). The Nivy reported a reduction of aircraft carrier
landing accidents due directly to the use of the HUD (Newman, 1980). Although procedures and
techniques for its use were lacking, this new device was here to stay.

The early instrumentcd HUD seemed to be an answer to many problems. Most flight
information could be displayed on a small glass directly in front of the pilot. More important, in
the case of the military fighter cockpit where available head-down instrument panol space was very
limited, the HUD freed additional space for more mission-essential displays (e.g., advanced sensor
information). HUDs now transformed the "modern" military fighter cockpit into a more functional
workstation. Nevertheless, caution was expressed by the early HUD developers.
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Figure 1. 1955 concept of the future fighter cockpit.
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"I will conclude by saying that the most important
facet of the HUD is the fact that it is a device which
must be used in conjunction with the real world in order
to realize its potential. It should not be considered
simply as a big panel which has suddenly become available
to display all sorts of data. If you do this, you will
not only fail to use the HUD as it should be used, but
you are going to occlude some of the real world and cause
a great deal of confusion." (Gold, 1968)

The occlusion concern noted by Gold seemed to be forgotten, and by 1985 the all-aspect
HUD was an accepted instrument m most fighter cockpits. Military standards did not contain well-
defined guidelines for the development of the HUD and Government contractors were able to
design and develop their own "personalized" HUD. The central clearing house for all instrument
flight displays, the USAF Instrument Flight Center, being closed for a period of 5 years, was not
able to develop a standardization or certification process. A few military aircraft developers
claimed the HUD provided the necessary information to accomplish "all" mission requirements,
which included "all" flight conditions. However, after the investigation of several accidents, the
HUD symbology was suspected ts a contributing factor.

As a result of these accident investigation findings, the USAF safety community called for
a conference on attitude awareness. The conference brought both operational pilots and
researchers together for the first time to discuss problems associated with the HUD and attitude
awareness. It became apparent during the conference that HUDs were (and would continue to be)
used by pilots for attitude awareness, landings, and most other flight requirements. Several days
of presentations and discussions led to critical recommendations. One of the major
recommendations called for standardized HUDs. Standardization would reduce training costs,
reduce development costs, improve functional.utility, and provide a baseline for improvements as
mission requirements changed. It would also insure that all pilots had the best displays possible.
The conference concluded with the knowledge that a coordinated effort was needed. It was now
the job of the research community to improve the state of HUDs for military use (McNaughton,
1985).

An underlying principle driving the standardization effort was the use of existing
symbology and mechanization, at least as much as practical. Ihis operational guidance, although
seemingly restrictive, did help to focus the work, reduce the cost, and produce a product in a
reasonable time period. Although new concepts could be tried, the new concepts had to be
approved by military pilots who were already flying with HUDs. The end result was the
development of a standardized HUD for use in unusual attitude recognition, all phases of
instrument flight, and as many mission essential tasks as possible. A newly formed USAF Joint
Cockpit Office (JCO) was assigned the responsibility of coordinating the effort.

Technology

The HUD is composed of three basic parts--the pilot's control unit, the pilot's display unit
(PDU), and the electronic unit (EU). The control unit provides the pilot with the ability to adjust
and select symbology, while the PDU contains the combiner glass and optics to project the
symbology. The EU is the heart of the HUD and houses the software that not only generates the
symbology, but also receives input from the aircraft sensors/platforms (Figure 2). Algorithms for
symbology and mechanization reside within the EU.

3
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Figure 2. Schematic of the HUD.

A simple description of HUD functioning begins with the EU. The EU receives
information (signals) from the navigation and spatial orientation systems of the aircraft. These
signals are then processed and symbology is read by the computer from the aircraft programming
code and written to the PDU. The symbology is projected through the lens system, focused at
ifinity, and reflected off the combiner glass (PDU). Some of the newer HUD techniques use an
imbedded substrate "sandwiched" in the glass to produce more enriched symbology. A HUD that
employs this technique is called a holographic HUD because of the optical interference pattern
inbedded within the substrate. A holographic HUD does not mean that the pilot sees a 3-D
representation of aircraft symbology.

Provided the eyes of the pilot are kept spatially located within a small cubical area (the
design eye reference box), necessarily limited by the size of the lenses and technology used to
focus the symbology, it will be possible to see sufficient flight symbology in the instantaneous
field of view to fly and control the aircraft. Thcoretically, the pilot should be able to interpret the
state of the aircraft via the HUD symbology while integrating the symbology (focused at infinity)
with real world scenery. If the HUD does not provide sufficient information, then additional
displays must be provided for the mainteaance of spatial orientation. The research goal is to
r~xlmlze the information conveyed to dhe pilot, while minimizing the occlusion of the outside
world due to the symbology.

The following chapters explain the studies conducted and results obtained over the past
several years to design an optimal HUD. The final symbology and mechanization was the product
of numerous independent studies, two full-scale simulatLons, and two inflight validations. The
studies explained in this report were conducted primarily by scientists using the Visual Orientation
Laboratory (VOL) in the Flight Motion Effects Branch of the Armstrong Laboratory (ALS/CFTF).
Chapter II more closely examines the research issues, Chapter III describes test methodology,

4



Chapter IV lists the results and findings, and Chapter V concludes with the discussion of flight
simulation and validation. Appendix A contains a "coloring book" that lists each symbol and
associated mechanization, and Appendix B explains the theory and application of quickening the
HUD symbology.
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CHAPTER II

RESEARCH ISSUES

The Joint Cockpit Office (JCO) in cooperation with the USAF Instrument Flight Center
(IFC) was responsible for compiling the research findings and recommending the optimal
configuration for a standard symbology set for use with the IIUD as a primary flight reference. To
be considered as a primary flight reference the HUD must provide: 1) full-time attitude, altitude,
and airspeed information, 2) immediately discernable attitude recognition capability, 3) unusual
attitude recovery capability, and 4) complete fault indications. Figure 3 shows a typical composite
standard HUD configuration*. A complete description of the configumaton can be found in USAF
IFC TR 91-01 (Report on Head-Up Display Symbology Standardization) and ASC-TR-93-5003
(A Comparison of Had-up and Head-down Display Formats During Instrument FlyingTasks). In
addition to standardizing symbology, the USAF also attempted to standardize terminology,
mechanization and arrangement for use in all phases of flight except for those mission segments
requiring specialized design.

This chapter reviews the research studies conducted and existing literature reviewed in the
development of the individual elements of the USAF HUD symbology standard. The research
issues center on the presentation of visual flight information to the pilot. The flight information can
be divided into the basic concepts of piloted aircraft flight: control, performance,.and navigation.
Aircraft omance is ahieved by controlling the aircraft attitude relationship of the
longitidinal and lateral aircraft axes to the Earth's surface) and power. An aircraft is flown in
instrument flight by controlling the attitude and power as necessary to produce the desired
performance. The same procedure is used for visual flight, except that the actual horizon is used in
place of an artificial horizon (located on the attitude indicator.) This concept is known as the
"control and performance concept, of attitude instrument flying (Rastellini, 1986).

Control Instruments

These instruments display immediate attitude and power indications and ure usually
calibrated to permit adjustments in discrete amounts. Control is determined by reference to the
attitude indicators and power indicators. On occasion, when the rudders are used to control
attitude, the slip (turn and bank) indicator is considered'a control instrument. The command
steering bars (or tadpole) are not calibrated in discrete amounts, yet the command information
displayed (pitch and bank) is usually considered a control indication.

Climb/dive Ladder

One control standardization issue, which was examined by a number of investigators, is the
configuration of the climb/dive ladder (CDL). The CDL displays climb/dive and bank of the
aircmft with respect to the climb/dive marker. A tri-service simulation study conducted at NASA
Ames Research Center examined various CDL formats, various compression algorithms for the
CDL lines, and the use of a quickened flight path marker. (A thorough description of the theory

*The HUD displays most control, performance, and navigation data simultaneously in a relatively
small area. USAF HUD equipment currently in use is not certified for sole-reference instrument
flight. Therefore, HUD data must be verified with other cockpit instruments.
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and application of quickening to the USAF standard HUD can be found in Appendix B.) The
subjective ratings from the pilots in that study indicate that vertical asyrmmetry (between the top and
bottom halves of the CDL) and quickening reduce subjective workload and are preferred. Trends
observed in the objective data tend to support these preferences, although there were no significant
performance differences.

One type of vertical asymmetry of the CDL that has been discussed is the use of articulated
lines to indicate negative pitch angles and tapered, parallel lines to indicate positive pitch angles.
Articulation refers to the angling of the lines at half the number of degrees they represent (e.g., the
5 degree line is slanted at 2.5 degrees). A study by Zenyuh, Reising, McClain, Barbato, and
Hartsock (1987) found articulated lines beneficial in aiding unusual attitude recovery. Ward and
Hassoun (1990) conducted a simulation study that compared the F- 16 CDL (no articulation), a
fully articulated ladder, and a ladder with articulation in only the bottom half of the HUD. The
results of this experiment indicated that articulation in the bottom half of the ladder aided in an
unusual attitude recovery task. In spite of these results, there has been some concern whether
articulated lines give a pilot adequate roll information to allow bank attitude identification,
information necessary to recover from dangerous nose-down unusual attitudes. British
researchers, in a simulation study, noticed that when the bottom half of the CDL was articulated,
there was a tendency to roll in the incorrect direction and pull the nose of the aircraft down,
worsening an already dangerous nose-low situation (John Hall, personal communication).

The configuration of the CDL was one item that caused confusion. After learning of the
British concern, the IFC was reluctant to make a recomrunendation regarding the articulated lines in
the bottom half of the HUD. Therefore, the IFC decided to attempt to reconstruct the problems
noted by the British in a laboratory simulation designed to examine the problems associated with
articulated lines in the bottom half of the HUD in nose-down pitch attitudes. The study explored a
pilot's ability to recover from nose-down unusual attitudes with articulated lines versus parallel,
tapered lines on the bottom of the CDL (Weinstein and Ercoline, 1991). The study also examined
the effects of the initial location of the flight path marker (FPM) by examining recovery
performance with both a pitch reference and an FPM. An FPM represents the true velocity vector
of the aircraft and is free to move about the HUD while a pitch reference remains fixed on the
display. The results showed that nose-dowh unusual attitude recovery performance was
significantly less accurate (by about 10%) with the articulated lines on the bottom half of the CDL
and an FPM than with the other three configurations.

The decrease in accuracy was manifest in several instances in the same manner noted by
the British researchers. However, the use of the pitch reference eliminated the problem: there was
no difference between the condition with the articulated lines on the bottom half of the ladder with
the pitch reference and those with the parallel, tapered lines on the bottom half of the ladder. The
user community had a strong preference for the articulated lines in the bottom half of the HUD, so
the JCO decided to adopt a ladder with tapered lines in the top half and articulated lines in the
bottom half. The configuration was later evaluated in a full-scale simulation effort and no
problems were noted. Although this configuration has been adopted for use with the proposed
USAF standard, research continues to determine the optimal configuration of vertical asymmetry
on the CDL.

Several additional studies were conducted that examined various attributes of CDLs, A
Navy study examined variations in CDL configurations (Deaton, Barnes, Lindsey, Greene, and
Kern, 1989). One objective of the study was to evaluate unusual attitude recovery performance
usin* a standard CDL configuratihm (straight lines top and bottom) compared to an enhanced CDL
that included "saw-teeth" on articulated lines in steep negative pitch attitudes. The results indicated
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that the enhanced CDL significantly reduced unusual attitude recovery time, but only for steep dive
situations. This finding was expected given that the most salient difference between the
configurations is only visible in steep dive situations. A preference survey of the subjects revealed
that pilot opinion correlated with performance.

In an additional study of HUD configurations, Ercoline, Gillingham, Greene, and Previc
(1989) examined modifications to the HUD CDL in a static attitude recognition study. Their
results indicated that straight lines resulted in more accurate bank recognition than did articulated
lines, while articulation in the top and bottom halves of the HUD resulted in the most accurate pitch
recognition. The study also confirmed the findings of the United States Navy study showing that a
gradually increasing thickness for the nose-down portion of the CDL increases the subject's ability
to recognize negative pitch attitudes. An interesting observation in the Ercoline et al. study was
that pitch angle numbers placed only on one side of the CDL aided bank recognition. This
modification is now used in most HUD studies and has been accepted as a standard design feature,
provided the CDL is used in the drift cut-out (caged) mode. In an uncaged mode, the ladder is free
to drift laterally and the numbers would need to be on both sides of the ladder to be visible all the
time.

orizonLint

A second control standardization issue involved the configuration and mechanization of the
CDL horizon line. The horizon line represents the actual horizon and is part of the CDL. Several
studies have been conducted that confirmed the utility of a full field-of-view horizon line that will
"ghost" when it is outside the HUD instantaneous field-of-view (Dryden, 1990; Weinstein,
Ercoline, and Bitton, 1992). The ghost horizon is designed to indicate the direction of the actual
horizon when the CDL horizon line is not visible through the HUD glass. In an earlier study,
pilots reported that the ghost horizon line was an excellent aid to recovering from unusual attitudes
(Relsing, Zenyuh, and Barthelemy, 1988). The USAF has adopted the use of the ghost horizon
on the standard HUD.

•ky Pointers

The user community had suggested including sky pointers on the ghost horizon and the
actual horizon line to provide a salient indication of the direction of the sky. Scientists at the
Armstrong Laboratory, Brooks AFB, examined the use of sky pointers on the ghost horizon (see
Chapter 4 for details of the study). Subjective comments indicated that the pointers were not
noticed by some pilots, and others found the pointers confusing. The ticks on the end of the CDL
lines are horizon pointers, so it was possible to have the sky pointers on the ghost horizon and the
horizon pointers on the CDL lines opposing each other. As a result of these comments, the sky
pointers were not included on the ghost horizon.

EEMLCDM

A third control standardization issue was one of designating HUD symbols for the FPM
and climb/dive marker (CDM). The FPM represents the total velocity vector of the aircraft, while
the CDM shows the climb/dive angle of the aircraft with respect to the CDL. The FPM has
traditionally been a circle with wings and a tail (-6-) used as a control reference for the aircraft.
However, since the CDM will now be primarily used to control the aircraft, while the FPM will be
free to display the total velocity of the aircraft, the question that had to be answered was: which of
these symbols should look like a traditional FPM--the symbol that moves like a traditional FPM, or
the symbol used to control the aircraft? This issue was explored by investigators at the Wright
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Laboratory at Wright-Patterson AFB. They concluded that the FPM should still look like an
airplane symbol only be smaller, and the CDM should be a symbol easily recognized as a control
symbol and should be larger than the FPM. Figure 4 illustrates the symbols that will be included
in the standard HUD symbology set.

The bank indicator adopted was the current F-16 C/D symbology and mechanization. No
studies seemed necessary for this decision.

CDM FY .I

Figure 4. The CDM and FPM symbols used in the standard HUD symbology set.

Performance Instruments

These instruments indicate the actual performance of the aircraft. Performance is
determined by reference to the altimeter, airspeed or mach indicator, vertical velocity indicator,
heading indicitor, angle-of-attack indicator, and turn and slip indicator. Depending on the type of
aircraft, performance indicators often lag the control inputs.

Air•peed and Altitude lndicators

One of the performance standardization issues involved the presentation format of the
airspeed and altitude indicators. Ercoline and Gillingham (1990) conducted a study that examined
five different altitude and airspeed indicator formats. The experiment required subjects to maintain
straight and level flight while a forcing function generated by a sum of sinusoids caused deviations
in the displayed altitude and airspeed. The results of the study revealed that pilots' performance
errors were lower with two new formats--rotating pointers with dot scales and plain rotating
pointers--than with two more common formats--boxed digits and moving vertical tapes. Digits
representing altitude and airspeed conjoined with rotating pointers are now frequently referred to as
counter-pointers. A fifth variation, boxed digits with trend bars, provided the best performance
with respect to altitude error, but not airspeed error.

Subjective opinions were also significantly different and correlated with performance
measures. Chapter 4 contains a more detailed explanation of the Ercoline and Gillingham stud)
including illustrations of the displays evaluated. A study by Hughes and Lovering (1990) also
found that a counter-pointer presentation for airspeed and altitude information was superior to
vertical tapes.

-Vertical Veloity Indicator

A second performance standardization issue, investigated by the Armstrong Laboratory at
Brooks AFB, was the utility of presenting vertical velocity information. The study was designed
to determine if analog vertical velocity information was superior to a digital readout, and if so,
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what format the analog information should take. Pilots were asked to perform precision instrument
control tasks with various analog and digital formats. Five configurations were assessed: digital
readout, boxed digit with tape, dial, altineter arc, and altimeter arc with digital readout.
lllustration!, of the vertical velocity indicators and the results can be found in Chapter 4. The
results clea ly indicated that the altimeter arc with digital readout, and the altimeter arc alone,
resulted in significantly more accurate maintenance of flight parameters (i.e., vertical velocity and
altitude) than did the digital readout alone or the dial or tape configurations (Weinstein, Ercoline,
Evans, and Bitton, 1992). Subjective data supported the objective findings, in that pilots preferred
either configuration that included the altimeter arc. These findings suggest that analog vertical
velocity information is useful on the HUD particularly when it is located in close proximity to the
altimeter.

An ,le-of-attack Indicator

Two other performance standardization issues were investigated at the Armstrong
Laboratory: 1) the optimal presentation format of speed/angle-of-attack deviation, and 2) the utility
of and optimal presentation format for longitudinal acceleration/potential flight path. Angle-of-
attack and longitudinal acceleration cues display information to the pilot about the energy state of
the aircraft, and are therefore referred to as energy management cues. The results of a study that
examined both of these energy management cues during an Instrument Landing System (ILS)
approach indicated that the angle-of-attack and acceleration information are useful cues on the
HUD. Four configurations were assessed: a configuration similar to that marketed by Flight
Dynamics, Inc. (FDI), a configuration similar to that in the Mirage 2000, an angle-of attack "E"
bracket, and an angle-of attack "E" bracket with an acceleration caret. Approaches flown with the
FDI configuration had significantly smaller airspeed, angle-of-attack, and glide slope errors than
did approaches flown with the other three configurations. The FDI configuration has been
recommended for inclusion on the standard HUD. Illustrations of the energy management cue
configurations evaluated and the detailed results of the study can be found in Chapter 4.

Navigation Instruments

These instruments indicate the position of the aircraft in relation to a selected navigation
facility or fix. This group of instruments includes various types of course indicators, range
indicators, glideslope indicators, and the bearing pointer.

Instrument Landing System Symbology (raw)

Along with displaying m-ditional attitude information, the HUD must also present
information to support navigation and landing tasks. Therefore, a navigation standardization issue
explored by several investigators involves the optimal design of the symbols that support these
tasks. At the Crew Station Evaluation Facility (CSEF) at Wright-Patterson AFB, Burns (1990)
examined three ILS symbology formats, to evaluate a moving versus a fixed reference point, and
separate versus integral pitch and bank cues. The results indicated that a fixed reference point and
separate pitch and bank cues resulted in the best performance. This configuration presents an
interesting problem, since all HUDs use a dynamic flight path marker or climb/dive marker for the
aircraft control reference. Further research may indicate that quickening may solve the problem by
reducing the motion of the flight path marker (see Appendix B).
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Instrument Landing System Symbology (command)

A simulation study conducted at CSEF examined various flight director symbology sets
during approach and landing, navigation, and unusual attitude recovery tasks (Hughes and
Lovering, 1990). HUD-experienced pilots performed the above tasks in an F- 16 shiulator and
their performance was measured. The results of that study indicated that a dual-cue (separate)
flight director system resulted in better performance than did a singis-cue (integral) system.
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CHAPTER III

GENERAL TEST METHODS

Subjects

For eac• of the studies HUD-experienced, and non-HUD-experienced, military pilots
volunteered to participate. The pilots had experience in a number of HUD-equipped aircraft,
including the A-10, F-14, F-15, F-16, F-18, F-117, Jaguar, Tornado, and Harrier. The non..
HUD-experlenced pilots had flown B-52, C-9, C-130, C-141, F-111, T-?7, and T-38 aircraft. A
majority of the subjects were recruited from the Instrument Flight Center and the 12th Flying
Training Wing, Randolph Air Force Base, Texas.

Apparatus

Each experiment was conducted in the VOL in the Crew Technology Division, Crew
Systems Directorate of the USAF Armstrong Laboratory at Brooks AFB, Texas. The VOL
includes (a) a Silicon Graphics IRIS 3130 computer workstation, (b) a Sony VPH-1030Q1 color
video projector, (c) a subject booth containing a Draper Cine-15 viewing screen, and (d) a
simulated F-16 aircraft seat with a side-arm force-stick controller on the right and a throttle on the
left. The height of the video projector and the viewing screen is adjustable; thus, the center of the
projected image can be set at eye level for a subject sitting in the simulated aircraft seat.

Tasks

Three general types of tasks were used during the evaluations of the symbologyt unusual
attitude recovery, precision instrument control, and ILS approaches. These tasks were used in the
VOL simulations, the Crew Station Evaluation Facility full-scale simulation effort, and the inflight
validation.

Unusual Attitude Recovery Task

The recovery task involved returning a computer-generated image of a HUD to a wings
level, upright flight position as quickly as possible, and in accordance with AFM 51-37,
Instrument Flying, procedures. Between 8 and 20 attitudes were selected for each evaluation, and
several repetitions of each attitude were completed. The number of attitudes selected and the
number of repetitions completed varied, depending on the number of HUD configurations to be
evaluated in each study. The desired outcome was to maintain a reasonable number of trials for the
subjects to complete without fatigue or boredom becoming a significant factor. A balanced number
of upright and inverted attitudes, as well as left and right banks were included in each evaluation.
Nose-up and iiose-down recoveries were completed by the subjects, although the data from the
nose-up trials were not analyzed because USAF instrument procedures do not specify one
definitive, correct recovery procedure from a nose-up attitude. In nose-low unusual attitude
conditions, thtý pilot is instructed to roll the aircraft to less than 90 degrees of bank before adding
back pressure to the stick (Rastellini, 1986).

The subjects were asked to perform the unusual attitude recoveries with each of the HUD
configurations. The HUDs were presented with a gray background scene simulating flight in
instrument meteorological conditions. Subjects were allowed to "free-fly" each HUD until they
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were comfortable with its operation, and were then allowed to practice recoveries until they
indicated that they were ready to start the experimental trials. The "free-flight" and practice trials
for each HUD were flown immediately before the set of experimental trials for that display. The
HUD presentation order was balanced and the trial order was randomized across subjects. The
dependent variables were accuracy of initial stick input (i.e., did the subject initially roll in the
correct direction), the reaction time to the initial stick input, and the total time to completion of the
recovery.

Subjects were also asked to complete a preference questionnaire at the end of each study.
The questionnaire was modified for each evaluation to elicit the pilots' opinions regarding the
particular symbols examined. In general, subjects were asked to respond to statements presented
in a modified Likert Scale format similar to the following example.

"The tapered climb/dive ladder allowed me to maintain orientation."

1 ---------- 2 ---------- 3 ---------- 4 ---------- 5 ---------- 6 ---------- 7
strongly neutral strongly
disagree agree

Precision Instrument Control Task

Several of the symbology evaluations required the pilots to perform basic flight instrument
maneuvers involving precise skill in manipulating various aircraft control and performance
parameters (e.g., altitude, airspeed, bank, and vertical velocity). In the task used to evaluate the
altitude and airspeed symbology, subjects had to maintain a target altitude and airspeed while a
sum-of-sinusoids perturbation altered the altitude of the simulated aircraft. Airspeed changes were
the result of the subject's stick and throttle adjustments for altitude control. The changing altitude
condition repeatedly challenged the subjects to recognize altitude and airspeed deviations
(crosscheck) and then to adjust the aircraft attitude and power to reestablish the target altitude and
airspeed.

The tasks used to evaluate the vertical velocity indicators were vertical S instrument
maneuvers. One task was the vertical S alpha whirh is a climb and descent flown on a constant
heading. Subjects were asked to climb from 8500 ft to 9500 ft and then descend to 8500 ft with a
constant vertical velocity of ±1000 ft/min, an airspeed of 360 knots, and a heading of 010 degrees.
Another task employed was the vertical S delta, which also involved a climb from 8500 ft to 9500
ft and a descent to 8500 ft, at a vertical velocity of ±1000 ft/min and an airspeed of 360 knots. In
the vertical S delta, however, a 30 degree right bank is added during the climb and the direction of
the bank is reversed at the top to 30 degrees left for the descent. In this case, heading is irrelevant.
Random vertical motion perturbations, generated by a sum-of-sinusoids forcing function, were
used to increase the difficulty of the vertical S tasks. When they are performed correctly, the
vertical S alpha and delta tasks should take 2 minutes each to complete.

The dependent variables varied according to the actual task performed. For example,
during a vertical S task in which a subject is asked to maintain a set vertical velocity and bank
angle, the deviations from the set vertical velocity and bank angle were recorded and analyzed.
General performance data such as altitude, airspeed, and heading were also recorded.
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Instrument Landing System Approach Task

One of the tasks used to evaluate symbology was a simulated ILS precision approach. The
ILS, composed of a localizer and glideslope, is the most commonly used instrument approach aid
for USAF pilots. The localizer is defined by a very high frequency (VHF) radio signal aligned
with the centerline of the runway, providing lateral displacement information. Vertical guidance
(glideslope) is a similar signal set at a predetermined elevation angle. The intersection of the two
signals provides precise guidance in azimuth and elevation. Depending on the aircraft display, the
signals are coupled by an airborne receiver and displayed as either one single purpose cue (tadpole)
or two independent cues,

Usually, the aircraft is directed toward the final approach portion of the ILS at a minimum
intercept altitude. Localizer centerline is captured at the minimum intercept altitude prior to
glideslope capture (descent). The final approach starts at the glideslope intercept point and ends at
a specified altitude (decision height) where the pilot must decide to either complete the landing or
abort the landing and go around. Values of the glideslope angle, the minimum intercept altitude,
and decision height are determined by the runway location and surrounding terrain. As the aircraft
approaches the runway on the final approach, the signals become more sensitive and smooth,
precise control inputs are required.

The dependent measures evaluated for the ILS task include deviations from a predetermined
glideslope, localizer, altitude, airspeed, angle-of-attack, and acceleration. These parameters
measure the pilot's ability to maintain the desired flight path as well as to optimize aircraft
performance with efficient energy management.

Data Analysis

The Silicon Graphics workstation records the performance data for each trial and each
subject in a separate data file. The time histories for each parameter were sampled and recorded at
a rate of 10 Hz. At the conclusion of the experiment, the data are reduced by averaging the
performance within a trial. For example, if airspeed deviations were measured every 500
milliseconds for a 4-minute flight trial, the average airspeed deviation for that trial was calculated
and reported as a summary statistic for that trial. This process was conducted for each
performance parameter, trial, and subject. The resulting database consisted of an average value for
every parameter recorded on each trial conducted during the experiment. The database was then
subjected to standard inferential statistical analysis procedures [e.g. analysis of variance
(ANOVA), Duncan range test] using the commercially available SAS statistical package.
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CHAPTER IV

ELEMENT DEVELOPMENT STUDIES

Altitude and Airspeed

This study was designed to determine which of five altitude and airspeed symbol sets
would be most effective for use on the standardized HUD. A detailed description of the study can
be found in Ercoline and Gillingham (1990).

Mhtba

S e Seven HUD-experienced and 18 non-HUD-experienced pilots volunteered to
participate in the study. The average total flight time for the subjects was 2,800 hours.

Dislays. Each HUD symbol set consisted of pitch-ladder lines [climb/dive angle (CDA)
markers], a pitch index symbol (miniature aircraft), a ground pointer, a bank scale, a heading
scale, and one of five different sets of airspeed and altitude readouts. A digital tachometer was
located on the lower left side of the traditional instrument panel. The tachometer provided a visual
reference to be used in establishing the beginning thrust requirement for target airspeed
(approximately 90% rpm for 360 knots).

Figure 5 illustrates the five HUD altitude and airspeed symbol sets: 1) moving vertical
tapes, 2) rotating pointers with dots, 3) plain boxed digits, 4) rotating pointers, and 5) trend bars.
The altitude was displayed on the right-hand side of the HUD, slightly above the mid-position, and
the airspeed was displayed in a corresponding position on the left. In the first format, vertical
tapes (similar to those used in the F-16), consisted of moving altitude and airspeed scales that were
indexed by stationary pointers on the medial sides of boxed digital displays. The second format
consisted of poiltters, analogous to those of a round dial altimeter or airspeed indicator, rotated
about a digital display like hands on a clock. Ten dots were placed equidistant around the circles
described by the distal ends of the moving pointers. Plain boxed digits (similar to the symbology
used in the F/A- t8) constituted the third format. The fourth format was the same as the second,
except the dots were removed. The fifth format displayed the instantaneous rates of change of the
altitude and airspeed as trend bars above or below boxed digital displays.

T, Zk. Subjects were asked to fly a basic instrument profile, i.e., to maintain straight and
level flight (2,000 feet and 360 knots), for 200 seconds. The sum of five sinusoids with different
frequencies, amplitudes, and phases was used to perturb the altitude depicted on the altimeter
display. Airspeed changes were the result of the subject's stick and throttle adjustments for altitude
control. All test subjects received the same altitude perturbation. The changing altitude condition
challenged the subjects repeatedly to recognize altitude and airspeed deviations (crosscheck) and
then to adjust the aircraft attitude and power to reestablish target altitude and airspeed. Deviations
of altitude and airspeed from target values (dependent measures) were calculated as root mean
square (RMS) errors. The level of difficulty was similar to that of flight conditions requiring a
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Figure 5. The five HUD altitude and airspeed symbol sets: 1) moving vertical tapes,
2) rotating pointers with dots, 3) plain boxed digits, 4) rotating pointer
and 5) trend bars.

continuous, concentrated instrument crosscheck. Performance was first measured with 60 seconds
of straight and wings-level flight without any altitude peiturbation (turbulence). The subjects were
then given the 200 seconds of perturbed (turbulent) flight.

The pilots' post-test subjective estimates of confidence in their ability to use the various
displays were also collected. Subjects were asked to rate the five displays on a whole number
scale from 1 to 5, with 1 representing the best and 5 representing the worst case.

The altitude and airspeed performance RMS errors were subjected to a two-way ANOVA.
The altitude and airspeed RPMS errors are shown as a function of display type in Figures 6 and 7,
respectively. For both altitude and airspeed measurements, the null hypothesis that the different
displays were not associated with different performances was rejected (p <0.001). Duncan's
multiple range test revealed that, for altitude control, the trend bars and both rotating pointer
formats were associated with performance scores significantly better (p<0.01) than those
associated with the tapes and plain boxed digits. For airspeed control, the two rotating pointer
formats gave better performance scores (p<0.01) than did the other three formats (Figure 7).
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The results of the post-test subjective evaluations (Figure 8) were consistent with the
objective findings. Friedman's two-way ANOVA revealed that the subjects' confidence in their
ability to use a display for the required task (instrument crosscheck) significantly differed
(p <0.0001) among the displays. Duncan's multiple range test indicated that the rotating pointer
formats and the trend bars were preferred significantly (p <0.001) over the other two formats.

The results suggest that altitude and airspeed information presented in the rotating pointer
HUD formats is easier for pilots to assimilate than is such information presented in the vertical
tapes and boxed digits formats. Rotating pointers are probably more effective because their
position and movement are relatively easy to detect in parafoveal and peripheral vision while foveal
vision is occupied with reading the digital representations of altitude/airspeed and with monitoring
other parameters (e.g., pitch/bank attitude).

Articulation/Pitch Reference

The objective of this study was to determine the effects of articulated lines versus parallel,
tapered lines in the top and bottom halves of the climb/dive ladder (CDL), In addition, the CDL
effect was examined with a moving climb/dive marker (CDM) and a fixed pitch reference to
simulate the difference between an unquickened and quickened symbology mechanization,
respectively. Appendix B explains the theory and application of quickening the HUD. A detailed
description of the study can be found in Weinstein and Ercoline (1991).

4i
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Figure 8. Mean subjective ratings for the 5 altitude and airspeed display formats.

A rating of "1" was very favorable and "5" was very unfavorable.
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Method
Subnject. Twelve HUD-experienced military pilots volunteered to participate in the study.

The average total flight time for the subjects was 2,300 hours, including an average of 750 hours
of HUD flying time. The pilots had experience in a number of HUD-equipped aircraft, including
the A-10, F-15, F-16, Hawk, Jaguar, and Tornado.

1Dils yx. Figure 9 illustrates the four displays in a 145-degree right bank and 40-degree
nose-down pitch attitude. There were four HUD configurations evaluated in the experiment.
Increasingly articulated lines were compared to parallel, tapered lines, with a moving CDM and a
fixed pitch reference, resulting In the four HUD configurations shown in Figure 9: 1) parallel,
tapered lines on the top; articulated lines on the bottom with a moving CDM 2) parallel, tapered
lines on the top; articulated lines on the bottom with a fixed pitch reference; 3) airticulated lines on
the top; parallel, tapered lines on the bottom with a moving CDM; and 4) articulated lines on the
top; parallel, tapered lines on the bottom with a fixed pitch reference.

Inak. The unusual attitude recovery task was employed in this study. The pitch and bank
attitudes used in this study assured that the subjects viewed only the top or bottom half of the CDL
(with no horizon line) when a trial commenced. The subjects were asked to perform 32 different
unusual attitude recoveries with each of the 4 HUD configurations, resulting in a totl of 128 trials
per subject. All trials were run during a 1-hour session.

V V.

1) Articulated bottom, 2) Articulated bottom,
-•-•moving climb/dive marker fixed pitch reference

-- 3) Parallel tapered bottom, 4) Parallel tapered bottom,
- •_moving climb/dive marker fixed pitch reference

S~Figure 9. The four HUD configurations illustrating a 145-degree right bank and 40-degree nose-
down pitch attitude.
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O bj data. The, subjects' stick inputs were recorded, as well as the reaction time to the
first significant stick input. The accuracy (correctness) of the initial, significant stick input was
used in the analysis. A significant stick input was defined as an input in the x or y axis of more
than 5% of the operating force (voltage) range. ANOVAs were conducted on these measures to
assess the differences in recovery performance with the four displays. Figure 10 depicts the
accuracy data. There was a significant effect due to HUD type (F(3,1 1)= 5.01, p<.01). The
parallel, tapered top, articulated bottom with the moving CDM resulted in significantly less accurate
performance (72% correct) than that associated with the other three HUDs. There was no
significant difference in accuracy between the other three configurations: parallel, tapered top,
articulated bottom, fixed pitch reference (83%); articulated top, parallel, tapered bottom, moving
CDM (89%); articulated top, parallel, tapered bottom, fixed pitch reference (89%).

The errors in initial pitch and roll input were further evaluated to determine if the subjects in
the current experiment made mistakes similar to those found by earlier researchers. In a nose-
down orientation, the proper recovery procedure is to begin a roll towards a wings level, upright
orientation; when the bank is less than 90 degrees, back pressure can be applied on the control
stick to reduce pitch. The plots of the pitch and roll angle revealed that, in seven cases with the
articulated fines on the bottom, subjects appeared unable to determine that they were inverted, and
rolled in flte wrong direction or applied back pressure before achieving a bank of less than 90
degrees--which either delayed their recovery or steepened their dive angle, thereby worsening the
situation.

The reaction-time data are shown in Figure 11. The ANOVA on the reaction-time data
revealed no significant differences between displays, Apparently, the subjects responded with
quick initial stick inputs (average reaction time=.66 seconds) regardless of the HUD type.

. data, At the completion of the session, each subject completed a preference
questionnaire. The results of that survey revealed that five subjects had a strong preference for the
articulated bottom, parallel, tapered top with a fixed pitch reference, while two additional subjects
had a slight preference for that configuration. Four subjects preferred the articulated top, parallel,
tapered bottom with a moving CDM. One subject had no preference.

Siiiiw

The results indicated that the CDL configuration did not affect a pilot's reaction time to
initiate a recovery. However, in terms of accuracy of the initial, significant stick input, the
articulated lines in the bottom half of the HUD with a moving CDM resulted in significantly poorer
performance (about 12% worse) than that associated with the other three configurations.
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Ghost Horizon

This research effort examined two issues that remain unresolved in the development of a
global attitude reference: the utility of a cue to indicate the direction of the actual horizon when the
CDL horizon line is not within the HUD field of view (FOV), and the configuration of the bottom
half of the CDL. A detailed description of the study can be found in Weinstein, Ercoline, and
Bitton (1992).

Subjec. Six HUD-experienced and six non-HUD-experienced military pilots volunteered
to participate in the study. The average total flight time for all of the subjects was 2,870 hours; the
HUD-experienced pilots had an average of 730 hours of HUD flying time. The pilots had
experience in a number of HUD-equipped aircraft, including the A-10, F-14, F-15, F-16, F-18,
and F-117.

Dlays. The six HUD configurations evaluated in this study are illustrated in Figure 12.
There were two factors examined: 1) the utility of the ghost horizon, and 2) the tapering of the
CDL. The ghost horizon is a cue to the direction of the horizon when the 0-degree CDL line (HUD
horizon) is not located within the HUD field of view. As the CDL moves vertically, and the
horizon line reaches a set distance (determined by the HUD FOV size) from the edge of the
instantaneous FOV, it is replaced by a ghost horizon line. The ghost horizon line, as originally
conceived, is a dashed horizon line with "tepees" pointing upward, iLe., toward the sky (see Figure
12). The ghost horizon line extends across the entire FOV of the HUD, as does the conventional,
solid, CDL horizon line. Once the true horizon is again located within the HUD FOV, the ghost
horizon is replaced by the CDL horizon line (Bitton and Evans, 1991). In this study, the ghost
horizon was evaluated to determine whether it can help pilots regain spatial orientation under
conditions characterized by loss of attitude awareness (unusual attitude recovery situations).

The study also examined various line configurations for the bottom half of the CDL. The
top half of the CDL contained solid, "articulated" lines. The lines pivoted at the inner corners and
were angled at half the amount represented by that climb/dive line: e.g., the 40-degree line was
articulated 20 degrees. A line was drawn at every 5 degrees of CDA. The CDL was drawn with
linearly decreasing space between lines with increasing CDAs, so that the distance between the
horizon line and the 5-degree line was 2.7 times the distance between the 85-degree line and the
zenith or nadir symbol. Figure 12 illustrates the three types of lines that were evaluated for the
bottom half of the CDL with and without a ghost horizon: tapered (became shorter with
increasingly negative CDAs), non-tapered (same length for all CDAs), and reverse tapered (became
longer with increasingly negative CDAs). The evaluation involved recovery from unusual attitudes
in a flight simulator.

Task. The subjects were asked to perform 20 different unusual attitude recoveries with
each of the 6 I-IUD configurations, which resulted in a total of 120 trials per subject. All trials
were run during one session that lasted approximately 90 minutes. Subjects were also asked to
complete a preference questionnaire at the completion of the session.
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nor did the pilots indicate a strong preference for any one CDL line configuration over any other,
either with or without the ghost horizon. The mean accuracy (correctness) of the initial stick Input,
the mean initial reaction time, and the mean recovery time, as related to the three CDL line
configurations, are shown In Table 1.

TABLE 1. Accuracy, Initial Reaction Time, and Total Recovery Time for the Three CDL Line
Configurations Collapsed Across Ghost Condition.

Ladder Type Accuracy Initial RT TtlR
M% (S) (S)

Tapered lines:. 89 .74 11.45

Non-tapered lines: 89 .77 11.43

Reverse tapered lines: 90 .74 11.21
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The accuracy (correctness) of the initial stick input, the mean initial reaction times, and the
mean recovery times with respect to presence nr absence of the ghost horizon are shown in Table
2. An ANOVA conducted on the accuracy data to assess the differences in recovery performance
with and without the ghost horizon revealed a significant effect due to the horizon type (F(1 ,ll)=
16.25, p <.01). The ghost-horizon conditions resulted in significantly more accurate performance
(95%) than did the non-ghost-horizon conditions (84%). The ANOVA on the initial reaction-time
and total recovery-time data revealed no significant differences between conditions.

TABLE 2. Accuracy, Initial Reaction Time, and Total Recovery Time, With and Without the
Ghost Horizon Collapsed Across the CDL Line Configuration.

Ghost Condition Accuracy* Initial RT Total RT

(%) (s) (s)

Ghost horizon: 95% 0.73 sec 11.35 sec

No ghost horizon: 84% 0.76 sec 11.38 sec

*The accuracy data were significant at p <.05.

The results of the preference survey revealed that 7 subjects had a preference for the ghost
horizon, and 5 subjects preferred not to have it. Comments made by the pilots suggest that,
although the ghost horizon is useful, the design of the horizon may not be optimal. Several
subjects mentioned that they were confused by the "tepees" on the horizon line, because the
"tepees" are sky pointers while the "ticks" on the CDL lines are horizon pointers. They suggested
removing the "tepees," since the primary objective of the ghost horizon is to show the pilot the
direction to the horizon. Several other subjects commented that the ghost horizon cluttered the
display. If the "tepees" were removed, then the clutter on the display would be reduced. The
"tepees" require a significant amount of computing power, and removing them would alleviate
some of the computational load on the aircraft HUD. We feel confident that removing the "tepees'
would not have diminished the performance benefits observed in this study because the subjective
comments suggested that most pilots were unaware of the "tepees" or found them distracting.

In terms of accuracy of the initial stick input, the ghost-horizon conditions resulted in
significantly better performance (about 11% better) than did the non-ghost-horizon conditions,
Th'. ghost horizon had no effect on initial stick input reaction time or total recovery time. The CDL
line taper configuration did not affect accuracy, initial stick input reaction time, or total recovery
time. These findings suggest that the ghost horizon is a useful aid to unusual attitude recovery
performance, and may reduce spatial disorientation.
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Vertical Velocity

There were two objectives in the current study: 1) determine if vertical-velocity-iniensive
flying tasks can be performed more accurately with an analog format for vertical velocity
information than with a pure digital readout, and 2) deturmine if the incorporation of analog
vertical velocity information with a digital readout is beneficial during these same tasks. A detailed
description of the study can be found in Weinstein, Ercoline, Evans, and Bitton (1992).

Mthlbd

Su• s,. Eight HUD-experienced, and twelve non-HUD-experienced, military pilots
volunteered to participate in the study. One subject was not able to complete the study; therefore,
his objective data were not included in the statistical analysis. However, the subject did fill out the
questionnaire and his subjective data were used in the analysis. The average total flight time for all
of the subjects was 2,800 hours, and the HUD-experienced pilots had an average of 670 hours of
HUD flying time.

Disla•s. Subjects were required to perform several vertical velocity-intensive flying tasks
with the five VVI configurations shown In Figure 13: 1) an arc around the altimeter beginning at
the nine o'clock position and extending around the top or bottom of the altimeter to indicate
positive or negative vertical velocities, respectively, 2) a diital readout located directly below the
altimeter, with the two-letter identifier "vv" preceding the digits, 3) a combination of the arc. and the
digital readout, 4) circular moving-pointer dial similar to a head-down analog instrument with the
addition of a digital readout in the center of the dial, and 5) boxed digits with a trend tape extending
from the top or bottom to indicate positive or negative vertical velocities, respectively.

T_., Four instrument maneuvers were used to assess the five HUD configurations.
During Task 1, subjects were asked to maintain straight and level flight at an altitude of 8500 ft, an
airspeed of 360 knots, and a heading of 010 degrees. Task 2 was a vertical S alpha. Task 3 was a
vertical S delta. See Chapter 3 for a detailed description of the vertical S tasks. Task 4 was
another segment of straight and level flight at 8500 ft, 360 knots, and a heading of 010 degrees,
but this segment included a sum-of-sinusoids perturbation,

Bed. . The subjects were asked to perform the four instrument flight procedures with
each of the five HUD configurations, which resulted in a total of 20 trials per subject. The flight
path marker was not presented on the HUD; accordingly pilots were instructed to use the pitch
reference and vertical velocity information to perform the tasks. Practice vertical S maneuvers
were flown by each subject. All trials were run during a 2..hour session, The four flight
maneuvers wem, always flown in the order discussed above (Task 1, Task 2, Task 3, and Task 4).

The structure of the straight and level tasks and the vertical S tasks challenged the subjects
to center their attention on different portions of the symbology; therefore, the VVI played a
different role during the two types of tasks. For the straight and level tasks, subjects had to closely
monitor the altimeter, and they used the VVI to detect changes in vertical velocity that would
eventually result in changes in altitude if left unchecked. The pilot crosschecked airspeed and
heading in order to maintain 360 knots and 010 degrees. The vertical S tasks required maintenance
of a 1000 ft/min vertical velocity; thus the pilot's attention was focused primarily on the VVI while
crosschecking the other symbology" to maintain 360 knots, the 010-degree heading (vertical S
alpha) or the 30-degree bank (vertical S delta), and altitude within the restrictions.
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Figure 13. The five WVI configurations shown with the rotating pointer altimeter.

The primary factors in evaluating the quality of a VYI are how effectively the pilot can 1)
maintain a predetermined vertical velocity and 2) detect and respond to deviations in vertical
velocity with that display. Therefore, root mean squared error (RMSE) from a set vertical velocity
was the primary measure used to evaluate the five HUD configurations. The dependent variables
analyzed in the straight and level portions were the altitude, airsped, and heading RMSEs. For
the vertical S alpha task, the vertical velocity, airspeed, and beading RMSEs were examined; and
for the vertical S delta task, the vertical velocity, airspeed, and bank RMSEs were analyzed.
However, a secondary measure of the quality of a VVI is the reduction In pilot workload associated
with that configuration relative to other configurations. In the current scenario a decrease in
workload was assumed to be associated with an increase in the pilot's ability to maintain other
flight parameters (i.e., altitude, heading, airspeed, bank). This relationship means that an
improvement in the maintenance of these other flight parameters is expected with atn increase in the
quality of thde VI.

At the end of each task, subjects were asked to rate the effectiveness of each VVI display in
helpinaz him complete the task. Subjects responded with a numeric rating of "1" through "7'
where 1I" represented very ineffective and "7r" was very effective.

Of the 19 subjects who completed the objective data collection session, 8 had previous
HUD experience and 11 had no prior HUD experience. Repeated measures ANOVAs were
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conducted on the RMSE measures for vertical velocity, altitude, airspeed, heading, and bank for
the four tasks as appropriate (e.g., RMSE for heading would be irrelevant during the vertical S
delta task which requires maintenance of a 30-degree bank and no set heading). Performance
measurements were not taken until the subject had stabilized the desired flight parameters for each
task. HUD experience was used as a grouping factor for the ANOVAs, while HUD configuration
and task type were used as within-subjects factors. There were no significant effects due to HUD
experience; consequently, the data for the two groups were combined.

Omyv•d.d.•at The mean vertical velocity RMSE for the five HUD configurations and the
two vertical S tasks are shown in Figure 14. Vertical velocity RMSE was analyzed for the vertical
S tasks; there was a statistically significant main effect due to HUD configuration (F(4,68)=17.57,
p <.001), A post hoc comparison revealed that performance with the arc and the arc with digital
readout configurations was significantly better than performance with the other three
configurations. A main effect due to task type was also significant (F(1,17)-12.42, p <,01). A
marginally significant (F(4,68)f2.57, p =.05) interaction effect of HUD by task type was found.

A Bonferroni post hoc comparison revealed that the dial configuration resulted in less
accurate performance on the vertical S delta task than it did on the vertical S alpha task. (Note that
the .05 significance level was used for all post hoc tests.) The pattern of the interaction suggests
that the maintenance of vertical velocity is consistently more accurate during the vertical S alpha
task than during the vertical S delta task, and the pattern is similar for four of the five
configurations. This pattern suggests that some attribute of the dial configuration may result in
differential utility for that design depending on the task to be accomplished,

Altitude maintenance was only required during the straight and level portions of the
experiment. Therefore, the altitude RMSE data were only analyzed for the two segments requiring
straight and level flight. There was no display effect during the straight and level portion without
perturbations (Task 1). Therefore, only the data obtained during Task 4 will be discussed. Figure
15 illustrates the statistically significant effect (F(4,68) - 3.78, p <.01) for altitude RMSE during
the straight and level task with perturbations (Task 4). A Bonferroni post hoc comparison revealed
that the arc and the arc with digital readout configurations resulted in significantly more accurate
altitude control than did the digital configuration alone. The test also revealed that the arc display
allowed for significantly more accurate altitude control than did the tape configuration.
Airspeed maintenance was required during all four flight manuevers. There was a statistically
significant effect of task type; both vertical S tasks had a larger airspeed RMSE than did the straight
and level segments (F(3,68) - 21.32, p <. 001). However, there was no effect of VVI
configuration on airspeed control.

Heading error was analyzed for the two straight and level tasks and the vertical S alpha
task. There was a significant effect due to task type; the tasks including perturbations showed
increased RMSE over the straight and level task without perturbations (F(2,68) = 14.67, p <.001).
This finding is not surprising because the perturbations were designed to increase the difficulty
level of the tasks.

Bank maintenance was required only during the vertical S delta. The RMSE in bank as a
function of VVI configuration is shown in Figure 16. Although the overall error rates in bank
angle were very small (approximately 2 degrees), there was a statistically significant effect due to
VVI configuration. A Bonferroni post hoc comparison revealed that bank errors were significantly
greater with the arc and the arc with digital readout than with the tape or digital readout. Although
the difference is small, this finding may reflect a reduced crosscheck area that omits the bottom of
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Figure 14. The mean vertical velocity RMSE for the five VVI configurations and the two vertical S

tasks.

the HUD. As a consequence, the bank scale may be excluded from the pilot's crosscheck, and
larger bank errors may be the result.

"ectivjdata. At the end of the session, each subject completed a preference
questionnaire. Table 3 shows the mean ratings for the five displays. The results of that survey
supported the objective findings: pilots preferred either configuration that included the altimeter arc
(a design previously unknown to them) over the digital or tape configurations. An ANOVA was
conducted on the ratings and revealed a significant main effect due to HUD type (F(4,68)= 21.13,
p <.001). Bonferroni T tests (post-hoc comparison) revealed that the two arc configurations were
preferred over the tape and digital VVIs. Preference for the dial was also significantly greater than
that for the digital VVI. Non-parametric tests conducted on the subjective ratings revealed similar
results.

The results clearly indicated that the altimeter arc with digital readout, and the altimeter arc
alone, resulted in significantly more accurate maintenance of flight parameters (i.e., vertical
velocity and altitude) than did the digital readout alone, the boxed digits with tape, or the dial.
These findings suggest that analog vertical velocity information is useful on the URJD, particularly
when it is located in close proximity to the altimeter.
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TABLE 3. Mean Subjective Ratings for the Five VVI Configurations. (A rating of"1" was highly
unfavorable, and a rating of "7" was highly favorable.)

VVI CONFIGURATION

ARC +
DIAL TAPE DIGIT DIC ARCDIGIT

MEANRAN 4.24 3.70 2.74 4.84 5.01RATINGS

Energy Management Symbology

The objective of this evaluation was to determine the utility of longitudinal acceleration
information and an angle-otfattack (AOA) indication as well as the optimal configuration for the
presentation of this information of the HUD.

Method

Subje. Four HUD-experienced, and five non-HUD-experienced, military pilots
volunteered to participate in the study. The average total flight time for all of the subjects was
3,010 hours, and the HUD-experienced pilots had an average of 865 hours of HUD flying time.
The pUots had experience in a number of -IHUD-equipped aircraft, including the A-10, F-15, and
F-16

Dislays. The four energy management configurations are illustrated in Figure 17. A
configuration similar to the commercially available Flight Dynamics Incorporated (FDI) energy
management symbology consists of an AOA indicator, or worm, that extends from the wing of the
CDM and increases in size with deviations from the designated AOA for an approach. The worm
extending out the top of the wing indicates e..cessive airspeed and a resulting low AOA.
Conversely, the worm extending from the bottom of the wing indicates a slow airspeed and a
resulting high AOA. The longitudinal acceleration caret was mechanized the same way in the three
configurations that included that information. The caret was located abeam of the CDM when the
aircraft had no longitudinal acceleration. As airspeed increased, i.e., as the aircraft accelerated, the
caret would move above the wing; and as the aircraft decelerated, the caret would move below the
wing. The movement of the caret had a consistent controVdisplay relationship with the movement
of the throttle. As the throttle moved forward, the caret moved up on the display. The remaining
three configurations represented AOA information by a bracket located next to the CDM. The
configuration similar to the French Mirage 2000 symbology has two brackets located
symmetrically on either side of the CDM. All three configurations were mechanized so that high
AOA (low airspeed) is indicated by the bracket moving below the CDM. The acceleration caret and
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AOA indicators were mechanized such that when the pilot was on the airspeed specified for the
approach to landing, the indicators were centered next to the CDM.

Tas. The subjects were asked to perform two ILS approaches with each of the four HUI)
configurations, which resulted in a total of 8t'ials per subject. During one of the approaches with
each configuration, subjects experienced a microburst (i.e., an updraft followed by a severe
downdraft). The microburst occurred after localizer intercept, but prior to glideslope intercept.
This unexpected change in energy state was reflected by the movement of the caret. The caret
would begin to move up on the display indicating that the aircraft was accelerating, and then the
caret rapidly moved down on the display indicating that the aircraft was deccelerating. All trials
were run during a two-hour sessio9 .

The primary factors in evaluating the quality of an energy management display in an
approach to landing situation are how effectively the pilot can 1) maintain a predetermined course
and glideslope and 2) detect and respond to deviations from the flight path with that display.
Therefore, RMSE from course and glideslope were the primary measures used to evaluate the four
HUD configurations. RMSE for airspeed, angle of attack, and acceleration were also measured,
At the completion of the experiment, subjects were asked to evaluate the displays on a number of
attibutes.

AOA AOA

acceleration > ..4....acceleristion > 1 -4ý.... E
WORM AND CARET DUAL BRACKET

AOA AOA

acceleration >

E BRACKET E WITH CARET

Figure 17. The four HUD energy management configurations.

35



Figures 18, 19, 20, 21, and 22 illustrate the mean RMS deviations for acceleration,
airspeed, AOA, glideslope and course, respectively, for a portion of the approach (2 miles to I
mile out). There was a statistically significant effect on performance due to the configuration of the
energy management cue, for airspeed, AOA, and glideslope deviations. For airspeed and AOA,
performance with the worm and caret was significantly more accurate than performance with both
"E" bracket configurations, which was in turn more accurate than performance with the Mirage

configuration (airspeed, F=13.37, p <.01: AOA, F=13.53, p <.01). Glideslope performance with
the worm and caret was significantly more accurate than performance with the Mirage
configuration (F=3.32, p <.05). There were no differences between the "E" bracket
configurations and the other two configurations for glideslope deviation. The course deviation data
showed a similar pattern of results, although the differences were not large enough to reach
statistical significance.

The worm and caret resulted in the most accurate performance on the simulated ILS task.
The subjects responded to the microburst using more decisive stick and throttle muvements with
the acceleration caret. Therefore, the recommendation was made to include the worm angle-of-
attack indicator and the acceleration caret (FDI configuration) with the standard symbology set.
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Figure 18. The RMS acceleration deviations for the four energy management configurations.
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Figure 19. The RMS airspeed deviations for the four energy management configurations.
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Figure 20. The RMS AOA deviations for the four energy management configurations.
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Figure 21. The RMS glideslope deviations for the four energy management configurations.
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Figure 22. The RMS course deviations for the four energy management configurations.
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CHAPTER V

FULL-SCALE SIMULATION AND INFLIGHT VALIDATION

Full-Scale Simulation

The direction from the Instrument Standardization Working Group, chaired by the Joint
Cockpit Office (JCO), stated that the symbology set must be flight tested before it could be adopted
by the USAF as a standard (Hughes, Hassoun, and Barnaba, 1993). Prior to the fight test, all of
the symbology elements developed in the laboratories had to be integrated and examined as a unit.
The decision was made to conduct a full-scale simulator study in the Crew Station Evaluation
Facility (CSEF) at Wright-Patterson AFB, Ohio. Reasons for this approach were obvious: 1) a
full-scale simulation is much less expensive per hour than a fight test; 2) as a result of the cost
savings, more data can be collected, increasing the statistical power of the results; and 3) if the
results of the simulator evaluation were unfavorable, the flight test could be delayed until the draft
standard was modified.

The fuU-scale simulation was conducted in the CSEF F-1 6 high-fidelity simulator, which is
capable of recording numerous variables under a wide variety of conditions. Twenty-three
volunteer subjects participated in the evaluation that compared the HUD symbology to the head-
down instrument suite of the F-16 A/B cockpit. The HUD was evaluated during precision
Instrument control tasks, unusual attitude recoveries, and .LS approaches. The HUD was found to
be as good as the head-down instruments in the precision instrument control task and the unusual
attitude recovery task, and better than the head-down instruments for the ILS approaches. A
detailed description of the full-scale simulation study can be found in ASC-TR-93-5003, A
Comparison o Head-Up and Head-Down Display Formats during Instrument Flying Tasks,
(Hughes et al,, 1993). The results indicated that the HUD could be used in place of head-down
instruments. The next step was to validate the symbology set In flight.

Inflight Validation

Flight validation was a multi-lab/center effort in the HUD standardization project. The
management and funding were supplied by the Joint Cockpit Office, while the NT-33A airplane
used for the validation was contracted through the AFFTC to Arvin/Calspan Incorporated. The
AFFTC was the organization responsible for conducting the flight test, and operational pilots were
used as test subjects in addition to test pilots. The Armstrong Laboratory personnel helped develop
the protocol and the IFC scheduled test subjects.

It is interesting to note that two flight validations were required. The first uncovered a
mechanization problem missed during the full-scale simulation. Strong crosswinds at altitude,
omitted during the simulation, drove the FPM and CDL to the extreme side of the HUD FOV.
This problem, coupled with a tapering of the CDL in steep CDAs and a 2-second delay to transition
the CDL to the pitch reference of the HUD, meant that certain unusual attitudes could be presented
without any control information visible to the pilot. Consequently, the HUD was determined by
the AFFTCto be unacceptable.

Several modifications to the symbology set were required. By caging the CDL, the ladder
was visible under all flight conditions. The CSEF simulator confirmed the improvement afforded
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by the modifications and the second symbology set went to inflight validation. Following the
completion of the AFFTC flight validation, on April 9, 1992, a briefing was given by the chairman
of the JCO to the Air Force Chief of Staff. The HUD, as specified in the flight test, was approved
for certification for instrument flight. MIL-STD-1787A, Aircraft Instrument Symbology, will be
updated with appropriate symbology design and mechanization guidelines, and with lessons
learned during the entire evaluation process.

Beyond the USAF Standard

Even though some symbology issues may remain unresolved, the HUD can be used for
instrument flight, and it permits even greater accuracy for precision instrument landings than does
the F-16 instrument panel. The use of the HUD in military aircraft is rapidly becoming standard.
Every new USAF aircraft scheduled to replace an existing aircraft has a HUD in the cockpit.
Commercial aircraft companies are also conducting research and development programs to design
HUDs for use in commercial aircraft,

Dryden and Tapia at General Dynamiic, is one group of military contractors undertaking
similar efforts. They are concerned with incre sing situational awareness in the F-16 and have
written several articles examining alternative configurations for the HUD (Dryden and Tapia, 1990;
Dryden, 1990). Their research efforts have also addressed the possibility of creating symbology
allowing the HUD to be a single-source, primary flight reference, An optimal configuration for
ILS symbology (Dryden and Tapia, 1990), as well as the use of vertical asymmetry of the CDL,
has been proposed.

The studies described in this paper were never meant to define the conclusive HUD. They
were designed to study current symbology and integrate the best of the available ideas. Along the
way a few novel ideas were found and used, but most of the work dealt with concepts already
developed. Symbology and mechanization concepts are list,.-d in Appendix A with cross-references
to the studies that contributed most to the final product.

The results of the symbology evaluation studies can be summarized:

1. In a dynamic environment, symbology used to display the "sky" portion of the world should be
clearly and intuitively different from the "ground" symbology (vertical asymmetry of the CDL).

2. Altitude information displayed on round dials can be integrated into an instrument crosscheck
more easily than tapes or digits (counter-pointers).

3. Vertical-velocity arc located in close proximity to the altimeter allows most efficient processing
of vertical-velocity and altitude Information (arc VVI).
4. Optimal attitude awareness can only be achieved when attitude information is visible at all times
(caged CDL and ghost horizon).

5. Occlusion may still be a problem.

6. Inflight validation should follow any high-fidelity simulator study.

Now that a standard has been developed and validated, a baseline exists for comparison
with new ideas. As new technology is introduced, display research is turning to the design of
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symbology for head-mounted displays. These displays will undoubtedly play a significant role in
future fighter cockpit development. However, until these displays are common in operational
airraft, the HUD will hold a position of prominence in the fighter cockpit. In response to the
endurance of the HUD, the research community must continue to develop symbology and
mechanization to improve spatial orientation and reduce the risk of accident.
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APPENDIX A

HUD SYMBOLS AND ASSOCIATED MECHANIZATION
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APPENDIX B

SIMPLIFIED GUIDE TO QUICKENING

61



SIMPLIFIED GUIDE TO QUICKENING

Visual displays in closed-loop systems generally display the current state of system

variables, Idi systems with time lags, a view of the future state of the system is highly desirable.

The advantages of displaying both the actual situation and a future or predicted situation to a human

operator in a control loop are well proven (Jensen, 1981; Roscoe et al., 1981), The addition of

prediction, or lead compensation, to flight displays improves the accuracy of control and may

reduce pilot workload. Specific schemes for implementing lead compensation depend on the

information being displayed, the control task, and the physical characteristics of the vehicle being

controlled.

In a control task, the operator seeks to minimize the error between the actual vehicle state

and the desired vehicle state, In the context of a head-up display (HUD), the desired vehicle state

could be a heading or flight path. Lead compensation is used mostly in the display of climb/dive

angle on the HUD. Thus, the desired aircraft state is a particular desired climb/dive angle read off

the climb/dive ladder, while the actual climb/dive angle is read directly from the position of the

climb/dive marker (CDM) against the climb/d ivt, ladder. The difference between these two is the

error. Once a suitable lead compensation tern' ,as been derived, It can be displayed to the pilot in

two principal ways. The first method involves the display of a new symbol showing the predicted

climb/dive angle, in addition to displaying the current climb/dive angle, known as a predictor

display (Figure B-1A), In this display the pilot would aim to fly the predicted aircraft position to

the desired climb/dive angle, but retains information on the current aircraft climb/dive angle.

The alternative approach is to display only the predicted aircraft climb/dive angle and not

the actual climb/dive angle. This approach is known as quickening (Figure B- 1B) and is the

technique in use on current HUDs. In the quickened display the pilot aims to fly the quickened

climb/dive marker to the desired climb/dive angle, but has no knowledge of the Mctual climb/dive

angle. As the use of a quickened climb/dive marker (QCDM) does not add another symbol to the

display, it helps to avoid clutter on the HUD and is preferable to the predictor display.
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Figure B-I. Predicted climb/dive angle after a rapid 5 degree pullup. The climb/dive marker is

unquickened and indicates the actual climb/dive angle of 0 degrees (A). In the

quickened display only the predicted (quickened) flight path is shown (B).
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A - -B w

LEVEL PLANE , PITCH ATTITUDE -VV FLIGHT PATH

Figure B-2. The aircraft has just made a sudden increase in pitch from straight and level flight.

"The pitch attitude has increased while the flight path has not changed (A). A short

time (about 1 second) later the flight path angle has increased, while the pitch attitude

remains the same (B). A quickened HUD would display the flight path angle shown

in B immediately after the initial pitch change.

The major benefit of the QCDM is in keeping the CDM within the field of view of the

HUD, making the display easier to use. To understand this concept consider Figure B-2. Here the

pilot has made a sudden change in pitch from straight and level flight. While the aircraft responds

rapidly in pitch, the flight path changes more slowly as aerodynamic forces act to overcome aircraft

inertia. The pilot will see the climb/dive marker descend to the bottom of the HUD and, if the pitch

change is large enough, peg at the bottom of the HUD. Assuming that the angle of attack remains

approximately the same, iLi the pilot holds the new attitude, the new steady state flight path of the

aircraft will have the same relationslip to the longitudinal axis of the aircraft as before and the pilot

will see the climb/dive marker come off the bottom of the HUD and settle in approximately the

same position on the HUD as before the pitch change. If the QCDM is implemented appropriately,

it can take i .to account the delay in aircraft response and will keep the QCDM in the field of view

of the HUD. The QCDM will display pitch angle instantaneously after a sudden pitch change and
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then becomos the CDM over a short period of time (approximately 1 second). The use of a QCDM

makes the HUD behave more like an attitude indicator in response to rapid pitch changes.

To implement quickening, we need to process pitch information to produce a correction

factor which is added to the climb/dive angle to display quickened climb/dive angle. This

correction needs to decay towards zero with time. A function having these properties is known as

a time washout filter. The Laplace transform of a high-pass filter is expressed in this manner:

1+Ts

In this expression s is the Laplace complex frequency variable. 'r is a time constant chosen to

match the rate of decay of inputs to the filter to the flying characteristics of the aircraft. In a known

configuration such as approach and landing this will be a constant value; while for normal flight

where airspeed is varying and control effectiveness is varying with airspeed, the time constant will

be dependant on adrspeed. The derivation of the quickening function is shown in Figure B-3 (from

Huff et al., 1990). Figure B-4 shows idealized plots of climb/dive angle, the output of the time

0 - pitch angle
ax - angle of attack (AOA)
y - flight path angle

ot - steady state AOA
A

"y = y aircraft attains when a = a
A

y is the steady state value of y and is the quickened flight path

o + a + I + [-1 0 +a

o=7+a
SyffiO-a

=0 Y•=Y+[sl 0

Figure B-3. Derivation of quickening function.
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washout filter (the quickener), and quickened flight path in response to a step change in pitch.

PITCH CHANGE

0

FLIGHT PATHj ANGLE

OUTPUT OF

Is 0 WASHOUT FILTER

A QUICKENED FLIGHT
y/ PATH

Figure B- 4. Effect of washout filter on flight path. The pitch change is the input to the filter.

The output teom the filter is added to the actual flight path to produce the quickened

flight path. These curves are idealized responses to a step change in pitch.

For simulation purposes (and in most modem aircraft), the input and output of the filter

will be in digital format; therefore the filter will also have to be implemented in digital format. The

equations below (Figure B-5) express the filter as a difference equation which is readily converted

to computer code, In the equations in Figure B-5 the time constant of the filter has been made

dependent on airspeed. The two time constants Tra and Tb are determined by experiment (-0.325

and 385 in our simulation). Qi is the 'cluickener' used to apply lead compensation to the CDM and

convert it to the QCDM. The CDM was caged in the HUDs studied in this investigation by setting

the horizontal component of the flight path projection (transformation of flight path from earth-

referenced coordinates to HUD coordinates) onto the HUD to zero in the same manner as used in
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the RAE HUD (Hall, Stephens, and Penwill, 1989). The quickener is treated in the same manner,

quickening constant a

"Tb quickening constant b

minimum value of c

Smax 

m axim um value of c

Vt true airspeed (knots)

af ambient air pressure ratio

At sampling interval (sec)

en current pitch angle (deg)

On. 1 last pitch angle

* roll angle (deg)

qgaInl gain for quick)

QZ lead compensation term (quickener)

'C-Ta + *lb Tmnin: m'CaxVto'

At
qn=-a-qn..I + -- (On-On.1)

a+1 a+1
quickl =qgainl.q.
Q1 =quickl.cos(o)

Figure B-5. Difference equation for Q1.

leading to the cos(phi) term in the above equations to produce Qi. The gain term (qgainl) is

adjusted experimentally to a value which makes the QCDM behave in a subjectively acceptable

manner (0.9 for powered approach mode and 0,5 for other flight modes). One of the problems in

the implementation of Qi is the behavior of the quickener as the pitch angle passes through the
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zenith and nadir. At both of these points the sign of the pitch changes; thus, as pitch passes

through the zenith, the value of pitch changes from +90 degrees to -90 degrees which produces a

large step input to the filter leading to a sudden large inappropriate output.

The solution to this problem is to use a different method of quickening at high pitch angles

based on body axis pitch rate, which can be taken directly from the on-board aircraft

instrumentation and is aircraft referenced. This quickener is referred to as Q2. As the pitch goes

through the zenith or the nadir, values for QI continue to be produced. The effect of the sign

change will still affect the output of the filter when pitch returns to values where Q1 is used again.

To allow the filter to settle quickly, the time constant of the filter is artificially set to a low value

(0.3 in our simulation) as the pitch reaches high values. Thus, when the absolute value of pitch is

less than 10 degrees, Q1 is used; when the absolute value of pitch is greater than 30 degrees Q2 is

used, and between these values a linear blend of the two quickeners is used. Q2 is defined by:

Q2 = qgain2Zs+ ýa

where:

qgain2 = gain for Q2

q. = body axis pitch rate (deg/sec)

Again this Laplace form needs to be expressed as a difference equation for use in a digital

computer, as set out below.

qlfn=qlf,..l + (1 - et)(q. - qlfn. 1)
Q2=qgain2.q~ft.

A gain factor (qgain2), again optimized by experiment, is also applied to this filter (0.5 was used in

our simulation). In practice qgain2 is usually set to the qgainl value. Q2 offers an additional

benefit to the pilot. When high pitch rates or high-G maneuvers are encountered, the angle of

attack of the aircraft can increase, sometimes to quite large values. The Q1 lead compensation filter

is based on the angle of attack returning to approximately the same steady state value before and
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after a pitch change. When a high angle of attack is sustained, if QI were to be used, pilots would

tend to overshoot the desired climb/dive angle on completion of' the maneuver (Buell, 1991). The

pitch rate lead filter can be adjusted to overcome this problem. It is for this reason that Q1 is used

at pitch angles of less than 10 degrees, the range of values that would be encountered during

approach. In this flight mode movement relative to the runway is important; hence Q1, which is

driven by pitch, is used because pitch is earth referenced. During other flight modes where high

pitch values and pitch rates are encountered, Q2 is used.
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