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CONTEXT

Consider the hawk and the hummingbird and by way of analogy the
conventional fixed-wing airplane and the various vertical takeoff and landing
'VTOL) airplanes including helicopters. Conventional airplanes, like hawks,
are supported largely by aerodynamic lift and can soar and glide great
distances without movement or propulsive thrust. VTOL airplanes, like
hummingbirds, can't soar nor can they glide far. and they depend on propulsive
thrust to maintain airborne flight. But hummingbirds and VICLs are not
without advantages, for their degrees of maneuvering freedom far exceed those
of hawks and fixed-wing airplanes. {Although helicopters can take off and
land vertically, we will use the term VIOL hereafter to refer specifically to
aircraft whose vertical flight capability depends on vectored thrust rather
than that produced by a rotary wing.)

The protlem with VIOL airplanes and helicopters is how to take advantage
of their ability to fly like hummingbirds in the execution of missions totally
beyond the capabilities of fixed-wing airplanes, and to do s¢o in bad weather
and at night. Progress toward this objective has been relatively slow,
largely because of the traditional view that thrust-borne vertical and
translational flight is merely a special case of aerodynamic flight.
Consequently, almost by default, flight instrumentation for helicopters and
vectored-thrust VIOLs has consisted of hand-me-down adaptations of
conventional takeoff and landing {CTOL) aircraft instruments that were only
marginally acceptable for their original functions.

The approach advanced in the research program to be reviewed adopts the
converse perspective, namely, that thrust-borne flight is the more general
case and that aerodynamic 1ift and drag ~re merely the special effects of high
velocities in certain configurations. It is assumed that future VTOL missions
will involve some independence of control in all six degrees of maneuvering
freedom within whatever limits may be designed intc a particular aircraft. It
is further assumed that the state of the instrumentation art either allows or
soon will allow any physical variable of flight to be sensed with sufficient
resolution, precision, and reliabllity for its intended use.

Given this point of view and these not unreasonable assumptions, how
would one go about capitalizing on the recent explosive advances in computing
and display technology to make it possible for pilots to fly VTOLs in bad
weather and at night as hummingbirds fly in good weather during the day? Our
approach was to attempt a symbiotic integration of all the display and control
design principles individually conceived and validated during the 40 years of
ergonomic research since the Second World War and to optimize their
combination experimentally. (When I use "we" or "our," it is not in the
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editorial sense; I am referring to my graduate students and ascociates.)
BACKGROUND

Highly imaginative display and control ideas for spatial orientation,
navigatien, and flight control were conceived during the 1940s, 50s, and 60s
under ( 1) the US Navy Special Devices Center's long standing contract with the
University of Illinois (from 1946 until 1966), ( 2) the Army-Navy Instrumenta-




tion Program . ANIP) followed by the Joint Army-Navy Aircraft Ingtrumen??tion
Research { JANAIR) program, and (3) the US Air Force's MA=1/F-100 and ASG-
18/Y¥F-12 weapon system development programs at Hughes Aircraft Company.

Some good display and control ideas and design "principles" advanced in
those programs included: map-type horizontal situation displays (Willlams and
Roscoe, 1950; Roscoe et al., 1950; Payne, 1952; Roscoe, 1953, 1954, 1957,
1968a); the contact analog vertical situation display with a highway in the
sky (Carel, 1360, 1961); pursuit-type predictor displays (Simon and Roscog,
1956; Roscoe, 1957; Bauerschmidt and Roscoe, 1960; Kelley, 1960, 1902, 1968);
frequency-separated direction of motion displays (Fogel, 1959; Roscoe, 1968b ) ;
vernier deviation indicators {Roscoe, 1968a); and reduced orders of control
(Roscoe, 1953; Roscoe and Kraus, 1973).

The list could go on, but these concepts stand out. Althougn each has
found limited application, its full potential has not been realized due to
technological limitations and emotional resistance. Nevertheless, the US
Office of Naval Research, in anticipation of technological advances, supported
research on advanced display concepts at the University of Illinois throughout
the 1970s and at New Mexico State University in the early 1980s to put
together all these ideas and principles in a systematic way for potential
application to helicopters and VTOL aircraft.

MISSIONS AND MISSION REQUIREMENIS

Helicopters and VTOL craft are all capable of low-gpeed flight and
vertical takeoffs ana landings. However, the inherent differences between
these two types of aircraft make them suitable for different missions.
Helicopters are more suited to low-speed missions such as nap-of-the-earth
flight, air-sea and rountain-side rescue, and antisubmarine sonar dipping.
VTOLs are theoretically capable of performing these missions, but tneir
limited time in thrust-borne flight makes them more suitable for air combat
and high-speed attack missions. These missions impose additional requirements
on VIOLs similar to CTOL requirements.

However, functional requirements for fignter-attack VI0OL missions are
unlike those of CTOL fighter-attack missions in that they invoive greater
independence of flight attitude and motion. Within limits VIOLs can point in
one direction while moving in another, particularly at slow speeds, and this
capability is of great value in air combat maneuvering and ground attack.
Although these missions are normally conducted in fair weather, displays are
needed that show the relationships among possible, desired, and actual
positions, rates, and accelerations for contact as well as instrument flight
operations.

Functional requirements for helicopter operations derive mainly from tue
family of missions that involves rapid transitions from one ground-referenced
stationary position to another. Examples include antisubmarine sonar dipping,
nap-of-the-earth flight, and rescue operations. In each case relationships
between earth-referenced and alrmass-referenced positions, rates, and
dccelerations must be controlled, and actual, desired, and possible values
must be taken into account. The basic functional requirement is to fly
directly from one hover point Lo another with any desired heading regardless
of the wind; this cannot be done safely on instruments at present.



Deficiencies in Current Ins‘rumentation

The hecart of the instrumentation problems with both VIOLs and helicopters
has always been the instabilities inherent in conventiondl control systems
(Ringiand et al., 1977). Any realistic hope of achieving the vertical and
translational maneuvering potential of these airplanes must start with the
adoption of control systems that provide not only stability but direct
maneuvering performance control (Roscoe and Bergman, 1980). The US Navy's
AV-8B airplane represents a major advance in VIOL stability aLgmentation, and
similar advances are being made in stabllizing helicopter control. The degree
of direct maneuvering performance control contemplated here would go well
beyond current advances.,

As progress is made in stabilizing vertical anu translational control
systems, and thersby unburdening the pilot, the deficiencies of current VTOL
and helicopter display systems become both more readily apparent and easily
addressed. The biggest shortcoming, in the view of thinking operational
people, is the traditional attempt, never wholly successful, to present
dynamic information on slowly changing position indicators that force the
pilot to differentiate rates and accelerations. Furthermore, such displays
are, with a few exceptions such as air-speed and angle-of-attack indicators,
space-referenced only and not airmass-referenced, a problem that must be dealt
with.

In the most general sense, it is evident that VIOLs and helicopters need
integrated forward-looking and downward-looking presentations of the
acceleration, velocity, and pecsition of tne vehicle relative to the external
world in all six dimensions of motion. Furthermore, all of these variables
either have to be presented in relation to the airmass {(how to do this
effectively is difficult to imagine despite a proposal for a “saowstorm"
display; Roscoe et al., 1981a), or the effects of airmass movement and
turbulence have to be neutralized by means of inertially referenced control
(not difficult to imagine and well within the state of the art). 2-=d, of
course, the actual values of these variables must be related to their
cxrresponding desired and possible values.

In our experimental piogram, both variable winds ana irertially
referenced automatic neutralization of wind effe:ts by the control system have
been simulated., Tne effect from the pilot's point of view i3 almost the same
as flying in a dead calm. Because he no longer has to cope with wind effects
in any direet way, there is no need to display airmass-referenced infcruation;
airmass effects are sensed and acted on directly by the zontrol system and
much faster than is humanly possilie.

As Williams ( 1980, p. 35) summarizea hiz 1947 znalysis of the pilot's
job:

Between the knowledge of what control movem2nts to make and thz
knowledge of the purpose of a mission lie all the arecas of
information which together result in the acccmplished flight,
Since the only cource of action open to a pilot is through



manipulation ¢of the aircraft's controls, it follows that all 8
the information he receives must eventually be filtered down to
this level in order for him to participate in the flignt at all.
These pieces of information somehow work together in an organized
way and, for purposes of analysis, must be fitted into some
descriptive pattern., ... Thus, the first problem is to break

away from the notion of specific ways for presenting information; |
the second, to try to develop a scheme into which all pieces of 1
information will fit in a logical way.

APPHOACH

Following Williams' advice, our approach has been to break away from
conventional control and display relaticonships, arrangements, formats,
symbologies, and other sacred cows. Given these liberating new degrees of
experimental freedom, we undertook a systematic reorganization of the control
of thrust-borne vehicles and the flow and transfer of information within and
between the airplane and pilot. A generic thrust-borne moving body {VIOL
aircraft) was simulated on our versatile MicroGraphic Simulator. Subject to
the resistance imposed by aerovdynamic drag, and 1ift if desired, the simulated
vehicle would accelerate along or about any of its axes with the "vectored"
application of thrust in accordance with whatever performance capabilities are
called for in any speciiied experimental configuration.

Just as different "airplanes" could be created on call, so could various
selectable sets of information and display configurations. To study the
effects of alternative divisions of decision and control functions between
tne pilot and computer, any given subset of intormation varizbles could be
delivered to either or both. As Uilliams advised almost 40 years ago, our
objective was "to develop a scheme into which all pieces of information will
fit in a logical way" so that pilots can fly any thrust-borne mission with
information presented in accordance with generalizable principles rather than
unique inventions.

Our analytical approach to the implementation of the identitied
functional and informational mission requirements drew on the basic literature
of aviation psychology. Among the best-established applicable display
principles are frequercy separation and tlignt-path prediction (Roscoe, 19udb,
1980; Beringer et al., 197%; Ince et al., 1975; Roscoe and Williges, 1975;
Roscoe and Jensen, 1981; Hoscoe et al., 1980; Jensen, 1951; Koscoe ¢t al.,
1981b). The practical emvodiment of these complementary principles was
achieved by using inertially sensed accclerations and rates to present
directionally compatible fast-time projections of imminent position in the
context of an aircraft-referenced vizw of relevant objects in tne outside
world, as well as indices c¢f desired performance.

To cope with tne historically incompatible needs to present "the big
plcture" for geographlc orientation and navigatici planning and a magnified
view of "the local picture" for precise flight control, the "vernier deviation
indicator" principle was applied. This technique nad received little
experimental attention but proved cuite effective in an early application
{(Roscoe, 1968a). Providing a large-~scale error indication relative to present




AhS

i

P

’
gy

P
~~L

S A

LAY

position on a smaller-scale display is analogous to viewing a small local
area of a map through a magnifying glass. Used in conjunction with 4 fast-
time predictor of imminent position, a vernier deviation indication allows
preeise manual flight control without sacrificing the big picture.

Our experimental approach to the compatible integration of these and
other principles involved the systematic manipulation of dynamic and
coryigurational variables in the computer animation of skeletal perspective
views of relevant objects and constraints in that same outside world. The
basic problem was, and always has been, the fundamental difficulty of
unambiguously represgenting six dlwmensions of position and attitude { three
each) on any practical number of two-dimensional surfaces. We concentrated
initially on the forward-looking view appropriate to translational flight but
soon discovered that it was the downward-looking viewpoint that is most needed
and best used in vertical and transitional flight.

Contact Apalog Displays

In conriguring a contact analog vertical situation display {VSD), several
trauccflfa always have to be made, whether or not the designer is aware of the
natuare of the alternatives and the consequences ol the choices that are
eventually selected {(Roscoe, 1982a). The first tradeoff, from which many
others stem, is the choice of the physical size of the display itself, or more
strictly, the visual angles subtendcd by the boundaries of the display,
whether presented head-up or head-down or as a virtual image generated by a
helmet -mounted device that moves with the head. (Unfortunately, when a new
display idea is first implemented, display sir~= is cypically an afterthought.)

In any of these cases there is a diffaicult tradeci’f between the desire to
present the largest possible outside angular representation (field of view)
without increasing display size and without th= biased position judgments in
ground-referenced flight that result from lmege compression (Roscoe el al.,
196b). This eternal conflict leads to other design tradeoffs that may or may
not be considered by the display designer. These include providing variable
display magnification (depending on task requlrements), displacing the pilot's
point of view to a position outside and behind the airplane {presumably a
variable distance), and even the possibility of radically unconventional
cockpit contfigurations, each ol which was discus3ed 1n greater detall in 4an
carly report {(Roscoe et al,, 1981a).

Cockpit configuration. Briefly reviewing these tradeoffs, we did not
find it unrecasonable to assume that within this decade sensor and display
techinology will support ground-referenced flight operations without any direct
outside visibility. To make this possible it would be necessary, first, to
develop an imaging sensor with sufficient cloud-penetrating capability l'or use
in conjunction with high-r :solution IR, TV, and optical image intensifying
systems; second, to make expected advances in current flat-panel display
technology; and finally, to position the pilot slightly farther back in tne
aircraft so that a faceted arrangement of flat-panel displays can provide
whatever outside coverage may be required by the various missions.

Un these display facets surrounding the pilot would be superposed both
the sensor-generated imagery and the computer-animated contact analog with its
imbedded command guidance and flight path prediction symbology, all bLeyond the
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wildest dreams of the carly proporents of these original ANLP concepts. o)
Ironically, what may be given up is sny directl view ol Llhe outside world, .
which the ANIP proponents considercd the ultimate flight display. Howevep, 5}
the proposed applications are intended to support zero-visibility ground- A
referenced flight operations that are currently impossible, and realistically,
if pllots are to perform Lhem effectively and safely when the weather is bad, N
they need to perform them routinely in the same way when it is good. ;}
Displaced viewpointi. In the immediately preceding discussion it was on
implicit, for the arpose of exposition, that lLhe center of a partial e
spherical arrangement of display facets is the pilot's head. Furthermore, N
it was implicit that the sensor-generated and computer-animated images bear a
point-to-point radial correspordence to the picture-plane projections of o
their outside-world counterparts (when they exist), Thougli probably ﬁ'
desirable, neither of these conditions is necessarily the case, and euach is
potentially subject to tradeoff compromises. As mentioned earlier, it would "a
be possible, at least ip the case of the computer-animaled symbology, to :f
displace the pilot's point of view to a position some variable distance behind "
(or above) the airplane, -
While this may seem a strange thing to do, some of its consequences -
might be advantageous in helicopter or VIOL control. One such concept was
advanced by CDR Kent Hull of ONR (Roscoe et al., 1981a). Displacing the -
pi'nt's vantage point abaft the aircralt has the cifect of including more of §=
the outside world above, below, and to either side within a forward-looking
display. Computer-animated symbology can indicate the downward projection of -
the alceraft's position onte the land or sea surface belew, as well as its 5;
desired ground track ahead and ils projected flight patn predicted from =
current movement and control inmiis., By displacing the pilot's vantage point
in this way, a single display can serve some of the functions ol & downward- g-
looking display as well as those of a forward-looking display. N
Display magnification. Imaging displays, whether real or virtual, cause ]
systematic misjudgments of size, distance, and even angular location of F?
oulside objects, the magnitudes of which depend on the indiviaual pillot's aark '
focus or resting accommodation distance (Roscoe et al., 19060; dandle ct al., .
14803 Hull et al., 1552; Roscoe, 1982, 1934, 19b5; noscue el al., in press). .
Magnifying such displays can compensate for the biased judguments of gize and T
distance but at the expense of no tonger maintaining a point-to=-point -
correspondence {0 the picture-plane projections of counterpart real objects in T
the outside world. The etfectiveness of simply increasing the size of the -
individual referent objects animated by the computer {as is done with the
visual systems in some {light simulators) may solve the problem. an
%
Horizontal Situation Displays =
A wide-angle contact analog display with embedded guidance and prediction i:
symbology serves all mission functions involving spatial and topographical -
orientation in translational flight, including air combat maneuvering and
ground attack. With an optiosnal displaced vantage point, the contact analog i:
can also serve some mission functions involving geographic orientation, ™)
including terminal area navigation and short-range en route navigation.
However, it cannot be expected to serve all functions equally well, and there .
are scme functions that it cannot serve in even a wminimally acceptable ~
: -
L¥]



manner., Specifically, we cannot expect a contact analog to serve alone in the
performance of maneuvers that arc very difficult or impossible to pertform with
contact visibilivy.

Obvious examples of functions not adequately supported by contact
vigibility are ong-range {beyond line-of-sight) navigation over water and
even short-range navigation over water when no suriace objects are visible
and no shore objects of known location can be identified. Although computer
guidance is readily embedded in a contact analog, it is not evident how a
pilot would sct a desired flight path or navigation plan into a computer by
reference to Lhis type of display, and because of its line-of-sight range,
the plahning function itself is not well supported. Clearly a map-type
horizontal situation display (HSD) is needed no matter how capable the VSD.

Furtl ermore, despite the pilot's legal regquirement to "see and avoid"
other triffiic in clear weather, this doctrine is not realistic. Both the
delection of other traffic and the extrapolation of potentially counflicting
flight paths for collisior avoidance require instrumental means under tne best
of visibility. cCurrently there is an urgent program to implement the cockpit
display of traffic information (CDTL). Practical limitations on the fields of
view of vertical situation displays prohibit omnidirectional coverage, and for
this and other reasons it is properly assumed that CDTI will be embedded in a4
horizontal display with artitude coding.

Less obvious perhaps is the fact that helicopter and V1oL operations at
very low speeds near the sucsface also are extremely ailficult #n2 ndzZiraous
even with the best of visibility, particularly if they require precise
horizontal positioning. Soner dipping, landing on small decks in rough seas,
and the transitions between thrust-borne and aerodynamic flight present
serious training and safety problems. Because these maneuvers are difficult
in 2lear daylight and currently impossible under instrument meteorological
conditiong, we cannot expcct them to be performed easily and sately solely by
reference to u contact analog, even one with guidance and prediction features.

Horizontal Displays for Vertical Fligiht

Little atientlon nad Leen given to the analysis of why these ground-
referenced mancuvers are so difficult except to point out the obvious tact
that conventional helicopters and VIOLs are terribly unstable in thrust-borne
flight. Cccasionally it is ncted that maintaining position is diftficult
because it is difficult to detect and judge drift visually and translational
rate and acceleation information is not displayed directly. Nowhere have 1
found an explicit statement that the focus of difficulty has shifted from the
prceeise control of vertical situation variables (in high-speed translational
flight) to the precise control of horizontal situation variables (in vertical
and transitional rlight).

Clearly stability and control augmentation are needed in these venicles,
but even with stable rate control of inertial position { fuliy compensated tor
i s stk Y v AR AAR S A mmAamAant b dAan A hAanmieAnt 2l Aot AN vt
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accelerations is necaed for maneuvering control. Althougn map-type H3Ds are
used in ASW helicopters, they are designed primarily for tactical coordination
and not for precise alrcraft translational control and station keeping by the

pilot. A very large scale HSD showing horizontal and vertical rates and

o and
o, and



accelerations as well as position and vertical clearance shoulu ve more
effective than any typec of VSD for precise station capturing and keeping.

In acrodynamie translational flight VSbs allow precise stecring control
in the up-down and left-right directions, but they offer littlc help in
controlling forward rates and dcccelerations. As a consequence we npave
dedicated airspeed indicators. So in thrust-borne vertical flight, in which
maintaining stable control is wmore difficuil in the fore-aft and left-rignt
directions than it is in the ap-down direction, a downwardc-looking aisplay,
or plan view, is nceded. The advantage of a special UsD moac for steering
control in vertical and transitional flight becomes cvident once this
alternative is considereca; what ig surprising is that it was not proposed and
implementcd long ago.

Because VSDs are primarily associated with precise steering in azinuth
and elevation during translational flight, topograpnic detail is normally
limited to such items as airports, carriers, ships with small landing decks,
tactical target locations, and possibly surface buoys or radio facilities. 1n
operations over land, terraip elevations may be snown in perspective contours
suitable for terrain following or avoidance, and these computer-—-animated
representations may be augmented by sensor imagery revealing the locations of
specific objects such as bridges, buiidings, tanks (of either kind)}, or other
items of tactical importance.

Map displays, on the other hand, not only present the big picture but
can contain a weallh ol Lopographic information limiveod only Uy availuolce
intelligence and the need to avoid clutter and confusion. Furthermore, map
items and other traffic in the vicinity can be identified by various abstract
symbols and by specific numerical and verbal identifiers that would be totally
impractical with dynamiec pictorial vertical situation displays. For many
puirposes pictures are more cffective than abstract symbols, but the converse
can also be true; it is far easier Lo recognize and remember a specit'ic number
between 1 and 9 than it is Lo pick a stickup man out of a police lineup.

For precise translational control and position keeping in vertical
flight, a horizontal situation display must present rate and acceleration

indicztions not normally associat~d witnh mawn dieslave in etfarnt it bhacomog
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f'light control display as well as a navigation display. For this purpose a
number of display principles and techniques can be apolied effectively,
including trequency separation and vernier deviation indication (VDI), as

wcll as command guidance and flight path precaiction {Roscoe, 1yoBa, 1yobb,
180, 198%; Roscoe et al., 1980). Also, Lo supporti the level of control
precision required when no flight poth command is available (nence no VDL), an
extremely large scale (small area) not normally associated vith map displays
is required (Dukes, 1970).

a

Simulation Facility

In our MicroGraphic VIOL Simulator at New Mexico State University,
alongeourse and crosscourse translational rates and/or accelerations
{ depending on the mode in effect) are controlled by a three-axis, spring-
centered control stick mounted on the right-hand arwmrest. Alongcourse
tracking is controllcd by tore and aft stick displacement from a center
detent, and crosscourse tracking by left and right stick displacement.
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Rotating ( twisting) the stick about ics vertical axis controls the vehicle's
yaw {crab) angle relative to the horizontal velocity vector. Vertical f{lignt
is regulated by a control operated by the pilot's left hand. Tne control is
spring-centered and viscously dzmped and is operated by displacing the stick
upward to ascend and downwuard to descend, thereby serving as a total-vertical-
thrust control.

In the display shown in Figure 1, the vehicle's heading in tne horizontal
plane is displayed by a rotating compass rose tnal responds to both
crosscourse control inputs and weather-vaning of the vehicle due to the
effects of relative wind. A turn-rate index line is shown relative to top-
dead-center of the display so that a desired heading can be captured by
matching thie ina=x with the desired position on the rotating compass rose.
Crosscourse and along-course ratas and/or accelerations are displayed by a
position predictor.
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Distant Hover Point

Turn Rate Indicator — - \\

Instantaneous / \ - N i

) o tH Point
Desired-Position — extroverfomn
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Figure 1. d0rizentully and VERtically INteGrated ( HOVERING) display tor
vertical ana translational instrument flight.




A target or desired flight path is acquired by placing the predictor cn
the Instantaneous Degired Position Vernier using control inputs from the tlhnree-
axis side-arm control. Although the display is basically an inside-out
presentation, it has frequency-secparaticn characteristics analogous to those
advanced by Roscoe ( 1968b; Roscoe et al., 1980) for aircraft attitude
indicators. The predicter functions as an immediate indication of the
imminent effects of the pilot's control inputs (high-frequency responses),
whereas the closure of error between the target and the pilot's point of
reference responds more slowly ( low-frequency responses). Once a Larget has
been acquired, lhe predictor should be kept on the fLtarget cross as 1t moves
toward the pilot's point of reference.

When a downward-looking display is used to facilitate fore-aft and leflt-
right control in vertical flight, the integration of altitude and vertical
spe~d poses a difficult problem. In an carly developmeni of an HSD for use in
helicopters by the US Army, Dukes { 1970) provided a separate altituage scale
along the side of the display (analogous to a dedicated airspeed indicator
embedded in a forward-looking display). This did have the eftfcect of reaucing
scanning time, but workload was still quite heavy, and unambiguously
integ~ " ing the vertical dimension in a horizontal display was our objective,.

Our solution was to encode altitude by the size of an oclagonal box that
dilates a3 altitude increases and constricts as altitude decreases, as would
the absolute field of view seen through an octagonal hole in the floor of the
cockpit., Altitude (size of the octagon) is read against a fixed scale that
emanates left and right from the display center. The scale limits at tne
display's outer cdge automatically increase by a factor of four as the
simulated aircraft ascends through the momentary limits and reduce as it
descends within the limits of the next larger scale, Vertical rates are snown
by rate-field indicators (Majendie, 1960; Swartzendruber and Roscoe, 1980)
that "flow" outward and inward with ascent e¢nd descent, respectively, at
azimuth angles of U5, 135, 225, and 315 degrees.

Desired altitude is indicated by four sets of dynamic lnstantancous
Altitude Goal Bars and by a static numerical indicaticn of the current
Altitude Goal {as night be assigned by air traffic control). Desired vertical
rate is indicated by & set of four rate-field bars {crthogonal to the Actual
Vertical Rate Indicators) that flow outward to call for a desired climb rate
and inward for a descent rate. The desired and actual altitude indications
move independerntly; hence, aititude control reduces to a pursull tracking
task. Similarly, vertical rate is controlled by matching the flow of the
actual to the desired rate-field indications.

The requirement to display vehicle accelerations is satisfied by
including translational accelerations in the second-order horizontal position
predictor computations and optionally in an altitude predictor (not shown in
Figure 1 but subsequently ineleded in the display). Presenting acceleration
terms in this way captures their benefits without incrcasing display clutter.
The need for the pilot to dezl with accelerations directly is further softened
by rcoducing vertical contrel te firsgt-corder and translational control to a
combination of first- and second-order. Tne pilot is unburdened even more by
providing him various autcpilot "cruise control" and "altitude hold" modes.
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EXPERIMENTAL OPTIMIZATION

When the varioug tradeoffs just discussed have been resolved and the
display configurations decided on, the control and display system design
process is on its way but far from completed. What remains is the
experimental optimization of literally dozens of dynamic variables embedaed in
the system. Once again the designer may or may not think of these parameters
as experimental variables, but each must assume some value, and systematic
multifactor experimentation is surer and potentially quicker than trial and
error methods. Fortunately, many of the variables are not critical, and their
parameters can be set{ on the basis cf past experience, s0 the number of
¢ritical variables becomes manageable,

Holistic Experimentation

Consider the following 1list of variables potentially critical to pilot
performance with cur horizonta.. display for vertical and translational flight:

CO: Control order, translational and vertical

CG: Control gain, translational and vertical

CR: Vertical control gain reduction with increases in altimeter scale factor
PO: Flight path prediction orcder

PT: Flight path prediction time

MF: Vernier deviation indicator magnification factor

IP: 1Initial position error magnitude

e A e

Analysis and protesting suggls 3¢ va C5 werc among the merc
critical and warranted primary experimental attention. To deal with even this
relatively small number of variables using conventional factorial analysis of
variance experimertal designs would be prohibitive. An economical holistic
multifactor approach was adopted, as advanced by Simon { 1973, 1976, 1977a,
1977b, 1984; Simon and Roscoe, 1984).
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Simon's holistic approach to multifactor problems involves a sequential
strategy in which as many potenti:.ily critical variables as possible are
screened, typically in an economical fractional factorial experiment, to
arrive at a smaller number to receive further experimental optimization,
typically using a still economical central-composite response surface design.
In the optimization of a given system, an investigator's objective is to
establish a gquantitative relationship, or multiple regression model, between
pilot performance and a set of system parameters. The estimated function of
performance levels Lo system parameter levels is known as the response
surface.

The procedures usca to investigatce response surfaces were originally
developed by Box and Wilson (1951) for use in chemical research to determine
the optimum combination of variables to produce the maximum yield of a
chemical process. Response surface methodology (RSM) nas since been shown to
be practical in psychol :ical research, especially in studies pertaining to
human performance (Meyer, 1963; Simon, 1970; Williges and Simon, 1971; Clark
and Williges, 1973: Scanlan and Clark, 1974: Scanlan, 197%: Clark-Dixon,
1576; Beringer, 197Y; Scarlan and Roscoe, 1980; Randle et al., 1980; Roscoe
and Eisele, 1980; Simon ard Roscoe, 1984),

11



Among the numerous benefits {rom the use of RSh, the most notable urc
sampling ecoromy and relative freedom from bias {Simon, 1970; Simon and
Roscoe, 1984). Response surface designs are planned to minimize reaundancy
and to limil data collection to that really necessary { Simon, 1970). This is
accomplished by collecting the fewest data sufficient to estimate tne
coefficients of the lowest-degree polynomial that yields an acceptlable fit,
For most behavioral response surfaces, a second-degree polynomial seems to ve
adequate. Freedom from experimental bias depends on setting the fixed values
of controlled variables close t. Lypical real-world conditions and sampling a
range of realistic ¢operational tasks.

Screening Variables: The Tatro pxperiment

The eight variables listed above werc included in a single 28—2
( resolution-V) fractional factorial experiment (Tatro et al., 1983; Roscoe
et al., 1984; Tatro and Roscoe, 19856). A resolution-V design was selected
because of its relative economy and high resoluticn (as these wesigns go,
resolution-V is considered very clean; Simon, 1977b). This particular design
consisted of 4 blocks of 10 conditions, or 64 observations, per subject. In
designs of this resolution, main effects are isolated (unconfounded) from one
another and from first- and second-order interactions. However, they are
aliased with third- , fourth- , and higher-order interactions. Third-order
interactions and higher are assumed to be negligible; thus, main effects and
first-order {two-factor) interactions are essentially unconfounded [ Simon,
1973, 1976, 1977b, 1984),

Private pilots with no helicopter or other VTOL flight experience learned
to fly the VIOL simulator in a relatively simple instrument departure
procedure, Multiple regression equations for each of three performance
measures (log RMS longitudinal, lateral, and vertical errors) revealed the
relative contributions of each of the eight variables to the total performance
variance for each measure. Five of the eight variables proved critical to
performance: vernier deviation magnification factor, control gain, control
order, precdiction time, and tracking mode.

Of the five variables found to be critical in tne screening study, tne
magnification faciour of the vernicr deviation indicator had the largesu
single effect, accounting for 25 percent of the variance in both longitudinal
and lateral tracking. As magnification increased, traaking becamec more
precise, However, as magnification increases, a tradeof{ in the acceptable
control/display ratio occurs. It was tcund that, tor cach 4 to 1 increace in
display magnification, a control gain reduction of ubout 1/2 was needed to
maintain an acceptable ratio. However, the optimum combination between
control gain and magnitfication may aiffer for variocus flight tasks.

High control gain results in faster target acquisition but less time on
target . Low control gain accommodates the finc adjustments needed for keeping

on larget but causes slower target acquisition. Thus a compromise is neecaed
between the two extremes. In a flight vask such as an intercept approach,
nigh gain would Lo proforable; while in an z2ir-gea rescue mission, iow gain

would help the pilot. Thus the optimum sensitivity of control is a compromise
between the high gain required tc reduce acquisition time and the low gain
required for fine adjustments (Poulton, 1974), and the point of best
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compromise shifts with the magnification factor in use,

Controi order proved to pe important in the screening study for all three
performance dimensions, with second-order control being most effective. In
the literature on the effeects of control order on tracking perfeormance, most
experiments show first-order centrol superior, while other studies indicate
second-order contrcl to be casier {Poulton, 1974). These contradictory
results, once again, 1re most likely task-related, and such being the case,
control order needed Lo be optimized across various flight scenariocs of
increasing complexily.

Prediction time was also found to 1 gignificant contributor to the
observed pertormance variance. 1n othe contexts, optimum preaiction time has
beenn found to vary from task to task. Furthermore, short prediction times
produce a tendency for overcontrolling the vehlcle; the longer the prediction
time, the smoother and slower the control inputs (Beringer et al., 1975).
Hence, short preaiction times would be better with large errors, and iong
prediction times with small errors. Thus prediction time needed to be
evzluated scross different mission scenarios, especiully with the addition of
an altitude predictor following the completion of the screening phase.

The last critical variable in the screening study was tracking mode.
Pursuit tracking has consistently been shown to be superior to compensatory
tracking (Poulton, 1974); however, practical limitations have dictated the use
of compensatory presentations. 1In pursuit tracking, independent indices of
both target and vehicle movement are presented against @ common, tfixed frame
of reference, whereas in compensatory tracking only the relative position of
target Lo vehicle (or vice versa) s displayed, thereby resulting in a single
index of error. Qur display has a feature that transforms the compecnsatory
tracking presentation inte what we bave termed z quasi-purauit display, an
extrapolation of the work of Buuerschmidt and Roscoe { 1960).

In the quasi-pursuit tracking presentation, the position error is
allotted to both the target and vehicle (instead of the standard single-error
compensatory configuration), creating d4n appearance of indecpendent movement,
In the terminology of Roscoe et al., (1981b), a target-referenced compensatory
[ TYC) presentation, a vehicle-referenced compensatory (VR7S) presentation, and
a 50-pereent-TRC/50-perecent-VRC (quasi-pursuit) presentation wvere compared.
The fraction of error allotted to eilther the target or venicle can be
continuously varied, but only the two extremes and the 50/50 combination were
evaluated. Thne 50/50 mode resulted in significant improvement in transla-
tional tracking.

Optimizing the Response Surface: The Wiedemann Experiment

The sereening study bad shown five variables eritical to the performance
of a relatively simple instrument departure maneuver. However, there is
evidence in the literature that the effects of some of those variables can be
task dependent (Cherpikoff et al., i900; Poulton, 1967, 1974; Ziegler, 1308;
Roscoe and Kraus, 1973; Warner ct al,, 1976; Simon and Roscoe, 1984). To
invesiigate Lhe eifecis of Lask varlatlon, and Lihercby ovlalo redilia of
greater peneralizability, three flight scenarios of 35 scconds each were used
in a central composite responsce susface experinent (Wiedemann and Roscoe,
]"*JB‘_)‘) .



Scenarios. In 3censrie 1, subjects were presented with a VIOL takeoff
task involving precise altitude contiol with some crosscourse maneuvering.
For the altitude profile of the flignt, subjecls initially started from a
stationary point on an aircraft carrier, During the first four seconds, the
alrcraft was to ascend to 15 feet and fly level for five seconds. During the
last 26 seconds of flight, the aircraft was to ascend rapidly from 15 feet t¢
400 feet, holding a constant heading away frow the ship.

Scenario 2 involved an approdach and landing task calling for precise
control in three dimensions. The altitude subtask involved a level-descend-
level-descend sequence starting at 100 feet, dipping below 60 fect, and then
descending to zero feet. In this sequernce the pilot had to negotiate one
scale chunge when descending through the 60-foot altitude. For the
translational subtask, a straight-turn-straight-turn-straight sequence was
followed, calling for precise crosscourse aud alongcourse tracking.

Finally, in Scenario 3, the standard instrument doparture task used in
the screening study was reevaluated to confirm or refine theée previous results
and estimate tne quadratic components of the response surfaces. The Yo7k
involved a constant.rate climbing turn to the right from 400 to 950 feet in
altitude and 0 to 3% degrees in heading.

Sub jects. Although wc have onserved no 2vident transfer from previous

2 T . L T o T S T . [ S
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VIOL simulator {pilots and nonpilots show comparable learning curves), it is
possible that prior flight experience has both positive and negutive effeets
that tend to cancel one another. For the optimization experiment, 20 right-
tianded male nonpilots were pretested in the VTIOL simulator, and 12 were
selected to form four stratified groups of three subjects each, respectively
matched to minimize within=-group and maximize belwcen-group variances, One
subject from each group wdas thern assigned (o each o1 tne three scenarios to
form three matched groups.

Experimental cesign. IFor each of the three rx¥gnt scenarios, the sawme
five-factor central-composite design was vsed. A 227° (resolution-V)
fractional factorial sampling was augmented with axial and center pcints to
complete the central-composite response surtface design {Simon, 1573). With
this design, main effects are confounded with third-oraer (four-factor)
interactions, and first-order (two-factor) interactions are contounded ¢ in
second-order ( three-factor) Interactions. Because three-facto~ an? Ligher
interactions are usually negligible, main cffcets and first-oruer Lerms are
essentially unconfounded,

Results, The experiment showed that the relative importance of the {ive
manipulated control and display factors varied greatly as a lunction of flignt
task. Thig was anticipated becausc the three flignt profiles imposed vastly
different. concerol and attentional demands.  The landing and ta<ooff scenarios
consisted of complex sequences of turns and straight segments combinead with
ascents and descents, resulting in the emergence of control oruer ¢ linear and
quadratic components) as the dominant ftactor. Decreas.™m; the acceleration
component. of tne control-order fracticn resulted in more precise tracking in
the more complex tasks, whereas increasing the acceleration component was
veneficial in the siupler task.
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The other major factor in the landing and takeoff scenarios was the
quadratic prediction-_ime compcnent. When the response surfaces for
prediction time are graphed for Lhese scenarios, U-shaped surfaces emerge with
short and long prediction times resulting in inecreasses in tracking error,
fgain the nature of the flight tasks would seem to bte the major reason for the
shape of the functions. Short prediction times resulted in overcontrol of tne
vehicle when precise tracking was requireq, whercus long prediction times
resulted in underconirol of the vehicle.

In contrast to Lhe screening experiment, the effects of the other three
exrerimenlal laclors were relatively smell, This result can be attributed
directly to the dominance of :ontroi order. With pure acceleration ( second-
order) control, performance deteriorated such that the levels of the olher
factors became unimportant. If control crder were kept at a fixed optimum
level, we would expect the other factors to have significant effects once
again, This situation emphasizes the need for multifactor experimentation.
fhe interactions among variables are so complex that a reauctionist study
would only give incomplete and probably, if not certainly, biased estimates of
the response surtaces.

Results from the standard instrument departure scenario confirmed the
results found ir the initial screcning study. In this scenario the etfects of
all five experimental factors were significant. An interesting result was
the fact that tne linear terms of tne model accounted for the majority of the
variance, wincreas thic guadratic compenents of the regression medels had
significant effects in the more complex flight tasks. This woulu indicate the
need for estimating second-order models in approximating surfaces for complex
tasks, which are tne norm tor VIOL flight.

Ruanges of acceptable values were evident for all five variables, within
which a single set of values would yield near optimum performance on all
tesks. Howcver, because tne more complex scenarios imposed gredater Lime-
sharinrg demands than the standard instrument departure, a composite model
based on radial tracking errors for those scenarios would be the indicated
cnoice as a guide in system design. For all variables except prediction time,
A single value can be selected that falls within the optimum range. As in the
case of vertical control gain, prediction time shculd be adjusted
automatically with changes in altitude scale factor,

LIMITATIONS, QUeSTIONS, AND SUGGESTIONS

Experimentation of the kind just reviewed allows several dynamic display
and controul design varizbles Lo be optimized for a hypothetical aircraft
having specifi: performance characteristics. Unfortunately not all such
results generalize Lo airceraft having different characteristics or missions
requiring grossly dirferent maneuvers. So, when each new alrcraft is being
designed, values have rto be determirad for all such variables, and some
relatively economical and logistically manageable optimization stratcgy must
be _dopted. In fact, the experiments described primarily serve to demonstrate
the feasibility of & holistic experimental approach to control and display
systenm design., The generalizability of their speciflc findings is limited.
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Firstly, the design variables screened and optimized represented a
relatively small subset of those potentially c¢ritical Lo pilot nerformance.
Secondly, the horizontal display was used in iscolation, when in fact on2 would
expect its characteristics to interact with those eventually settled or for
the companion vertical display. Thirdly, the selection of display symtology
and motion relaticnships, while generally based on experimentally supported
control and display "principles," necessarily involved arbitrary decisions in
those cascs in which no 2lear guiding principles exist. An example of the
last limitation involves the direction of motion of the new symbology for
altitude and vertical rate.

Direction of Altimeter Motion: The Trujillo Experiment

Ariong the design issues that have to be resolved is how to achieve
directional compatibility between control movements and the immediately
resulting display indications. Compatible motion relationships are critijcal
not only to the precision of continuous control but also to the pruvention cf
control reversals, displacing a control in the wrong direction becanuse the
movement of a display element is misinterpreted. Most people expecl. moving
display c¢lements to represent their own movements. In some cases tnese

expectancies are so universal that they have been termed "population
stercotypes.”

Qur unique method of integrating altitude and vertical rate information
in a horizontal display involved an octagonal "box" symbol that dilated as the
vehicle ascended and constricted as it descended, as would the visible area cf
ground viewed throngh a downward-looking porthole in the tloor of the
cockpit, Alternatively, one could think of the box as an octagon painted on
the ground, in which case it would constrict with ascent and dilate with
descent, the converse of our original concept. Inevitably there are some who
find each arrangement more "naturcl," Jjust as there are map-turners and north-
uppers in approximately equal numbers.

When control-display arrangements conform to population stereotypes,
reaction times are shorter, there are tewer control reversals, control
movement.s are more precise, and the operator can learn to oparite a system
faster. Humans are remarkably adaptable creatures that can learn to operate a
control-display system that requires control movements in directions opposite
to those expected. The problem arises wihen a situation occurs that requires
extremely fast reactions under workload pressure or distraction. When this
happens, learned habits often break down, znd control reversals occur.

When there is no obvious population stereotype, experimentation is in
order. The alternative directions of motion of the altitude and vertical rate
symbols were compared in ar: experimert involving a stressful side task and a
primary terrain following and avoidance task in which unpredictable changes
in vertical flight path anglc were called for (Trujillo and Roscoe, 1985),
Th2z consistent finding was that whichever way the altimeter moves makes
little difference so long as the vertical rate fields move in the same
direction. When the altimeter and rate fields move in opposite directions,
conirel reversals are more {requent, and tracklig peiiormance sufiers.

With compatibility in altitude and vertical rate indications, pilots can be
trained to interpret the display in either way without difficulty.
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A caveat is in order concerning the gencralizability of this conclusion.
Whenever stereolypic response tendencies are the object of investigation, the
sub ject population is a critical consideration. For this initial study,
t'light-naive subjects were sampled. Hence, it would be risky and unwise to
count on the same stereotypic response patterns from experienced pilots.
However, because the display is new to everyone, and the dynamics of our
generic VTOL simulation do not represent any specific rcal-world aircraft, we
have observed informally that pllots, whatever their experience, require about
the same amount of training as nonpilots to fly the simulator equally well.

Coritrol and Display Augmentations

The term control augmentation can refer both to the reduction in control
crder and Lo incrtial stabilizatiocn of the vehicle to counter movements not
called for by control inputs. In general, aigher orders of control (those
greater tharn second-order) should be allocated to onbodrd processors, lcaving
the pilot responsible for lower control orders. Providing first-order
vertical ratc control and translational control that is about a 1.5-order
mixture of rate and accnleration outputs i1s not an unreasonable arrangement
with the current state of the art. bxperimental evidence is converging in
support of tnis combination.

Inertial counteraction of vehicle accelerations not called for by the
control sysvem is also not an unreasonable design requirement. In a report
prepared for the US Army Aviation Research and Development Command ( 1980),
speeifications for the advanced Scout helicopter included both a heading-hold
function and a novering filight mode. Augmentations of aircrait control
systems that counter inputs to the system not called for by the pilot are
quickly becoming a reality at an operational level. 1In our system,
longitudinal, lateral, and vertical accelerations as well as heading were all
stabilized in the simulated vehlicle model. Some worry that too much control
authority is lost in systems of this sort, but a great deal o "flyability" is
gained with a consequen’ reauction in training requirements,

Maintaining an acceptable control/display ratio without compromising
control authorit is a problem that almcst necessarily involves varying
control gain and “hereby limiting a pilot's control authority in some way. A
limited authority mode that can be instantly aborted would appear Lo be &
promising candidatz, Adapting a rate-hcld function by the addition of scaled-
down vernier acccleravion inputs wag the option tested. Engaging the rate-
hold mode has two effects: First, it serves to hold constant the vehicle's
velocities abt the time of engagement. Second, after the rate-hold mode is
engaged, the control slick becomes a fine-tune control that allows small
acceleration outputs tu null position and rate errors,

These changes convert the system Lo second-order control while also
reducing gain. A more compiex ilmplementation of this method could solve the
control/display ratio problem while still maintaining the pilot's ability to
assume full control authority at any moment. For example, if minimizing
tracking crror bceomes essential for mission success (as in the approach to a
shipboard landing), display magnification can be dynamiecally increased while
reducing the conbLrol gain. If properly employed, such a control system logic
could achieve a high degree of tracking accuracy without any increase in pilot
workload.
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Programming dynamic changes in display configurstion may ultimately be _
applied to other variables in addition to secale factors. As one example, §§
prediction time is a strong candidate, As mission phases change, optimum [
prediction times vary. They also depend on the current prediction order and
display magnification factor. With such complexities, system designers often N
choose either fixed parameters that provide acceptable but not oplimum Qi
performance or manually selcctable modes. Evidently the interrelationships
among display variables are too complex for independent selection of variable ~
levels in real-time operations. Consequently, programming a system to select <
optimum display configurations automatically for various missiom phases seems Al
to be indicated.
X
The term display augmentation can also refer to the superpositioning of 3{

imagery from downward-looking senscrs or computer-generated ground maps from a
digital data base on the horizontal display, just as forward-looking sensor
imagery can be superposed on a contact analog vertical situation display. In -
so doing the big picture of our skeletal display system would be fleshed out -
to provide the more highly detailed outside information needed for immediate .
local orientation, target detection and recognition, and vehicle and weapon -
control. Precise and safe VIOL flight operations without any direct outside o
view from the cockpit are within reach.

ACKNOWLEDGMENT

This program did not start with the VTOL display and control contract. ;j
The continuity of my thinking and experimentaticn on thesc problems started in =
1946 at the University of Illinois under Contract Nbéori-T71, Task Jrder XVI,
from the ONR Special Devices Center, Port Washington, Long Island, with
Clifford P. Seitz as contract monitor and Alexander C. Williams, Jr., as
principal investigator. 1 was responsible for the flight by periscope
experiments; Thomas A. Payne and 1 for the map display studies; Beatrice
Johnson-Matheny for the air traffic control and whole-body rotation research;
and Tom Payne and Dora Jean Dougherty, now Dora Strother, for the firs%
measurement of transfer of landing training from a flight simulator with a
dynamic closed-loop visual system to the SNJ airplane.

rr
A, Ty

-

rr)d

;.'{;.[_ ]

ONR's support of Task Order XVI c¢r~ .inued for 20 years at the University .
of Illinois under the later direction of Jack A, Adams. Meanwhile Williams -
and I were at Hughes Aircraft working on map displays, radar displays and
controls, and air-to-air attack displays (mainly under Air Force programs)
until Williams' sudden death in 1962 and my return to Illinois in 1969. Once
agaln I was immediately supported by ONR and James W. Miller, who was soon
replaced by Gerald S. Malecki, our subsequent contract monitor. In my second
ONR phase at Illincis, I focused on the ¢ -elopment and evaluation of the
principles of display frequency separation, flight path guidance and -
prediction, reduced orders of aircraft performance 22ulral, =nd the isolation ’
of necessary and sufficient visual cues in forward-looking displays.

(T

L oL X

LI

-

B

~

n

-«
_



REFERENCES

Army Aviation Rescarch and Development Command ( 1980). Elcctrounic system
specifications for the advanced Scout helicopter (Contract DAAKBO-79-C-
028). Yort Monmouth, NJ:; Author.

Bauerschmidt, D. K., and Roscoe, S. N. (1960). A comparative evaluation of a
pursuit moving-airplane steering display. IKF Transactions on Human
Factors in Electronics, UFE-1(2), 02-66.

Beringer, D. B. (1979). The design and cvaluation of complex systems:

" Application to a man-machine interface for aerial navigation. Proceeding.
of the 23rd Annual Meeting of ihe Human Factors Society (pp. 75-79).
Santa Monica, CA: Human Factors Society.

Beringer, D. B., Williges, R. C., and Roscoe, 3. N. (1975). The transition of
experienced pilots to a frecquency-separated aircraft attitude display.
Human kFactors, 17, 401-474,

Box, G. E. P., and Wilson, K. B. (1951). On the experimental attainment of
optimum conditions. Journal of the Royal Statistical Society, 18, 1-45.

of the

Carel, W. L. {1960). Human factors in ANIP (Contract Wonr 1076-00). Ithaca,
NY: General Electric Advanced Electronics Center.

Carel, W. L. (1961). Visual factors in the contact analog (Contract Nonr 1076-
00; Report ROI1ELC60). Ithaca, NY: General Electric Advanced Electronies
Center.

Chernikoff, R., Duey, J. W., and Taylor, F. V. {1960). Two-dimensional

tracking with identical and different control dynamics in each coordinate.
Journal of Experimental Psychology, 60, 318-322.

Clark-bixon, C, {1976). Mixed~-factors central-composite designs: A
theoretical and empirical comparison (Tech. Report ARL-76-13/AFOSR-Tvb-6).
Savoy, IL: University of Illinois at Urbana-Champaign, Aviation Research
Laboratory.

Clark, C., and Jilliges, R. C. {1973). Response surface metnodology
central-composite design modifications for human performance
research. Human Factors, 15, 295-310.

Dukes, T. A. {1970). An integrated display for trajectory control of
helicopters and VIQOL aircraft. Proceedings of the Sixth Annual Conference
on Manual Control {pp. !TH-180). Wright-Pattersor Lir Force Basc, OH: USAF
Avionics Laboratory.

Fogel, L. J. {1959)., A new concept: The kinalog display system, Human
Factors, 1(2), 30-37.

Hull, J. C., Gill, R. T., and Roscoc, S. N. (1982). Locus of the stimulus to
visual accommodation: Where in the world or where in tne eyeY Human
Factors, 24, 311-319.




Ince, F., Williges, R. C., and Roscoe, S. N. (1975). Aircralft simulator
motion and the order of merit of {light attitude aud steering guidance
displays. luman Factors, 17, 388-400,

Jensen, R. S. (1981}, Prediction and quickening in perspective rlight
displays for curved landing approaches. Human Factors, 23, 355-303.

Kelley, C. R. (1900). Developing and testing the effectiveness of the
predictor instrument (Tech. Report 252-60-1). Stamford, CT: Dunlap and
Associates.

Kelley, C. R, (1962). Predictor instruments look into the future. Control
Engineering, March, 56-90,

Kelley, C. R. { 1968), Manual and automalic control. New York: John Wiley
and Sons.

Majendie, A. M. A. (1960). Para-visual dirc:tor. Journal of the Institute of
Navigation (London), 13, 44T7-454,

Meyer, D. L. (1963). Response surface methodology in education and
psychology. The Journal of Experimental Education, 31, 329-336.

¢ .

Fayne, T. A., {1952). A siudy of lhe moviog part, beading presentation, aind
map detail on pictorial air navigation displays (Contract Nbori-71, Task
Order XVI, Human Engineering Report SPECDEVCEN 71-16-10. Port Washington,
NY: Office of Naval Research, Special Devices Center.

Poulton, E, C., (1967). Tracking a variable rate of movement. Journal of
Experimental Psychology, 73, 135-144

Poulton, E, C, ( 1974). Tracking skill and manual control. New York: Academic
Press.,

Randle,K R. J., Roscoe, S. N

________ , R. . etit
and magnification on aimpoint estimation in a simulated landing task ( Tech.
Paper NASA-TP-1635). Washington, DC: National Aercnautics and Space
Administration.

l., and P

ite, J. (1980). Effects of accommoddtion

Ringland, kK. F., Craig, S. J., and Clement, W, F. (1977). Survey of piloting
factors in fixed-wing V/STOL aircraft design (Report NWC TP 534171).
China Lake, CA: Naval Weapons Center.

Roscoe, S. N. (1953), Data presentation and control devices. In H. Haber
(Ed.), Frontiers of man-controlled flight. Los Angeles: University of
California, The Institute of Transportation and Traflfic Enginecering.

Roscoe, S. N. {1954)., Designing the cockpit for hign speed flight.
Aeronautical Engineering Review, 13, U47-58.

L.

...
ﬁ;’l“l

ek

1]

v
>
T -,

r

Tam

s

PRl

LS |

L

[Fi- i I




Roscoe, S. N. (1957). The devclopment of integrated instrument display panels
atl Hughes Aircraft Company. In M. L., Ritchie and C. A. Baker (Eds.),
Psychologfical aspects of cockpit design--A symposium report (Tech. Report
WADC 57-117; pp. 28-40). Wright-Patterson Air Force Base, OH: Wright Air
Development Center.

Roscoe, S. N. (1968a). The navigation director: An area navigation system,
In K. J. Hornick (id.), Human factors in aviation: 1968 (pp. 45-59). HNorth
Hollywood, CA: Western Feriodicals.

Roscoe, S. N, (1968b). Airborne displays for flignht and navigation. Human
Factors, 10, 321-332.

Roscoe, S. N. (1980). Display-control synthesis. In 3. N. Roscoe, Aviation
psychology (pp. 82-94). Ames, IA: Iowa State University Press.

Roscoe, S. N, 1982a). Research perspective, In R. and L. Hurst (Eds.)},
Pilot error: The human factors. London: Granada.

Roscoe, S. N. {1982 ). Human factors affecting pilotL performance in vertical
and translational instrument flight: Phase II interim scientific report
( Tech. Report BEL-B2-2/0NR-B2-2). Las Cruces, NM: New Mexico State
University, Behavioral Engineering Laboratory.

Reo S.N_ (19820) . Ne

1

=8 -

e, glected human facters. In R, and L, Hurst (Eds )
lot error: The human factors. London: Granada.

I}
Seo
1

o
~
P

Roscoe, S. N, (1984). Judgments of size and distance with imaging displays.
Human Factors, 26, 017-629.

Roscoe, S. N. {1985). Bigness is in the eye of the beholder. Human Factors,
21, 615-636.

Roscoe, S. N., and Bergman, C. A. {1980). Flight performance control. In
S. N. Roscoe, Aviation psychology (pp. 37-T4). Ames, IA: Iowa State
University Press.

Roscoe, S. N., and Eisele, J. E. (1980). Visual cue requirements in contact
flight simulators. In S. N. Roscoe, Aviation psychology (pp. 217-22u).
Ames, TA; Iowa State Univeruity Press.

Roscoe, S. N., and Jensen, R. S. (1981). Computer-animated predictive
displays for microwave landing approaches. IEEE Transactions on Systems,
Man, and Cybernetics, St -11, 760-765.

Roscoe, 5. N., and Kraus, E. F. (1973). Pilotage error and residual
attention: The evaluation of a performance control system in airborne area
navigation. Navigation, 20, 207-279.

Roscoe, S. N,, and Williges, R, C. (1975). Motion relationships in aircraft
attitude and guidance displays: A flight experiment. Human Factors, 17,
314 -3387.




Roscoe, S. N,, Corl, L., and Couchman, D. H. (in press). Eyc accommodation in
applied research. Human Factors.

Roscoe, 3, N,, Corl, L., and Jensen, R. S. (1981b). Flight display dynamics
revisited. Human Factors, 23, 341-353.

Roscoe, S. N., Hasler, 3. G., and Dougherty, D. J. { 1966). Flight by
periscope: Making takeoffs and landings; the irfluence of imdge
magnification, practice, and various conditions of flight. Human Factors,
8, 13-40,

Roscoe, S. N., Hull, J. C., Simon, P. M., and Corl, L. (1981a). Human factors
affecting pilot performance in vertical and translatjonal instrument
flight: Phase I interim scientific report (Tech. Report BEL-81-1/0NR-81-1),
Las Cruces, NM: New Mexico State University, Behavioral Enginecring
Laboratory.

Roscoe, S. N., Johnson, S, L., and Williges, R. C. ( 1980). Display motion
relationships. In S. N. Roscoe, Aviation psychology (pp. ©8-81). Ames,
IA: Jowa State University Press.

Roscoe, S. N., Smith, J. F,, Johnson, B. E., Dittman, P, E., and Williams,
A. C., Jr. (1950). Comparative cvaluation of pictorial and symbolic VOR
navigation displays in the 1-CA-1 Link trainer (Report 92). Washington,

DC: Civil Acronautics Administration, Division of Research.

Rescoe, S. N., Tatro, J. S,, and Trujillo, E. J. {1984). The role of human
factors in VTOL aircraft display technology. DISPLAYS Technology and
Applications, 5, 149-153.

Scanlan, L. A. (1975). Visual time compression: Spatial and temporal cues.
Human Factors, 17, 337-34%.

Scanlan, L. A., and Clark, C. (1974). Target detection assessment using an
orthogonal mixed~factor central-composite design. Proceedings of the 18th
Annual Meeting of tne Human Factors Society (pp. L06-413). Santa donica,
CA: Human Factors Society.

Scanlan, L. A., and Roscoe, S. N. (1980). Time-compresscd displays for
target detection. In S. N, Roscoe, Aviation psychology (pp. 108-124).
Ames, I1A: Iowa State University Press.

Simon, C. W, (1970). The use of central-composite designs in human factors
engincering experiments (Tech. Report AFQOSR-70-0). Culver City, CA: Hughes
Aircraft Company.

Simon, C. W. (1973). Economical multifactor designs for human factors
engineering experiments (Tech. Report P73.326A). Culver City, CA: Hughes

.. ~ 5
Alrcerdl L volpany .

Simon, C. W. (1970). Analysis of human factors engineering experiments:
Characteristics, results, and applications (AFOSR Contract FLU620-76-C-

008). Westlake Village, CA: Canyon Research Group.

o

PRl R KV PN

.r‘ -

v

[N




Simon, C. W. {1977a). Naw research paradigm for applied experimental
psychology: A system approach ( Tech. Report CWS-04-77A). Westlake Village,
CA: Canyon Research Group.

Simon, C. W, [ i1977b). Design, analysis, and interpretation of screening

studies for human faciors engineecing research (Tech. Reﬁg;t CWS-03-77B)
Westlake Vlllage, CA: Canyon Research Group.

Simon, C. W. (1984). Applications of advanced experimental methods to visual
tvcnnology research simulator studies:

Supplemental techniques (Tech.
Report NAVTRALQUIPCEN 78-C-0060-3). Orlando, FL: Naval Training Equipment
Center.

Simon, C. W., and Roscoe, S. N

Il. A comparison
of integrated versus separated, linear versus circular, dnd spatlal VErsus
numerical displays (Tech. Memorandum 435).

Culver City, CA: Hughes
Aircrait Company, Weapon Systems Develcpment Laboratories.

. 21956). Altimetry studies:

Simon, C. W., and Roscoe, S. N. (1984),

Application of a multifactor approach
to transfer of training research.

Human Factors, 2b, 591-612.

SWartzendruber, L., and Roscoe
Roscoe,
Press.

5. N. (1980).

Rate-ficld displays. In S, N
Aviaticn psychology (pp. $2-07).

Ames, IA: Iowa State University

Tatro, J. 3., and Koscoe, 3. N. { 1986). An integrated display for vertical
and translational flignt: Eight factors affecting pilot performance.
Human Factors, &8, 101-120.

Titro, J. S5., Cori, L., and Koscoe, S.

£1983). Human factors affecting
pilot performance in vertical and translational instrument flight: Phase

I7I technical report (Tech. Report BEL-83-1/0RR-83-1) Las Cruces, NM:
New Mexico State University, Behavioral Engineering Laboratory.

Trujilio, E. J., and Roscoe, S. N. { 1985).

Horizontal display for vertical
flight: A dircction of motion experiment (Tech. Report BEL-85-1/0NR~85-1).
Las Cruces, NM: New Mexico State University, Behavioral Engineering
Laboratory.

wirner, H. D., Drenren, T. G., and Curtin, J. G, (1976). Manual control in
Larget Ltracging tasau a5 a function of control characteristics:
simulation irnvestigati or--Phase 111 (Hcport MDC E1433).
Mclo

anell Douglas Astronautics Company

A flignt
St. Louis:

Wicdemann, J., and Roscoe, &. N. [ 1385), A multiple-regression model of pilot

performance in vertical and Lranbldtlonal flight (Tech. Report BEL -85 - 2/0Nk -
§5-2). Las Cruces, NM:

New Mexico State University, Behavioral Engineering
wiboratory.

wWilliams, A. C., Jdr
S, N,

. L198U) .

roscov, Aviation psychology (pp. 11-30).
University Press.

Discrimination and manipulation in tlight.
Ames, IA: lowa State

ln




Williams, A. C., Jr., and Roscoe, S. N. {1950). Evaluation of aircraft
instrument displays for use with the omnidirectional radio range (VOR).
Jovrnal of Applied Psychology, 34, 123-130.

Williges, R. C., and Simon, C. W. {1971). Applying response surface
methodology to problems of target acquisition. Human Factors, 13, 511-519.

Ziegler, P. N. {1968). Single and dual axi:s tracking as a tunction of system
dynamics. Human Factors, 10, 273-275.

L F-

L)
rn,
-

e

»
L

o
- S

PN
;

S
oA

P

[

.
ey

-2
~a
i'-i




DISTRIBUTION LIST

CAPT Paul R. Chatelier

Office of the Deputy Under Secretary

of Defense
QUSIRE ( E&LS)
Pentagor, Room 3D129
Washington, DC 20301

Engineering Psychology Program
Office of Naval Research

Code 11425P

800 North Quincy Street

Arlington, VA 22217-5000 (3 copies)

Aviatlon & Aerospace Technology

Programs

Code 210

Office of Naval Research
800 North Quincy Street
Arlington, VA 22217-5000

Information Sciences Division
Code 1133

Office of Naval Research

800 North Quincy Street
Arlington, VA 22217-5000

CR Kent S, Hull
Helicopter/VTOL Human Factors
Office

M5 239-21

NASA/Ames Research Center
Moffett Field, CA 94035

Special Assistant for Marine
Corps Matters

Code 100M

Office of Naval Research

800 North Quincy Street
Arlington, VA 22217 -5000

CDR Themas Jones

Office of Naval Research
Code 121D

60u Norun yuincy Street
Arlington, VA 22217-5000

Mr. R. Lawson
ONR Detachment
1030 East Green Street
Pasadena, CA 91106-2u85

Director

Technical Information
Division

Code 2627

Naval Research Laboratory
Washington, DC 20375-5000

Naval Training Lbquipment
Center

ATTN: Technical Library
Orlando, FL 32813

Human Factors Department
Code N-71

Naval Training Equipment
Center

Orlando, FL 32813

Dr. Gary Poock
Operations Research
Department

Naval Postgraduate Scnhool
Monterey, CA Y3940

Dr. A. L. Slafkosky
Scientific Advisor
Commandant of the Marine
Corps

Code RD-1

wWashington, DC 20380

Dr. Michael Letsky
Orfice of the Chief of Naval
Operations {QP-01B7)

e wn oAnarn
wasulingivi, WK culov



CDR C. Hutchins

Code 55

Naval Postgraduate School
Monterey, CA 93940

Dr. Stanley Collyer

Office of Naval Technology
Code 222

800 North Quincy Street
Arlington, VA 22217-5000

Commander

Naval Air Systems Command
Crew Station Design
NAVAIR 5313

Washington, DC 20361

Aircrew Systems Branch
Systems Engineering Test
Directorate

US Naval Test Center
Pautuxent River, MD 20679

CAPT Robert Biersner

Naval Blodynamics Laboratory
Michoud Station

Box 29407

New Orleans, LA 70189

Dr. George Moeller

Human Factors kEngineering
Branch

Naval Submarine Base

Submarine Medical Research Lab
Groton, CT 06340

Head

Aerospace Psychology Department
Naval Aerospace Medical
Research Lab

Pensacola, FL 32508

Technical Director

US Army Human Englneering
Laboratory

Aberdeen Proving Ground, MD 21005

Dr. Robert Blanchard

Code 17

Navy Personnel Research and
Development Center

San Diego, CA 92152-6800

LCDR T. Singer

Human Factors Englineering
Division

Naval Air Development Center
Warminster, PA 18974

LT Dennis McBride

Human Factors Branch
Pacific Missgile Test Center
Point Mugu, CA 93042

ICDR R. Carter

Offise of Chief of Naval
Operctions (OP-01B)
Washington, DC 20350

CDR W. Moroney

Naval Air Development Center
Code 602

Warminster, PA 18974

Human Factors Branch
Code 3152

Naval Weapons Center
China Lake, C# Y3555

Dr. Eugene E. Gloye

ONR Detachment

1030 East Green Street
Pasadena, CA 911006-2485

Dr. kdgar M. Johnson
Technical Director

US Aramy Research Institute
Alexandria, VA 223335600

LE

e
il

3.

o

*kkﬂ

L r,.7
v 1

| &

]
¢
2

]

-
L

"‘J ‘ L ;

eel

LIV

THTe” K. Wt

It S



Director

Organizations and Systems
Resgearch Laboratory

US Army Research Institute
59001 Eisenhower Avenue

Dr. A. Fregly

US Ailr Force Office of
Scientific Research

Life Science Directorate, NL
Bolling Air Force Base
Washington, DC 20332-6448

Mr. Charles Bates, Director
Human Engineering Division
USAF AMRL/HZS
Wright-Patterson AFB, OH 45433

Dr. Edward R, Jones
Chief, Human Factors Engineering

McDonnell-Douglas Agstronautics Co.

St. Louls Civision
Box 516
St. Louis, MO 63166

Dr. M. C. Montemerlo
Information Sclences &
Human Factors

Code RC

NASA HQS

Washington, DC 20546

Dr. Stanley Deutsch
NAS-National Research Council
(COoHE)

2101 Constitution Avenue, NW
Washington, DC 20418

Defense Technical Information
Center

Cameron Station, Bldg. 5
Alexandria, VA 22314

Dr. Earl Alluisi
Chief Scientist
AFHRL/CCN

Brooks AFB, TX 78235

Dr. Robert Wherry
Analytics, Inc.

2500 Maryland Road
Willow Grove, PA 19090




