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Abstract

Experiments and flight tests have shown that a Head-Up Display (HUD) and
a head-down electronic moving map (EMM) can be enhanced with Synthetic Vi-
sion for airport surface operations. While great success in ground operations was
demonstrated with a HUD, the research noted that two major HUD limitations
during ground operations were its monochrome form and limited, fixed field-of-
regard. A potential solution to these limitations found with HUDs may be emerg-
ing with Head Worn Displays (HWDs). HWDs are small display devices that
may be worn without significant encumbrance to the user. By coupling the HWD
with a head tracker, unlimited field-of-regard may be realized. The results of three
ground simulation experiments conducted at NASA Langley Research Center are
summarized. The experiments evaluated the efficacy of head-worn display appli-
cations of Synthetic Vision and Enhanced Vision technology to improve transport
aircraft surface operations. The results of the experiments showed that the fully
integrated HWD provided greater pilot performance with respect to staying on the
path compared to using paper charts alone. Further, when comparing the HWD
with the HUD concept, there were no differences in path performance. In addi-
tion, the HWD and HUD concepts were rated via paired-comparisons the same
in terms of situation awareness and workload.

1 Introduction

The Integrated Intelligent Flight Deck (IIFD) project of NASA’s Aviation
Safety Program (AvSP), comprises a multi-disciplinary research effort to de-
velop flight deck technologies that mitigate operator-, automation-, and en-
vironment- induced hazards. Toward this objective, the IIFD project is devel-
oping crew/vehicle interface technologies that reduce the propensity for pilot
error, minimize the risks associated with pilot error, and proactively overcome
aircraft safety barriers that would otherwise constrain the full realization of
the Next Generation Air Transportation System (NextGen) [1]. Part of this
research effort involves the use of synthetic and enhanced vision systems and
advanced display media as enabling crew-vehicle interface technologies to meet
these safety challenges.

While NextGen concepts envision the capability to handle up to a 3-fold
increase in air traffic, the National Transportation Safety Board (NTSB) con-
tinues to have runway incursion prevention on its top six most-wanted list for
aviation safety [2]. In the 4-year period between 2001 and 2004, 1,395 runway
incursion events were reported to the FAA which is a rate of almost 1 runway
incursion event per day [3]. Also during this time, over 60% of the FAA towers
reported at least one runway incursion event. These statistics and events are
cause for alarm. The worst aviation accident in terms of fatalities occurred
in 1977 when two fully loaded Boeing 747 airplanes collided on a runway at
Tenerife airport. Moreover, each year there are reports of close “near-miss”
runway incursions that happen with sufficient regularity at the world’s busi-
est airports to pose perhaps the most significant hazard confronting aviation
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today.
One such airport plagued with runway incursions is Chicago O’Hare In-

ternational Airport (FAA identifier: ORD). Chicago O’Hare is a complex
airfield for surface operations and represents one of the world’s busiest and
most challenging airports for surface operations. Current runway incursion
safety mitigations employ a “layered” approach using technology, training,
and awareness. The ORD airport authority has identified “hot spots” which
are areas where incursions are likely to occur. Within these areas, special
ground traffic and aircraft handling are designed so that nominal operations
minimize incursion potential. These hot spots are published and disseminated
to aircraft and ground crew operators to heighten vigilance when operating
in and near these areas. ORD operates an Airport Movement Area Safety
System (AMASS) which provides warnings of runway incursions to controllers.
Even with these protocols and technology implementations, there have been
several close calls [3]. For example, there was a runway incursion between two
Boeing 747s at O’Hare on April 1, 1999. From the NTSB meeting on June 13,
2000:

“On April 1, 1999, just after 2 o’clock in the morning, Korean
Air flight 36 and Air China 9018, both Boeing 747s, nearly collided
on runway 14 Right at the Chicago O’Hare International Airport.
Air China had just landed and was rolling out on runway 14 right
when the tower controller instructed Korean Air to taxi into position
and hold. After Air China exited the runway at taxiway T10, the
tower controller instructed the flight to turn left on taxiway Kilo
and cross runway 27 left. The tower controller then cleared Korean
Air for takeoff. As the airplane was rolling down the runway, Air
China deviated from its assigned taxi route and taxied on to runway
14 Right. The Korean Air captain saw the 747 taxiing on to the
runway but it was too late to stop. Instead, Korean Air 36 lifted off
earlier than normal and banked left to avoid striking Air China. The
two aircraft, carrying 382 people, missed colliding by about 80 feet.”

It should be noted that AMASS was not installed at O’Hare at the time of
this incident between Korean Air and Air China. However, using data from
flight recorders, investigators at the NTSB were able to play back the data
through an AMASS simulator. The results of the simulation showed that the
AMASS alert happened approximately 6 seconds before the potential collision.
It was determined that 6 seconds was not enough time for the controller to
notice the alert, determine the affected aircraft, decide on a course of action
and then transmit the instructions on two different radio frequencies (tower
and ground).

The potential consequences and the high historical occurrence of such run-
way incursions prompted NASA to initiate research to reduce the increasing
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rate of runway incursions. This work has yielded research and development
leading to concepts for awareness for the flight crew in two NASA programs,
Taxiway-Navigation And Situation Awareness (T-NASA) [4–7]) and Runway
Incursion Prevention System (RIPS) [8–12]. Significant improvements in sur-
face operations safety and efficiency were found under the T-NASA and RIPS
research and development efforts. To date, implementation of these concepts
for US and foreign operators is meeting with varying degrees of success despite
the lack of safety mandates by the FAA for equipage.

The present study was an extension of this previous research to evaluate
if emerging synthetic vision and head-worn display technologies can provide
further safety and operational improvements and to investigate the potential
that these concepts may have in smoothing the path to or providing a mo-
tivation for voluntary equipage among users. The current airspace system
already shows a significant safety problem in surface operations and runway
incursions. This problem will only get worse if proactive technologies are not
developed soon as the National Air Space (NAS) traffic density grows by as
much as 3-fold [1]. For instance, automated surface management systems are
being developed that utilize dynamic algorithms to calculate the most efficient
movement of all surface traffic in order to increase the efficiency with which
airport surfaces are utilized. If these systems are to be implemented, pilots
will be required to comply with 4-Dimensional (4-D) taxi clearances, which
requires an aircraft to be at a specific location at a specific time. It is pru-
dent to solve the current problems of surface operation safety and efficiency
and prepare to accept the new and novel concepts of operation and traffic
conditions emerging under NextGen [13].

2 Background

This research primarily involves the confluence and interplay of two technolo-
gies - synthetic vision and head-worn displays - for surface operations. Relevant
research is summarized in the following to provide background and motivation
for the experimental research detailed herein.

2.1 Synthetic Vision System

Previous research has shown that while the capability may be available to
take-off and land aircraft in near zero visibility and zero ceiling weather, the
operational tempo and safety within the airport terminal area is significantly
degraded due to limitations in surface operations. These surface operations
include taxiing and maneuvering aircraft and vehicles on the runways, taxiways
and aprons.

Synthetic Vision (SV) is a computer-generated image of the external scene
topography that is generated from aircraft attitude, high-precision navigation,
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and data of the terrain, obstacles, cultural features, and other required flight
information (Fig. 1). Since 1999, NASA and its industry partners have devel-
oped and deployed SV technologies for commercial and business aircraft which
have been shown to provide significant improvements in terrain awareness and
reductions in the potential for Controlled Flight Into Terrain (CFIT) inci-
dents/accidents compared to current generation cockpit technologies [14,15].

Worldwide Terrain, Obstacle 
& Airport Databases

Relevant Traffic 
Information & Tactical 

Hazards 

Advanced Sensors -
Database Integrity & Object 

Detection

Real-time Synthetic Vision 
Tactical Display w/ Advanced Guidance

INS / GPS (LAAS/ WAAS)

Precise Navigation Information
“Flight Critical” Functionality

Figure 1. The Synthetic Vision System concept.

In comparison, Enhanced Vision (EV) (or Enhanced Flight Vision System)
is an electronic means to provide a display of the external scene through the use
of an imaging sensor, such as a Forward Looking Infrared (FLIR) or millimeter
wave radar. Both SV and EV are “vision-based” technologies intended to
create, supplement, or enhance the natural vision of the pilot.

SV, by virtue of being weather-independent and unlimited in field-of-regard,
is particularly advantageous during flight phases which may be obscured by
clouds and precipitation that an EV sensor cannot penetrate or when large
fields-of-regard are necessary for mission success. The accuracy of the SV
image compared to the real-world is dependent upon the position navigation
solution accuracy, the attitude sensing accuracy, and the database fidelity, both
in terms of how accurately the database information represents the real-world
and what information about the real-world may be omitted, intentionally or
unintentionally. With SV, the designer controls the SV scene lighting, terrain
coloring and virtual camera angles. Unlimited field-of-regard is easily provided
in a SV image because there are no physical properties or limitations associated
with changing the view-point orientation, direction, or Field-of-View (FOV)
within the computer-generated image. In contrast, a camera system’s FOV is
a physical characteristic of the lens and its placement is dependent on suitable
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mounting points.

Conversely, EV provides a direct view of the vehicle external environment;
independent of the derived aircraft navigation solution or of a database. Very
little stands between the EV image shown to the pilot and the real-world; thus,
an EV pilot gets an extremely high degree of confidence in the system that is
“bolted” to the airframe. The field-of-regard provided by the EV may be lim-
ited by the physical problems associated with the installation, alignment, and
fusion of multiple EV sensors. Typically, a single EV sensor system is used to
provide the FOV equivalent to the Head-Up Display (HUD) (nominally 30◦H
x 24◦V for current transport category HUD installations). The EV image is
critically dependent upon the EV sensor characteristics and the correspond-
ing external environment, including the properties of the atmosphere and the
properties of the “real-world.” Under conditions of smoke, haze, and night,
a FLIR/EV, for instance, provides orders-of-magnitude improvement over the
pilot’s natural vision; greatly enhancing the pilot’s situation awareness and re-
ducing the pilot’s workload. A long-wave (8-12 microns wavelength) FLIR can
generate an outstanding view on a night approach [16], where roads and run-
ways are clearly demarcated from vegetation because of thermal differences.
But atmospheric moisture, such as clouds, will be clearly visible and ther-
mal cross-over must always be considered in a FLIR EV operation. Thermal
cross-over is the natural phenomenon that normally occurs twice daily when
temperature conditions are such that there is a loss of contrast between two
adjacent objects on infrared imagery.

Experimental evidence has shown that a “perfect” Synthetic Vision System
(SVS), which includes decision aids for alerting for real-time obstacle detec-
tion (i.e., finding objects not included in the stored database) and database
integrity (i.e., identifying in real-time if the stored database is inaccurate or if
the navigation accuracy is not sufficient to support the application) is supe-
rior to SV concepts without these decision aides or EV concepts [17]. These
findings were validated during a recent flight test comparison against EV tech-
nologies [18]. Significant efforts are being devoted to developing real-time
database and obstacle detection technologies to support the “perfect” SVS
application [19, 20], but there may always be “imperfections” in the technol-
ogy at least for the near-future (e.g., non-transponding traffic, finite precision
in sensors, and low-probability of detection “targets”).

The complementary capabilities of SV and EV have been well-recognized
[18] with the premise that “the strengths of the enhanced system can com-
pensate for the deficiencies in the synthetic system and that the strengths
of the synthetic system can compensate for the deficiencies in the enhanced
vision system.” [21] Methods and capabilities to create complementary inte-
gration and/or fusion of synthetic and enhanced vision technologies have been
developed and tested [22]. The optimal fusion of Synthetic / Enhanced Vision
Systems (S/EVS) technology is emerging as a cornerstone to the development
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of advanced fight deck information systems which can provide the flight crew
with significantly improved spatial awareness, increased awareness of outside
terrain and obstacle features, enhanced manual flight performance, and re-
duced pilot workload. S/EVS technology can potentially provide unlimited
field-of- regard awareness for terrain, obstacles, traffic, and airspace constraints
and establish one cornerstone to an Equivalent Visual Operations (EVO) ca-
pability [1].

Figure 2. The T-NASA display suite.

2.2 Taxiway-Navigation And Situation Awareness

The T-NASA concept (Fig. 2) was developed to improve the efficiency and
safety of airport surface operations in Instrument Landing System (ILS) Cat-
egory IIIB weather (no decision height, less than 1200 Runway Visual Range
(RVR)). T-NASA uses a suite of cockpit displays - a HUD and an Electronic
Moving Map (EMM) concept, implemented on a Navigation Display (ND) or
Electronic Flight Bag (EFB). The concepts have been shown to provide the
following benefits, in various degrees of measure and success [6]:

• Eliminated hold location errors and failure to hold errors

• Allowed increased taxi speeds

• Eliminated taxi navigation errors in low-visibility and night conditions

• Enabled better awareness of airport traffic

• Improved pilot-ATC communication of clearance

• Improved captain / first officer intra-cockpit pilot communication
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Under the T-NASA concept, the EMM includes a labeled airport layout,
ownship position, positions of other traffic, graphical route guidance, text
clearance window, and ground speed and heading indicators. The EMM de-
picts the cleared taxi route graphically, via a magenta path, and textually, via
a text box on the bottom of the map. Hold short instructions are portrayed
with a yellow hold bar, and the portion of the route beyond the holding posi-
tion is displayed in yellow. Airport traffic is depicted in real-time, and pilots
can choose to view aircraft icons with or without data tags. All information
is dynamic and updated in real-time.

The EMM is designed with the primary purpose of aiding navigation and
situation awareness; it is not designed to support the control of the aircraft. As
such, the map purposely lacks specific detail regarding the aircraft’s position
relative to the centerline, location of wheels, speed or braking parameters, or
an accurate depiction of aircraft size and wingspan. In contrast, the HUD
uses “scene-linked” symbology (Fig. 3) for conformal display against the out-
the-window environment (when visible) which theoretically leads to efficient
cognitive processing of both the symbology and the environment, and mitigates
problems of attentional tunneling and symbology fixation. The taxi symbology
contains taxiway centerline markers and taxiway edge cones. Virtual signage
aids in augmenting cleared-path awareness. Taxiway information provides
enhanced situation awareness for taxi navigation.

Figure 3. The T-NASA HUD symbology.

Simulation data were analyzed to pinpoint the mechanisms by which T-
NASA technology components could mitigate classes of surface operations nav-
igation errors (pilot deviations) [23]. A taxonomy of 3 error classes (planning,
decision, and execution) was used. The simulation data replicated current-
day operations and also included trials with T-NASA technologies including
datalink, EMM concepts, and HUD concepts. The error decomposition showed
that pilots committed navigation errors on 17% of current-day operations trials
(in low-visibility and night), distributed roughly equally across the three error
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classes. When using T-NASA technologies, the error data showed a unique set
of contributing factors and mitigating solutions:

• Planning errors were mitigated by technologies that provided an unam-
biguous record of the clearance (datalink and the EMM, which possessed
a text-based clearance).

• Decision errors were mitigated by technologies that provided both local
and global awareness including information about the distance to and
direction of the next turn, current ownship location, and a graphical
depiction of the route (as provided by the EMM and HUD together ).

• Execution errors were best mitigated by the HUD, which removed ambi-
guity from the environment and depicted the cleared taxi route.

Further enhancements to the T-NASA concept has evolved based on follow-
on research and testing. In particular, tactical turn guidance, in the form of
so-called “breadcrumbs” or Taxi Director, have shown to significantly aid in
tactical surface operations guidance, particularly for aircraft which require
judgmental over-steering to keep the main gear on the taxiway during turns
(Fig. 4, [9]). Without non-conformal guidance information, the conformal
information such as the centerline and edge markings would not be drawn on
the limited HUD field-of-view or the information that was provided would be
difficult to interpret.

Figure 4. The RIPS HUD concept.

8



The key to preventing runway incursions is to ensure that pilots know [24]:

• Where they are located

• Where other traffic is located

• Where they are cleared to go on the airport surface

The T-NASA concept and its instantiations contribute significantly toward
these elements. However, if the flight crew becomes disoriented, is unaware of
close traffic or deviates from the cleared route, the flight crew and Air Traffic
Control (ATC) should be alerted to the situation. NASA’s RIPS program de-
veloped methodologies for flight deck alerting, targeted toward the prediction
of runway incursions to provide immediate alerting for the principal partici-
pants in the operation (i.e., the flight crews). The T-NASA concept provides
guidance and situation awareness information to mitigate many factors con-
tributing toward runway incursions, but a final protective “wrapper” was felt
to be warranted nonetheless [12]. Since the objective of the present research
was to focus evaluations on proactive surface operations situation awareness,
none of the concepts tested included flight deck alerting (i.e., RIPS concepts).

While success in efficiency and safety were measurable with the T-NASA
concept, several notable deficiencies [25] have emerged:

• Lack of universal enthusiasm about EMM displays: “I don’t want a sys-
tem that depends on other aircraft, satellites, etc. I want to see a real
picture.”

• Concern about increasing head-down time during surface ops: “I don’t
want a display that keeps me heads-down while taxiing. Even at night
and in poor weather I see things out the window (lights on other aircraft,
runway markers).”

• Questions of data integrity created by a system that might fail to detect
and include other aircraft, ramp vehicles and other obstacles on the dis-
plays: “I fear that all moving vehicles (e.g., trucks, luggage carts) would
be not be displayed.”

• Fear that the display will be too cluttered if it captured all moving vehi-
cles.

The T-NASA system showed the importance of taxiway awareness, route
awareness, and taxi guidance on head-up and Head-Down Displays (HDDs) to
increase taxi times, approaching those achievable in Visual Flight Rules (VFR)
operations, and to prevent pilot error in surface operations, including miss-
ing or misunderstanding taxi clearances, making wrong turns, and becoming
lost on the airport surface. The EMM implemented on a head-down display
provided strategic information and textual display for clear, continual, and
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unambiguous reference to the taxi clearance. The HUD showed great suc-
cess in ground operations by providing tactical information and allowed the
pilot to remain head-up. The HUD presentation of information was critical
to enable the pilots to remain head-up, improving the cross-check of informa-
tion and the outside world, and ensuring that the aircraft remained on the
taxiways. However, this research also noted that two of the major HUD lim-
itations during ground operations were its monochrome form and its limited,
fixed field-of-regard. A monochromatic display precludes the use of color for
information decluttering and information cuing. The display area of a HUD
must be carefully designed to provide the pilot with enough information with-
out saturating it with clutter. Further, HUD imagery, while allowing head-out
operations, is restricted to its forward FOV and the use of conformal imagery
is, consequently, limited. These HUD limitations, coupled with the impor-
tance of keeping the aircrew head-up, naturally points to an ideal application
for Head-Worn Displays (HWDs) [26,27].

2.3 Head-Worn Displays

HWDs are small, light-weight, full-color display devices that can be worn on
the head without significant encumbrance (Fig. 5). Helmet-Mounted Displays
(HMDs) and HWDs are not new technology, particularly for military opera-
tions, but component miniaturization and maturation are progressing to the
point where HWDs can be considered in commercial and business aircraft op-
erations (i.e., the costs are reaching affordable levels and their use should be
as unobtrusive to the pilot as wearing sunglasses). Advances in display de-
vices (e.g., head-worn devices) have been studied by NASA researchers as an
alternate and practical method for delivering SVS concepts to the cockpit [26].
By coupling the HWD with a head tracker, unlimited field-of-regard can be
realized. Unlike fixed FOV sensors, the camera position and orientation for
Synthetic Vision can be defined via software; thus, an unlimited field-of-regard
is achieved since the Synthetic Vision scene is viewable from any virtual camera
angle.

NASA recently conducted a preliminary evaluation of a HWD as a viable
technology to support an EVO concept [28]. The HWD provided a full color,
40◦ FOV, full-overlapped binocular display and was coupled with a head-
tracker. Approach and landing operations, commensurate with commercial
airline operations and procedures, were evaluated. Technical difficulties with
the HMD negatively influenced the results, but nonetheless, these data showed
the promise of the technology, the pitfalls for commercial applications, and the
potential that new, emerging technologies may provide. Subsequent to this
work, a trade study was conducted by NASA to assess the emergence of small,
very lightweight HWDs and to begin the build-up of system level requirements
to meet commercial and business aircraft applications. This work, as well as
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Figure 5. A Synthetic Vision enhanced HWD with a head tracker has unlimited field-of-
regard.

other HWD research, is being used by NASA to evaluate the potential of
HWDs for emerging NextGen operating concepts, such as EVO.

The previous work in leveraging HWD technology as an enabler of EVO
focused on approach and landing operations. While this work is relevant and
more studies will continue, as previously stated, the worst civilian aircraft
accident in history occurred during the collision of two Boeing 747 aircraft
at Tenerife during runway/surface operations in fog. Further, the NTSB has
included runway incursion on its “most-wanted list” of transportation safety
improvements since the list began in 1990 [2].

In fact, Rediess [29] proposed a HWD concept and developed an architec-
ture under a Small Business Innovative Research (SBIR) contract [30]. Similar
concepts have been proposed for Air Traffic Controllers. The work by Rediess,
however, deviated from the present work and did not address some very key
elements:

• The encumbrance of the HWD to the commercial and business aircrew is
paramount to success. Without unobtrusive technology, the application
is likely unacceptable for commercial aviation use.

• Synthetic and Enhanced Vision Technologies have advanced to the point
where these systems are not only realizable, but extremely capable and
beneficial.

• Latency is critical [31]. Any potential that latency may induce visual
illusion or spatial disorientation will doom the application.

In addition to the proposed HWD, Rediess did significant work involv-
ing datalink technology for communications between ground control and the
aircrew. While datalink technology is clearly the path to the future, the im-
portance of aural communications and its criticality in today’s operations can-
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not be dismissed. This communication modality should be utilized even in
the future since the visual modality can be overloaded and voice communica-
tions may provide an avenue for error detection and enhanced situation aware-
ness. NASA is investigating methodologies and technologies which capitalize
on datalink communications. The goal is to ensure that modality changes
retain the good features of previous auditory channels (e.g., retaining “party-
line” situation awareness), maximize the benefit of new technologies (e.g., im-
proved non-native English language communications, automatic route entry
into a Flight Management System) and create new and improved function-
alities (e.g., a “Culture-Neutral/Language-Neutral” flight deck) [32]. NASA
has filed a patent application [33] for a crew-vehicle interface system concept
that couples a HWD and speech interface system for greatly improved surface
operations, particularly in single-crew operations.

A plethora of human factors issues are brought into the design and usage
of HWDs that must be carefully considered [34, 35]. Since encumbrance -
essentially the weight and volume of the display device affixed to the pilot’s
head - has been identified by NASA as a key component to acceptability of
HWDs for commercial and business aircraft operations, two of the first HWD
design parameters considered in this work are the FOV provided by the HWD
and whether the HWD provides biocular (or binocular) or monocular viewing.
The weight and size of the HMD (or HWD) is nominally in proportion to the
FOV provided. The weight and complexity of the HWD is greatly increased
as a design changes from monocular to biocular.

Normal, unaided human vision consists of an overlapped divergent binocular
FOV where the overall horizontal FOV is approximately 200◦ of visual angle
(when viewed straight ahead), with each eye’s monocular field around 120◦ of
visual angle [36]. The two partially overlapping monocular fields produce a
FOV consisting of three regions:

• A central binocular region, which both eyes can see, is approximately
120◦, and

• Two lateral monocular regions, seen exclusively by each eye, are each
approximately 40◦.

Previous NASA research has evaluated many of these factors for military
applications of HMDs such as the trade-offs between color-cuing and monoc-
ular, binoptic, and stereoscopic cuing information [37]. For commercial and
business applications, the current emphasis is to minimize pilot encumbrance
with the present efforts focused on a monocular HWD.

When a monocular HWD design is employed, a number of perceptual con-
flicts result because the image is presented to only one eye, thereby creating a
visual field that is different from the other. The key differences [34] relevant
to this work are:
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• Brightness differences

• Color differences

• Motion differences

These perceptual conflicts manifest themselves into so-called “binocular
rivalry” whereby the two visual fields are either fused, one visual field is seen
to the occlusion of the other, or the two visual fields alternate. Binocular
rivalry has been studied extensively and the general rules pertinent to this
work regarding binocular rivalry [34,38] are that:

• The higher contrast visual field dominates, so the higher contrast field is
viewed longer.

• The brighter field dominates.

• The rate of alternation between the two fields tends to increase as the
size of the items in the two fields increases.

• Alternation is not under complete voluntary control.

• The alternation of the visual field typically takes 1 to 4 seconds.

• Time on task reduces the alternation.

Generally, performance data during target acquisition tasks have not revealed
any significant effects in binocular rivalry due to participants’ eye dominance.

If the size of the HWD FOV is small, binocular rivalry issues vanish since
the visual fields for the two eyes become nearly identical and the “trigger
mechanisms” for binocular rivalry diminish. However, a small FOV can be
detrimental to the visual task performance as demonstrated in testing with
military pilots using HMDs [36,39,40].

FOV requirements for HMDs (HWDs) have been found to be task depen-
dent. A FOV as small as 5◦ may be suitable for target reticle applications,
but at least 20◦ has been found necessary for flight applications. During night
flight operations, peripheral vision and sensor information may be critical -
requiring a much wider FOV, nearing 40◦ horizontal subtended angle [34].

A large FOV allows users to use eye- and head-movements cooperatively to
find vital information. Eye-movements are faster than head-movements, and
coordination of head and eyes to acquire visual targets is a natural activity [41].
A large FOV allows the use of peripheral vision information. In addition, a
large FOV allows for conformal display information and is less susceptible to
clutter concerns.
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2.4 Present Study

The advantages of the full color, head-tracked HWD can directly address the
HUD limitations shown in RIPS [8–12] and T-NASA [4–7] testing. As such,
a study was conducted to determine the efficacy of a head-tracked HWD in
a complex taxiing task in a fixed-based simulator. In addition, the study
was used to obtain pilot comments on the concept and future enhancements
required for using a head-tracked HWD for surface operations.

In many cases, research questions, such as the use of color and accept-
able levels of user “encumbrance” were not experimentally varied because of
logistical constraints in the design and development of appropriate display
hardware. In these cases, available, off-the-shelf hardware were used and the
resultant data provide “point-design” information that will be used to start
building the research database for these parameters.

An initial usability study examined the efficacy of head-worn display con-
cepts for surface operations. Various display concepts were developed to elicit
feedback from pilots to improve the concept (if viable) for future experiments.
Full-color HWD display concepts were evaluated during surface operations to
address previously witnessed display technology limitations.

From the results of the first usability study, two experimental studies were
conducted to determine the efficacy of using HWDs to enhance taxi opera-
tions. For both experiments, full-color HWD display concepts were evaluated
in surface operations to address previously witnessed display technology lim-
itations. Previous research has shown that a HUD can significantly enhance
Situation Awareness (SA) for surface operations. However, due to the HUDs
fixed field-of-regard and limited FOV, intuitively portraying turns on the HUD
can be difficult [5]. Further, information clutter is a driving constraint for the
monochromatic HUD.

3 Usability Study

The intent of the usability study was to generate top level data regarding the
concept of surface operations using a HWD and the influence of color HWD
design parameters. The results of the usability study were used to reduce the
experiment matrix for future HWD experiments.

3.1 Simulation Facility

For the HWD usability study, two HWD devices (Fig. 6) were used: 1) 800H
x 600V pixel, full color display with optional see-through capability; and, 2)
a glasses-mounted, full color 640H x 480V pixel, non-see-through display. An
optical head tracker provided the head orientation data. The pilot controls
included a tiller, throttles, and differential toe brakes. The Evaluation Pilot
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(EP) interacted with the system via a Voice Recognition System (VRS). The
VRS was not a requirement for the evaluation of HWD technology but provided
an expedient way to allow pilot interaction. A total of six VRS commands were
used to change the display modes and change display range (see Appendix A).

Figure 6. The HWDs tested in the usability study.

The usability study was conducted in the Visual Imaging Simulator for
Transport Aircraft Systems (VISTAS) III part-task simulator at NASA Lan-
gley Research Center (LaRC) (Fig. 7). The VISTAS III configuration was a
single pilot fixed-base simulator consisting of a 144◦ x 30◦ out the window
visual, a 36 inch wide x 15 inch tall HDD, and pilot input controls. The
simulated aircraft in VISTAS III was a medium- to long-haul commercial pas-
senger aircraft classified by International Civil Aviation Organization (ICAO)
Aeroplane Design Code D [42].

Figure 7. VISTAS III part-task simulator.

3.2 Evaluation Pilots

Eight EPs participated in the usability study and the EPs operated without
a crew member. The EP population consisted of six commercial pilots and
two test pilots. Of the six commercial pilots, two were captains and four
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were first officers. The six commercial pilots had an average of over 13,000
flight hours. The EPs were given a 30-minute briefing to explain the display
concepts and the evaluation tasks. After the briefing, a 1-hour training session
was conducted to familiarize the EPs with the VISTAS III simulator, the HWD
devices, and the piloting task. Following training, 2.5 hours of data collection
was conducted. The total time for an EP was approximately 4 hours.

3.3 Evaluation Task

The EPs conducted taxi operations at Reno / Tahoe International Airport in
Nevada (FAA identifier: RNO) based on simulated datalink taxi clearances.
The HWD device, the display concept, and weather conditions were varied.
Pilots were instructed to taxi at a speed they thought appropriate for the task.
Two taxi routes were used in the study: 1) a runway to gate route (Fig. 8,
dashed route on left), and 2) a gate-to-runway route (Fig. 8, dotted route on
right). The runway-to-gate taxi route was to exit Runway 16R via Taxiway
November, turn onto Taxiway Bravo, and turn on Taxiway Golf proceeding
to the gate. The gate-to-runway route was to taxi from the Mercury Aviation
Center apron onto Taxiway Charlie, cross Runway 25 to Taxiway Papa, and
hold short of Runway 34L. The weather condition for the out the window scene
was varied between clear day with unlimited visibility and fog with 1000 RVR.
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Runway to Gate

Gate to Runway

Figure 8. Taxi routes for the usability study.
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3.4 Display Conditions

Three different display conditions were used: 1) a Paper Chart, 2) an advanced
EFB-type display consisting of a 2-Dimensional (2-D) track up moving map
with the cleared taxi route and ownship symbol and 3) HWD concepts.

For the HWD concepts, two HWD devices were tested. The first HWD was
nominally see-through with 800x600 pixel resolution. The display could also be
made non-see-through by closing an opaque door on the display. The FOV was
approximately 23◦ horizontal x 16.5◦ vertical. The second HWD had 640x480
pixel resolution with an approximate FOV of 14◦ horizontal x 10.4◦ vertical
and was non-see-through. EPs were instructed to position the display in front
of either eye according to their preference. Table 1 and Figure 9 summarize
the HWD display condition variations tested. Items in parenthesis in Table 1
represent a one-character abbreviation for Figure labels.

Table 1. HWD Display Conditions and associated configuration abbreviations for the us-
ability study.

HWD Mode See-Through FOV Head Tracker
800x600 (8) Multi (M) Open (O) / Closed (C) Conformal (F) ON (K)
640x480 (6) Single (S) N/A (-) HUD (H) OFF (N)
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FOV
Conformal FOV

Conformal
FOV
HUD (30Hx24V)

Head Tracker ON Head Tracker OFF

3-D
Perspective

Multi-Mode Single Mode

800x600 (open) 800x600 (closed) 640x480

Figure 9. HWD display conditions for the usability study. Note that the display conditions
for the Paper Chart and EFB are not shown.
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For each HWD, there were two display concepts tested: 1) Single Mode
and 2) Multi-Mode (Fig. 10). Single Mode consisted of a 2-D moving map,
plan view display. This mode did not require head tracking. Using the VRS
for the Multi-Mode display, the EPs could choose between the four different
display modes: 1) a text display of the taxi clearance, 2) a 2-D moving map
(the Single-Mode presentation), 3) a zoomed-in 2-D moving map for precision
surface guidance and 4) a 3-Dimensional (3-D) perspective display. The display
modes are described in detail in Appendix A.

Clearance 2-D Precision Guidance

2-D Moving Map, Track Up 3-D Perspective Display

Figure 10. The four display concepts included in the Multi-Mode surface operations concept.
In the Single Mode case, only the 2-D moving map (lower left) concept was displayed to the
pilot.

The 3-D perspective display was evaluated with and without head-tracking.
For the head-tracked condition, the FOV presented on the display corre-
sponded with that of the display device (i.e., it was conformal, thus the
virtual-world objects would overlay real-world objects). For the non-head-
tracked case, two FOV conditions were tested: 1) the FOV of the display
device (i.e., the same FOV as conformal, but non-head-tracked); and, 2) a
fixed field-of-regard approximately the same as a HUD FOV (30◦ horizontal x
24◦ vertical).

The usability evaluation was conducted in four blocks and the run order
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was the same for each EP (Table 2 and Appendix B). For each of the four
blocks, the weather condition (Clear or 1000 RVR) and display mode (Multi-
Mode and Single Mode) were held constant. For Block 1, the outside weather
was clear and unlimited visibility and the display mode was pilot-selectable
(Multi-Mode). Block 2 was the same as Block 1, however, the outside weather
was 1000 RVR. The taxi clearance for all of the data runs in Blocks 1 and 2
was the runway-to-gate route described previously. For Blocks 3 and 4, the
display concept was held constant to the Single Mode presentation. For Block
3, the weather condition was clear and unlimited visibility; while for Block 4,
the weather condition was set to 1000 RVR. In Single Mode, there was neither
head tracking nor any FOV variations; thus, the only variation was the HWD
display device (800x600 pixel display (open), 800x600 pixel display (closed)
and the 640x480 pixel display). The taxi clearance for all data runs in Blocks
3 and 4 was the gate-to-runway route described previously.

Table 2. Experimental Data Collection Blocks.
Block Weather Display Mode Taxi Route

1 Clear Multi-Mode Runway-to-Gate
2 1000 RVR Multi-Mode Runway-to-Gate
3 Clear Single Mode Gate-to-Runway
4 1000 RVR Single Mode Gate-to-Runway

3.5 Results

The usability study was used to confirm the efficacy and acceptance of using a
HWD for surface operations and to explore possible experiment matrix condi-
tions for future experiments. As such, the results of the HWD usability study
were principally subjective. The pilot comments were sought to improve the
concepts and help focus more rigorous follow-on research (Experiments I and
II in this paper). The questionnaires used in the usability study are shown in
Appendix C, Figures C1 through C5.

3.5.1 Multi-Mode Display Concept with Clear Weather (Block 1)

After the completion of Block 1, the EPs rank-ordered their preferred concept.
Using the Friedman test, the rank ordering of the Multi-Mode display types
by the EPs was significant (Fig. 11) for the clear weather case, χ2(8, n = 8) =
19.600, p < 0.05. The highest ranked Multi-Mode display type was the 800x600
pixel display (open) with a conformal FOV for the 3-D perspective mode and
the head tracker on (config. 8OFK, refer to Table 1 for an explanation of
the configurations). The lowest ranked display type was the non-head-tracked
800x600 pixel display (closed) with the conformal FOV for the 3-D perspective
display mode (config. 8CFN).
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3.5.2 Multi-Mode Display Concept with 1000 RVR Weather (Block 2)

After the completion of Block 2, the EPs again rank-ordered their preferred
concept. Using the Friedman test, rank ordering of the Multi-Mode display
types by the EPs was again significant (Fig. 11) for the 1000 RVR weather
case, χ2(8, n = 8) = 19.162, p < 0.05. The most preferred Multi-Mode display
type was the head-tracked 800x600 pixel display (open) with the conformal
FOV (config. 8OFK) . The least preferred display type was the non-head-
tracked 800x600 pixel display (closed) with the conformal FOV for the 3-D
perspective display mode (config. 8CFN).

8OFK 8OHN 6−FK 6−HN 8OFN 8CFK 6−FN 8CHN 8CFN
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Figure 11. Display concept ranking for Blocks 1 and 2. The x-axis labels: 6 = 640x480
HWD; 8 =800x600 HWD; O = Open; C = Closed; F = Conformal FOV; H = HUD FOV;
K = Head Tracker On; N = No Head Tracking. Note that Open or Closed does not apply
to the 640x480 HWD.

3.5.3 Single Mode Display (Blocks 3 and 4)

Regardless of the visibility condition, the EPs preferred the 800x600 pixel
display (open) and the 640x480 pixel display over the 800x600 pixel dis-
play (closed) (Fig. 12). For unlimited visibility, the rank order was signifi-
cant, χ2(8, n = 2) = 6.750, p < 0.05. The 800x600 pixel display (open) and
the 640x480 pixel display had the same highest ranking of 1.62 and the 800x600
pixel display (closed) had the lowest ranking of 2.75. For 1000 RVR visibility,
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the rank order was again significant, χ2(8, n = 2) = 12.000, p < 0.05. The
800x600 pixel display (open) and the 640x480 pixel display having the same
highest ranking of 1.5 and the 800x600 pixel display (closed) having the lowest
ranking of 3.0.
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Figure 12. HWD display concept ranking for Blocks 3 and 4.

3.5.4 Situation Awareness

Upon completion of their trials, the EPs rated the HWD configurations for
the situation awareness provided using a paired-comparison test. For this test,
SA was defined as: The pilot’s awareness and understanding of the dynamic
environment and degree to which he or she is aware, and can successfully
conduct and comply with taxi clearances under various weather conditions.
Analysis of the Situation Awareness Subjective Workload Dominance (SA-
SWORD) [43] data showed statistically significant differences across all dis-
play concepts for subjective SA, F (8, 56) = 5.954, p < 0.05. There were three
subsets (Fig. 13) based on Student-Newman-Keuls (SNK) at α = 0.05. In
this paired-comparison test, the non-head-tracked display comparison was col-
lapsed. The HUD FOV and Conformal FOV display concepts were treated as
one, with the EP using his/her preferred FOV.

The 800x600 pixel display (closed), Single Mode (config. 8CS) had signif-
icantly less SA than all other display types tested (Fig. 13). Conversely, the
800x600 pixel display (open), Multi-Mode with the conformal FOV for the 3-D
perspective display (config. 8OFK) had significantly higher SA than the fol-
lowing display types: 1) 800x600 pixel display (closed), non-conformal FOV,
Single Mode (config. 8CS); 2) 800x600 pixel display (closed), non-conformal
FOV, Multi-Mode (config. 8CHN); 3) 640x480 pixel display, non-conformal
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Figure 13. Situation Awareness per display concept. The x-axis labels: 6 = 640x480 HWD;
8 =800x600 HWD; O = Open; C = Closed; F = Conformal FOV; H = HUD FOV; K =
Head Tracker On; N = No Head Tracking; S = Single Mode. Note that Open or Closed
does not apply to the 640x480 HWD.

FOV, Multi-Mode (config. 6-HN); 4) 640x480 pixel display, non-conformal,
Single Mode (config. 6-S) but no significant differences with the following
display types: 1) 800x600 pixel display (open), non-conformal, Single Mode
(config. 8OS); 2) 640x480 pixel display, conformal, Multi-Mode (config. 6-FK);
3) 800x600 pixel display (closed), conformal, Multi-Mode (config. 8CFK); and
4) 800x600 pixel display (open), non conformal, Multi-Mode (config. 8OHN).

The EPs were asked if the display type provided adequate awareness of their
ownship position with respect to runways, taxiways, and stationary objects.
EPs were asked to rate each of the display types (including Paper Charts
(config. PC) and EFB) using a scale of 1 (low) through 10 (high). The
Display Type was statistically significant for awareness of ownship position,
F (10, 70) = 7.923, p < 0.05. There were four overlapping subsets (Fig. 14)
when using the SNK method. Paper Charts were rated significantly lower
(4.5) than all the display media formats. The 800x600 pixel display (open),
conformal, Multi-Mode (config. 8OFK) was rated significantly higher (8.75)
than 1) the EFB moving map (6.13); 2) 800x600 pixel display (closed), non-
conformal, Multi-Mode (6.38), (config. 8CHN); and 3) 800x600 pixel display
(closed), conformal, Single Mode (6.38), (config. 8CS) but with no appreciable
differences with the remaining formats.

At the conclusion of the data collection runs, the EPs were asked to rank
order the concepts in terms of overall effectiveness of the concept. They were
asked to provide their most preferred Multi-Mode HWD concept (known as
the EP-preferred Multi-Mode HWD) and their most preferred Single Mode
HWD concept (known as the EP-preferred Single Mode HWD). A post-
test paired comparison questionnaire was conducted in terms of runway taxi
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Figure 14. EPs rating of ownship position awareness for each display concept. The x-axis
labels: 6 = 640x480 HWD; 8 =800x600 HWD; O = Open; C = Closed; F = Conformal
FOV; H = HUD FOV; K = Head Tracker On; N = No Head Tracking. Note that Open or
Closed does not apply to the 640x480 HWD.

and surface situation awareness using the displays tested (EP-preferred Multi-
Mode HWD and EP-preferred Single Mode HWD) and current / near-term
airline equipage (paper charts and EFB moving map). The results showed
that there were statistically significant SA differences depending upon display
media type, F (3, 21) = 40.898, p < 0.05. Post-hoc tests show three unique
subsets (Fig. 15). Comparing the EP-preferred Multi-Mode HWD and the
EP-preferred Single Mode HWD, the EPs preferred HWD concept was the
Multi-Mode as it gave significantly greater surface SA than the three other
types (preferred Single Mode, EFB moving map, paper charts). EPs ranked
the Single Mode as having significantly higher SA than EFB moving map
and paper charts. There were no appreciable differences in SA between EFB
moving map and paper charts.

3.5.5 Workload

The EPs were given a paired comparison questionnaire regarding workload
during runway taxi/surface operations using the displays tested (EP-preferred
Multi-Mode HWD and EP-preferred Single Mode HWD) and current / near-
term airline equipage (paper charts and EFB taxi-map). The results showed
that there were statistically significant workload differences depending upon
display media type, F (3, 21) = 24.906, p < 0.05. Post-hoc tests showed two
unique subsets (Fig. 16). The EPs rated paper charts as generating signifi-
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Figure 15. EPs rating of their surface situation awareness.

cantly more workload than the other three display media types (EP-preferred
Multi-Mode, EP-preferred Single Mode, and EFB with moving map). There
were no appreciable differences in workload among the EP-preferred Multi-
Mode, EP-preferred Single Mode, and EFB moving map display media types.
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Figure 16. Workload ratings for the usability study.
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3.5.6 Display Media

At the end of the test, the EPs were asked to rank-order the various display
concepts they had evaluated by preference. Analysis of the data showed that
display media type rankings were significant, χ2(3, n = 8) = 22.950, p < 0.05.
The EPs display media ranking order was Multi-Mode (1.1), Single Mode
(1.9), EFB (3.0), and Paper (4.0). For the Multi-Mode concept, the EPs
were asked to rate the 4 modes (Fig. 10) based on which mode was most
beneficial in terms of performance, SA and workload. Analysis of the results
using the Friedman test showed that the Multi-Mode concept rankings were
significant, χ2(3, n = 8) = 13.050, p < 0.05. The rank-order results shown
in Figure 17 highlight the 2-D moving map mode (1.8) was most preferred
followed by the 2-D precision guidance mode (2.0), the 3-D perspective mode
(2.4), and the clearance text mode (3.9).
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Figure 17. EP ranking of Display Modes of the Multi-Mode concept.

3.6 Usability Discussion

The usability study was designed to assess the efficacy of head-worn display
concepts for surface operations. The results demonstrate that providing pi-
lots with the ability to virtually see well beyond visual range can significantly
increase situation awareness on the airport surface. The EPs reported signif-
icantly higher situation awareness with the HWD concepts compared to an
electronic moving map or paper charts of the airport environment. Further-
more, the study provided tremendous insight into future design and develop-
ment of head-worn displays, including hardware considerations and methods
for integration of display modes.
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3.6.1 Hardware Considerations

The usability study highlighted two significant hardware considerations. Near-
ly all EPs rated the 800x600 pixel display higher because it had higher resolu-
tion than the 640x480 display and it was see-through. The higher resolution
improves the readability of the display especially for text and numbers. This
finding is consistent with past research findings that higher resolution displays
are generally preferred by pilots [44]. Additionally, the EPs preferred not to
have their forward vision blocked; even by the small 640x480 pixel display. The
see-through capability allowed the EPs to continue their nominal out the win-
dow surveillance of the airport environment during taxi. Also, the see-through
display provided the EPs with confidence that the display was aligned with
the scene. Therefore, the 800x600 pixel HWD (open), conformal FOV with
head tracking was the HWD concept chosen for the follow-on experiments.
For surface operations, it is important for a HWD to be see-through because,
for all practical purposes, the HWD will always be providing an “augmented
reality” not a “virtual reality” condition. The concept of operating in 0 ft
ceiling and 0 RVR is a goal and not an actual weather condition (i.e., fog so
dense that you could not see your hands in front of your face). Some visibility
is almost always available so the HWD will provide symbology of information
that can always be used by the pilot to compare to the “real-world”.

3.6.2 Mode Integration

With regard to display mode integration, the EPs reported that the four modes
(Clearance, 2-D Precision Guidance, 2-D Moving Map, and 3-D Perspective)
each have relative merits in supporting taxi operations. For complex opera-
tional environments, the datalink textual clearance mode was reported to be
of significant value in ensuring compliance with ground instructions. However,
by itself, this clearance mode would likely not be enough to improve aviation
safety. Only when the clearance mode is combined with the other modes does
its potential become evident. In fact, this observation was witnessed for each
of the modes. For example, the EPs reported that the 2-D moving map was of
substantial benefit, but it did not provide them with precision guidance. How-
ever, the 2-D precision guidance only provided the EPs local guidance and not
global situation awareness. The 3-D perspective helped give the EPs a sense
of immersion; that is, the feeling that they were looking outside the cockpit
into the real-world. This resulted in high situation awareness. However, the
EPs still felt that the precision and the “big picture” were missing. Therefore,
each of the modes contributed something unique, and the display concept was
limited in its efficacy only because the EPs did not like to have to continu-
ously switch between modes to extract the necessary information that each
mode provided separately. As a consequence, the EPs unanimously stated
their preference for a more integrated display that would blend the various
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display modes together to reduce the workload and improve accessibility to
display information. These remarks resulted in the refined concepts (Fig. 18)
taken forward to the follow-on experiments.

Precision
Mode

Clearance
Mode

Moving Map

Clearance
Mode

Perspective
Mode

HWD

Head Down Display

Figure 18. Improved and integrated Multi-Mode display concept.
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4 Experiment I

Based on the results of the aforementioned usability study, two experimental
studies were conducted to determine the efficacy of using HWDs to enhance
taxi operations. The usability study showed that pilots preferred the open,
800x600 HWD display; therefore, it was used exclusively in both experiments.
This section describes the first experiment.

4.1 Simulation Facility

Experiment I was conducted in the Research Flight Deck (RFD) simulator
(Fig. 19) at NASA LaRC. The RFD configuration was a fixed-based, dual-
pilot simulator consisting of a collimated 200◦ out-the-window scene. The
out-the-window scene consisted of the airport, including taxiways and runways
with appropriate markings, airport lighting, model aircraft representing traffic
and simulated weather/lighting conditions. The visual acuity of the out-the-
window scene was 20/80. The RFD was equipped with a 30◦H x 24◦V HUD on
the captain’s side. The HWD, worn only by the captain, was an 800H x 600V
pixel, full color display with see-through capability, 60 Hertz (Hz) refresh and
a pilot selectable brightness knob.

Figure 19. Research Flight Deck.

The captains placed the HWD near their right eye so that it was visible
by glancing up which maintained unimpeded stereoscopic vision for out-the-
window monitoring. The resulting display was conformal to the real-world
(out-the-window scene) if the pilot tilted his or her head down. This procedure
was also used to minimize binocular rivalry. An optical head tracker provided
the head orientation data. The RFD had eight Size D (6.4 inch square viewable
area) head-down displays: captain and first officer Primary Flight Displays
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(PFDs) and NDs, two engine displays in the center of the instrument panel
and two outboard auxiliary displays. For both experiments, the first officer’s
outboard auxiliary display was used as a repeater display of the captain’s HWD
or HUD depending on the scenario. The captain’s auxiliary display showed
basic aircraft status and was not utilized in the experiment. The pilot controls
were a tiller, throttles, rudder pedals (nose wheel steering) and differential toe
brakes. The simulated aircraft for both experiments was a medium- to long-
haul commercial passenger aircraft, classified as an ICAO Aeroplane Design
Code D [42].

A semi-automated ATC system was used. The ATC messages were broad-
cast via a standard voice audio instruction (pre-recorded audio files) and a
simulated datalink message. Messages from the tower ATC were triggered 2
seconds after the beginning of the data run. The ground ATC messages were
controlled by the researcher. When the first officer requested the ground clear-
ance, the researcher would press a button to trigger the audio and datalink
ground clearance message. The ground clearance would be repeated if re-
quested by the EPs. During the data run, automated ATC communications
were played to simulate typical radio party line chatter.

4.2 Evaluation Pilots

Sixteen commercial flight crews (a captain and first officer) participated in the
experiment. Each flight crew flew for a major U.S. air carrier. The EPs were
paired with others from the same company to ensure crew coordination and
cohesion with regard to surface operation procedures. The captains had an av-
erage of over 16,000 flight hours with 22.3 years of commercial flying. The first
officers had an average of over 11,000 flight hours with 13.5 years of commer-
cial flying. Forty-four percent of the captains required corrective lenses. The
EPs were given a 45-minute briefing to explain the display concepts and the
evaluation tasks. After the briefing, a 1-hour training session was conducted to
familiarize the EPs with the RFD simulator, HUD, the HWD, and the piloting
task. Only the captain used the HUD or HWD. An eye dominance test was
performed after the training briefing, revealing that all captains were right eye
dominant. The HWD was viewed with the right eye. Following training, 5
hours of data collection was conducted. The total experiment time for a crew
was approximately 8 hours.

4.3 Evaluation Task

The EPs conducted simulated taxi operations at Chicago O’Hare International
Airport. The display condition and weather were experimentally varied. A
total of 27 different taxi scenarios (Appendix D) were used in the study. The
EPs were provided an enlarged airport diagram (Appendix E) to use at their
discretion during any scenario. Three of the 27 scenarios were rare-events [45].
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Rare event scenarios offer the opportunity to evaluate the display concepts
in off-nominal situations. All taxiing tasks involved exiting the active runway
and taxiing to the airport movement area boundary. The weather state for the
out-the-window scene was varied between night-time with unlimited visibility
Visual Meteorological Conditions (VMC), and daytime with 700 RVR. For
the final run, the visibility was reduced to 500 RVR. The EPs were instructed
to choose an appropriate taxi speed for the task and to avoid other aircraft.
The EPs were briefed to follow their company guidelines for taxi speeds and
procedures. Further, the EPs were instructed that the safety of the aircraft
should never be compromised.

Before each data trial, the flight crews were briefed on their current location
and expected runway turnoff. Each trial began with an initial speed of 10 or
15 knots followed by an immediate call from the Airport Traffic Control Tower
(ATCT) local controller. Once cleared of the runway, the first officer switched
to the ground frequency and called the ground controller for clearance. The
ground controller (i.e., researcher button press) provided the taxi instructions
along with a datalinked message of the cleared route. In addition, other pre-
recorded aircraft traffic taxied around the surface. Crews were instructed that
the traffic was pre-recorded; therefore, they should give way to all traffic.
Further, they were briefed that the ground controller would not provide traffic
awareness cues.

4.4 Display Conditions

Four display conditions were tested (see Fig. 20 and Appendix F):

1. A head-down EMM without routing or traffic information. There was no
head-up display with this condition. This condition is hereafter referred
to as the “Baseline,”

2. A HWD condition with a head tracker that displayed a virtual airport
environment but without traffic, routing or clearance information. The
Baseline EMM was displayed head-down. This condition is hereafter re-
ferred to as the “Intermediate HWD,”

3. A HUD condition with an advanced EMM head-down display. The scene-
linked HUD symbology consisted of a 3-D depiction of the cleared route by
highlighting the taxiway edge lines and centerlines. No traffic symbology
was presented on the HUD. An advanced EMM containing iconic traffic,
clearance and routing information was shown head down. This condition
is hereafter referred to as the “Advanced HUD” and

4. An advanced HWD concept with virtual traffic and routing information
and an advanced EMM head-down display. This condition is hereafter
referred to as the “Advanced HWD.”
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Figure 20. Thumbnail pictures of the four display concepts: Baseline, Intermediate HWD,
Advanced HUD and Advanced HWD.

All display concepts employed a head-down EMM display shown on both
the captain and first officer navigation displays. The EMM consisted of a
perspective, track-up view of the airport showing an ownship symbol, ground
speed, heading, airport movement areas, taxiway/runway centerlines, airport
surface labels, and current range selection. Both the captain and first officer
had independent range controls for the EMM, which consisted of four zoom
levels. In addition to the perspective track-up mode, the EP could select a
north-up mode that showed the entire airport view from directly above.

Two EMM display concepts were used: 1) a Baseline EMM that contained
an ownship symbol, ground speed, heading, taxiways with centerlines and
labels and runways, and 2) an advanced EMM that contained the same infor-
mation as the baseline EMM with the addition of a route display, clearance
information, distance to the next taxiway, and traffic icons. For the advanced
display concepts (Advanced HUD and Advanced HWD), symbology was dis-
played on the EMM that depicted the FOV of the head-up device. On the
advanced EMM shown in Fig. 20, the FOV symbology is shown as green wedge-
shaped lines on the ownship symbol. For the HUD, the angle of the wedge
symbology was 30◦, as this is the horizontal FOV of the HUD. For the HWD
concepts, the wedge symbology angle was 22◦. Also, this FOV symbology
moved as the captain moved his/her head; thus, the portion of the virtual air-
port the captain was viewing could be correlated on the EMM. “Hold short”
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symbology was depicted as a typical roadway stop sign.

The Intermediate HWD concept provided a conformal (head-tracked) vir-
tual airport view from the pilot’s eye perspective. This concept, while head
tracked, was considered a “minimal” SV concept since it portrayed only a
database presentation of the airport. The virtual airport consisted of the
ORD airport, buildings, airport movement areas and runway/taxiway center-
lines. Taxi signage was displayed in the HWD. This signage was modeled to
appear to be actual airport surface signage; however, the HWD signage was
placed on the side of an upcoming turn and did not necessarily correlate with
the actual out-the-window sign placement. The HWD displayed the ground
speed, heading and an aircraft-heading pointer. The aircraft-heading pointer
was used to aid the EP in determining the aircraft heading during head move-
ment. This concept did not contain traffic, route or clearance information.

The Advanced HUD display concept was based on RIPS [8,11] and T-NASA
[4, 46] concepts without incursion alerting (Fig. 21). The head-up display
showed current ground speed in digital format, the current taxiway (shown as
>> D << in Fig. 21), next cleared taxiway (shown as A17 in upper right of
Fig. 21), centerline markers and virtual cones on the taxiway edge. Additional
cues were given for turns. These cues consisted of turn flags and virtual turn
signs (similar to roadway turn signs) [47]. Runway holding positions were
displayed as a single solid line at the hold short locations. Also, a virtual
stop sign was placed at the middle of the hold short line. A non-conformal
taxi director display provided an intuitive display of the relationship between
the taxiway centerline and the aircraft’s landing gear. The captain could
remove all the symbols from the HUD display by pressing a declutter button.
The auto-throttle disconnect button was used for declutter because it was
conveniently located and auto-throttles were not used in the experiment. A
second press of the auto-throttle disconnect would restore all of the HUD
symbology. The captain also had control of the brightness level of the HUD
via a rotary knob.

The Advanced HWD concept contained all of the information in the Inter-
mediate HWD concept with addition of traffic and routing information. The
Advanced HWD employed a 3-D generic aircraft model to depict traffic, the
cleared route was shown as a magenta overlay on the taxiway centerline, text
was displayed for the cleared route and for the distance to the next taxiway,
and virtual taxiway edge cones depicted the edge lines of the cleared route.
Like the HUD, virtual turn signs were used as an additional turn cue and
hold short cues were denoted by virtual stop signs. Similar to the HUD, a
non-conformal insert depicted a plan view of the runway, together with the
airplane outline and location of the gear (Appendix F, Fig. F6). The EP
could remove this non-conformal display by pressing the auto-throttle discon-
nect button. A second press of the auto-throttle disconnect button would
remove all symbology in the HWD. A third press would bring all symbology
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Figure 21. HUD showing centerline and edge line cones representing the cleared route.
Bottom box shows the taxi director non-conformal display.

back to the HWD. Also, the captain could control the brightness of the display
via a rotary knob. The Advanced HWD format represents the most complex
but most preferred configuration based on the usability study.

The HWD concepts required alignment (known as bore-sighting) before
the start of the data trials. The eye piece was positioned slightly above the
captain’s right eye. An alignment grid was displayed on the out-the-window vi-
suals and the HWD. The captain bore-sighted the HWD by aligning the grids
through head movement. Once the grids were aligned, the captain verbally
called “alignment” and the bore-sight parameters were recorded. The confor-
mal virtual airport view was then provided whenever the captain slightly tilted
his/her head down; thus, the actual taxiways aligned the virtual taxiways.

4.5 Quantitative Results

4.5.1 Taxi Performance for All Trials

The rare event trials were excluded from the taxi performance analysis. Three
taxi performance measures were evaluated for this experiment: Root Mean
Square (RMS) path error, delta taxi speed (difference, in knots, from the
average taxi speed for a specific route and the actual taxi speed during a
specific data run on that path), and delta time-to-taxi (difference, in seconds,
from the average time-to-taxi for a specific route and the actual time-to-taxi
during a specific data run on that path). The “delta” taxi speed and time-
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to-taxi measures were developed to isolate the effects of display condition and
visibility for each run by eliminating the route effects (i.e., long versus short
routes and simple versus complex routes).

A Multivariate Analysis of Variance (MANOVA) on RMS path error, taxi
speed, and time-to-taxi yielded significant display condition effects (F (9, 589) =
4.57, p < 0.001) and visibility condition effects (F (3, 242) = 6.40, p < 0.001)
according to Wilk’s Lambda. There were no significant effects for the interac-
tion between display and visibility. Follow-up univariate Analysis of Variances
(ANOVAs) indicated that RMS path error was not significantly (p > 0.05)
affected by display condition but taxi speed (F (3, 244) = 7.48, p < 0.001)
and time-to-taxi (F (3, 244) = 12.25, p < 0.001) were. Post-hoc SNK tests
revealed three unique subsets for taxi speed and three overlapping subsets
for time-to-taxi (Fig. 22). For these related measures, the EPs were able to
taxi quicker (indicated by positive delta taxi speed and negative delta time-
to-taxi) with the Advanced HUD and Advanced HWD concepts with taxi
guidance and routing information than those without (Baseline and Inter-
mediate HWD). Similarly, univariate ANOVAs showed that visibility effects
were significant for taxi speed (F (1, 244) = 17.79, p < 0.001) and time-to-taxi
(F (1, 244) = 11.89, p = 0.001) but not for RMS path error. On average, the
EPs taxied 0.8 knots faster resulting in 13 seconds less time-to-taxi during
the Day 700 RVR condition than the Night VMC condition, but these small
differences result in little operational advantage.
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Figure 22. Delta taxi speed and time for all trials for Experiment I.

4.5.2 Navigational Errors

Navigational errors, when they occurred, were divided into two categories:
major and minor [6]. A major navigation error is defined as a loss of naviga-
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tional awareness, which resulted in a wrong turn or a failure to turn. A minor
navigation error is defined as failure to remain on route but was immediately
noticed and corrected by the crew. A blunder error that involved a conflict
with another aircraft, was accounted for in a different measure and not cap-
tured as a navigational error. A total of 32 navigational errors were made,
where 22 were classified as major errors and 10 were classified as minor. All of
the major errors occurred with the Baseline and Intermediate HWD concept.
Figure 23 shows the navigational errors made per display concept and weather
event (night VMC or day 700 RVR).
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Figure 23. Navigational errors per display concept and weather event.

Figure 24 shows the errors made for each of the taxi route scenarios. Routes
13 - 24 were taxi routes that were used in previous experiments [48]. At least
one crew made a navigational error on one of those 12 routes. Two-thirds of
all the navigational errors were made with these routes.

Route 20 accounted for 25% of all errors. Most of the errors for route 20
were with display concepts in which a route was not displayed. The nature of
the error involved turning the wrong way while taxiing along the route. To
follow the route given by the ground controller, the captain had to turn away
from the terminal area. It wasn’t until crews made the wrong turn that they
realized they could not follow the clearance. For the scenarios that had the
route displayed, the proper turn was clearly displayed.

4.5.3 Taxi Conflict Events

A taxi conflict event was defined as a collision with another aircraft or making
a turn in front of another aircraft and creating a close call. A total of 17 taxi
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Figure 24. Navigational errors per route for each display concept.

conflict events were recorded (Fig. 25). An ANOVA was performed on the
number of taxi conflicts committed by the crew with display concept (Baseline,
Intermediate HWD, Advanced HUD, Advanced HWD), and visibility (Night
VMC, Day 700 RVR) as the main factors. There were no significant differences
(p > 0.05) among the main factors or their interactions for this measure.

4.5.4 Rare Events

Of the 27 different runs that each flight crew experienced, three data runs were
rare-event scenarios. The sequence of these rare-event scenarios in the data
trials was based on the severity of the rare-event. High severity rare-events
occurred late in the data trials as to minimize the confound on the other
experimental runs [45]. All 16 crews experienced each of the 3 rare events
once.

The first rare event represented an ATC error in which the controller ver-
bally instructed the EPs to turn right even though the ground controller’s
datalinked route depicted a left turn. The results from this trial showed that
all crews that did not have a route displayed, either on the EMM or HWD
device, turned the wrong way on the intended route in accordance with verbal
instruction. All crews with the displayed route immediately called ground and
asked for clarification before making the turn.

The second rare event had traffic that was not broadcasting its position,
thus, the non-transponding traffic did not appear on the head-down Advanced
EMM or the Advanced HWD. The non-transponding aircraft did not cause a
conflict event because it was obvious enough to be easily detected in the out-
the-window scene. Neither the Baseline concept nor the Intermediate HWD
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Figure 25. Taxi conflict events per display concept and weather condition.

concept was included as a display condition for this rare event because traffic is
not displayed on these concepts. All crews noticed the traffic out-the-window
and 9 of the 16 crews noticed the traffic was not displayed head-down. The
remaining 7 crews did not notice that the traffic was not displayed on the
EMM or the Advanced HWD.

The final rare event and final run of the day created a potential nose-to-nose
traffic conflict. The nose-to-nose rare event was designed to provide insight into
traffic awareness between the different display concepts. A common occurrence
at ORD is when the terminal area is congested, aircraft may be given a “double
back” clearance to create spacing and clear other taxiways. This event did not
create a collision scenario but instead represented a more likely and common
situation where two aircraft become “stuck” which would require an aircraft
tug to separate the two airplanes. A nose-to-nose situation can significantly
reduce airport efficiency to resolve the conflict. To create this rare event,
crews were given a ground controller instruction to turn onto a taxiway that
was already occupied by a small commuter jet. The visibility was reduced
to 500 RVR for this scenario so that the traffic was difficult to see, but still
detectable out-the-window. The small commuter jet was on the left (captain’s)
side. The scenario also had two aircraft on the first officer’s side to serve as
a potential distraction. To further increase the workload of the first officer, a
complex ground clearance was given close to the point of conflict. Therefore,
the prevention of the nose-to-nose situation depended mostly on the captain’s
awareness.

This rare event display condition was evenly distributed between each of
the four display concepts; therefore each of the four display concepts had
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four rare event data points. For display concepts that did not have path or
traffic information (Baseline and Intermediate HWD), 7 of the 8 crews were
not able to avoid a nose-to-nose condition. The one flight crew that avoided
the nose-to-nose was able to turn out as they noticed the traffic before fully
committing to the turn. For the display concepts that had iconic traffic display
(Advanced HUD and Advanced HWD), all but two crews were able to avoid
the nose-to-nose situation. Both nose-to-nose conditions occurred with the
Advanced HWD concept. Exit interviews with these flight crews revealed that
the traffic represented on the HWD was not quickly discernible against the
background because the aircraft was colored brown to conform with Automatic
Dependent Surveillance-Broadcast (ADS-B) color symbology convention [49].
The brown colored traffic icons provided little contrast against the rest of the
display symbology; therefore, traffic tended to “blend-in” to the background.
This result highlights the need for research into the design requirements for
HWDs. One reason for conducting Experiment II (discussed in Section 5) was
to identify the significance of this limitation.

4.5.5 Taxi Performance for Nominal Trials

In the above taxi performance analyses, large standard deviations existed due
to the inclusion of navigation error runs and taxi incursion runs. For Experi-
ment I, 80 trials out of 432 (16 crews each executing 27 data trials) total trials
had an off-nominal event. An off-nominal event was defined as meeting any
one of the criteria below:

1. The data trial was a rare event scenario.

2. At any time during the data trial, the path error was greater than ±50
feet (±15 meters).

3. The data trial contained either a major or minor navigation error.

4. The data trial contained a taxi conflict event.

A second analysis of the taxi performance was conducted but runs that met
the above criteria were excluded from the analysis.

A MANOVA on RMS path error, taxi speed, and time-to-taxi yielded sig-
nificant display condition effects (F (9, 397) = 4.96, p < 0.001) and visibility
condition effects (F (3, 163) = 8.15, p < 0.001) according to Wilk’s Lambda.
There were no significant effects for the interaction between display and vis-
ibility. Post-hoc SNK tests revealed that the EPs had significantly higher
(statistically, but not operationally) RMS path error with the Advanced HUD
(mean=7 ft) than with the other three concepts (mean=6 ft). There were no
significant differences between the Baseline, Intermediate HWD and Advanced
HWD for this measure. SNK tests showed three overlapping subsets for the
taxi speed and time to taxi measures (Fig. 26). For these related measures, the
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EPs were able to taxi quicker (indicated by positive delta taxi speed and neg-
ative delta time-to-taxi) with the advanced concepts with taxi guidance and
routing information than those without (Baseline and Intermediate HWD).
On average, the EPs taxied 0.75 knots faster resulting in 10 seconds less time-
to-taxi during the Day 700 RVR condition than the Night VMC condition but
these small differences result in little operational advantage.
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Figure 26. Delta taxi speed and time for nominal trials for Experiment I.

4.5.6 Required Navigation Performance

Similar to Required Navigation Performance (RNP) [50] standards being used
for aircraft flight procedures, required airport surface performance has been
proposed [51]. For Experiment I, the visibility conditions were such that RNP
for an ICAO Code D [42] aircraft is within ±7.2 feet (±2.2 m) of the route
centerline 95% of the time. Nominally, to determine the RNP capabilities of an
aircraft, the navigational errors and their bounds need to be known. For the
analysis in this paper, all sources of error with the exception of Flight Technical
Error (FTE) are constant as the EPs used the same simulator throught the
exeriment. Therefore, FTE was assumed to be the Total System Error (TSE)
[50]. Also, for this paper, FTE is defined to be the path error measured from
a defined point on the aircraft to the centerline of the intended/cleared route.

Figure 27 shows the RNP values for all run conditions (including off-nominal
conditions) for each display concept. This treatment recasts the taxi perfor-
mance analysis of Section 4.5.1. Taxi performance was not within ± 7.2 feet
of route centerline 95% of the time for any of the display conditions. The
large RNP values for the Baseline and Intermediate HWD are attributed to
the crews making wrong turns, thus being hundreds of feet from the intended
route.

The data were also analyzed using trials with no navigational anomalies.
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Figure 27. RNP for all data trials for Experiment I.

Figure 28 shows the results of the RNP with only nominal trials. This treat-
ment recasts the taxi performance analysis of Section 4.5.5. The data were
separated across day/night visibility condition and also used two different mea-
surement references of the path error. The path error was measured from a
point derived from desktop simulations to provide judgmental over steering
guidance. Based on the desktop simulations, the over steer point was found to
be 40% of the distance from the nose gear to the main gear. This 40% Guid-
ance Point was drawn as a symbology on the EPs display (See Appendix F,
Figure F5). By keeping this 40% Guidance Point symbology on the route cen-
terline symbology, the aircraft’s main landing gear would stay on the taxiway.
This 40% Guidance Point was displayed head up to the EP on the Advanced
HUD and Advanced HWD concepts. For the simulated aircraft in this ex-
periment, the 40% Guidance Point was 20 feet behind the nose gear on the
longitudinal axis. The EPs were instructed that the 40% Guidance Point
would provide proper judgmental oversteering for the task.

Since the current literature references the path error (and RNP) from the
nose gear, the path error was also computed from the nose gear location for
comparison. The nose gear path error was computed post test. Using only
nominal data trials, no display condition met the surface RNP requirements,
whether measured from the 40% Guidance Point or the nose gear.

An ANOVA revealed that the visibility condition was significant, F (1, 10) =
7.752, p = 0.019. The daytime 700 RVR (mean=13.375 ft) resulted in signif-
icantly (but not operationally) lower lateral RNP than night (mean=15 ft).
This is operationally insignificant as the difference between the conditions is
less than 2 feet.
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Figure 28. Nominal trial RNP for Experiment I.

The Display Condition was significant, F (3, 10) = 3.838, p = 0.046, for
RNP performance. Post-hoc tests on the Display Condition showed two over-
lapping subsets: the Advanced HUD had significantly worse (statistically, but
not operationally) lateral RNP during surface operations than the Advanced
HWD, but had no differences with the Baseline and Intermediate EMM.

The path error computed from the different guidance points was highly
significant, F (1, 10) = 16.56, p = 0.002. Using the nose gear to calculate the
path error resulted in significantly lower lateral RNP (mean=13.0 ft) than
when using the 40% Guidance Point (mean=15.375 ft) to calculate RNP. This
result suggests that the EPs were tracking the taxiway centerline with the nose
gear which is consistent with their training.

4.5.7 Latency

System time delays, or latencies, inherent to the head-worn (and helmet-
mounted) displays have been shown to critically influence performance, utility,
usability, and acceptability. Consistent definitions and measurement tech-
niques as well as preliminary latency (time delay) requirements have been
proposed for HWD S/EVS applications [31, 52]. Based upon the most strin-
gent requirements for HMD applications of S/EVS (i.e., demanding tasks using
a high resolution, large field-of-view head-worn display), the required system
latency might be as low as 20 msec.

An in-situ latency measurement technique - the “windshield washer” test
[31] - was used to measure the HWD latency. This test used the conformal
runway scene (i.e., space-stabilized, boresighted symbology) and a grid pat-
tern of 5◦ lines projected on the simulator out-the-window scene. The grid
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pattern was used for simulator visual scene alignment and calibration. In
the presence of HWD latency, the boresight symbol cannot remain perfectly
space-stabilized. The test required that the user smoothly oscillate his head
in azimuth at a rate which caused the runway centerline symbol to touch the
outer, target box. The aircraft was headed directly down the runway and posi-
tioned on the runway centerline. The head-movement rate data divided by the
size of the target box defines the equivalent time delay (at a frequency). (Note
that the latency in the head movement data is immaterial to this computation;
only the average rate is needed for the equivalent delay calculation.)

The head-tracker allows “prediction” or lead compensation to be applied to
the tracker data, attempting to minimize the system latency. The prediction
method is not described by the head-tracker manufacturer. The latency data
was taken at three prediction values: a) none (0 msec); b) 25 msec prediction;
and, c) 50 msec prediction. The experiment was run using the 50 msec predic-
tion value. The selection of a prediction value is a compromise between system
latency (i.e., time delay) and noise or jitter in the HWD-displayed scene. At
the 50 msec prediction value, the latency was minimized while the jitter and
noise of the head-tracker output was judged during the “pre-test” trials to be
“reasonable.”

In Figure 29, the measured latency values are shown. Using the “windshield
wiper” test, the measured latency values are unequivocally “end-to-end.” It
represents the total lag between the pilot’s head movement until the conformal
imagery is finally drawn. This latency includes not just the head-tracker, but
also the communications delay between the head-tracker and the SV image
generator (RS-232) and the SV image generator computational time, to name
just two elements. The test was conducted three times to measure repeatabil-
ity, and it also used a 5◦ target spacing and 2.5◦ spacing.

Without “prediction” from the head-tracker, the end-to-end latency was
approximately 70 msec. Less than 2 msec of variation was measured between
the three samples. With 25 msec prediction, the measured latency was ap-
proximately 52 msec with very little variation in measurements. With 50 msec
prediction, the measured latency varied considerably depending upon the tar-
get spacing used. The measured latency was 45 msec for the 5◦ spacing and
only 30 msec for the 2.5◦ spacing. This plot also includes the theoretical la-
tency from the 70 msec nominal value if the prediction method was “perfect.”
The data do not match these “perfect” predictions.

The latency results do, however, match expectations because of the nature
of the test. Using the “windshield wiper” technique, the frequency of the head
movement (i.e., the input) to measure latency depends on the target spacing
and the inherent system latency. For instance:

• For the no-prediction test, relatively slow head-movements were needed
to achieve a 5◦ target spread; thus, it was easy to get repeatable latency
data. Also, without prediction, while there was a lag in the display due to
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Figure 29. Measured end to end latency.

the inherent latency. There wasn’t amplitude modification between the
head-movement and the resultant conformal image. Therefore, a 5◦ head-
movement resulted in a 5◦ image displacement.

• When prediction was used, the predictor modifies the system phase re-
sponse (i.e., it provided compensation for the lag) but it also introduced
amplitude modification. While the exact prediction method for the head-
tracker in this test wasn’t known, the frequency response of a “typical”
prediction method [53] is shown in Figure 30 to illustrate the effect. The
predictor attempts to keep the phase response close to 0◦ phase across
a large frequency range; thus, minimizing the lag (delay) between the
head-movement and resultant image response. However, the amplitude
response of the predictor is no longer 0 dB (amplitude ratio of 1), so a
5◦ head movement will result in a image response of greater than 5◦ for
frequencies where the amplitude response is greater than 0 dB.

• For a typical predictor, the higher input frequency yielded a greater re-
sultant amplification. Since the “windshield wiper” test relied on the
amplitude response of the image, a non-unity frequency response from a
predictor will distort the delay (phase) measurement.

• This amplitude distortion was particularly evident in the “50 msec pre-
diction” data in Figure 29. For the 2.5◦ target, lower system latency was
measured, but for the 5.0◦ target, more latency was measured. This dif-
ference was due to the greater amplitude magnification with the higher
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input frequency needed for the 5.0◦ target. It was also due to the predictor
having less phase compensation at the higher frequencies.

• The higher propensity for noise and jitter in the image with prediction
was also due to this amplitude distortion in the predictor.

A single latency value cannot be associated with the system used in this
experiment due to the amplitude and phase characteristics with a predictor in
the loop, but the data showed that the tested latency was between 30 and 50
msec.

4.5.8 Head Tracking

A comparative evaluation of the EP’s head movement with and without a
HWD was not performed in the experiment. The experiment was designed
to be a “pure” comparison of head-down, head-up, and head-worn displays,
so no head-tracking apparatus was worn by the EP during the evaluation of
head-up and head-down display concepts. Non-contact head-tracking methods
were neither economically nor practically viable for implementation in this

46



experiment. Subsequent experiments will address whether a HWD affects a
pilot’s head-movement compared to present-day operations.

The captain’s head movement when wearing the HWD was analyzed. Col-
lapsing the data across all captains and all maneuvers, the percent of time the
captain was looking in azimuth and elevation is shown in Figures 31 and 32,
respectively. Both figures show a high concentration of time within ±45◦ of the
aircraft centerline, particularly for elevation. The EP’s head was positioned
within ±25◦ of elevation 98% of the time. The EP’s head was positioned
within ±50◦ of azimuth 97% of the time. The azimuth data shows a slightly
longer “tail” reflecting the need for the EPs to clear a target and maneuver
at angles exceeding 45◦ off-boresight, but the data is clearly different than
that shown for a typical fighter aircraft head-worn display application [34].
As could be expected, the need for off-boresight capability is necessary for
commercial applications.
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Figure 31. Percentage of time for head direction in Azimuth (deg).
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Figure 32. Percentage of time for head direction in Elevation (deg).
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The rates of head movement when wearing the HWD were analyzed. Col-
lapsing the data across all captains and all maneuvers, the captain’s head
movement rates in azimuth and elevation, expressed by percentage time, is
shown in Figures 33 and 34, respectively. Both data show a high concentra-
tion of time within ±45 degrees/sec, particularly for elevation. The rate of
head movement was within ±30 degrees per second in elevation 97% of the
time. The rate of head movement was within ±60 degrees per second in az-
imuth 97% of the time. Note that the total percentage of time when rates were
greater than 100 deg/sec or less than -100 deg/sec are plotted in Figure 33 and
34, at the ±100 deg/sec point (for readability). The azimuth rate data show
that the pilots typically used relatively slow head-movements to clear for traffic
in maneuvers but about 3% of the time, the pilots exceeded 100 deg/sec head-
movement. Maximum head rates in azimuth of 200 to 300 deg/sec were found.
These data indicate much slower head movement for commercial as opposed
to military applications, but a small, yet significant percentage of time still
requires very fast head-rates and tracking capability. This same characteristic
was not found in the elevation data.
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Figure 33. Percentage of time for head movement - Azimuth rates (deg/sec).
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4.6 Post-Run Questionnaire Results

Several questionnaires were given at the end of each data run. At the end
of the day, paired-comparison questionnaires were given to both the captain
and first officer. The post-run questionnaires used in this experiment are in
Appendix C, Figures C6 through C10.

4.6.1 NASA Task Load Index

An ANOVA was performed for the dependent variable of task load index (men-
tal workload) from flight crew ratings on the NASA Task Load Index (NASA-
TLX) scale [54]. No significant differences were found for the display condition,
p > 0.05.

4.6.2 Situation Awareness Rating Technique

An ANOVA was performed for the dependent variable of situation awareness
derived from flight crew ratings (0-100) on the Situation Awareness Rating
Technique (SART) [55]. SA is defined as Understanding - (Demand - Supply).
Analysis found a significant effect for display condition, F (3, 15) = 4.16, p <
0.05. A SNK test revealed two unique subsets: (1) Advanced HWD (133.04)
and Advanced HUD (130.23) - highest SA; and, (2) Baseline (104.07) and
Intermediate HWD (112.30) - lowest SA. The SA provided by the Advanced
HWD and Advanced HUD was not significantly different from each other,
nor were the Baseline and Intermediate HWD significantly different from each
other (Fig. 35).
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Figure 35. SART results for Experiment I. Higher scores denote higher SA.
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4.6.3 Taxi Situation Awareness Questions

Flight crews were administered a Likert post-run experimental questionnaire
(1 to 5 scale; 1 = “not at all”; 5 = “very much”) to rate the contribution of
the display conditions to taxi efficiency, overall navigation awareness, route
awareness of local controller clearance, route awareness of ground controller
clearance, surface traffic awareness, directional awareness, and taxi safety. An
ANOVA revealed significant effects for all dependent variables, p < 0.05. Post-
hoc SNK tests were performed on these dependent variables resulting in two
unique subsets: (1) Advanced HUD and Advanced HWD, and (2) Intermedi-
ate HWD and Baseline. Means for each dependent variable are presented in
Figure 36.
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Figure 36. Means for post-run questionnaire by display condition. TE = Taxi Efficiency;
NA = Overall Navigational Awareness; Loc RA = Route Awareness of the Local Controller
Clearance; Grd RA = Route Awareness of the Ground Controller Clearance; TA = Surface
Traffic Awareness; DA = Directional Awareness; TS = Taxi Safety.

4.6.4 Situation Awareness Global Assessment Technique

During training, the EPs were instructed that certain data collection trials
would be Situation Awareness Global Assessment Technique (SAGAT) trials.
At a certain point during the SAGAT trial, the simulation was “frozen” in
time and the displays were blanked out. The EPs were then asked 12 questions
(Table 3) regarding their situation awareness. The crews were not aware of
which trials contained SAGAT questionnaires. For each of the 16 crews, 4
trials contained a SAGAT questionnaire.

The SAGAT data was analyzed using a Cochran’s Q test to evaluate for
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statistical differences between display types. Table 3 presents the statistical
results of the analyses collapsed across pilot type. Correct responses to each
question were based on an “acceptable tolerance band around the actual value”
(p. 170, [56]).

Of the 12 SAGAT questions, 5 questions were significantly different among
the display concepts. These were Questions 1-4 and Question 11. Figure 37
shows correct crew responses to the questions with significant differences.
From Figure 37, display concepts with a path displayed (i.e., advanced display
concepts) had significantly more correct responses for 5 of the 12 questions.
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Figure 37. SAGAT Results for Significant Questions

For all concepts, the heading and ground speed were displayed in the same
location on the EMM. The ground speed and heading were displayed on all
head up display concepts (Intermediate HWD, Advanced HUD and Advanced
HWD). As the Intermediate HWD had this data head up, this suggests that
the workload for the Baseline and Intermediate HWD is such that the data
cannot be scanned or retained.

Questions 3 and 4 regarded the current taxiway and path error awareness.
This information was directly displayed in the advanced concepts but had to be
estimated by the pilot for the Baseline and Intermediate HWD concept. Note
that there were no statistically significant differences among the concepts for
the question regarding the crew’s knowledge of the full taxi clearance. It can
be inferred that workload is higher with the Baseline and Intermediate HWD
concepts and that this tactical information is not immediately known while
the strategic knowledge of the full taxi clearance is maintained. The workload
is such that the information is not scanned or retained.
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Table 3. Situation Awareness Global Technique Results.
Frequencies

SAGAT Question Cochran’s Q Ratio = correct/incorrect
Baseline Int HWD Adv HUD Adv HWD

Q1. What was your
present heading?

Q(3, 32) = 21.6, p < 0.001 19/13 20/12 29/3 32/0

Q2. What was your
present ground speed?

Q(3, 32) = 27.07, p < 0.001 16/16 17/15 30/2 30/2

Q3. Which taxiway
is the aircraft presently
located?

Q(3, 32) = 27.07, p < 0.001 16/16 17/15 30/2 30/2

Q4. Is the aircraft cur-
rently X left X center
X right of taxiway cen-
terline?

Q(3, 32) = 11.18, p < 0.01 26/6 26/6 32/0 31/1

Q5. What was your
full taxi clearance?

Q(3, 32) = 5.148, p > 0.05 18/14 23/9 24/8 26/6

Q6. Which taxiway did
the ground controller
next expect the aircraft
to taxi to from present
location?

Q(3, 32) = 3.17, p > 0.05 28/4 28/4 31/1 27/5

Q7. Which direction
were you to next turn
the aircraft onto taxi-
way?

Q(3, 32) = 2.63, p > 0.05 25/7 25/7 29/3 26/6

Q8. Estimate the time
of taxi route comple-
tion from present lo-
cation to concourse in
seconds.

Q(3, 32) = 1.50, p > 0.05 28/4 28/4 30/2 30/2

Q9. How many air-
craft were you aware
of (perceived out-the-
window and/or display
concept(s))?

Q(3, 32) = 4.13, p > 0.05 23/9 25/7 27/5 29/3

Q10. Where was the
location of the near-
est aircraft to your air-
craft?

Q(3, 32) = 4.13, p > 0.05 23/9 25/7 27/5 29/3

Q11. What was the
heading and ground
speed of nearest air-
craft to your ownship
heading and ground
speed?

Q(3, 32) = 8.20, p < 0.05 25/7 25/7 31/1 30/2

Q12. Please provide a
description of the ob-
jective of the nearest
aircraft to your own-
ship.

Q(3, 32) = 2.90, p > 0.05 23/9 25/7 28/4 27/5
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One question regarding traffic was significant. Crews still rely on and are
trained to scan for traffic out the window. However, regarding other traffic
speed and heading, the advanced concepts showed statistically significant im-
provement. From Figure 37, crews with the advanced concepts answered Ques-
tion 11 correctly 90% of the time as opposed to the Baseline and Intermediate
HWD concepts about 80% of the time. This is probably not operationally
significant, but is further evidence of the increased situation awareness and
lower workload of the advanced concepts.

4.6.5 Simulator and HWD-Induced Sickness

HWDs have been found to induce symptoms of motion or simulator sickness.
Further, immersion into a virtual reality environment can cause symptoms
similar to simulator sickness, but with differing magnitudes of severity [57].
The (potential) causes are many [58]. The occurrence of simulator sickness in
operation or training with HWDs for commercial aviation applications would
be problematic and detrimental to the commercial applications of HWDs if
this were the case [59].

During the usability study prior to this experiment, some cases of simulator
sickness were experienced but objective data of the sickness severity was not
taken. For this experiment, simulator sickness questionnaires [60] were used
to track the presence and trends in simulator sickness as it might be induced
by the HWD or the simulator through the course of the experiment. The
simulator sickness questionnaire considers 16 symptoms (Table 4), belonging
to the three factors of oculomotor disturbance, disorientation, and nausea.
The EPs then rated how they felt for each symptom: None, Slight, Moderate,
Severe. The computation of a Simulator Sickness Questionnaire (SSQ) “score”
was obtained by weighting the three factors and the 16 symptoms according
to Kennedy [60] to yield a total score.

Table 4. Simulation Sickness Questions
Nausea Oculomotor Disorientation
General Discomfort General Discomfort Difficulty Focusing
Increased Salivation Fatigue Fullness of Head
Sweating Headache Blurred Vision
Nausea Eye Strain Dizzy (Eyes Open)
Difficulty Concentrating Difficulty Focusing Dizzy (Eyes Closed)
Stomach Awareness Difficulty Concentrating Vertigo
Burping Blurred Vision

The display configurations were experimentally blocked. After training,
the first block consisted of evaluations using “conventional” displays (head-
down and head-up display concepts), followed by a second block consisting of
evaluations using the HWD concepts. This pattern was repeated twice more.
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Simulator sickness questionnaires were administered at the end of each data
run.

For 11 out of the 16 crews, no simulator sickness symptoms were noted
in any of the runs. For the other 5 crews, there were 8 cases of significant
simulator sickness. For this paper, total SSQ scores of 15 and above [57] were
considered to be an indicator of significant simulator sickness. Five simulator
sickness cases were experienced by the captain (who was wearing the HWD) -
relatively severe in two instances. The other three cases of simulator sickness
symptoms were experienced by the first officer. The first officer was not using
a HWD. The reasons for the first officer sickness was probably due to a
combination of simulator latency, the lack of motion cues, fatigue over the
course of the experiment, and the need to repeatedly go head-down to write
taxi clearances and then go head-up to monitor taxi performance.

In the most severe case, the session had to be stopped because of pilot
discomfort. The contributing factor was not felt to be related to the HWD in
this case. A couple of “mid-run” simulator resets were unfortunately performed
and the sudden visual “rush” from these resets caused the pilot to experience
severe symptoms. On Run 17 (out of a planned 27 runs), the pilot rated a
total SSQ score of 29.9 with a Nausea score of 57, followed on the next run
with a total SSQ score of 45 with a Nausea score of 76. Prior to these runs,
no symptoms were reported. The test was subsequently stopped for this crew.
More careful resets were subsequently enforced in the simulation protocol (i.e.,
stopping the aircraft before the reset and warning the pilots of an up-coming
reset so they could close their eyes, if desired).

For the remaining four affected crews, three of the crews reported significant
simulation sickness symptoms (i.e., total SSQ scores over 15). The mean of the
total simulator sickness scores by the captain within the display block is shown
in Figure 38. For these EPs, simulator sickness was generally “triggered” by
the first HWD evaluation block. The severity of the sickness symptoms also
generally increased over time, analogous to other research findings [58]. For
these three captains with significant SSQ scores, the symptoms were primarily
related to oculomotor disturbances which is consistent with simulator sickness;
however, for the more severe symptoms noted by the captains of Crew 2 and
Crew 3, commensurate nausea and, to a lesser extent, disorientation symptoms
were also noted.

The SSQ data suggests a “good news / bad news” scenario for the commer-
cial viability of HWDs. The good news is that 75% of the evaluation pilots
who used the HWDs experienced no or mild symptoms of simulator sickness.
The bad news is that in 12.5% of the evaluation pilots who used the HWD did
experience notable and in one case, relatively severe symptoms of simulator
sickness. Although there is no guidance as to what an acceptable level of the
affected pilot population would be, 12.5% intuitively seems unacceptable.

The general and individual-specific differences that influence the propen-
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Figure 38. Mean total Simulator Sickness Questionnaire (SSQ) score within an Evaluation
Block.

sity for simulator sickness when using an HWD needs to be further explored.
Potential influences that the research team felt may have contributed in this ex-
periment were the EP’s most recent flight experience, their fatigue and general
health at the time of the simulation, and their propensity for developing vir-
tual “presence” and visual-vestibular conflict. Further, the lack of motion cues
in the simulator may have contributed to the simulator sickness results (e.g.,
several first officers experienced simulator sickness symptoms even though they
didn’t wear the HWD). Most importantly, however, future investigations must
evaluate whether there is any propensity for “simulator sickness” with these
devices in operational use versus simulator evaluations.

4.7 Post-Test Paired Comparison Results

A MANOVA statistical procedure was performed on four paired comparison
scales administered to the captain and first officer of each flight crew. The
paired comparison scales asked the pilot to factorially evaluate each of the
four display concepts in comparison to one another on four constructs: Situ-
ation Awareness (SA-SWORD) [43], Mental Workload (Subjective Workload
Dominance (SWORD)) [61], Taxi Efficiency, and Taxi Safety. The analyses
were conducted separately for captain and first officer responses. Significant
results reported are at the p < 0.01 significance level.

4.7.1 Situation Awareness

For the captain ratings, there was a significant main effect found for situa-
tion awareness, F (3, 45) = 54.49. A post-hoc test (Table 5) revealed that
(a) the Baseline moving map display provided significantly lower in situation
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awareness than the other three display concepts; (b) the Intermediate HWD
provided significantly lower situation awareness than the Advanced HUD and
Advanced HWD; and (c) no significant differences between the Advanced HUD
and Advanced HWD concepts.

Table 5. Significance Table for Situation Awareness (SA-SWORD) Paired Comparison Rat-
ings

Display Comparisons CAPTAIN FIRST OFFICER
Significant Non-Significant Significant Non-Significant

EMM - Int HWD X X
EMM - Adv HUD X X
EMM - Adv HWD X X
Int HWD - Adv HUD X X
Int HWD - Adv HWD X X
Adv HUD - Adv HWD X X

For the first officer ratings, there was a significant main effect found for
situation awareness, F (3, 45) = 32.38. A post-hoc test (Table 5) indicated
that the first officers rated (a) the Advanced HUD and Advanced HWD to be
significantly better for taxi efficiency than both the Intermediate HWD and
moving map display which (b) were not significantly different from each other
and (c) no significant differences between the Advanced HUD and Advanced
HWD concepts.

4.7.2 Mental Workload

For the captain ratings, there was a significant main effect found for mental
workload, F (3, 45) = 5.28. A post-hoc test (Table 6) revealed (a) the Ad-
vanced HUD and Advanced HWD to be significantly lower in Mental Work-
load than both the Intermediate HWD and the Baseline moving map display
which (b) were not significantly different from each other and (c) no significant
differences between the Advanced HUD and Advanced HWD concepts.

Table 6. Significance Table for Mental Workload Paired Comparison Ratings (SWORD)
Display Comparisons CAPTAIN FIRST OFFICER

Significant Non-Significant Significant Non-Significant
EMM - Int HWD X X
EMM - Adv HUD X X
EMM - Adv HWD X X
Int HWD - Adv HUD X X
Int HWD - Adv HWD X X
Adv HUD - Adv HWD X X

For the first officer ratings, there was a significant main effect found for
mental workload, F (3, 45) = 7.988. A post-hoc test (Table 6) reported differ-
ences only between the Baseline moving map display and the Advanced HUD
and Advanced HWD display concepts. No other effects were significant.
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4.7.3 Taxi Efficiency

For the captain ratings, there was a significant main effect found for taxi effi-
ciency, F (3, 45) = 23.655. A post-hoc test (Table 7) revealed (a) the Advanced
HUD and Advanced HWD to be significantly better for taxi efficiency than
both the Intermediate HWD and the Baseline moving map display which (b)
were not significantly different from each other and (c) no significant differ-
ences between the Advanced HUD and Advanced HWD concepts.

Table 7. Significance Table for Taxi Efficiency Paired Comparison Ratings
Display Comparisons CAPTAIN FIRST OFFICER

Significant Non-Significant Significant Non-Significant
EMM - Int HWD X X
EMM - Adv HUD X X
EMM - Adv HWD X X
Int HWD - Adv HUD X X
Int HWD - Adv HWD X X
Adv HUD - Adv HWD X X

For the first officer ratings, there was also a significant main effect found
for taxi efficiency, F (3, 45) = 48.63. A post-hoc test (Table 7) revealed (a) the
Baseline moving map display to be significantly poorer for taxi efficiency than
the other three display concepts; (b) the Intermediate HWD to be significantly
poorer than the Advanced HUD and Advanced HWD; and (c) no significant
differences between the Advanced HUD and Advanced HWD concepts.

4.7.4 Taxi Safety

For the captain ratings, there was a significant main effect found for taxi safety,
F (3, 45) = 23.859. Post-hoc tests (Table 8) revealed (a) the Advanced HUD
and Advanced HWD to be significantly higher in reported surface operations
and taxiing safety than both the Intermediate HWD and moving map display
which (b) were not significantly different from each other, and (c) no significant
differences between the Advanced HUD and Advanced HWD concepts.

Table 8. Significance Table for Taxi Safety Paired Comparison Ratings
Display Comparisons CAPTAIN FIRST OFFICER

Significant Non-Significant Significant Non-Significant
EMM - Int HWD X X
EMM - Adv HUD X X
EMM - Adv HWD X X
Int HWD - Adv HUD X X
Int HWD - Adv HWD X X
Adv HUD - Adv HWD X X

For the first officer ratings, there was also a significant main effect found
for taxi safety, F (3, 45) = 45.19. A post-hoc test (Table 8) revealed (a) the
Baseline moving map display to be rated significantly lower in perceived taxi
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safety than the other three display concepts; (b) the Intermediate HWD to
be significantly lower in perceived taxi safety than the Advanced HUD and
Advanced HWD; and (c) no significant differences between the Advanced HUD
and Advanced HWD concepts.

4.8 Discussion of Experiment I Results

Crews were asked to perform fairly complex taxi maneuvers for various display
and weather conditions. From Figure 23, it can be seen that the best naviga-
tional performance was with the Advanced HUD display concept regardless of
the weather condition. The Advanced HWD display concept had 4 minor nav-
igational errors, where the crew knew immediately that they made a mistake
and informed the ground controller and requested instructions. However, for
the Baseline and Intermediate HWD concepts, the crew didn’t realize a mis-
take had been made. The crews continued on the wrong course unaware they
were no longer on the cleared path resulting in major navigation errors. With
the exception of the SA paired comparison result, there were no significant dif-
ferences between the Baseline EMM and Intermediate HWD concepts. Pilots
commented that the Intermediate HWD concept was advantageous because it
presented the taxi signage in a head-up and familiar format.

From the post-test analysis, it can be seen that there were no significant dif-
ferences between the Advanced HUD and Advanced HWD concepts for either
the captains or the first officers for all of the paired comparison questionnaires.
For the first officers, who did not have a head-up device, significant differences
for SA were reported between all concepts that compared concepts that dis-
played route/traffic information (Advanced HUD and Advanced HWD) with
display concepts that did not display route or traffic information (Baseline
and Intermediate HWD) (see Table 5). From the first officer’s perspective, the
two displays that varied across all display concepts were the EMM and the
head-up repeater display. Further, first officers commented that the repeater
display was a distraction and ignored it most of the day.

For the nose-to-nose rare event scenario, all but two of the crews who had
traffic displayed were able to avoid the nose-to-nose situation. The rare event
showed that having traffic displayed was a significant enhancement to the
crew’s situation awareness. Crews that avoided the nose-to-nose were able to
notify the ground controller of the traffic on their cleared path and ask for
new instructions. The two crews that did not notice the traffic stated that the
color of the traffic symbol made it difficult to see the traffic icon, especially at
large range scales. They also said it was hard to remember which scenarios
had displayed traffic. Half of the data runs did not display traffic (Baseline
and Intermediate HWD) and these runs were randomly assigned in the run
sequence. Therefore, a follow-on experiment was warranted and thus, designed
to address the readability/discernibility of traffic.
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5 Experiment II

Experiment II was conducted closely following Experiment I to principally
investigate several issues uncovered in Experiment I. Also, some experiment
configurations were modified to take advantage of the additional test oppor-
tunity. From the rare event results of Experiment I, the traffic icons were
found to be difficult to distinguish, particularly on the head-down display. In
Experiment I, a brown color was used for traffic icons to conform with ADS-
B color-coding standards for ground traffic. For Experiment II, a cyan color
was used to increase contrast. Further, the traffic icon sizes were scaled as a
function of the range scale.

In addition to this change, the taxi director insert display on the advanced
HWD concept was modified to improve readability and computational frame
rates. Also, from Figure 24, most errors in Experiment I were made with
Route 20. Therefore, the ground controller clearance for Route 20 was changed
to provide the direction of the turn in the route prior to where most crews
mistakenly turned the wrong way.

5.1 Evaluation Pilots

Twelve commercial flight crews (a captain and first officer) participated in
the experiment. The 12 crews for Experiment II did not include anyone who
had participated in Experiment I. Each flight crew flew for the same company
to ensure crew coordination and cohesion with regard to surface operation
procedures. The captains had an average of over 15,000 flight hours with 29
years total flight time and the first officers had an average of over 9,000 flight
hours with an average of 26 years total flight time. Two-thirds of the cap-
tains required corrective lenses. The crews were given a 45-minute briefing on
the display concepts and the evaluation tasks. After the briefing, a 45-minute
training session was conducted to familiarize the EPs with the RFD simulator,
the HUD, the HWD device, and the piloting task. Only the captain had a HUD
or HWD; the first officer had a head-down repeater display of the captain’s
head-up device. An eye dominance test was performed after the training brief-
ing. Of the 12 captains, 11 were right eye dominant. The HWD was viewed
with the right eye for all EPs. The HWD is compatible with eyeglasses. Fol-
lowing training, 2.5 hours of data collection was conducted. Twelve of the 24
scenarios from Experiment I were replaced with very short taxi routes, thus
allowing for shorter data collection time. The total experiment time for each
crew was approximately 4 hours.

5.2 Evaluation Task

The evaluation task for Experiment II was the same as Experiment I with the
following exceptions:
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1. A total of 25 (instead of 27) taxi scenarios were used in the study.

2. Twelve of the 24 non rare event routes from Experiment I were shortened
due to time constraints.

3. There was only one rare event scenario, the nose-to-nose scenario from
Experiment I.

5.3 Display Conditions

The display conditions (Fig. 39 and Appendix G) for Experiment II were the
same as Experiment I with the following exceptions:

1. The Baseline display condition was replaced with a paper chart and ex-
isting cockpit displays, and

2. The Intermediate HWD condition was replaced with a head-down only
display, an Advanced EMM. The Advanced EMM included iconic traffic,
clearance information and the cleared route.

Paper chart Advanced EMM

HUD Advanced HWDNo head up displayNo head up display

Advanced EMM Advanced EMM

Paper Chart Advanced EMM Advanced HUD Advanced HWD

Figure 39. Thumbnail pictures of the four display conditions for Experiment II: Paper
Chart, Advanced EMM, Advanced HUD and Advanced HWD.

There was no head-up or head worn display with either the Advanced EMM
condition or the Paper Chart condition. The traffic icons on the Advanced
EMM and the Advanced HWD were modified to improve the EPs ability to
acquire the traffic (Appendix G, Figs. G1 and G4). The color was changed
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from brown to cyan. For the Advanced EMM, the traffic chevrons were scaled
in size as a function of the range scale. As the range scale increased (zoomed
out), the traffic chevron was increased in size to improve readability. Also,
for the Advanced HWD, directional and strobe lights were added to the 3-D
traffic models. Note that the out-the-window scene models had directional
and strobe lights.

In addition, the taxi director insert display on the Advanced HWD was
modified to improve readability and frame computation speed. In Experi-
ment I, the airport database was rendered in the insert window. For Experi-
ment II, the airport model was replaced with a simple model of the runway and
taxiway outlines. The result was a greatly simplified airport database, which
improved rendering speed as well as readability by providing only essential
information. The gain in computational speed allowed the virtual scene to be
rendered within a 60 Hz frame. Additionally, the simplified airport database
had greater contrast between the cleared route and the background, thus read-
ability was improved in preliminary testing.

5.4 Quantitative Results

5.4.1 Taxi Performance for All Data Runs

A MANOVA on RMS path error, taxi speed, and time-to-taxi yielded sig-
nificant effects for display condition (F (9, 363) = 4.18, p < 0.001), visibility
condition (F (3, 149) = 5.71, p = 0.001) and their interaction (F (9, 363) =
3.60, p < 0.001) according to Wilk’s Lambda. Follow-up univariate ANOVAs
indicated that time-to-taxi was not significantly (p > 0.05) affected by display
condition but taxi speed and RMS path error were. Post-hoc SNK tests re-
vealed two unique subsets of the display conditions for taxi speed and for RMS
path error (Fig. 40). The EPs taxied significantly slower and had more path
error for the Paper Chart condition than with the Advanced EMM, Advanced
HUD, and Advanced HWD. On average, the EPs had 5.4 ft less path error
and taxied 0.4 knots quicker during Day 700 RVR conditions than in Night
VMC, but these improvements have little operational significance.

5.4.2 Navigational Errors

As in Experiment I, navigational errors were divided into two categories: major
and minor. Also, as with Experiment I, a blunder error, which involved a
conflict with another aircraft, was accounted for in a different measure and
not included as a navigational error. A total of 14 navigational errors were
made, where 7 were classified as major errors and 7 were classified as minor.
Most of the major errors occurred with the Paper Chart condition. Figure 41
shows the navigational errors made per display condition and weather event
(Night VMC or Day 700 RVR). Figure 42 shows the number of navigational
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Figure 40. Delta taxi speed and RMS error for all trials for Experiment II.
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Figure 41. Navigational errors for Experiment II.

errors made per taxi route.

Cochran’s Q statistical analyses revealed non-significant results for the
number of navigation errors associated with the main effects of display type,
Q(3, N = 12) = 3.00, p > 0.10; and visibility condition, Q(1, N = 12) =
1.40, p > 0.10, due largely to the low power of the data analysis.

5.4.3 Taxi Conflict Events

A taxi conflict event was defined as a collision with another aircraft or making
a turn in front of another aircraft and creating a close call. A total of 2 taxiway
conflict events occurred, one with the Advanced EMM condition and one with
the Advanced HUD condition. Because of the low number of observations and
the expected zero values, a statistical analysis was not conducted on the data.
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Figure 42. Navigational errors per route for Experiment II.

5.4.4 Rare Event

Experiment II included one rare event scenario. The rare event was the final
run of the day and created the same nose-to-nose traffic conflict used in Exper-
iment I. No EPs from Experiment I were used; thus, the EPs in Experiment
II were unaware of the scenario. Again, this event did not create a collision
scenario but instead represented a more likely and common situation where
two aircraft could come nose-to-nose. Crews were given a ground controller
instruction to turn onto a taxiway that was occupied by another aircraft (a
small commuter jet). The visibility was reduced to 500 RVR for this scenario
so that the traffic was difficult to see, but was detectable in the out-the-window
scene.

The rare event display condition was evenly distributed between each of the
four display conditions; therefore each of the four display conditions had 3 rare
event data points. For the Paper Chart condition, which did not have path or
traffic information, all three crews got into a nose-to-nose situation. For the
display conditions that had iconic traffic display (Advanced EMM, Advanced
HUD and Advanced HWD), all crews were able to avoid the nose-to-nose
situation.

5.4.5 Taxi Performance for Nominal Runs

A second analysis of the taxi performance measures was conducted with the
off-nominal runs excluded from the analysis. A MANOVA on RMS path er-
ror, taxi speed, and time-to-taxi yielded significant effects for display condi-
tion (F (9, 300) = 4.62, p < 0.001) and the interaction between display condi-
tion and visibility (F (9, 300) = 1.95, p = 0.045) according to Wilk’s Lambda.
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There were no significant (p > 0.05) visibility effects. Subsequent univari-
ate ANOVAs showed that the display effects (F (3, 125) = 3.80, p = 0.012)
were only for the taxi speed measure and the interaction effects (F (3, 125) =
4.20, p = 0.007) were only for the time-to-taxi measure. Post-hoc SNK tests
revealed that on average 1) the EPs taxied significantly (statistically, but not
operationally) quicker (about 1 second) with the Advanced HUD compared
to Paper, but with no appreciable differences between the Advanced EMM or
Advanced HWD and, 2) the EPs had no significant differences when taxiing
with the Advanced HWD, Advanced EMM, or Paper.

5.4.6 Required Navigation Performance

As with Experiment I, the proposed surface RNP [51] requirements were used.
For Experiment II, the visibility conditions were such that RNP for an ICAO
Code D [42] aircraft should remain within ±7.2 feet (±2.2 meters) of the
route centerline 95% of the time. Figure 43 shows the RNP values for all
run conditions. None of the display concepts were within ± 7.2 feet of route
centerline 95% of the time.
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Figure 43. RNP for Experiment II.

Figure 44 shows the results of the RNP with only nominal trials. Using
only nominal data trials, no display condition met the surface RNP require-
ments and an ANOVA showed that time of day was not significant, F (1, 10) =
7.563, p = 0.094. Display condition was significant, F (3, 10) = 3.719, p = 0.05.
Post-hoc tests on display condition show two overlapping subsets: 1) Ad-
vanced EMM (mean=12.5 ft), Advanced HUD (mean=13.5 ft) and Advanced
HWD (mean=13 ft), and 2) Advanced HWD (mean=13 ft), Advanced HUD
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(mean=13.5 ft), Paper Chart (mean=15.8 ft). The Paper Chart condition
had significantly worse (statistically, but not operationally) lateral RNP dur-
ing surface operations than the Advanced EMM. However, there were no
statistical differences between the Advanced HUD, the Advanced HWD and
the Paper Chart condition.
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Figure 44. RNP with only nominal trials for Experiment II.

The point of computation of the path error was highly significant, F (1, 10) =
14.944, p = 0.003. Using the nose gear to calculate the path error resulted in
significantly lower lateral RNP (mean=12.25) than when using the 40% Guid-
ance Point (mean=15.125). Though not operationally significant, this suggests
that in turns, pilots tended to keep the nose centered on the taxiway centerline
as they do in straight taxi segments which is consistent with their training.

An ANOVA was performed on the surface RNP measurements made from
the nose gear only with time of day (Night VMC and Day 700 RVR) and
display condition as the factors. Neither factor was significant, p > 0.05.

5.5 Post-Run Questionnaire Results

The same questionnaires from Experiment I were administered for Experiment
II with the exception of the SAGAT probes (due to time constraints). The
post-run questionnaires used in this experiment are shown in Appendix C,
Figures C6 through C9.
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5.5.1 NASA Task Load Index

An ANOVA was performed for the dependent variable mental workload (task
load index) from flight crew ratings on the NASA-TLX [54] scale. No signifi-
cant differences were found among the display conditions, p > 0.05.

5.5.2 Situation Awareness Rating Technique

An ANOVA was performed for the dependent variable situation awareness
derived from flight crew ratings (0-100) on the SART. SA is defined as Under-
standing - (Demand - Supply). Analysis found a significant effect for display
condition, F (3, 15) = 3.77, p < 0.05. A SNK test revealed two unique subsets:
(1) the Advanced HWD (135.25), the Advanced HUD (142.16), and the Ad-
vanced EMM (142.38) which have the highest SA and no significant differences
between them and (2) the Paper Chart condition (82.0) which had the lowest
SA (Fig. 45).
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Figure 45. SART results for Experiment II. Higher scores denote higher SA.

5.5.3 Taxi Situation Awareness Questions

Flight crews were administered a Likert experimental questionnaire (scale 1 to
5 scale; 1 = “not at all”; 5 = “very much”) after each run that asked the EPs
to rate the display condition’s contribution to taxi efficiency, overall naviga-
tion awareness, route awareness of local controller clearance, route awareness
of ground controller clearance, surface traffic awareness, directional awareness,
and taxi safety. Ratings were similar to Experiment I in that advanced con-
cepts (path, clearance and traffic displayed) were rated significantly higher
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than the Baseline and Intermediate HWD display concepts. An ANOVA re-
vealed significant effects for all dependent variables, p < 0.05. Post-hoc SNK
tests were performed on these dependent variables resulting in two unique sub-
sets: (1) the Advanced EMM, the Advanced HUD, and the Advanced HWD
(no significant differences between them), and (2) the Paper Chart condition.
Only the EP ratings of display contribution to taxi efficiency were found not to
be significant. Means for each dependent variable are presented in Figure 46.
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Figure 46. Means for post-run questionnaire by display condition. TE = Taxi Efficiency;
NA = Overall Navigational Awareness; Loc RA = Route Awareness of the Local Controller
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Traffic Awareness; DA = Directional Awareness; TS = Taxi Safety.

5.5.4 Simulator and HWD-Induced Sickness

For Experiment II, nine of 24 EPs (38%) reported significant (SSQ score 15
and above) simulator sickness. Five of the nine cases were reported by the
captains and four by first officers. As with Experiment I, the first officer never
wore the HWD. This is a higher percentage of simulator sickness cases than
with Experiment I, however, of the 9 simulator sickness cases, 4 of those EPs
baseline SSQ score was at or above 15. In other words, before data collection
started, the EPs were reporting significant simulator sickness symptoms. Dis-
counting the four EPs who began the trials with significant simulator sickness
symptoms, the percentage of EPs with simulator sickness was 25%, which is
the rate reported from Experiment I.

An analysis of simulator sickness was performed. Before and after each
block of data trials with the HWD, the same SSQ from Experiment I was
given. In addition, the EPs were given a baseline questionnaire before data
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collection and an end of the day questionnaire. To isolate the effects of the
HWD, the difference between the start and end of a HWD block was used.
Often, there was no difference from before to post HWD block despite the
high SSQ ratings, owing to the fact that the EPs sometimes began the block
with a high rating (not due to wearing the HWD). This method then allows
for the analysis of the HWD independent of the other runs since it was within
block. The baseline questionnaire is confounded with the other runs but still
gives an indication of overall simulator sickness experienced, collapsed across
all data runs.

There were no significant differences found. From Table 9, in some cases
the EPs reported better (negative) ratings after block (perhaps psychologically
because they had completed the block, particularly for Block 3). The total
SSQ score was very slight and actually improved for the captains and was
slight for the first officers. None of the means were much higher than 2+
(positive) suggesting very little simulator sickness for HWD runs (2+ would
be considered very good [57]). Based on the data, there was no simulator
sickness effect for the HWD and suggests something different to explain high
ratings for some EPs at the beginning of some HWD blocks (before HWD runs)
that changed very little over the course of that block or subsequent blocks.

Table 9. Simulator Sickness Results: Experiment II
95% Confidence Interval

Block Pilot Mean Std Error Lower Bound Upper Bound
1 Captain 2.182 1.625 -1.395 5.758

First Officer 1.870 1.342 -1.084 4.824
2 Captain 1.870 3.036 -4.813 8.553

First Officer 1.247 2.362 -3.953 6.446
3 Captain -4.675 2.441 -10.049 .699

First Officer .312 4.378 -9.325 9.949

Total Captain -.623 6.326 -14.547 13.300
First Officer .609 4.094 -8.401 9.619

5.6 Post-Test Questionnaire Results

A MANOVA statistical procedure was performed on four paired comparison
scales administered to the captain and first officer of each flight crew. The
paired comparison scales asked the EP to factorially evaluate each of the four
display conditions in comparison to one another on four constructs: Situation
Awareness (SA-SWORD), Mental Workload (SWORD), Taxi Efficiency, and
Taxi Safety. The analyses were conducted separately for captain and first
officer responses. Significant results reported are at the p < 0.01 significance
level.
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5.6.1 Situation Awareness

For the captain ratings, there was a significant main effect found for situa-
tion awareness, F (3, 10) = 26.621. A post-hoc planned comparison revealed
an effect “approaching significance” (p = 0.06) for the comparison between
Advanced HUD and Advanced HWD. EPs rated the Advanced HWD higher
in terms of SA than the Advanced HUD although not statistically significant
at the 0.05 alpha level. Because the Advanced EMM and Advanced HUD
were found not to be significantly different from each other, but in contrast
the Advanced HWD was found to be rated significantly higher. Therefore,
the HWD versus the HUD results for SA-SWORD are likely an artifact of the
power of the experimental design and do provide trend evidence to posit an
effect between display concepts.

Table 10. Significance Table for Situation Awareness (SA-SWORD) Paired Comparison
Ratings

Display Comparisons CAPTAIN FIRST OFFICER
Significant Non-Significant Significant Non-Significant

Paper - Adv EMM X X
Paper - Adv HUD X X
Paper - Adv HWD X X
Adv EMM - Adv HUD X X
Adv EMM - Adv HWD X X
Adv HUD - Adv HWD X X

For the first officer ratings, there was a significant main effect for situation
awareness, F (3, 30) = 17.9. A post-hoc test (Table 10) revealed that the Paper
Chart condition was rated significantly lower for situation awareness than the
other three display concepts. No other effects were found to be significant.

5.6.2 Mental Workload

For the captain ratings, there was a significant main effect found for mental
workload, F (3, 30) = 366.69. A post-hoc test (Table 11) revealed that the
Paper Chart condition was rated significantly higher for mental workload than
the other three display concepts. There were no differences between the other
three display conditions for mental workload.

Table 11. Significance Table for Mental Workload (SWORD) Paired Comparison Ratings
Display Comparisons CAPTAIN FIRST OFFICER

Significant Non-Significant Significant Non-Significant
Paper - Adv EMM X X
Paper - Adv HUD X X
Paper - Adv HWD X X
Adv EMM - Adv HUD X X
Adv EMM - Adv HWD X X
Adv HUD - Adv HWD X X
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For the first officer ratings, there was a significant main effect found for
mental workload, F (3, 30) = 91.33. A post-hoc test (Table 11) revealed that
the Paper Chart condition was rated significantly higher for mental workload
than the other three display conditions and there were no differences between
these three conditions.

5.6.3 Taxi Efficiency

For the captain ratings, there was a significant main effect found for taxi
efficiency, F (3, 30) = 25.76. A post-hoc test (Table 12) revealed that (a) the
Paper Chart condition was rated significantly lower for taxi efficiency than the
other three display conditions; (b) the Advanced EMM was rated significantly
lower for taxi efficiency than both the Advanced HUD and the Advanced
HWD; and (c) there were no significant differences between the Advanced
HUD and the Advanced HWD conditions.

Table 12. Significance Table for Taxi Efficiency Paired Comparison Ratings
Display Comparisons CAPTAIN FIRST OFFICER

Significant Non-Significant Significant Non-Significant
Paper - Adv EMM X X
Paper - Adv HUD X X
Paper - Adv HWD X X
Adv EMM - Adv HUD X X
Adv EMM - Adv HWD X X
Adv HUD - Adv HWD X X

For the first officer ratings, there was a significant main effect found for
taxi efficiency, F (3, 30) = 32.96. A post-hoc test (Table 12) revealed that the
Paper Chart condition was rated significantly lower for taxi efficiency than the
other three display concepts. No other effects were found to be significant.

5.6.4 Surface Operations and Taxi Safety

For the captain ratings, there was a significant main effect found for taxi
safety, F (3, 30) = 4.9. However, subsequent post-hoc (Table 13) pair-wise
comparisons (Bonferroni) failed to find any mean difference significant at the
α = 0.05 level.

Table 13. Significance Table for Taxi Safety Paired Comparison Ratings
Display Comparisons CAPTAIN FIRST OFFICER

Significant Non-Significant Significant Non-Significant
Paper - Adv EMM X X
Paper - Adv HUD X X
Paper - Adv HWD X X
Adv EMM - Adv HUD X X
Adv EMM - Adv HWD X X
Adv HUD - Adv HWD X X
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For the first officer ratings, there was a significant main effect found for
taxi safety, F (3, 30) = 14.74. A post-hoc test (Table 13) revealed that the
Paper Chart condition was rated significantly lower for taxi safety than the
other three display conditions, of which there were no significant differences
between them for taxi safety.

5.6.5 HWD Usability

To get a general appreciation of the HWD usability for surface operations, a
relatively simple, but broad-based usability questionnaire was used [62] (Ap-
pendix C, Fig. C11). After the completion of the experiment, the captains
completed a questionnaire addressing a variety of technology usability issues.
By using this usability questionnaire, a large range of issues were addressed
from complexity to usefulness. A comparative evaluation with the head-down
or head-up displays was not conducted. The 10 statements of the HWD us-
ability were:

1. I think that I would like to use this system frequently

2. I found the system unnecessarily complex

3. I thought the system was easy to use

4. I think that I would need the support of a technical person to be able to
use this system

5. I found the various functions in this system were well integrated

6. I thought there was too much inconsistency in this system

7. I would imagine that most people would learn to use this system very
quickly

8. I found the system very cumbersome to use

9. I felt very confident using the system

10. I needed to learn a lot of things before I could get going with this system

The captains rated their agreement with each of the usability statements on
a scale of 1 (strongly disagree) to 5 (strongly agree). In order to compare the 10
usability questions, each statement was scored with an equal weighting. The
five positive statements (the odd numbered statements, Fig. 47) were weighted
by a factor of two. Essentially, this made each statement score between two and
10. However, for the five negative statements (the even numbered statements,
Fig. 48), they were reversed scored (i.e., a rating of 1 was a score of 5, etc.)
and then weighted by a factor of two. The 10 weighted scores were then added
together to give an overall rating between 0 and 100 (Fig. 49). Figures 47 and
48 are boxplots [63] that present the smallest and largest values, the lower
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and upper quartiles and the median for each usability statement. For the
experiment, the average score for the HWD concept was a 75 for 12 EPs. The
scores ranged from a maximum of 95 to a low of 52.5 with a 10 point standard
deviation around the mean. The rationale for these grades can be determined
from responses to the individual questions (Figs. 47 and 48).
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HWD Usability Questionnaire Responses to Positive Statements

I think that I
would like to
use this
system
frequently

I thought
the system
was easy
to use

I found the
various
functions in
this system
were well
integrated

I would
imagine that
most people
would learn
to use this
system very
quickly

I felt very
confident
using the
system

Figure 47. Captain responses to positive Usability Questionnaire.

Overall, the HWD system was given high marks by almost all the crews
for being easy to use, not overly complex, and well integrated. The poor
marks were due primarily to some strong negative opinions by a few users.
For these questions, a “bi-polar” response was given to whether the system
operation could be easily learned (7 EPs strongly agreed that it could, but 3
EPs were neutral to this question) and whether the EPs thought the system
was cumbersome to use (3 strongly disagreed with this statement, but 4 were
neutral to in moderate agreement.) Clearly, if the weight and encumbrance
of the system were improved, more positive statements to this question might
have been obtained.

Another source of disagreement and negative ratings was in response to
whether the EPs would “use the system frequently.” Four EPs strongly agreed
with this statement but three EPs moderately disagreed. This question should
have been better posed since it could be interpreted several ways. For instance,
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HWD Usability Questionnaire Responses to Negative Statements

I found the
system
unnecessarily
complex

I think that I
would need the
support of a
technical
person to use
the system

I thought
there was
too much
inconsistency
in the
system

I found the
system
very
cumbersome
to use

I needed to
learn alot of
things before I
could get going
with this system

Figure 48. Captain responses to negative Usability Questionnaire.

if taken in the context of everyday operation, the EPs might have been rating
how often poor weather and limited visibility necessitate the need for HWD
taxi assistance. Or, they might have interpreted the question as asking whether
they felt this system improved their ability to safely and efficiently conduct
surface operations in general.

The good scores are encouraging but the negative scores point to needed
areas for improvement. The captains felt the HWD showed high potential but
that refinement is clearly needed.

5.7 Discussion of Experiment II Results

Experiment II was designed to be a follow-on to Experiment I to improve
the color of the displayed traffic and to evaluate additional display concepts
to the baseline condition of an airport paper map in order to fully complete
the matrix of possible display comparisons. From Experiment I, even though
traffic was displayed, some crews missed the displayed traffic and ended up
in a “nose-to-nose” situation for the rare event scenario. For Experiment II,
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Figure 49. Captain scores for the HWD Usability Questionnaire.

none of the crews who had traffic displayed got into a nose-to-nose situation
and, therefore, it appears likely that the color and size of the traffic icon was
the main factor for the differing results from Experiment I.

The performance data showed that all of the advanced concepts provided
better route accuracy and faster taxi speeds compared to paper charts alone.
On average, the EPs were able to complete the taxi route 15% faster with
the advanced concepts compared to paper charts. Previous T-NASA research
reported taxi speed increases in the range of 16% to 26% [47].

One surprising result was that there were 2 taxi conflict events in Experi-
ment II during the non-rare event data trials. These events occurred with the
Advanced EMM and Advanced HUD conditions, respectively. Each of these
events occurred despite the traffic being clearly represented on the head-down
moving map display (Advanced EMM). These “near misses” were avoided
through traffic detection made out-the-window. No such taxi conflict events
occurred with the Paper Chart or the Advanced HWD condition.
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6 General Discussion of Results

6.1 Quantitative Results

From both experiments, the results with the Advanced HUD shown in this
paper are similar to the results from previous surface operations research con-
ducted by NASA Ames and NASA Langley. The performance data showed no
significant differences between the Advanced EMM, Advanced HUD, and Ad-
vanced HWD display concepts for the dependent variables measured, but the
EPs taxied at significantly faster speeds and more accurately with these dis-
plays than when taxiing with just paper charts alone. In general, the Advanced
display concepts provided information (e.g., cleared route, ownship position,
taxi guidance cues) enabling fast and efficient taxi. However, no quantitative
performance differences differentiating head-up versus head-down display con-
cepts (when displaying essentially the same or similar information) were found
in this study. Additionally, the crews made significantly more navigation er-
rors with the paper charts than with any of the other three advanced display
concepts.

From Experiments I and II, none of the display concepts were within surface
RNP requirements as proposed by Cassell et al [51]. Even when trials with
navigational anomalies were removed, RNP was still not obtained and there
were no significant differences among the various concepts. The taxi routes
used in this experiment were very challenging by design, especially with the
given visibility conditions. Further, for concepts where a path was not dis-
played, a significant amount of navigational errors were made. Making an
incorrect turn will cause the deviation from the intended route centerline to
grow large quickly. The result was that every data run was a challenge in
that some type of mistake was made by almost every crew. There were no
“nominal” type runs to offset the experimental trials. Further, the crews were
instructed to get to the gate quickly as this is the nominal taxi instruction
at Chicago O’Hare. Therefore, for these experiments, the RNP measurements
were used to compare the EP’s performance between the display concepts and
were not used to evaluate surface RNP for the Chicago O’Hare airport. When
these navigational errors were removed from the RNP analyses, there were no
significant differences among the concepts, which was expected.

Comparing the Advanced HWD and Advanced HUD concepts across Ex-
periments I and II, a MANOVA on RMS path error, delta taxi speed and delta
time-to-taxi with display condition and visibility as the main factors was per-
formed. There were no display effects, visibility effects, or interaction effects
of these two main factors for the three measures listed above. Therefore, in
terms of taxi performance, the Advanced HWD and the Advanced HUD were
statistically the same.

There were significantly fewer taxi conflicts with Experiment II as compared

77



with Experiment I. There were several contributing factors leading to this
result. First, Experiment II took half the time per crew than Experiment I,
because the 12 longer, more complex nominal runs were replaced with 12 short,
simple routes. Also, the displayed traffic visibility was improved. Given that
the two conflict events occurred with the improved traffic readability displays
and not with paper charts, the dominant factors between the two experiments
are the shortened time (less fatigue) and simpler routes for half the data runs.

6.2 Qualitative Results

The results of the paired comparisons showed that the addition of a head-
up or head-worn display subjectively increased taxi efficiency as compared
with having an advanced EMM alone. These results agree with past research
conducted at NASA Ames Research Center, which demonstrated that the
combination of head-up display and head-down display taxi concepts provides
superior taxi performance.

From Experiment I, the 2-D head-down Baseline EMM and the 3-D head-up
Intermediate HWD concepts displayed the same information, but at different
virtual camera perspectives. From the results, there were no significant dif-
ferences between these two concepts except that the Intermediate HWD was
rated higher in SA than the Baseline EMM. The EPs commented that the In-
termediate HWD presented the taxi signage in a format that they were already
familiar, thus, it was easy to interpret.

The NASA-TLX results showed no significant differences for mental work-
load, suggesting that the Advanced HWD display does not increase, nor re-
duce, mental workload demands compared to current navigation methods (i.e.,
using paper charts). Moreover, there were no differences found between the
advanced display concepts further lending evidence that the introduction of an
Advanced HWD concept would not increase cognitive and attentional demands
for the flight crew.

The mental workload results are mirrored by the situation awareness post-
run questionnaire and taxi situation awareness paired comparison results that
also failed to show significant differences in perceived situation awareness
between the advanced display concepts. These three display concepts were
all rated significantly higher for situation awareness than taxiing with paper
charts alone. When the captains were asked to rate their overall impressions
of situation awareness, however, the SA-SWORD results did reveal that both
the Advanced HUD and Advanced HWD provided significantly higher SA than
the Advanced EMM concept. Although no statistically significant results were
found for all ratings between the Advanced HUD and the Advanced HWD,
statistical evidence for a trend toward significance for situation awareness rat-
ings was observed (i.e., p = 0.06). Because of the limited number of flight
crews tested and the reported limitations of the prototype HWD, these results
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highly support the conclusion of a likely effect in favor of the HWD particu-
larly if the shortcomings of the current HWD concept are addressed (see Sec.
6.6 below).

6.3 Taxi Conflicts

During data collection for Experiments I and II, there were a total of 19 taxi
conflict events. Several factors contributed to these conflicts. First, the vi-
sual acuity of the out-the-window scene was degraded because of technology
limitations of the scene image generator. The measured visual acuity was
20/80. As a result, the scene would appear blurry in the far field making it
difficult to read taxiway signs. Also, since ATC was a simple automated pro-
gram, simulated controllers did not provide feedback for ground traffic, which
is normally done. In addition, the party line chatter was not correlated to the
actions of ground traffic. These conditions, combined with the complexity of
the Chicago airport under the experiment visibility conditions, created very
challenging taxiing scenarios.

Collapsing the data across Experiment I and II, an ANOVA was performed
on the number of taxi conflicts committed by the crew for the display concept
(Advanced HUD, Advanced HWD), and visibility condition (Night VMC, Day
700 RVR) as the main factors. There were no significant differences (p > .05)
among the main factors or their interactions for this measure. On average,
there were more taxi conflicts with the Advanced HUD than with the Advanced
HWD, but these differences were not statistically significant.

6.4 Rare Event Results

The rare event provided another measure of situation awareness for unexpected
events. The experiments were designed to create mild fatigue by the final
run to create line operation conditions that increase the likelihood of runway
incursion situations. For the ATC error in which the controller gave a verbal
instruction to turn the wrong way, it was clear that crews with a displayed
route could detect the error before making the wrong turn. All crews that
did not have a displayed route (i.e., Baseline EMM and Intermediate HWD)
for this rare event made the wrong turn and did not realize the mistake until
cross referencing with paper charts. Further, the flight crews commented that
the displayed route and EMM display provided significant situation awareness
over paper charts.

The rare event involving the non-transponding aircraft was designed to ex-
amine cognitive capture effects. By providing routing, clearance information,
and traffic, it was thought that such information might keep the crews head-
down rather than eyes out. This rare event occurred late in the trials so that
the crew was familiar with the display and the information presented on the
display. The results showed that all crews were still mainly “eyes out” for
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traffic surveillance, which is consistent with their current training. Most crews
were able to detect that the non-transponding traffic was not represented on
the display(s).

The nose-to-nose rare event was designed to highlight traffic awareness by
the crew. From Experiment I, two crews with the Advanced HWD display con-
cept did not see the traffic in conflict even though it was displayed both head
up and head down. Both crews commented that the brown color of the dis-
played traffic was difficult to distinguish without concentrating on the displays.
They commented that it was desired that traffic be detectable with a quick
glance; however the traffic icons should not adversely clutter the displays. For
Experiment II, the traffic color and size was changed to improve readability.
For Experiment II, all crews using display concepts that contained traffic in-
formation (Advanced EMM, Advanced HUD, and Advanced HWD) were able
to avoid the nose-to-nose situation. As with the ATC rare event, the crews
had information available within the cockpit that contradicted the controller’s
clearance. In both situations, the crews contacted the ground controller to
resolve the discrepancy to avoid mistakes. Further, the crews commented that
the information presented on the HUD provided no additional benefit in de-
tecting this rare event in contrast to the information available on the HWD
(e.g., traffic). In other words, the Advanced HWD presented another source for
displaying traffic information that supplemented information being presented
on the Advanced EMM head-down display.

6.5 Simulator and HWD-Induced Sickness

In all experiments, some form of simulator or cyber (virtual reality) sickness
was observed with multiple crews. It has been shown that though the symp-
toms are similar, cyber and simulator sickness are different [57]. These exper-
iments have the potential to cause severe cases of sickness as the experiments
are a combination of virtual reality (the HWD) in a simulator. This confound
causes difficulty in determining the cyber/simulator effects of the HWD. From
all the cases of cyber or simulator sickness in both Experiments I and II, 41%
of the cases were with the first officers who never wore the HWD. Even the
best simulators (in terms of causing simulation sickness) can have as high as
20% of users experiencing significant simulator sickness effects [57]. Therefore,
flight trials in real aircraft would be necessary to isolate the cyber sickness ef-
fects of the HWD. Future simulator studies should require the administering
of the SSQ and real time monitoring of sickness to avoid severe EP discomfort.

6.6 Future Research Issues

There are many research questions that were not evaluated in this effort but
will be considered in the future, including:
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• SV database accuracy and integrity (evaluated with fused / integrated
S/EVS evaluations).

• Real-Time Obstacle detection.

• Criticality of traffic reporting (i.e., ADS-B accuracy and integrity).

• SV design considerations for surface operations in HWD applications.

• Introduction of EV for HWD and HUD applications; optimal fusion of
EV and SV for surface operations.

• Mixed-fleet equipage, particularly aircraft with ADS-B out, ADS-B out
and in, and some non-equipped or failed ADS-B equipment.

• HWD color considerations.

• Does a HWD affect a pilot’s head-movement compared to present-day
operations.

The experiments revealed numerous directions of future research to bet-
ter optimize and develop these concepts. One future direction involves the
integration of enhanced vision sensor technology with the optimized HWD
concept. Further, for these experiments, the routing and clearance informa-
tion was relayed to the aircraft displays via a simulated controller datalink.
Currently, the IIFD/Crew-Vehicle Interface team is conducting research em-
ploying voice recognition technology to quickly and accurately enter routing
information during read-back. The potential also exists for conducting analy-
sis of the speech and airport information for route awareness and route / track
analysis.

A significant body of research has shown that runway incursions can be mit-
igated or even prevented via flight deck alerting. For this experiment, however,
the crew’s situation awareness in the absence of alerting was of most interest.
Alerting, in conjunction with these displays, would clearly add significantly to
enhancing further the safety of surface operations. Future research will evalu-
ate the additive effects of including such alerting algorithms, derived from the
NASA RIPS research, to determine whether further safety enhancements to
airport surface operations are possible.

Two issues that influenced this work were the head-tracker size and its align-
ment/accuracy. For these experiments, the HWD was installed on a helmet
to provide a stable mounting location for the head-tracker. This configuration
resulted in significant pilot encumbrance and head-borne weight. Also, the
HWD was aligned with the scene by displaying a grid pattern in the HWD
and the same pattern in the out-the-window visuals. For actual operations, the
alignment process must be quick, reliable and with a pre-determined degree
of integrity and assurance. Further, the HWD image stability and alignment

81



must be maintained during operation. (With a HUD, this boresighting pro-
cedure is done once and “hard-mounted” into the aircraft.) Current research
efforts are exploring the use of optical head tracking techniques that would
minimize or eliminate these HWD “costs.” Otherwise, any dollar savings, de-
rived by weight reductions for HWD-equipage, would be out-weighed by the
cost in developing a robust procedure for HWD alignment, image correlation,
and pilot “encumbrance.”

For both experiments, the first officers had a repeater display of the head-up
device (either the HUD or HWD). All first officers commented that the repeat
of the HUD did not provide any significant situation awareness. The HUD
repeater did not have the out-the-window image; therefore the first officer
was unable to easily correlate the symbology to the scene. For the HWD
repeater, the first officers commented that the repeater was a distraction. The
HWD repeater displayed all the captain’s head movement, thus the image
on the repeater was constantly changing. This highly dynamic image would
tend to unnecessarily capture the first officer’s attention. Essentially, early
in the trials, the first officers ignored the repeater and commented that the
Advanced EMM with routing, clearance and traffic information provided the
essential information for surface operations in these experiments.

Another issue that NASA will be addressing in the future is obscuration of
the outside world view by the pilot, in this “augmented reality” created by the
HWD. For instance, semi-conformal display concepts, binocular/monocular
displays, and clutter countermeasures will be explored in this area.

7 Conclusions

The results suggest that the Advanced HUD and Advanced HWD are compa-
rable to each other with regard to situation awareness, mental workload, taxi
efficiency, taxi performance, and perceived taxi safety. There were a few limi-
tations of the implementation of the HWD concept that may have reduced its
full potential to demonstrate marked differences between the capabilities of the
HUD and HWD concepts. The EPs commented that the Advanced EMM con-
cept was a “quantum leap” for situation awareness. At the start of a data col-
lection day, without experiencing any of the concepts, most crews commented
that the head down Advanced EMM was the only display needed. However, as
experienced was gained with the head-up devices (HUD and HWD), the EPs
concluded that a head-up device enhanced their situation awareness compared
to just a head-down display.

In addition to the efficiency and safety advantages of the advanced HWD,
there are other considerations that argue for a HWD solution. The HWD
provides potential weight savings that would have significant cost advantages
to commercial airlines. Further, the typical viewing area of a HUD is 30◦H by
24◦V, which is sufficient for flight, but not necessarily for surface operations
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because of its limited field-of-regard. On the ground, one of the main tasks
of the crew is to survey all around the aircraft to avoid collisions with other
airplanes or objects on the airport surface. The limited field-of-regard of the
HUD was especially evident in the present experiment when the flight crew
attempted turns but the path was only displayed as virtual turn flags in the
HUD due to required over-steering.

The research showed significant potential for the HWD for commercial sur-
face operations. However, because the technology is new for Part 121 op-
erations, there are significant impediments that exist which currently limit
its potential application. The conclusions drawn from the experimental data
demonstrate that the HWD has similar performance and situational awareness
benefits compared to a HUD. However, the HUD has substantially greater op-
erational time and pilot interaction with the display device. Because the HUD
has significantly more operation time, it is more optimized compared to the
HWD. Therefore, evidence for the replacement of the HUD with a HWD
must clearly demonstrate a cost-to-benefit value due to the initial difficulties
that would come with certification of a new display device in the commer-
cial cockpit and associated training requirements. Despite these hurdles, the
data collected to date substantiate the value of the technology for commercial
aircraft operations if implementation barriers are addressed.

Consequently, as a result of being an emerging technology, the HWD has sig-
nificant user encumbrance issues associated with it that are being addressed by
the manufacturers of the technology. These issues include: 1) latency issues for
head-tracking systems; 2) ergonomic issues such as weight, balance and com-
fort needs; 3) transition issues for other phases of flight; 4) imagery issues such
as resolution, brightness, contrast, and use of color; 5) alignment issues and
the accuracy requirements needed; and 6) HWD operating procedures. NASA
is currently researching these issues through in-house experiments, SBIR con-
tracts and NASA Research Announcement (NRA) agreements.
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Appendix A

The Four Display Modes of HWD Usability Study

Four display modes were developed for the Head-Worn Display (HWD)
usability study. In some of the data trials, the Evaluation Pilots (EPs) were
allowed to choose the display mode via the Voice Recognition System (VRS).
Using the VRS, the EPs would choose the desired mode by pressing a button
on the joystick to activate the VRS, then speak one of six commands:

1. Clearance - a text only representation of the cleared route.

2. Bread Crumb - showed the 2-Dimensional (2-D) precision guidance dis-
play.

3. Map - showed the overhead map. In this mode, pilots would say Range
Up or Range Down to scale the display range up or down.

4. Perspective - this rendered the virtual airport as viewed from a virtual
camera at the pilot eye point looking out the window.

5. Range Up - increased the map range scale in Map mode (zoom out).

6. Range Down - decreased the map range scale in Map mode (zoom in).

In all modes, the ground speed in knots was displayed to the EP at the top
center of the display. Figure A1 shows an example of the Clearance mode. In
this mode, the cleared route was displayed in chronological order starting at
the top. As each stage of the clearance was completed, the color changed from
white to green. The white box denoted the current instruction being executed.
For these trials, the input of the clearance information was automatic and
required no interaction on the EP to enter the route.

Figure A2 shows an example of the Bread Crumb display. The Bread Crumb
display was at a fixed scale of 0.1 nautical miles. This mode provided preci-
sion guidance to the EP. The display included an ownship symbol with nose
and main gear and taxiway edge lines and markings, all drawn to scale. This
display was designed to provide the EP with a sense of the relationship of the
gear to the taxiway. The cleared route was displayed as “bread crumbs” (the
magenta triangles). A trend vector (not shown) was displayed to further help
in turning. The trend vector, similar to Navigation Display (ND) type trend
vectors, was a 5 second ahead predictor and was anchored at the guidance
point. The guidance point, depicted as an oval on the ownship symbol, was a
NASA developed point which provided a reference for judgmental over steer-
ing. Placing the guidance point symbology on the path symbology during a
turn would keep the aircraft gear on the pavement. This point was located 20
feet behind the nose gear.
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Figure A1. Clearance mode showing cleared taxi route information.

Main Gear

Guidance Point
Aircraft Nose

Ground Speed Indicator

Taxiway 
Edge Line

Hold Short

Upcoming 
Runway

Cleared Route
(magenta triangles)

Ownship Symbol

Figure A2. Bread Crumb mode showing precision guidance.

Also included in the Bread Crumb mode was the typical airport signage as
if painted on the airport surface [65]. Further, virtual signs were displayed to
further enhance situation awareness. The term virtual sign is used to denote
symbology for markings that would not exist on the actual airport surface.
For example, typical road side stop signs where used to denote hold shorts.
Once cleared, the stop sign would disappear. Turn signs were also displayed
to show upcoming turns along the cleared route.

The overhead Map mode (Fig. A3) was a overhead view of the airport. It
was scalable (from 0.5 nmi to 5.0 nmi) and was a larger, more strategic view
of the airport surface. The mode is like a typical ND with a detailed model of
the airport. The map was oriented track up and displayed the cleared route.

Figure A4 shows an example of the Perspective mode. This mode was
rendered as if a virtual camera was placed at the EP’s eye. Using ownship
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Figure A3. Map mode showing the strategic overhead display (only mode in Single-Mode).

position and real-time head tracking data, a virtual scene can be drawn as
if seen by the EP’s unaided vision. Elements in the Perspective mode would
overlay objects in the real world scene. Magenta taxiway edge cones were
used to denote the cleared route. As with the Bread Crumb mode, virtual
road signs were displayed to enhance Situation Awareness (SA) for turns and
holding positions.

Virtual 
Turn Sign

Cleared Route 
(cones)

Holding Position Markings and
Surface Painted Signs

Figure A4. Perspective mode showing the virtual airport.
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Appendix B

Usability Study Run Sheet

Table B1 shows the run order for the usability study. After training, run 1
was a runway to gate route using a paper chart of the Reno airport. Ground
speed and heading were displayed head down. Run 2 was a runway to gate
route using an Electronic Flight Bag (EFB) format on the head down display.

Runs 3 through 8 were HWD runs for the Multi-Mode, Clear weather con-
dition. Note that for runs 3, 5 and 7, the Field-of-View (FOV) was changed
during the run. At the hold short position, the EPs were notified that the
FOV was changed from Conformal to a typical Head-Up Display (HUD) FOV
(30◦x 24◦) for the remainder of the run. Changing the FOV during a run was
necessary due to time constraints. After run 8, the EPs were asked to rank
order their preferred display. From the rank order, runs 9 through 11 used the
three EP-preferred display concept with the Clear weather condition.

Runs 12 through 17 were HWD runs for Multi-Mode, 1000 Runway Visual
Range (RVR) weather condition. At the end of run 17, the EPs were asked
to rank order their preferred display for the Multi-Mode 1000 RVR condition.
Runs 18 through 20 were runs using the EP preferred display concept with
the 1000 RVR weather condition.

Runs 21 through 26 were Single-Mode data runs. Since Single-Mode con-
sisted of a 2-D moving map, head tracking and FOV were not applicable to
these runs. At the end of run 23, the EPs were asked to rank order their
preferred display concept for the Single-Mode, Clear weather condition. At
the end of run 26, the EPs were asked to rank order their preferred display
concept for the Single-Mode, 1000 RVR weather condition. Post-run question-
naires were then administered to the EPs after the completion of run 26.
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Table B1. Usability Study Run Sheet

Run Display Mode See-Through FOV Head Tracker Weather Route

1 Paper Chart Clear Rwy to Gate
2 EFB Clear Rwy to Gate

3 640x480 Multi No Conformal Off Clear Rwy to Gate
640x480 Multi No HUD Off Clear Rwy to Gate

4 640x480 Multi No Conformal ON Clear Rwy to Gate
5 800x600 Multi Yes Conformal Off Clear Rwy to Gate

800x600 Multi Yes HUD Off Clear Rwy to Gate
6 800x600 Multi Yes Conformal ON Clear Rwy to Gate
7 800x600 Multi No Conformal Off Clear Rwy to Gate

800x600 Multi No HUD Off Clear Rwy to Gate
8 800x600 Multi No Conformal ON Clear Rwy to Gate

9 1st Preference Multi Clear Gate to Rwy
10 2nd Preference Multi Clear Gate to Rwy
11 3rd Preference Multi Clear Gate to Rwy

12 640x480 Multi No Conformal Off 1000 RVR Rwy to Gate
640x480 Multi No HUD Off 1000 RVR Rwy to Gate

13 640x480 Multi No Conformal ON 1000 RVR Rwy to Gate
14 800x600 Multi Yes Conformal Off 1000 RVR Rwy to Gate

800x600 Multi Yes HUD Off 1000 RVR Rwy to Gate
15 800x600 Multi Yes Conformal ON 1000 RVR Rwy to Gate
16 800x600 Multi No Conformal Off 1000 RVR Rwy to Gate

800x600 Multi No HUD Off 1000 RVR Rwy to Gate
17 800x600 Multi No Conformal ON 1000 RVR Rwy to Gate

18 1st Preference Multi 1000 RVR Gate to Rwy
19 2nd Preference Multi 1000 RVR Gate to Rwy
20 3rd Preference Multi 1000 RVR Gate to Rwy

21 640x480 Single No Clear Gate to Rwy
22 800x600 Single Yes Clear Gate to Rwy
23 800x600 Single No Clear Gate to Rwy

24 640x480 Single No 1000 RVR Gate to Rwy
25 800x600 Single Yes 1000 RVR Gate to Rwy
26 800x600 Single No 1000 RVR Gate to Rwy
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Appendix C

Questionnaires
      _________  Pilot Number 
      _________ Date 

 
RANK ORDERING 

 
Block 1:  Multi-Mode, Unlimited Visibility 
 
_______ Micro, non-conformal, FOV1 
_______ Micro, non-conformal, FOV2 
_______ Micro, conformal 
_______ Le500 (open), non-conformal, FOV1 
_______ Le500 (open), non-conformal, FOV2 
_______ Le500 (open), conformal 
_______ Le500 (closed), non-conformal, FOV1 
_______ Le500 (closed), non-conformal, FOV2 
_______ Le500 (closed), conformal 
 
Top Choice (unlimited visibility) :  ________________________________ 
 
Block 2:  Multi-Mode, Restricted Visibility 
 
_______ Micro, non-conformal, FOV1 
_______ Micro, non-conformal, FOV2 
_______ Micro, conformal 
_______ Le500 (open), non-conformal, FOV1 
_______ Le500 (open), non-conformal, FOV2 
_______ Le500 (open), conformal 
_______ Le500 (closed), non-conformal, FOV1 
_______ Le500 (closed), non-conformal, FOV2 
_______ Le500 (closed), conformal 
 
Top Choice (restricted visibility) :  ________________________________ 
 
Top Choice (Multi-Mode Overall): ________________________________ 
 
Block 3:  Single-Mode, Unlimited Visibility 
 
_______ Micro, non-conformal 
_______ Le500 (open), non-conformal 
_______ Le500 (closed), non-conformal 
 
Top Choice (unlimited visibility) :  ________________________________ 
 
Block 4:  Single-Mode, Restricted Visibility 
 
_______ Micro, non-conformal 
_______ Le500 (open), non-conformal 
_______ Le500 (closed), non-conformal 
 
Top Choice (restricted visibility) :  ________________________________ 
 
Top Choice (Single-Mode Overall): _______________________________ 
 
 
TOP CHOICE (Both Modes): ____________________________________ 

Figure C1. Usability Study Rank Order post-block questionnaire. Micro refers to the
600x480 pixel HWD and Le500 refers to the 800x600 pixel HWD.
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     ____ Pilot Number 
     ____ Date 

 
Final Questionnaire 

 
1.   Please indicate your level of agreement with the following statement for all display 
concepts. 

 
Low  | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | High 

1       2      3      4      5      6      7      8       9    10  
 

Where Am I?  The display concept provides sufficient awareness of my ownship position 
with respect to runways, taxiways, and stationary objects. 
 

_________ Paper Charts only 
_________ Electronic Flight Bag Taxi Map 
_________ Micro, non-conformal, multi-mode 
_________ Micro, conformal, multi-mode 
_________ Micro, non-conformal, single-mode 
_________ Le500 (open), non-conformal, multi-mode 
_________ Le500 (open), conformal, multi-mode 
_________ Le500 (open), non-conformal, single-mode 
_________ Le500 (closed), non-conformal, multi-mode 
_________ Le500 (closed), conformal, multi-mode 
_________ Le500 (closed), non-conformal, single-mode 
 

If unequal rating, please indicate reason        
            
         __________________ 
 
2. Please rank order the following for runway taxi / surface situation awareness: 
 
_____ Paper Charts only 
_____ Electronic Flight Bag Taxi Map 
_____ Top Choice Multi-Mode ( _____________________ ) 
_____ Top Choice Single-Mode ( _____________________ ) 

Figure C2. Usability Study post-test questionnaire (page 1 of 4).
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3. Please provide comparisons each of the following in terms of runway taxi / surface 
situation awareness: 

 
 

Minimal | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | Substantially 
                              1       2      3      4      5      6      7      8       9    10  

 
Check Left or Right Column for choice that provides the greater runway taxi/surface 
situation awareness 
 
Provide 0  - 10 rating in center for how much greater runway taxi/surface situation 
awareness in provided (0 = equal) 
 
______ Paper Charts Only   _____   EFB Taxi Map ______ 
______ Paper Charts Only  _____  Top Choice Multi-Mode _____ 
______ Paper Charts Only  _____  Top Choice Single-Mode _____ 
______ EFB Taxi Map  _____  Top Choice Multi-Mode _____ 
______ EFB Taxi Map  _____  Top Choice Single-Mode _____ 
______ Top Choice Multi-Mode _____  Top Choice Single-Mode _____ 
 

4.   If Paper Charts and/or EFB Taxi Map were rated higher than top choice multi- or 
single-mode, please provide the reason for the rating: 
 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
 
If applicable, what can be done, if anything, to improve the efficacy of the multi-mode 
and/or single-mode display concepts? 
 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 

Figure C3. Usability Study post-test questionnaire (page 2 of 4).
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5. Please provide comparisons each of the following in terms of workload: 
 
 

Minimal | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | ---- | Substantially 
                              1       2      3      4      5      6      7      8       9    10  

 
Check Left or Right Column for choice that you feel may provide greater or increase  
workload (lower workload = better) 
 
Provide 0  - 10 rating in center for how much greater the workload that may be / was 
experienced (0 = equal) 
 
______ Paper Charts Only   _____   EFB Taxi Map ______ 
______ Paper Charts Only  _____  Top Choice Multi-Mode _____ 
______ Paper Charts Only  _____  Top Choice Single-Mode _____ 
______ EFB Taxi Map  _____  Top Choice Multi-Mode _____ 
______ EFB Taxi Map  _____  Top Choice Single-Mode _____ 
______ Top Choice Multi-Mode _____  Top Choice Single-Mode _____ 

 
Please indicate the reason for your ratings and any improvements that may be made to 
reduce workload (if applicable) 
 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
 
 
5.   Please rank order the following multi-mode concepts in terms of which you consider 
most useful for surface operations: 
 
_____ Taxi Instructions / Clearances 
_____ Taxi Director “Bread Crumb” 
_____ “2D Top-Down Map Display” 
_____ Perspective Map Display 
 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
 
 
 
 

Figure C4. Usability Study post-test questionnaire (page 3 of 4).
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6.  Are there any other display modes you would like available for surface operations as 
part of multi-mode display concepts? 
 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
 
7.  The display concepts you evaluated today are initial designs that will be modified and 
optimized in later studies.  Please provide your thoughts, comments, etc. on how we can 
best improve upon these display concepts to improve their efficacy for surface operations 
 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 

 

Figure C5. Usability Study post-test questionnaire (page 4 of 4).
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Figure C6. NASA TLX post-run questionnaire used in Experiments I and II.
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Figure C7. SART post-run questionnaire used in Experiments I and II.
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1. Please rate the contribution of the display concept to overall taxi 
efficiency*

| ------ | ------ | ------ | ------ |
Not At All Very Much

*McCann et al., 1998

2. Please rate the display concept for navigational awareness for the 
following five dimensions*:

2a. Overall Navigation Awareness

| ------ | ------ | ------ | ------ |

2b. Taxi Route Awareness During Final /Roll-Out

| ------ | ------ | ------ | ------ |

2c. Taxi Route Awareness During Taxiing

| ------ | ------ | ------ | ------ |

2d. Awareness of Other Aircraft

| ------ | ------ | ------ | ------ |

2e. Awareness of Direction of Travel

| ------ | ------ | ------ | ------ |

3. Please rate how beneficial each display concept was to your ability to 
safety taxi the aircraft*

| ------ | ------ | ------ | ------ |

1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

R1

R2a

R2b

R2c

R2d

R2e

R3

Figure C8. Taxi Awareness post-run questionnaire used in Experiments I and II.
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Captain
Flight Crew              ____________  
Display Condition    ____________
Visibility Condition   ____________
Run Number            ____________

below.

1. Please rate the contribution of the display concept to overall taxi 
efficiency*

| ------ | ------ | ------ | ------ |
Not At All Very Much

*McCann et al., 1998

2. Please rate the display concept for navigational awareness for the 
following five dimensions*:

2a. Overall Navigation Awareness

| ------ | ------ | ------ | ------ |

2b. Taxi Route Awareness During Final /Roll-Out

| ------ | ------ | ------ | ------ |

2c. Taxi Route Awareness During Taxiing

| ------ | ------ | ------ | ------ |

2d. Awareness of Other Aircraft

| ------ | ------ | ------ | ------ |

2e. Awareness of Direction of Travel

| ------ | ------ | ------ | ------ |

3. Please rate how beneficial each display concept was to your ability to 
safety taxi the aircraft*

| ------ | ------ | ------ | ------ |

1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Not At All Very Much
1                2               3               4              5

Figure C9. Simulator Sickness post-run questionnaire used in Experiments I and II.
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Run Number ______ 

Scenario ______  
Display Condition ______ 

Visibility ______ 

 
First Officer 

 
 

1. What was your present heading? ___________ 
 
2. What was your present ground speed? _________ 

 
3. Which taxiway is the aircraft presently located? Taxiway __________ 

 
4. Is the aircraft currently ____ left ____ center _____ right of taxiway centerline? 

 
5. What was your full taxi clearance?  ____________________________________ 

 
6. Which taxiway did the ground controller next expect the aircraft to taxi to from 

present location?  ___________________________________________________ 
 

7. Which direction were you to next turn the aircraft onto taxiway? _________ 
 

8. Estimate the time of taxi route completion from present location to concourse in 
seconds ______.   

 
9. How many aircraft were you aware of (perceived out-the-window and/or display 

concept(s)) _________________ 
 

10. Where was the location of the nearest aircraft to your aircraft? _______________ 
 

11. What was the heading and ground speed of nearest aircraft to your ownship?  
Heading __________  Ground Speed _____________ 

 
12. Please provide a description of the objective of  the nearest aircraft to your 

ownship __________________________________________________________ 
_________________________________________________________________ 

Figure C10. SAGAT questionnaire used in Experiment I.
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Head-Worn Display Usability 

 
 
  Strongly 

Disagree 
   Strongly 

Agree 

  1 2 3 4 5 

1 I think that I would like to use 
this system frequently      

2 I found the system 
unnecessarily complex       

3 I thought the system was easy 
to use       

4 
I think that I would need the 
support of a technical person 
to be able to use this system  

     

5 
I found the various functions 
in this system were well 
integrated 

     

6 I thought there was too much 
inconsistency in this system       

7 
I would imagine that most 
people would learn to use this 
system very quickly   

     

8 I found the system very 
cumbersome to use       

9 I felt very confident using the  
system      

10 
I needed to learn a lot of 
things before I could get 
going with this system  

     

 
Comments:   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C11. HWD Usability post-test questionnaire used in Experiment II.

105



Appendix D

Taxi Routes for Experiments I and II

The routes used for Experiment I are shown in Tables D1 - D3 (refer to
Fig. E2). There were a total of 27 data runs (Table D4) per crew: 12 nom-
inal routes in Table D1, 12 “error” routes in Table D2 and the three rare
event scenarios in Table D3. The error routes were recreated from NASA
Ames Taxiway-Navigation And Situation Awareness (T-NASA) experiments
in which crews committed an error during the route. The display configu-
rations were experimentally blocked. After training, the first block consisted
of evaluations using “conventional” displays (head-down and head-up display
concepts), followed by a second block consisting of evaluations using the HWD
concepts. This pattern was repeated twice more. The routes were randomly
assigned with the exception of the rare event routes in Table D3. The Air
Traffic Control (ATC) error rare event was always the 6th run of the day. The
non-transponding traffic rare event was always the 25th run. The nose-to-nose
rare event scenario was always the last run.

For Experiment II, the routes in Table D5 replaced the routes in Table D1
and the only rare event was the nose-to-nose (scenario 26 in Table D3). There
were a total 25 data runs (Table D6) per crew. The 12 error routes from
Experiment I were used in Experiment II. As with Experiment I, the nose-to-
nose rare event scenario was the last run of the day.

Table D1. Nominal Taxi Routes for Experiment I
Scenario Clearance SAGAT

1 P4 > P > A > Concourse K
2 P4 > P > A > Concourse E
3 P4 > P > H > B > A4 > Concourse C YES
4 T7 > A7 > A > Concourse B
5 T7 > T > A10 > B > A11 > Concourse F YES
6 T7 > T > A10 > B > F > Concourse H YES
7 T > A10 > A > Concourse C
8 T > M > M2 > B > F > Concourse H
9 T > M > M2 > A12 > A > Concourse F
10 C > B > A10 > A > Concourse E
11 C > B > A10 > A > Concourse B
12 C > B > R > A > H > P > A > Concourse L YES
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Table D2. Taxi Routes Used in Previous Experiments in Which an Error was Made
Scenario Clearance

13 M7 > D > A17 > Concourse K
14 T6 > T > M > M2 > B > A15 > A > Concourse H
15 C > B > A9 > A > Concourse E
16 T6 > T > M > M2 > B > F > A > Concourse E
17 M6 > M > F > B > A18 > Concourse K
18 Q > M > M5 > D > A16 > A > Concourse G
19 T6 > T > M > M2 > B > F > A > Concourse K
20 M7 > M > D > A17 > A > Concourse H
21 M7 > M > M5 > D > B > F > A > Concourse F
22 C > B > A10 > A > Concourse E
23 M7 > M > F > B > A17 > Concourse H
24 M7 > M > F > B > D > D1 > A19 > A > Concourse L

Table D3. Rare Event Taxi Routes

Scenario Clearance Description
25 T > M > K > T10 > A10 > Concourse F ATC Error
26 M7 > D > M6 > M > D > A17 > Concourse K Nose to Nose
27 M7 > D > A17 > Concourse K Non-transponding Traffic
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Table D4. Typical Run Sheet for Experiment I
Run Display Weather Scenario

1 Advanced HUD Day 700 RVR 15
2 Baseline EMM Night VMC 5
3 Baseline EMM Day 700 RVR 13
4 Advanced HWD Night VMC 4
5 Intermediate HWD Day 700 RVR 14
6 Advanced HWD Night VMC 25
7 Intermediate HWD Day 700 RVR 18
8 Advanced HWD Night VMC 8
9 Advanced HUD Day 700 RVR 23
10 Advanced HUD Night VMC 3
11 Baseline EMM Day 700 RVR 17
12 Baseline EMM Night VMC 9
13 Advanced HWD Day 700 RVR 16
14 Intermediate HWD Night VMC 10
15 Advanced HWD Day 700 RVR 20
16 Intermediate HWD Day 700 RVR 22
17 Advanced HWD Night VMC 12
18 Intermediate HWD Night VMC 2
19 Baseline EMM Night VMC 1
20 Advanced HUD Night VMC 7
21 Baseline EMM Night VMC 21
22 Advanced HUD Night VMC 11
23 Advanced HUD Day 700 RVR 19
24 Advanced HUD Day 700 RVR 27
25 Intermediate HWD Night VMC 6
26 Advanced HWD Day 700 RVR 24
27 Baseline EMM Day 500 RVR 26

Table D5. Nominal Taxi Routes for Experiment II
Scenario Clearance

1 T3 > H > E > Concourse C
2 T7 > A7 > Concourse C
3 T10> A10 > Concourse E
4 M4 > F > Concourse H
5 M4 > M > M2 > A12 > Concourse F
6 M3 > F > A > Concourse G
7 M3 > F > B > A15 > Concourse H
8 M5 > D1 > B > A19 > Concourse K
9 M6 > D4 > Concourse M
10 C > B > E > Concourse C
11 C > B > R > Concourse C
12 C > H > Concourse B
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Table D6. Typical Run Sheet for Experiment II
Run Display Weather Scenario

1 Advanced HUD Day 700 RVR 10
2 Advanced EMM Day 700 RVR 8
3 Advanced EMM Day 700 RVR 20
4 Advanced HWD Day 700 RVR 11
5 Advanced HWD Day 700 RVR 23
6 Paper Chart Day 700 RVR 9
7 Paper Chart Night VMC 17
8 Advanced HUD Day 700 RVR 22
9 Advanced HUD Night VMC 2
10 Advanced EMM Night VMC 16
11 Advanced EMM Day 700 RVR 24
12 Advanced HWD Night VMC 3
13 Advanced HWD Night VMC 15
14 Advanced HWD Day 700 RVR 19
15 Paper Chart Night VMC 1
16 Paper Chart Night VMC 5
17 Paper Chart Night VMC 13
18 Advanced EMM Night VMC 4
19 Advanced HUD Night VMC 14
20 Advanced EMM Day 700 RVR 12
21 Advanced HUD Night VMC 18
22 Advanced HUD Night VMC 6
23 Paper Chart Day 700 RVR 21
24 Advanced HWD Day 700 RVR 7
25 Paper Chart Day 500 RVR 26
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Appendix E

Airport Charts

Figure E1. Reno/Tahoe International airport chart. (Not for navigation).
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Figure E2. Chicago O’Hare International airport chart. (Not for navigation).
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Appendix F

Symbology for Experiment I

The symbology for Experiment I was redesigned based on comments from
the usability study. The elements of different modes from the usability study
were combined. The Head-Down Display (HDD) was designed around the
Overhead mode as this was the top-rated mode, therefore, it was always dis-
played head down. The clearance data were added as two lines of text at
the bottom of the display. Further, the virtual camera angle was moved from
directly overhead to a “tethered” view. The tethered view provided intuitive
perspective depth cues (items farther away appear smaller). Table F1 shows
the placement of the virtual camera as a function of the range scale.

Table F1. Camera Placement for Viewpoint of EMM. The camera angle (Angle column) is
measured from the vertical axis (airport surface to the sky).

Range Scale Angle Distance from Ownship Height Above Ground
1X 25◦ 2000 ft 150 ft
2X 25◦ 4000 ft 200 ft
3X 25◦ 6000 ft 310 ft
4X 25◦ 8000 ft 400 ft

The Baseline Electronic Moving Map (EMM) (Fig. F1) consisted of a model
of the Chicago Airport (including taxiway markings), taxiway/runway labels,
ownship symbol, range scale, ground speed and heading indicator. Taxiway
centerlines were included on all EMM display configurations. The T-NASA
concept did not include taxiway centerlines on the EMM because it was not
intended to be a precision guidance display. For the experiments in this paper,
the EMM was also not intended to be a precision guidance display and the
EPs were instructed not to use the EMM for precision guidance. The taxiway
centerlines were displayed on the EMM as the centerlines were part of the
Chicago airport model. The EMM display was EP selectable to be track-up or
north-up. The north-up mode showed the entire airport and was not scalable
(Fig. F2). The taxiway/runway labels were “halo”-ed in order to improve
readability.

The Advanced EMM (Fig. F3) contained all of the elements of the Base-
line EMM with the addition of a displayed route, clearance information and
traffic icons. The traffic icons were a fixed size and did not scale as the range
scale changed. The traffic icons provided location and heading information
but there was no indication of size. In other words, a small and large aircraft
were depicted by the same size traffic icon. When the ownship came within
300 feet of another airplane, a range ring would be displayed around the traf-
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Ground Speed Aircraft Heading

Range Scale
(current selected in white)

Ownship
Symbol

Taxiway Labels

Runway Labels

Taxiway Centerlines

Figure F1. Baseline EMM display.

fic icon. This range ring represented (to scale) the longest dimension (plus an
additional 20 ft as a safety margin) of the aircraft. In addition, the aircraft
call sign and type were displayed as text. The traffic icons were colored brown
as Automatic Dependent Surveillance-Broadcast (ADS-B) targets are colored
brown for aircraft on the surface with a white “halo” outline to improve con-
trast readability. When the traffic ring was visible, the traffic icon halo color
changed from white to yellow.

Three different types of head-up displays were used in Experiment I. The
Intermediate HWD (Fig. F4) was analogous to the Baseline EMM as the dis-
play contained static, non-transponding airport objects. The difference was
the virtual camera angle of the Intermediate HWD was placed at the pilot’s
eye reference point (Table F2) rather than the “tethered” camera placement
(Table F1).

Table F2. Pilot Eye Vector for the Captain from CG.
Distance Direction

24.0 meters + out nose
-0.5334 meters + starboard
1.0851 meters + up

The HUD concept was developed based on the T-NASA and Runway In-
cursion Prevention System (RIPS) concepts (Fig. F5). The cleared path was
displayed as scene linked symbology and an overhead display (known as the
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Route

Ownship

Figure F2. Advanced EMM in north-up mode.

taxi director). The scene-linked symbology consisted of cones that were placed
at the edge of the route. The centerline scene-linked symbology was depicted
as regularly spaced squares on the route centerline. For turns, flags were placed
where the pennant of the flag pointed toward the turn, as was done in the T-
NASA system. The flags added awareness of turns because the scene-linked
cones would go out of the FOV of the HUD. In addition, virtual turn signs,
similar to road side turn signs, enhanced turn awareness. The RIPS-developed
taxi director is a non-conformal, top down view of the airplane similar to the
“bread crumb” display (Fig. A2).

The Advanced HWD display (Fig. F6) consisted of three major parts: 1)
the perspective view of the airport, 2) a small “bread crumb” type display
and 3) the route clearance text. The perspective view was the same as the
Intermediate HWD with the addition of route symbology and 3-Dimensional
(3-D) traffic icons. The route was displayed as a magenta line, 80 feet wide
along the centerline of the cleared route. The 3-D traffic icons were a generic
airplane shape and size and were a brown color to match the color of the traffic
icons on the Advanced EMM. The insert display was a small top down view
of the airport surface with the addition of the airplane outline. The insert
display could be removed by the EP with a press of the declutter button. The
clearance text display was the same as that displayed on the Advanced EMM.
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Traffic Icons

Cleared Route

HWD or HUD
Field of View
(green lines)

Text Display Line 1:
Cleared Route
(current Taxiway in magenta)

Text Display Line 2:
Distance to next Waypoint

Figure F3. Advanced EMM display.

Aircraft Heading
Symbol

ORD Tower
Model

Airport Signage

Taxiway 
Centerlines

Figure F4. Intermediate HWD.
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Ground Speed
Next Taxiway

Current Taxiway

Cleared Route
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Centerline
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Taxi Director

Nose Symbol
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Guidance Point

Centerline
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Main Gear

Figure F5. Advanced HUD.
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Figure F6. Advanced HWD.
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Appendix G

Symbology for Experiment II

For Experiment II, the Baseline EMM concept was replaced with a Paper
Chart concept. For the Paper Chart concept, the EPs were given a paper sur-
face map (Fig. E2) and the HDD were traditional cockpit displays (i.e., there
was no EMM displayed). The Intermediate HWD concept from Experiment I
was replaced with an Advanced EMM display (Fig. G1). There was no head-
up display with the Advanced EMM concept. Also, the traffic icon color was
changed from brown to cyan to provide for a higher contrast. The size of the
traffic icons was also changed as a function of range (Table G1). The size of
the traffic in Table G1 represents the wingspan and the fuselage length of the
traffic icon.

Table G1. Traffic Size as a Function of Pilot Selected Range
Range Traffic Size

1X 130 ft
2X 130 ft
3X 170 ft
4X 200 ft

The Advanced HUD for Experiment II was the same as Experiment I. The
Advanced HWD was modified slightly for Experiment II. The 3-D traffic icons
were colored cyan to match the traffic icons on the Advanced EMM of Exper-
iment II. Also, the 3-D traffic icons had directional and non-directional strobe
lights on the models. The insert display was modified to improve readability.
In Experiment I, the insert display contained a full virtual airport model. For
Experiment II, this insert airport model was reduced to taxiway and runway
edge lines. The clearance text was unchanged from Experiment I. Figures G1
through G4 show the symbologies that were changed from Experiment I to
Experiment II .
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Figure G1. The Advanced EMM with traffic icons (blue chevrons), routing and clearance
text.

Traffic Icons
(cyan)

Ownship
(magenta)

Figure G2. Advanced EMM in north-up mode for Experiment II.
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ATC Call Sign

Range Ring
(largest dimension + 20ft)

Aircraft Type

Figure G3. Advanced EMM showing traffic within 300 feet of ownship.

Figure G4. Advanced HWD in Experiment II showing cyan traffic model and improved
Insert Display. The higher contrast of the Insert Display improved readability.
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