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ABSTRACT

A rationale for quantifying fixed wing V/SmL aireraft field-of-view
requirements is developed and illustrated by a variety of examples
involving shipboard recovery. The analytic technique employed
involves the dynamic modeling of (a) the recovery guidance and control
situation, (b) the disturbance environment, (c) the augmented aircraft,
(d) the pilot’s multiloop control activities, (e) the perceptual
behavior of the pilot as affected by the limitations associated with
visibility and divided attention, and (f) the resulting geometric
properties of informative elements within the visual field. The
foregoing factors are combined to enable the analyst to identify
those areas of the field of view which are essential for perception
of the cues necessary for guiding and controlling the powered-lift
aircraft to a safe recovery. The analytic technique accounts for
the combined variability in field of view caused by rolling,
pitching, yawing, surging, swaying and heaving degrees of freedom

of the aircraft as the pilot attempts to guide and to control the
aircraft over the recovery area on the moving ship. The required
field of view is a function of (1) the location of the pilot's point
of regard on the ship, (2) the aircraft orientation, and (3) the
relative position of the aircraft with respect to the ship, but in
practice the field of view may be restricted by cockpit occlusions.
The resulting field of view requirements depend in a critical way

on the predicted model of the ship's airwake disturbance environment.
Validation of the airwake environment for V/STOL operations with
non-aviation ships, therefore, is an imperative recommendation
resulting from this study.
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BECTION I
INTRODUSTION

At present there does not exist a rationale for specifying the require-
ments for forward field of view in an approaching V/STOL aircraft beyond
that offered by pilot opinion of past practice (see Table 1, taken from
Ref. 1), and simple considerations of aiming point visibility relative to
approach path angle and vehicle pitch attitude. Roberts (Ref. 2) develops
the latter methodology by considering the relationships between a fixed
approach altitude and attitude, landing pad diameter (i.e., a delineation
in the ground plane of the desired landing site), and the depression angle
of the pilot's line of sight to the landing pad or over the nose afforded
by the cockpit design. Missing from considerations such as these is a clear
understanding of the possible tradeoffs among the various parameters
affecting the approach situation. These parameters include the nominal
or mean approach profile (flight path and speed as functions of range), the
precision with which the pilot regulates the flight profile against dis-
turbances (profile variability), visibility (considerations of VFR versus
IFR, fog density, horizon visibility, texture cues), guidance and control
cues afforded by the landing site (visual landing aids, ped shape, and
illumination), and occlusion of the pilot's field of view by the cockpit
canopy framing.

Although Thielges and Matheny (Ref. 3) attempt to analyze visual
discriminations for helicopter control, unresolved questions remain con-
cerning the way in which the authors of Ref. 3 applied Weber's Law for
Just noticeable differences to the apparent angular distances between
internal referents on the cockpit canopy and external referents in the
visual field on the ground plane. The present research addresses the
subject in a somewhat different way, and is directly supportive of the
upcoming development of the Navy's powered-1lift flight technology.

TR-1115-1 1




TABIE 1

vy

PILOT EVALUATION OF OUT-OF-COCKPIT VISIBILITY i
,- FOR V/STOL TASKS (FROM REF. 1 EXCEPT AS NOTED)

AIRCRAFT PARAPHRASED PIIOT EVALUATION

8C.1 Good downward view, particularly to each side of
instrument pepel

VAK-191B | Lookdown angle of 16 deg in landing attitude regarded
as excellent for approach tasks; should be considered
a8 & criterion for future designs

P27 Conventional fighter-type cockpit; special attention
glven to good visibility over the nose and sideways

XV-5A (Army) Forward and sideward good; downward and aft
restricted for hover and would be a shortcoming in
an operational role

(Air Force) Over the rose and downward not adequate for
hover. Overhead restricted (painted to reduce heat
load)

Xxc-142 Satisfactory in all respects except across cockpit and
overhead (painted to reduce heat load). A visibiiity
profile from the pilot's view point is presented in
Fig. 1 projected on a picture plane from Ref, 2.

like flying in a goldfish bcwl (second guessing st
conclusions of project); would recommend modest end
carefully considered reduction

CI-84 Satisfactory, but could de improved; over the nose
barely adequate; over the side inadequate for SAR,
adequate for normal approach

X-22A Only 10 deg over the nose and insufficient for hover
and Jow-speed flight reseerch; improvement mandatory
(a 5-inch full-width specisl instrument panel had
been added)

Av-8A Clear view of landing area is available during initial
phase of decelerating transition. As aircraft nears
termination of approach, landing area becomes totally
obscured from pilot's view throughout hover at 50 ft
above landing srea. Visibility profiles from pilot's
viev point are presented in Fig. 2 projected

on & picture plane (from Ref. 4) end in Fig. 3 pro-
Jected on a 72 ft-square landing area from 50 £t
hovering height (from Ref. 5). The pllot's forward
viev 18 restricted to & maximm downward visibility
of 12 deg on the fuselage centerline and 42 deg down-
ward at 65 deg right or left of the fuselage center-
dne.

TR 1115-1 2
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: A. GOAIS OF THE PRESENT STUDY

R |
The purpose of this research is to develop and to quantify the needed

rationale for fixed-wing V/STOL field-of-view requirements. The analytical

technique is unique and involves the dynamic modeling of: a) the approach ;

, situation (including the pilot's control activities); b) the perceptual

j mechanisms of the pilot as affected by motion and visibility limitations;

' and c) the resulting apparent geometric forms, locations, angular sizes ,

and angular velocities relative to perceptual thresholds of informative

' elements within the visual field which provide guidance and control cues

! to the pilot. These are combined in the identification of those areas of

the field of ﬁew which are essential for the perception of the cues for

gulding and controlling the aircraft to a safe landing. What results is

a synthesis of the disciplines of perception, guidance, and control based

' on external visual spatial and temporal cues. It then becomes possible to

: assess the relative merits of cockpit designs proposed for the V/S‘IOL
l in terms of the occlusion of essentiel cues in the forward field of view.
1

B. BACKGROUND FOR THE PRESENT STUDY

Comprehensive expositions of the bases for understanding human visual
perception of spatial and temporal surroundings were presented by Gibson
(Ref. 6) in narrative form with propositions, axioms, and geometrical
graphics which can be tested experimentally. Apparently motivated in
part by a concurrent (circa 1950) survey of the status of research in
visual perception by Graham (Ref. T), Gilinsky (Refs. 8 and 9) developed
and validated a quentitative formulation of wvisual size and distance
i perception. - Gordon discussed human space perception mathematically in the
context of the environmental geometry around a moving eye (Ref. 10) and
set forth the perceptual basis of vehicular guidance (Ref. 11) in the
vicinity of the ground plane.

— b

The development of visual aids for conventional commercisl aircraft
approach guidance motivated Calvert (also circa 1950) to extend the theory
of visual judgments of motion (Ref.12). Further insight for quantifying

{D flight guidance and control by visual cues has been supplied by Havron

by b kAN
.
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(Ref. 13), Naish (Ref. 14), and Grunwald and Merhav (Ref. 15). That
portion of the theory which concerns the acquisition of position and velocity

information will be applicable to the present study; however, our interest
in the field of view will necessarily focus on the latest stage of the
approach prior to hovering flight where the apparent relative size of the
landing pad is great but where the relative velocity between aircraft and
landing pad may be so low as to inhibit the perception of "streamers” which
otherwise play a more significant role in conventional visual landing
guldance. Consequently for the present study we shall borrow from the
theory of visual perception chiefly those essential geometrical constructs
and relationships which describe relative position between aircraft and
landing pad and which are summarized in Table 2 in terms of the ship's
deck pad and hangar delineation.

Perfect recognition by the pilot of the ship's deck delineation and
landing aids which are necessary for guidance and control of the aircraft
approaching the landing pad is an idealization of reality even though in
the approach and landing task the experienced pilot must recognize only
very familiar memorszed geometric patterns. Thus in terms of the successive
organization of perception theory (Ref. 16) and the sequential theory of
pattern perception in Ref. 17, the pilot is probably always operating at
the pursuit level of pattern perception, where it may be reasonadle to
assume that recognition is conditioned only upon detection with fairly
high probability, say 0.95, and insignificant additional time delay over
that already accounted for in the effective perceptual-motor delay, Tes
of the crossover model for the compensatory level of control, unless head
movements are required to scan the functional visual field as defined,
for example, by Sanders' selective process (Ref. 18).

Sanders has shown in & decade of visual research at the TNO in Holland
(Ref. 18) that a "scanning controller" function exists which directs the
motions of the eye and head to points of interest in the visual field.

For cues at angles from the foveal axis of less than about 20 deg, the eye
need not, but may, be moved; for angles between 20 and 60 deg only the eye
is moved in one dominant saccade at a slew rate on the order of 300 deg/sec.
For points-of-interest further than 60 deg, the head is moved as well, thus
requlring more time to complete the saccade.

TR-1115-1 7
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Numerous experiments (Refs. 19-21), using eye and head point-of-regard
instrumentation, have showm that both the eye and head tend to move in a
series of very sharp saccades (steps) while changing one's point-of-regard.
The resulting image blur during a saccade is suppressed internally by a
feedforward signal from the eye movement controller, so that perception is
briefly lost during each saccade. Thus, the net effect on the percepticn
of a cue's form or motion is a short average delay due to scanning
saccades.*

A typical nighttime appearance of a pad and hangar is presented in
Fig. 4 with permission from Ref. 22. Most apparent are the contrasting
photometric properties between the white hangar floodlights and darker
(red) deck and hangar flood lights which help to define the recovery area
itself. The other important elements in the visual field from the pilot's
point of view are the changing geometric properties of the deck and hangar
delineation lights, deck line-up lights, drop lights, and visual landing
alds such as the glide slope indicator illustrated above the port cormer of
the hangar. Other visual elements of significance to the pilot, but not
shown in Fig. 4, are the red flood-lighted superstructure above the hangar.
The surpassing importence of the superstructure for hovering and near-
hovering guidance and control cues is revealed by the pilots' flight test
reports in Refs. 23 and 2k.

Perception of the changing geometric properties, however, is conditioned
upon the perceived photometric properties, such as illuminance, reflectance,
and color, which will be altered by environmental attenuation and scattering.
At the relatively short visual ranges to the deck from hovering and near-
hovering positions, scattering is the predominant effect at night.
Scattering acts to reduce contrast and to desaturate colors (Ref. 25).
Backscatter from landing lights on the aircraft, intermittent attenuation

* The details of the intentional movement dynamics of both the head and
eye are fairly well known and are quite complex in detail (e.g., Ref. 21).
However, because the saccades are rapid (less than 0.06 sec for eye-only
motionsj , for purposes of analysis and evaluation the effect can be
represented by a delay in perception of displayed states. This delay
can be lumped with a typical detection delay of about 0.02 sec.

TR-1115-1 9
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V/STOL Night Approach Scene
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Figure 4
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from sea spray, and the possibility of reflected glere from white flood
lights provide a camplex distribution of veiling lurinance in the external
field of view at night. Scattering and attenuation incrzase with the
density of precipitation (e.g., rain, sea spray, fog) and the range of the
observer from the ship.

Luminant source attenuation effects, which predcminante in daylight,
have been described by the Koschmeider theory (Ref. 25). The effects of
backscatter and glare at night cause the inherent contrast of a luminant
source to attenuate more rapidly than is described by the (exponentially)
linear relationship with range identified as Koschmeider's law (Ref. 26).
The effects of backscatter and glare can, however, be imbedded in a
modification of Koschmeider's law by representing the exponent as a
truncated power series in range, R*.

Allen and McRuer (Ref. 27) have coupled the modified Koschmeider theory
with the modified Blackwell-Davies contrast thresholds (Refs. 28, 29, and
30) in studies of how the visual segment can affect perceptual cues for
guidance and control of surface vehicles. The same technical approach has
been applied in Ref. 31 to estimate the minimum effective visual range for
guidance and control of VIOL operations at night, if the minimum visual
range in daylight is 700 £t as proposed in Ref. 5. At a visual range of
300 to 40O ft or greater at night it appears that the contrast threshold
may inhibit perception of floodlighted painted deck markings, even though
the high-intensity delineation lights and visual landing aids will be
visible. For hovering near the ship in sea spray at night within 300 to
40O ft visual range, we may therefore expect that the contrast threshold
will have only an intermittent impact on perception of tke darker (red
floodlighted) painted deck markings. Thus our divided or intermittent

* The observed luminance contrast CR’ at range, R, is given by

2
CR = coe@(-oR- m - uo.)

where C. = 1inherent source or target contrast
0 = Koschmeider's meteorological extinction coefficient
A = backscattering coefficient

TR-1115-1 1"




attention models for perception (Ref. 16), coupled with Gilinsky's models
for the per~eption of size and distance (Refs. 8 and 9) should be adequate
for application in the guidance and control analysis (Refs. 32, 33, and 34)
for the present study.

C. BENSITIVITY CF VISUAL CUES IN VIOL APPROACHES

We have already presented in Table 2 the key roles for visual cues in
VIOL approaches. In this topic we shall introduce a measure of sensitivity
which affects the pilot's perception of those essential geometric properties

of pad delineation and visual aids, which provide position information and also

are summarized in Table 2. The changing aspects of pad delineation from
several nominal approaching trajectories will be presented in more detail

in Section III after we have compared several trajectories in Section II.

The possibility of instrument to visual transitions requiring a wide
parafoveal — even peripheral — awareness of the ship's hangar and pad
position cues is apparent from the nighttime appearance in Fig. 4. When
the angular regions in the field of interest defined by Sanders' selective
process (p. 7 herein) are considered, it is clearer why pilots may experience
significant workload in acquiring external visual cues close to the ship.
Experimental work reported in Ref. 35, while applied to automobile driving,
confirms that the use of small aperture viewing (without correspondingly
improved viewing resolution) is reported to cause increased workload,
suggesting that denial of the peripheral cues may lead to significant
degradation in the perceptive structure.

1. Considerations for Vertical Displacemsnt 'Control

Expressions are shown in the extreme right column of Table 2 for the
sensitivity of the line of sight depression angle, B, to changes in ground
position, x, and height, h. The advantage of the constant path angle
approach to the pad to be discussed in Section II is the compensatory
guldance and control feature of the pad appearance at constant depression
angle. The superior altitude sensitivity of pad depression angle on
shallow path angle approaches is evident from the expression for 3g/3d(h/s)

TR-1115-1 12




in Table 2 where the sensitivity decays as the square of the cosine of the

depression angle of the line cf sight to the pad. The altitude sensitivity
is quite acceptable over the range of relatively shallow approach angles to
be considered in Section II.

In contradistinction, the sensitivity of lateral and longitudinal ground
position cues while in hover and near transition to hover is unfortunately
best at large depression angles near the nadir. PField of view at these
angles is nearly impossible to provide in aircraft. However, it under-
scores the need to keep the instrument panel from growing out of bounds
where it will deny the essontial peripheral vision at large line of sight
depression angles. Again, hover position sensitivity perceived by the
pilot falls off to about half its maximum value as the line of sight rises
to 45 deg depression. The two-fold change in ground position sensitivity
while on VFR is most important when synthesizing a hover position control
display for a visual landing aid or for a head-up display. We have seen s
variety of similated plan position indicators which present the nadir view
of the pad in relation to the aircraft or the aircraft in relation to the
pad. While using such an instrument, the pilot has the advantage of maximum
longitudinal and lateral displacement sensitivity over the ground, yet when
he seeks the transition to visual contact, his line of sight depression
engle to the hangar or pad may be much less than 45 deg. On acquiring the
hangar or pad visually, the pilot may discover that the displacement sensi-
tivity is less than half that which he was accustomed to on instruments.
Thus, the pilot is suddenly required to adapt his loop gain to the change
in perceived displacement sensitivity. Although a 3 or 4 fold increase
in pilot gain is gquite possible, the IFR/VFR transition point is a very
unfair place to require it, since the pilot is preoccupied with vehicle
trim changes and with the transition to hover for the unforgiving vehicle
itself.

2., Considerations for lLateral Displacement Control

Consider the pilot's view of the landing pad centerline as seen from a
point short of the pad and displaced to the left. Geometrically, the
situation is as shown in the left portion of Fig. 5, with the pilot's eye

TR-1115-1 13
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view shown on the right. The sensitivity of the perspective angle, v, to
changes in lateral displacement, y (with the latter normalized by the
ground range, S) is equivalent to the partial derivative, i.e.,

3'('%5_)' = -cotysinzv

This sensitivity is greatest at shallow depression angles (small y) when

v is near 90 deg, i.e., when nearest to being lined up with the pad center-
line. It falls to half of this value for v = 45 deg and decreases rapidly
toward zero for decreasing v. The strong lateral displacement or line-up
cue provided by the line-up centerline and drop line lights is also
evident in Fig. L.

One way in which the line-up centerline displacement cues can provide
for adoption of an advantageous lateral displacement loop-structure on the
part of the pilot is shown in Appendix A. The perspective angle of the
line-up centerline in combination with its time rate of change provides an
effective time-advanced lateral deviation (Ref. 36). Preview is explicit
in this case simply by viewing the perspective angle of the centerline,
and associating this angle with the lateral position error that the vehicle
would have at some point ahead of the vehicle if it continued along its
current path. This is illustrated in Appendix A, where the ground range
to the point of regard is given by S, which is approximately equal to the
relative closing velocity, VG, multiplied by the time, TG , to travel to that
point. The time advance, TG,' provides « perceptual preview which results
in a pure-lead equalization in the effective controlled element dymamics.
This, in turn, offsets the undesirable K/w2 form of the lateral deviation
dynamics at low frequency.

The point of all this is to demonstrate that the pilot's perceptions
of changes in altitude (h), cross range (y), and ground range (S) errors
are functions of where the visual field elements are located in his field
of view (B and v), in this instance, all on the (approximately horizontal)
plane representing the deck's surface. Further, these functions can be
explicitly quantified. The scope of this study is to develop similar
measures of visual element (e.g., the landing pad centerline, the drop
line, and the hangar face) changes with vehicle motions, and various

TR~1115-1 15
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disturbances; and to relate these measures of change to the pilot's ability
to perceive or discriminate the change (e.g., cockpit framing occlusions,
haze, fog, sea spray, and confusing factors such as angular motion pertur-
bations of the V/STOL aircraft, and motions of the ship).

D. SCOPE OF THE PRESENT STUDY AND PROCEDURE FOR
DETERMINING EXTERNAL VISUAL FIELD OF VIEW REQUIREMENTS

In this topic we shall describe the scope of the present study by
outlining the procedure which we have evolved for determining external
visual field of view requirements. Each of the four major steps in the
procedure will be described briefly and partitioned into subsidiary tasks,
for which there are six supporting working papers to help the interested
analyst in carrying out the technical details. The six working pepers are
identified by their "WP-number," and their full titles are listed on p. 20.
The interactive procedure for determining field of view requirements
presently also includes two small H:P-67/97 computer programs supplied with
the corresponding working paper to aid the analyst. The six working papers
can be obtained at cost from the technical librarian of Systems Technology,
Inc.

Step I — Kinematic Representation of Aircraft Approach Trajectories to a
Landing Pad on a Moving Ship or Shore-Based Site (WP-1122-1)

The first step in the procedure is to define the intended approach
trajectory of the aircraft with respect to the recovery area on a moving

ship or shore-based site. (In this study, we have addressed the more general

problem of recovery on a moving ship). The pertinent coordinate transforma-
tions and kinematic relationships for a point‘;-mass aircraft are employed.
The results of this step are described in Section II of this report and
include the sequence of nominal operating points in terms of range, bearing,
and altitude with respect to the terminal hovering point over the pad as

& function of time. The specific tasks for this step require that the

analyst:

a. Specify ship velocity, if appropriate; specify desired type of
approach trajectory, deceleration, and terminal hovering coordinates

TR-1115-1 16
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" motion, degraded visibility, and pilot variability (e.g., as caused by

of aircraft. Reference 37 and p.‘hao of Ref. 38 may be consulted
for details of ship's recovery area geometry.

b. Define position coordinates of a point-mass aircraft relative
to the terminal hovering point over the pad as a function of
time (HP-67/97 program is available for constant relative
bearing, rectilinear, and constant sink rate; Tymshare PDP-10
program, for homing).

Step II — Pilot/Vehicle Performance

The second step in thg procedure is to estimate what effects pilot-
controlled vehicle (rigid-body) motions about the vehicle center of mass
will have on perturbations in following the sequence of operating points
during the course of a typical approach. This requires the quantification
and exercising of an analytical model of the pilot-plus-vehicle executing
the intended approach trajectory under the influence of turbulence, ship

divided attention to several control and monitoring tasks during the
approach). The results of this task are quantitative relationships between
the trajectory variables, ship motions, turbulence, and piloting noise on
the one hand and the variability in the angular and translational
kinematics of the aircraft on the other. The results of Step II are
described in WP-1115-5 and are applied to Step III by example in Section IIIT
of this report. The specific tasks for Step II require that the analyst:
a. Define the aircraft control problem and task in terms of:

forcing functions, task and outer-loop variables,

controlled element transfer functions (WP-1115-1),

and performance (error) requirements (WP-1115-5).

b. Prepare a prospectus of control loops by numerator inspection
and select candidates for inner loops associated with outer (task)
loops from Step a (WP-1115-1).

c. Establish stability margin requirements from crossover model
(WP-1115-1).

TR-1115=1 17




d. Analyze control loops using adaptive feedback selection hypothesis
to determine: selected automatic, visual, and other multimodal
feedbacks (constituent cues or signals, reference systems, and
necessary equalization), piloting techniques, describing functions,
sources of pilot remnant (e.g., observation thresholds, equaliza-
tion and processing, and division of attention) (WP-1115-5).

e. Compute effective division of attention among control axes which
minimizes total error vector for assigned levels of observation
thresholds*, equalization, andAprocessing noise. Reiterate from
Step ¢, if necessary. (WP-1115-5).

f. Compﬂte coherence determinant and test for reasonability (WP-1115—5).

g. Compute input-correlated and root-sum-squared error vector
(Wp-1115-5).

h. Compute total root-sum-squared error vector and compare with
performance requirements. Reiterate from Step e, if necessary
(wP-1115-5).

Step III — Visual Element Motion Apalysis

The third step in the procedure is to convert the sequence of operating
points along the approach trajectories, as well as the perturbations about
these trajectories, into corresponding apparent angular kinematics aseribed
to a set of representative visual elements in the pilot's external field of
view. In this study the representative visual elements will be the deck
pad and hangar delineation for a DD963 class of destroyer (Ref. 37 and
P. 420 of Ref. 38), which has a 4O ft-by-60 ft recovery area and a 40 ft
wide-by-20 ft high hangar face. The results of Step III are presented in
Section III of this report. The specific tasks for Step IIT require that
the analyst:

a. From the sequence of nominsl trajectory operating points in
Step I, identify geometric forms (and their sensitivity functions)

¢ Observetion thresholds are based on contrast, visual acuity, and
indifference thresholds in Step IIIa.

TR-1115-1 18
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of essential elements in the visual field which provide cues for
outer loop task variables as a function of meteorological conditions
which affect contrast and visual acuity (WP-1115-3). Reference 37
may be consulted for detalls of recovery aids and area geometry.

b. By means of the necessary coordinate transformations and kinematic
representations, relate nominal aircraft trajectory motions in
Step I and positions to angular motions and positions of referents
in the pilot's forward visual hemisphere (WP-1115-2 and HP-67/97
program). The advantages and disadvantages of polar and cartesian
picture planes for this step are discussed in Appendix B. We have
used the cartesian picture plane in this study.

c. By means of perturbed linearized coordinate transformations and
kinematic representations, relate disturbances in ship and aircrafit
motions and positions to variability in the nominal angular motions
and positions of referents in the pilot's forward visual hemisphere
(WwP-1115-14).

d. Superimpose angular measures of variability (e.g., root-mean-
squares) in Step ¢ on nominal motions and positions of referents
in Step b (WP-1115-4).

e. Partition contributions to variability from ship motion, atmos-
pheric turbulence, and pilot-induced noise in Step II (WP-1115-5).

Step IV — Field of View Requirements

Combining in Step IIId the "nominal" angular motions and positions of
essential referents from Step IIIb with the estimates of variability in
these same nominal motions and positions from Step III¢ allows the analyst
to define explicitly the location of essential visual cues (for guidance
and control of the aircraft) within the pilot's forward visual hemisphere
from which field of view requirements can be established. Furthermore the
source of each contribution, whether nominal or variable with some probability,
can be identified. Thus, similarly appearing variations with different
causes could be identified as potential sources of ambigulty in interpre-
tation. The econcluding assessments of field of view requirements from the

TRt1115-1 19
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” examples examined in this fourth step are presented in Section IV of this
.
O report. The specific tasks in Step IV require that the analyst:

o~ St 6% 90 oppldnm: i

a. Establish probable bounds on the forward hemispheric field of
view which includes the essential cues and referents from Step III,
Step d.

o

i b. Based on the apparent geometric sensitivity functions (Step IIT,
Step a) and the acceptable range of the pilot's gain adeptation,

estimate the comparative usefulness of the available cues for
the guidance and control of the aircraft; and identify essential
areas within the probable bounds on the field of view from Step a
for perception of guidance and control cues.

¢. Estimate minimum field of view boundaries which include essential
areas. '

Pl TR A ARG PN

d. Compare results with typical cockpit occlusions and fields of view
for head-up displays.

{ /\) A list of working papers which describe the technical details of each step
follows.
X WP-1115-1, "Development of General Closed Loop Pilot Vehicle Dynamics
; for VIOL Aircraft at Low Speeds"
§ WP-1115-2, "Computation of the Pilot's View of a Non-Aviation Ship's

VIOL Pad for Several Types of Approach Trajectories”

WP-1115-3, “"Some Effects of Adverse Visibility on Threshold Properties of
the Pilot's Perception in VIOL Approaches to Non-Aviation Ships"

WP-1115-4, "Perturbations of the Pilot's View of a Non-Aviation Ship's VTOL
Pad Due to Linear and Angular Perturbations of the Aircraft"

NS TR PPV

WP-1115-5, "Linear and Angular Perturbations of Piloted VIOL Aircraft at
Low Speeds Caused by Ship Motion, Atmospheric Turbulence, and
Pilot-Induced Noise"

WP-1122-1, "Computation and Analysis of V/STOL Approach Trajectories"

e g
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SECTION II
[ COMPARISON OF V/STOL APPROACH TRAJECTORIES

This section compares six general types of V/S'.'LOL approach trajectories
to a moving ship from Ref. 34. Included in this section are trends in
field of view requirements among the following types of trajectories:

® Constant bearing
) Réctilinear

® Homing

® Constant sink rate
@ Constant altitude
® Velocity proportional to perceived range

Trajectories in the horizontal and vertical planes are considered
separately, i.e., the trajectories are only two-dimensional. The method
used in Ref. 34 to derive the equations, however, lends itself to easy
implementation of three-dimensional equations if desired.

A. HORIZONTAL PIANE REIATTIONSHIPS

The trajectory equations are based on the Coriolis law:

] .
R = XT

P __AP/E
a‘-’f’ﬁ‘ +0

&e-

Four reference frames are involved:
8 — Aircraft centered, aligned with total velocity, U
P — Alrcraft centered, aligned with direction toward ship
E — Alrcraft centered, aligned with earth frame

8 — Ship centered, aligned with earth frame.

TR-1115-1 21
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Figure 6 shows the reference frame relationships and defines key quantities.
The subscript h refers to the horizontal plane; however, the subscript will
be dropped from the equations in Teble 3 for simplicity, because the same
equations in Table 3 apply to analogous relationships in the vertical plane
as well. The ship velocity in the earth frame is assumed constant.

/—A/C, pilot, earth origin

> X¢

¥

Figure 6. Horizontal Plane Relationships.

B« VERTICAL PIANE RELATIONSHIPS

Trajectory equations in the vertical plane can be formlated by direct
anelogy to the horizontal plane. The diagram in Fig. T shows the vertical
plane relationships. The aircraft origin is drawn below the ship only to
preserve & right hand rule; in practice the relative bearing, T v + Ev’ is
always negative.

C. CLASSIFICATION OF TRAJECTORIES

Six special kinds of trajectories are considered here:

® A trajectory which maintains a constant bearing with
respect to the ship — E + I’ = constant (such as a

TR=1115=1 22
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CONSTANT BEARING

STRAIGHT LINE PATH

Conditions

Range Rate
Equation

Angular
Relationship

Normal
Acceleration

B+ =FE, +T,

R = Vg cos (B, +Tg) — U cos B

Vy sin +n
B-ucsin_'_u[i_"].

Ur=UtanE>Usin g

0
=5 Vs 8in (B, +Ty)< O

T =T,
R=v, cos (B#¢T,) -Ve

i'"'gtv. sin (E + 1)

=0

Total T/W
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TABLE 3

SUMMARY OF TRAJECTORY TYPES

HOMING

CONSTANT SINK RATE

CONSTANT ALTITUDE

VELOCITY PROPORTIONAL TO PERCEIVED RANGE

(B,+Ty) —Ucos B

(Vg sin (B + )
i = U sin E)

E=0
R=vV ycoar-v

. )]

Pt—iv. 8in
L Wy
UI“---—R—linl"<°

(always concave away
from ship Q‘)

B = - 1 (v, sin (Br) - U sin E)

U sin I’ = const

i-v. cos (E+T') - U cos E

UM =-Utan >0

=0

i-(v‘-u)coax

i---%t&nk

=0

R = -KR/(1 + R/A), M = <K (ME)/(V + R/A)
isV- sin (E+l') - U cos B

B+ = - 3 [V, sin (B+T) - U sin E}

o - (R, A, xtl &)

ap? =1 +(2)°

T

(rw)? a1 +(%’)2

e 1o (i

Not Derived

pl
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- d///"Ship origin

A/C, pilot, earth origin

%

Figure 7. Vertical Plane Relationships

conventional approach using fixed line-up and glide

slope angles)

@ A trajectory which follows a straight line path in
the earth frame — I’ = constant

© A homing trajectory in which the aircraft flight path
vector is always pointed toward the ship— E =0

® A constant sink rate trajectory (at constant

horizontal bearing) where acceleration along the
earth x-axis is constant

® A constant altitude trajectory where acceleration

along the earth x-axis is constant

® A variable deceleration trajectory in which inertial
velocities tangent and normal to flight path are
proportional to visuelly perceived position — a

trajectory which closely approximates manual, head-up
approaches to hover.
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The resulting trajectory equations for each of the above cases are summarized
in Table 3.

1. Trajectories in the Horizoatal Plane

A typical V/SIOL approach to an aviation facility ship can be charac-
terized in the horizontal plane by one of the graphs in Fig. 8 in terms of
a curvilinear course from either stern quarter, although Fig. 8 shows

trajectories from only the starboard quarter in the ship's reference frame.

Thus, the straight line trajectory (in inertial space) appears curved and
the constant bearing trajectory (in the ship's reference frame) appears
straight.

The main feature of the straight line approach is that it terminates
from abeam the ship while the homing terminates from astern. Termination
could be from any arbitrary angle if transition to a constant bearing
trajectory were implemented. (The initial relative bearing angle, Ph + Eh’
may be between 25 and 45 deg with respect to hull centerline, depending
on the ship's recovery ped marking.) On a constant bearing the approaching
aircraft must not only cope with a crosswind component but also fly a
curved course in pursuit of the recovery pad on the moving ship as the
aircraft decelerates. The pilot of the aircraft must therefore adopt
either an increasing crab angle equal to Eh’ if side slip angle B = 0, or
a decreasing bank angle shown in Fig. 8, if B = Eh’ as his relative '
speed drops. Either technique poses questions about field of view, although
the decreasing bank angle probably interferes less with hovering and
recovery field of view. Although one could, in principle, revise the
relative course of the ship to minimize the crosswind component encountered
by the aircraft, this will not necessarily help the pilot either, because
he would then encounter air turbulence induced by the ship's superstructure
throughout the approach.

2., Trajectorlies in the Vertical Plane

A typical V/STOL approach trajectory can be characterized in the
vertical plane by the graphs in Fig. 9, in terms of a curvilinear terminal

TR-1115-1 25




WI_.II||||,|||||II|||.||I|.|

swexy dYYs UT $9TI0309feI] SUBTd TEIUOZTIOH °*@§ oandTd s a.

SUTT JUBTBI3S

0=4Jd
W oes=SA=1
38 PUS pue
39p o = T+
3 00L = N
198 JIe3s SaTI0309(BIy} TTV

TR-1115-1

P
W




—
T —
,,'

Butmoy

(oreos awry IoM0T) oBuwl
cog} PeaTsdxed oq TeuoTqxodoxd

£3T00T8A PUE (oT®os awyy
Zaddn) adoTs SpTIF JuwqsSUO)

SUTT JUITRI}S

938X YUTS JUBLSUOD

0= W
W oe=S=n
{98 pusd puw
85D 9 = G+l
P OoL =0
‘98 3Te3s SOTIOOS(BIY TTY




glide path engle to the hovering condition. (The initial relative elevation
angle I‘v + E v has been chosen as -6 deg to accommodate the constant
deceleration of 0.1 g.) Even shallower glide slopes may be necessary in
cases where the aircraft's deceleration control is authority-limited.

The constant glide path type of trajectory has been designed so that some
of the regulated variables in the vertical plane (e.g., speed, glide path
displacement, and pitch attitude) may be as non-interacting as possible in
view of the need for decelerating speed and adjusting trim controls during
the conversion to the hovering condition. Velocity proportional to
perceived range can be slightly concave upward (like the straight line
trajectory) or dovmward (like the homing trajectory) but is nominally
close to a constant glide slope trajectory. The time dependence is,
however, significantly different owing to the variable deceleration.

D. AIRCRAFT-TO-SHIP (FIEID OF VIEW) ANGLES

The aircraft-to-ship field of view relationship depends not only on
trajectory type but also on how the aircraft is oriented with respect to
its flight path vector. If the aircraft’s x-axis is aligned vith the ship's
x-axis (8 = 0 or ¥ = 0) then the aircraft-to-ship relative angle is T+E.
But, if the aircraft’s x-axis is aligned with its flight path (o = 0 or
B = 0) then the aircraft-to-ship relative angle is E. Hence, in the former

case the figures showing I'ME versus R are more relevant for the vertical
plane relationships and in the latter case the graphs showing E versus R
are more relevent for the horizontal plene relationship if B = 0. (Recall
that, if B = E in the horizontal plane, Fig. 10 shows the bank angle
required to keep the aircraft's nose pointed directly at the terminal
hovering point.)

For the vertical plane the I'+E angle for all six trajectory types is
plotted in Fig. 11. A significant downward change in I'tE approaching the
nadir occurs during the final 200 £t in range-to-go for the constant sink
rate and straight line trajectories. This can also be easily viewed from
the trajectory profile in Fig. 8. '

Figure 12 shows the alrcraft-to-~ship angle E versus R for all three
horizontal trajectories. For the horizontal plane the angle E for the

TR~1115-1 28




Constant approach bearing; full sideslip

Constant terminal glide path angle, y

Constant gravitational acceleration, g

Ship's velocity, Vship’ generating wind-over-deck
Aircraft's true airspeed, V, =V, and sway damping, Y, = f(Va)
( Center of pad

Legend ) Ship's hull ¢ - - > Venip
-——— 25 Approach vship sin X
L45° bearing, X
Approach line-of-sight Sideslip angle, B
V cos 7 for aircraft
bank angle,o Aircraft
Approach bearing, X : ' v
3 o : Approach ship
bearing\ g cos 7y
0.2¢ = —=25 deg}g Lo
2
X
, Yv F - - . v :
? . _ Y (sin X)( ship )
0.2} X v X g cos 7
Sway damping '
Y, (1/sec)

' Fig'ur-e' 10. Relative Bank Angle keqv:ired for an Oblique
Side Slipping Approach to a Moving Ship
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All trajectories start at:
U = 100 kt
T4+E = -6 deg
and end at:
U=V, =20 kt
P=0

with = -.1 g
except in the case of constant sink
rate where x = -.1 g

and the case of velocity proportional
to perceived range where

B 0.0625R

R
\ 1+ %0
Constant sink rate
/ (J.C' = —-1 g)

N
N

Straight 1in;\\\\\\\\\\\

Constant glide slope and
/ veloclity proportional to perceived range

Homing and constant altitude

F S S O LT T

0 —_—— 4 ;
0 600
R (£t)
Figure 11. Relative Bearing from Ship Versus Range
for Various Trajectory Types
(Approach in Vertical Planec)
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All trajectories sf,art at:
U = 100 kt
ME = 30 deg
and end at:
U=V, = 20 kt
'=0
with 0 = -.1 g

Straight line

\ Constant bearing

Homing

§"

0 200 400
R (ft)

Figure 12. Aircraft-to-Ship Angle Versus Range
(Horizontal Plane) .
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homing trajectory is identically zerc by definition and for the straight
line trajectory E approaches Q0 deg as the range-to-go approaches zero.

From the aircraft-to-ship point of view the homing and constant altitude
trajectories require the least field of view and the constant bearing nearly
so. The straight line and constant sink rate trajectories require large
changes in viewing angle at close range and therefore place inordinate
requirements on field of view.

The material presented serves as a basis for the perspective views
presented in Section IIX, where we shall consider the pilot's field-of-view
requirements in more detail.

TR-1115-1 2




SECTION III
OOMPARISON OF THE PIIOT'S VIEW OF ESSENTIAL VISUAL ELEMENTS

This section illustrates and compares the aircraft pilot's view of the
ship's landing pad and hangar face from several points throughout each )
nominal approach trajectory at constant deceleration described in Section II
in the absence of disturbances*. Our objective is to project a three-
dimensional object (pad and hangar) defined in a ship-based axis system
onto a two-dimensional cartesian "picture plane" located at a distance, a,
along a reference line of sight (I0S) called the optical axis (0-axis)
in front of the pilot or observer in en aircraft-based body axis system.
The cartesian projection algorithm used for illustrating the pilot's field
of view in this picture plane is based on that recommended in Ref. 39 and
differs from the spherical projection algorithm employed in Ref. 2. The
mathematical details of the development of the projection algorithm used
herein are given in Ref. L0.

The cartesian projection algorithm involves a tangent function of the
subtended viewing angle and will yield a realistic picture of any three-
dimensional object (albeit scaled) as long as the subtended viewing angle
is small (i.e., less than 10 to 15 deg). The object will appear distorted
for large velues of the subtended viewing angle, because the tangent function
becomes nonlinear. For example, it is impossible by Euclidian geometry
to project an object that is in the observer's plane which is orthogonal
to the optical axis (0-axis) onto another plane that is perpendicular to
the O-axis and in front of the observer by distance a.

This limitation could be overcome, however, by placing the observer at
the center of a sphere. The inside of the sphere could then be divided

* The pilot's view of the ship's pad from the velocity-proportional-to-
perceived-range trajectory described in Section II will be nearly the
same as that from the constant bearing trajectory.

TR-1115=1 33
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into segments and approximated as flat surfaces. The drawback to this
type of scheme, however, is the number of segments required to project a
wide field of view. For example, the number of segments required to pro-
ject the entire 360-deg visual field onto the inside of a sphere is:

N.=-lﬂ=lm%

’(2

where a is the sphere radius, £ is the arc length of one segment (assume
square segments), and k = £/a. Thus two hundred 1.57 ft2 segments would
be required for a sphere with a 5 ft radius and Kk = 14.37 deg'

A. EXAMPLES OF THE PILOT'S VIEW FROM EACH
NOMINAL TRAJECTORY WITHOUT AIRCRAFT PERTURBATIONS

Field-of-view requirements based on the cartesian projection algorithm
will be demonstrated for a V/STOL aircraft on final approach to a moving
ship. Figure 13 defines the dimensions of a typical landing pad and hangar
face aboard a destroyer of the USS Spruance Class (DD963 through DD966,
according to Ref. 37 and p.%20 of Ref. 38). The point M shown in Fig. 13
represents the target hover point. The seven points shown are used to
represent the landing pad (i = 1, 2, 3, 4), hangar face (i =1, 2, 6, T),
and drop line (i = 4, 5). The two squares shown in the forward right and
left corners of the landing pad are both 10 £t by 10 ft. The 12 ft radius
circle represents the target touchdown zone. The seven points, two squares,
and the circle will be projected onto a viewing plane 10 cm in front of the
observer (i.e., & = 10 cm). Thus the proper viewing angles will be pre-
served when the projection plane is held 10 cm in front of one eye. For
all examples except that in Fig. 20 the reference line of sight (I0S) for
the picture plane will be to the center of the landing pad. In Fig. 20
the reference L0S for the picture plane is shifted to the center of the
upper edge of the hangar face.

Three types of approach trajectories will be considered first: "homing,"
"straight line" (in inertial space), and "constant bearing" (relative to
the ship). In addition, a fourth "constant sink rate" trajectory and a

TR-1115-1 Sh
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fifth "constant altitude"” trajectory in the vertical plane will be combined
with a constant bearing trajectory in the horizontal plane. Detailed

descriptions of these trajectories can be found in Section II.

The results of the field of view calculations for the homing, straight
line, constant bearing, and constant sink rate trajectories are presented
in Figs. 14 through 18, respectively. The origin of the horizontal viewing
angle (xi) axis corresponds to the horizontal reference line of sight
relative to the nose of the aircraft at each value of slant range, R
thus the centers of the landing pads appear to be in the same horizontal
line of sight for the homing and constant bearing trajectories, but not
for the straight line trajectory. The origin of the vertical viewing angle
(”i) axis corresponds to the vertical line of sight; thus the centers of
the landing pads reflect the depressed elevation angles relative to the

horizon at each slant range, Rm.

When viewing the perspective drawings shown in Figs. 14 through 18, it
must be remembered that the abscissa and the ordinate of each view in the
cartesian picture plane represent tangent functions of the viewing angles
A and u. As long as the aircraft (pitch and roll) attitude is approximately
level, field-of-view requirements for the nominal unperturbed approach
trajectories may be interpreted directly in terms of the angles A and
u-105  for all trajectories except the straight line (in inertial space),
for which the horizontal field-of-view requirement must be interpreted in
terms of A + &Y.

As mentioned previously, the correct viewing angles in Figs. 14 through
18 are preserved only vhen the perspective drawings are held 10 em in
front of one eye.

Figures 19 and 20 are projections of the landing pad and hangar face,
respectively, when the aircraft has reached the hover point 40 ft over
the center of the pad (Rm = 0). The viewing distance for these two figures
has been changed to 5 cm (i.e., & = 5 em) for the purpose of reducing the
size of the projections. Thus the correct angular relations in Figs. 19
and 20 are preserved only when the paper is held 5 cm in front of one
eye.
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Ay = Relative bearing angle of line of sight to center of landing pad with
respect to aireraft nose. (This scale is not to be used in deter-
mining the subtended angle of any other point on the pad. E = Ay,
ir g = O) '

IDSv = Depressed elevation angle of line of sight to center of landing pad.
(This scale is not to be used in determining the subtended angle of
any other point on the pad)

Rm = Observer's slant range to target hover point L0 ft above center of
landing pad

2,4 = Viewing angle (This scale may be used to determine the subtended
vertical or horizontal angle of any point on the pad)

Figure 14. Perspective Views of Landing Pad for a Homing Trajectory
(Viewing angles are preserved when page is held
10 cm in front of eye)
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Ay = Relative bearing angle of line of sight to center of landing pad with
respect to aircraft nose. (This scale is not to be used in deter-
mining tl)le subtended angle of any other point on the pad. E = Ay,
ifpg =0

IOS_V = Depressed elevation angle of line of sight to center of landing pad.
(This scale is not to be used in determining the subtended angle of
any other point on the pad)

Rm = Observer's slant range to target hover point 40 ft above center of
landing pad

)‘,u. = Viewing angle (This scale may be used to determine the subtended
vertical or horizontal angle of any point on the pad)

Figure 1%. Perspective Views of Landing Pad for a Straight line Trajectory
(Viewing angles are preserved when page is held 10 cm
in front of eye)
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Ay = Relative bearing angle c¢f line of sigﬁt to center of landing ped with

respect to aircraft nose. (This scale is not to be used in deter-
mining the subtended angle of any other point on the pad. E = Ay,
if g = 0)

I0S_ = Depressed elevation angle of line of sight to center of landing pad.

V' (This scale is not to be used in determining the subtended angle of

any other point on the pad)

Rm = Observer's slant range to target hover point 40 ft abtove center of

landing pad

A, = Viewing angle (this scale may be used to determine the subtended
vertical or horizontal angle of any point on the pad)

Figure 16. Perspectivc 'iews of Landing Pad for a Constant Bearing Trajectory

(viewing angles are preserved when page is held 10 cm in front of eyc)
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Ay = Relative bearing angle of line of sight to center of landing pad with
respect to aircraft nose. (This scale is not to be used in deter-
mining the subtended angle of any other point on the pad. E = Ay,
if g =0)

10S_ = Depressed elevation angle of line of sight to center of landing pad.
(This scale is not to be used in determining the subtended angle of
any other point on the pad)

P\n = Observer's slant range to target hover point 40 £t above center of
landing pad

‘) . A,pu = Viewing angle (this scale may be used to determine the subtended

vertical or horizontal angle of any point on the pad)

Figure 17. Perspective Views of Landing Pad for a Constant Sink Rate
Trajectory at Constant Bearing (Viewing angles are preserved when page
i3 held 10 cm in front of eye)
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Ay = Relative bearing angle of line of sight to center of landing pad with
respect to aircraft nose. (This scale is not to be used in deter-
mining the subtended angle of any other point on the pad. E = Ay,
if g = 0)

IDSv = Depressed elevation angle of line of sight to center of landing pad.
(This scale is not to be used in determining the subtended angle of
any other point on the pad)

R, = Observer's slant range to target hover point 40 ft above center of
landing pad .

A, = Viewing angle (This scale may be used to determine the subtended
vertical or horizontal angle of any point on the pad)

Figure 18. Perspective Views of Landing Pad for a Constant Aititude Trajectory
(Viewing angles are preserved wheu page is held 10 cm in
front of eye)
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vertical or horizontal of any point on the pad)
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]
i a = 5 cm = Viewing Distance of Projection Plane in

Figure 19. Perspective View of Landing Pad for Aircraft 4o £t Above Landing
O Pad and Line of Sight Through Center of Pad (Viewing angles are preserved
‘ when page is held 5 cm in front of eye)
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vertical or horizontal of any point on the pad)

A = a tan A
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a = 5 cm = Viewing Distance of Projection Plane in
Front of Observer

Figure 20. Perspective View of landing Pad for Aircraft 40 ft Above landing
Pad and Line of Sight Through Top and Center of Hangar Face (Viewing angles
are preserved when page is held 5 cm in front of eye)
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We have elected in Section IV to summarize some field-of-view require-
nents and tentative conclusions based on the foregoing examples of the
pilot's view from each nominal trajectory without aircraft perturbations.
In the next topic we shall illustrate the additional field-of-view require-
ments imposed by controlled aircraft perturbations caused by the relatively
severe disturbance enviromment associated with sea state 5 and 43 kt
wind-over-deck.

B. EXAMPLES OF THE PILOT'S VIEW FROM 50 FT RANGE T0 THE
HOVERING FPOINT WITH CONTROLLED AIRCRAFT PERTURBATIONS

The field of view (FOV) from the aircraft cockpit required to see a
point of regard on the recovery area during an approach to hovering over
the area is a function of (a) the location of the point of regerd itself
on the ship, (b) the aircraft orientation, and (c) the relative position
of the aircraft with respect to the ship, but the FOV may be restricted
by cockpit oceclusions. In the previous topic we have illustrated how the
location of the point of regard on the ship and how the relative position
of the undisturbed aircraft with respect to the ship affect the pilot's
field of view. We have seen that the field-of-view requirements will be
greatest near the ship in hovering and near-hovering flight. In this topic
we wish to illustrate the combined effects of rotational and translational
disturbances in the controlled aircraft motion on the hovering and near-
hovering field-of-view requirements.

The details of the extensive analyses required to provide the examples
shown in this topic are documented in Refs. 33 and 41 and will not be
repeated here.* The results depend in a critical way on the predicted
model of the ship's airwake disturbance environment adopted in Ref. 33 for
sea state 5 and 43 kt wind-over-deck, which present quite a severe distur-
bance enviromment. Two examples of perturbed field-of-view requirements
will be presented: (1) from 50 ft range-to-go (to the hovering point) on

* A method for introducing cockpit occlusions into the field-of-view
analysis is also presented in Ref. W1. R
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, \) e constant relative bearing trajectory and (2) from the hovering point
itself LO ft above the center of the landing pad.

Perturbations in the pilot's perspective view of the landing pad and
hangar face used in this study (Fig. 13) can be represented by computing a
1 linear sensitivity matrix’ of influence coefficients (or partial derivatives)
for each point of regard with respect to each aircraft degree of freedom
(i.e., three independent rotations and three orthogonal translations).
An HP-67/97 computer program described in Ref. 41 was used to make these
linear sensitivity calculations for the two examples to bé shown here.
The resulting arrays of influence coefficients for all points of regard
used on the landing pad and hanger face are summarized in Tables 4 and 5
for 50-ft range and zero range-to-go, respectively. (The points i =1, 2,

etc., listed in Tables 4 and 5 are defined in the nominal perspective views
shown in Figs. 13 and 21).

By expanding the lateral and vertical viewing angles of each point of
regard in the ﬁicture plane in a Taylor's series truncated to include only
the linear term, we can use the partial derivatives listed in Tables 4 and 5

. ) to represent linear perturbations in the yilot's perspective view of the
: landing pad and hangar face as the aircraft transates relative to the
ship.

In order to express perturbations in the pilot'c field of view with
respect to an aircraft reference axis, we shall employ the two coordinates
‘ FOVM and FOVui. FOV)‘i and FOVui are entirely consistent with picture
plane coordinates )‘i and Ky except that the origin of FOV)i s FOV“:.L in the
picture plane is where the aircraft longitudinal body reference axis inter-
cepts the picture plane. (In contradistinction the origin of )‘i’ My is
where the optical axis or I0S to the boresight point intercepts the picture

; plane.) ILinear perturbations in FOVyy, FOV,, are derived in Ref. 41 and

tatitiin,

| expressed in the form:
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Point i

A ~deg

LOSh = Bearing angle of line of sight to top center of hangar door

IDSV = Depressed elevation angle of line of sight to top center of
hangar door

Rm = Observer's slant range to target hover point 40 ft above center
of landing pad (zero in this case)

K, A = Viewing angle (this scale may be used to determine the subtended
vertical or horizontal angle of any point on the pad)

Figure 21. Numerical Identification of Points of Regard in the
Perspective View of Landing Pad for Aircraft 40 ft Above
Landing Pad and Iine of Sight Through Top and Center of Hangar Face
(Viewing angles are preserved when page is held 5 cm in front of eye) ]
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€FOV), v X *B
. [rn] o} [FT] Y [spi] Yy (1)

vy ¢ % %

\ 7 N J N [\ 7
g . g - v

Linear perturbations Rotational Translational Translational perturbations
in the pilot's FOV perturbations at perturbations in perspective at points of
in the picture the I0S in the at the LOS in the regard other than the 10S
Plane pictwre plane plcture plane in the picture plane

in terms of perturbed aircraft rotational orientation variables v, 8, ¢
and perturbed aircraft translational position variables Xps Yp» Zp°

If the initial aircraft heading is aligned with the LOS to the ship,
initial pitch attitude is zero, and wings are initially level,
in Eq. 1 reduce to

the matrices

- | ‘
- 0
1 l | 0
] -
t
L0 sec 7v° 0
- | -a sec 72 ! y
0 Yo | )
| r,
- |
oy
a tan 7 | | -a sec Mo
Lro €08 7y | | r i
a1 d | axiT
1 %
[sp] - L
1
: duy | Oy duy
=

vhere a = pillot's eye-to picture plane distance

r, = initial range to the boresight point

7{,0 = initial 10S depression angle with respect to the horizon
and the partial derivatives in [SP:L] are given in Tables U4 and 5.
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Within regions of the field oft view where the linear relationships
(Eq. 1) provide a sufficiently valid representation of changes in perspec-
tive, the appropriate influence coefficients in Tables 4 and 5 for selected
visual points of regard by the pilot can be used to estimsate Gaussian
statistical variances in the cartesian picture plane coordinates caused by
the variances in the six aircraft degrees of freedom estimated in Ref. 33.
Corresponding distributions of perturbations in terms of viewing angles .
will, however, tend to be increasingly skewed as the point of regard (i)
departs from the boresight or optical axis of the picture plane because of
the tangent relationship between picture plane coordinates and viewing
angles. Nevertheless we can approximate the (non-Gaussian) angular variances
in the field of view in terms of the (Gaussian) variances in the picture
plane coordinates in order to provide & measure of the additional field-of-

view requirements imposed by'the disturbance environment on the aircraft.

; . 2 2
The picture plane coordinate variances °€FOVki and %roy,. a0 be

expressed in terms of the aircraft motion error variances 02, og, og, qu,
2

Oyp> and O§B listed in Table 6 by forming expectations of squared values
from Eq. 1 and recognizing the approximate statistical independence among
the six aircraft degrees of freedom with an augmented control system which

decouples Xp from 0, Y5 from @, and ¥ from zZg in hovering.*

The picture plane coordinate variances so estimated are listed in
Table 7 for the field of view from a 50 ft range to the target hover point
and in Table 8 for the field of view from the target hover point 40 ft above
the center of the landing pad. Each (ith) point of regard on the pad and
hangar face is identified numerically in correspondence with Figs. 22 and
23. The pilot's eye-to-picture plane distanée is a, which is 10 cm in
Table 7 and Fig. 22 and 5 cm in Table 8 and Fig. 23.

The lateral augular variance of each point of regard caused by the
disturbance environment is approximated by one-half of the angular difference

* The customary covariances between xp and 8, yg and @, and (for helicopters)
¥ and zy in hovering can be included by combining Eq. 1 with the perturbed
motion equations for the airframe (e.g., Ref. 33) before forming the
expectations of squared values from Eq. 1. This is, however, beyond the
scope of the present work.
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TABIE 6

SUMMARY OF ILLUSTRATIVE MOTION ERROR VARIANCES
FOR USE IN EXAMINING HOVERING FIELD-OF-VIEW REQUIREMENTS
; (From Ref. 33)

Sea State 5
Wind-Over-Deck = 43 kt
8hip Speed, Vg = 25 kt
Clockwise Wave Direction Relative to Ship’s Stern, u = 120 deg

ucm-Squa.i-ed Ship Motions at the Mean-Square Aircraft Motion
Center of the landing Ped Relative to Ship while
{Relative to Inertial Space) for the DDS63 Stationkeeping under Manusl Control
Ship Alrcraft

Motion Variance Motion Variance

Roll o: (2.02 deg)? Roll o: (2.5 aeg)?
Pitch of | (0.77 aeg)® Pitch o | (3.0 aeg)®

Yaw 03 (0.3 deg)2 Yaw 03 (2.1 deg)2
swee o | (0.5 £1)? Surge o | (11.6 £t)°
Svay as (2.05 £)2 Sway a;", (15.5 £t)2
Beave o | (2.7 rt)? Heave o | (19.5 £t)?

between the picture plane coordinates for each point of regard plus and
minus one standard deviation in Tables 7 and 8. The required arctangent
relationships are shown in the caption of each table and the angular
variances so computed are listed to the right of the variances in picture
plane coordinates (cm). Also listed in Tables 7 and 8 are the ratios of
the (picture plane coordinate) variance for each (ith) point of regard to
the (corresponding) variance for the boresight point (i = O). These ratios
provide a convenient measure of the relative variability in each point of
regard caused by the disturbance environment.

Only for the boresight point (1 = 0) in Figs. 22 and 23 have we plotted
the variability ellipse for one standard deviation in order to avoid the
confused presentation resulting from overlapping ellipses about each of the
points of regard. Nevertheless the rather large vertical field of view
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u ~ deg

-404 and ship perturbation
O = 3.4 em (17.4 deg)
O, = 4.56 em (24.5 deg)

-20

=101

4(3,1.14
1073 1708)

m-l

o ellipse for i = O due to A/C _

A

=T (1,0.74,0.96)

s /
O’ 1-0, ].O) 0'}‘ = 0."“12 cm

© (2.36 deg)

= 0.550 cm
(3.15 deg)

[+ Ho

/ 12 £t radius circle
for deck marking ‘

4,1.89,1.02)
(5,1.76,0.87)

i 1 ] !
0 10 =¢) 30
A~ deg

A,u = Viewing angle (This scale may be usecd to determine the subtended
vertical or horizontal angle of any point on the pad)

Figure 22,

for the Rm = 50 ft Case.

Graphical Representation of ¢ Variation in Field of View
(Vicwing angles are preserved when page

is held 10 cm in front of cye)
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o ellipse for i' = 0 due
to ship motion only

o ellipse for i = O' -
-40 4 gue to aircraft and clo 0.541 cm (5.90 deg) -},
ship perturbations Opo = 0453 cm (5.18 deg)
230 J oA = 2.8 cm (273 deg)
oy,= 351 em-(35.1 deg) ’ oxi, w) ¢,
-20 - N g ;
-10 4 '
g
-;s 0 (6,0.86,0.71) (7,0.86,0.71) -0 g
1 10 2«!
=3
20 - (1,0.91,0.75) |,
3 -
4o - b
(3',1.63,0.89) (4,1.63,0.89) 7
0 S L. 6
- 8

12 ££ radius circle

T T T I N N N § T T
-50 -0 -30 -20 -10 0 10 20 X 4 50
A~ deg %

\,u = Viewing angle (this scale may be used to determine the subtcnded
vertical or horizontal angle of any point on the pad)

Figure 23. Graphical Representation of o Variation in Field of View
for the Rm = 0 Case. (Viewing angles are prescrved when page
is held 5 cm in front of cye) )
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requirement to accdmmodate even one standard deviation of the boresight

point in this extremely severe disturbance environment is apparent. Beside
each of the points of regard in Figs. 22 and 23 we have shown a sequence of
three numbers representing, in order from left to right, the numerical

identification of the point i, the lateral coordinate variance ratio,
RS o) o) |
FOV)" "CFOV), FOVy,,/ "€FOVy,,

These extreme estimates of variability confirm the desirability, from the
standpoint of reducing field-of-view requirements, of providing visual cues
and visual aids above the hangar for assisting the pilot in arresting the
approach and providing hovering guidance.

, and the vertical coordinate variance ratio,

These extreme estimates of variability also emphasize the need for high
authority, high bandwidth flight control systems in oxder to function effec-
tively in this environment — much higher than is typical of current helicopter
practice. The allowable aircraft motions due to all causes are only a few
feet — Ref. 42 states "3 to 4 ft" in "allowable" touchdown error. If we
interpret "allowable" as 20, Table 6 shows that the square root of the sum
of the x- and y-variances in deck motion alone at the center of the pad
slightly exceeds this "allowable” touchdown error. Without chasing the
deck, this allowable touchdown error thus represents the best precision one .
might expect from a guidance and control system which regulates so well that
no errors are contributed by aerodynamic disturbances or the pilot's divided
attention., Graphic representation from the pilot's stationkeeping perspective
of this apparent g-variation in the center of the pad due to ship motion alone
is shown by the smallest central g-ellipse at 50 ft range-to-go in Fig. 22 and
et zero range-to-go in Fig. 23.

With this assessment of the variability in the viewing angles required of
the pilot with respect to his cockpit reference, we conclude our analyses of
field of view requirements in the extremely severe disturbance environment
to be expected in sea state 5 with 43 kt wind-over-deck. The predicted field
of view requirements with manual control appear to be so great that more
confidence is needed in the validity of the predicted airwake disturbance
environment on which this analysis is predicated before these expectations
can be converted into désign requirements for field of view which are, in
turn, based on high authority, high bandwidth flight control systems.

-
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BEOTION IV
BUMMARY AND CONCLUSIONS

A. BUMMARY

The field of view (FOV) from the aircraft cockpit required to see a
point of regard on the recovery area during an approach to hovering over
the area is a function of (a) the location of the point of regard itself
on the ship, (b) the aircraft orientation, and (c) the relative position of
the aircraft with respect to the ship, but the FOV may be restricted by
cockpit occlusions.*

In Section IIT we have illustrated how the location of the point of
regard on the ship and how the relative position of the undisturbed aircraft
with respect to the ship affect the pilot's field of view from several types
of approaching trajectories, which are described in Section II. The field-
of-view requirements will be greatest near the ship in hovering and near-
hovering flight above the recovery area. Tabular summaries of undisturbed
aircraft field-of-view requirements for important points of regard are
presented in this section following the conclusions. The selected points
of regard are (a) the upper port corner of the hangar near the glide slope
indicator (GSI), (b) the most forward line-up light on deck near the landing
signal officer/mate,. and (c) the center of the landing pad. Each tabular
summary is for one particular point of regard and is arranged as a function
of range-to-go and type of trajectory. '

In addition to the wndisturbed aircraft field-of-view requirements, we
have illustrated in Section IIT how the effects of rotational and transla.-
tional disturbances in the controlled aircraft motion combine to increase
further the hovering and near-hovering field-of-view requirements. The

* Cockpit occlusions have been examined by Roberts (Ref. 2), Flynn (Ref. L),
Niemczyk (Ref. 5), and Jewell, et al (Ref. 41). A method for introducing
cockpit occlusions into the field-of-view analysis is presented in
Ref. 41.
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details of the extensive analyses required to provide the examples presented
here are documented in Refs. 33 and 41. The results depend in a critical
way on the predicted model of the ship's airwake disturbance environment
for sea state 5 and 43 xt wind-over-deck. The results take into account
the combined variability in field of view caused by rolling, pitching,
yawing, surging, swaying, and heaving degrees of freedom of the aircraft

as the pilot attempts to guide and control the aircraft over the recovery
area on the moving ship.

Two examples of perturbed field-of-view requirements are presented:
(1) from 50 ft range-to-go (to the hovering point) on a constant relative
bearing trajectory and (2) from the hovering point itself 40 ft above the
center of the landing pad. For selected points of regard by the pilot we
can estimate Gaussian statistical variances in the required field of view
in cartesian picture plane coordinates caused by the predicted variances
in the six aireraft degrees of freedom. Corresponding distributions of
perturbations in terms of viewing angles will, however, tend to be increa-
ingly skewed as the point of regard departs from the optical axis of the
picture plane, because of the tangent relationship between picture plane
coordinates and viewing angles. Nevertheless we can approximate the (non-
Gaussian) angular variances in the field of view in terms of the (Gaussian)
variances in the picture plane coordinates in order to provide a statistical
measure of the additional field-of-view requirements imposed by the dis-
turbance enviromment on the aircraft. The results of the variance estimation
are identified by the symbol 02 below the corresponding nominal or average

angular entries in the tables at the end of this section.

Table 9 shows that, in hovering at zero range-to-go, the vertical field
of view required to observe (plus or minus) one standard deviation of the
upper port corner of the hangar would be -34 + 20 deg over the nose, assuming
maximmn sideslip and horizontal pitch attitude. The corresponding (plus
or minus) standard deviation in the lateral field of view would be + 19 deg.
If instead, one were to assume no sideslip, the same vertical field reguire-
ment would apply, but the lateral regquirement would become -28‘: 19 deg
(negative left of the nose for an approach from the starboard quarter of
the ship).
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Table 10 shows that, in hovering at zero range-to-go, the vertical
field of view required to observe (plus or minus) one standard deviation
of the most forward line-up light would increase to -53 + 25 deg, but the
lateral requirement would become -22 + 22 deg, assuming no sideslip.

Finally, Table 11 shows that, even with 50 ft of range still to go
on the constant bearing trajectory, the vertical field of view regquired
to observe (plus or minus) one standard deviation of the center of the
landing pad would be -43 + 24 deg, dut the lateral requirement would
become -20 + 17 deg, assuming no sideslip. ’

These extreme estimates of variability confirm the desirability, from
the standpoint of reducing field-of-view requirements, of providing visual
cues and visual aids above the hangar for assisting the pilot in arresting
the approach and providing hovering guidance.

These extreme estimates of variability also emphasize the need for high
authority, high bandwidth flight control systems in order to function effec-
tively in this enviromment — much higher than is typical of current helicopter
practice. The allowable aircraft motions due to all causes are only a few
feet — Ref. 42 states "3 to 4 ft" in “allowable" touchdown error. If we
interpret "allowable" as 20, Table 6 shows that the square root of the sum
of the x- and y-variances in deck motion alone at the center of the pad
s8lightly exceeds this "allowable" touchdown error. Without chasing the
deck, this allowable touchdown error thus represents the best precision one
might expect from & guidance and control system which regulates so well that

no errors wsre contributed by aerodynemic disturbances or the pilot's divided
attention.

The predicted field of view requirements with manual control appear to
be so great that more confidence is needed in the validity of the predicted
airwake disturbance environment on which this study is predicated before
these sxpectations are converted into design requirements for field of view h
which are, in turn, based on high authority, high bandwidth flight control
systems. Validation of the airwake environment for V/STOL operations
with non-aviation ships, therefore, is one recommendation resulting from
this study. Subsequent validation of the reduced field of view requirements
with high authority high bandwidth automatic flight control systems is another
recommendation resulting from this .study.
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. ’O If airwvake turbulence should prove to be as upsetting in reality as the
present model suggests, the aircraft with its control system needs to achieve
higher crossover frequencies in translational degrees of freedom. Depending
on technique, this may also require higher crossover frequencies in roll and
pitch axes. This may require a careful tradeoff of the roles of manual and

sutomatic control in order to keep the pilot's intemittent/divided attention
noise from compromising precision in stationkeeping.
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B. CONCLUSIONS

The following conclusions about the nominal aircraft-to-ship field c.
view requirements in the absence of disturbances are based on the projections
shown in Figs. 14 through 18 in Section III coupled with the trajectories
described in Section II. Fold-out pages following this page provide a
| substantiating tabular sumary of results organized to correspond with the
j conclusions. Each fold-out page may be examined simultaneously with the

list of conclusions.
1. Homing trajectory (Fig. 14)

& a. Vertical field ié smallest since angle over the nose is
least until over the deck.

b. ILateral field is smallest, if sideslip angle is zero.

2. Straight line trajectory (Fig. 15)

L D a. Vertical field is larger, but ship may not disappear
: from view as early as in constant sink rate.

b. Lateral field is greatest, if sideslip angle is zero.

3. Constant bearing trajectory (Fig. 16)

! a. Vertical field is restricted, since over-the-nose
! depression varies only between glide slope angle
i and zero until over deck.

i

b. [Lateral field is smallest, if alrcraft heading is
maintained constent.

L. Constant sink rate trajectory (Fig. 17)

, a. Vertical field is greatest — ship may disappear from
‘ view below nose at considerable range.

1 . b. Lateral field is same as for constant bearing.

i i e,

5. Constant altitude trajectory (Fig. 18)

a. Vertical field is approximately the same as
for homing.

b. Iateral field is same as for constant bearing.

i TR~1115-1 6
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TARIE 9

PIIOT'S VERTICAL (a) AND IATERAL (b) LINE OF SIGHT ANGLES (DEG)
REIATIVE TO A HORIZONTAL AIRCRAFT CEITERT.INE THROUGH FLIGHT EYE POSITION
REQUIRED TO OBSERVE UPPER PORT CORNER OF HANGAR (GLIDE SLOPE INDICATOR)

Slant Range to Nominal Hover Point Over Center of Pad

FOR VARIOUS TRAJECTORIES STARTING FROM 30 DEG OFF THE STARBOARD QUARTER OF A DD963

(A1l trajectories start with aircraft velocity 100 kt,
decelerate at 0.1 g, and terminate with aircraft matching
ship's velocity 20 kt)

at Height of Ship's Aft Stack

- Remarks

B

700 £t 400 £t 20 ft 5 ft (o)
{ - l .
a. -5 -6 7.5 -16 '-3h (negative below horizon)
(negative left of nose
| b. -1 "'_2 -4 ~1h -28 and assuming no side slip)
' 2.
a. -9.5 -12 -16 ~29 -3 .
b. -21 26 =34 ~Lh -28 (assuming no sideslip)
3. for sea state 5 with
43 kt wind-over-deck,
a. -8 -9 -1 ~18 =3k approximate ozarianc is
2 = (19) = (20)?| denoted by o (deg)
: -10 -12 -15 ~20 -28 | (assuming no sideslip)
b. oF = (10)2 | = (19)2
0 0 (o] 7] (0] (assuming max sideslip)
h.
a. e L -19 -26 42 -34
b.
Se
: Q. "'2 -303 -5.7 .15 -3";
L b,
{
3.
! TR=1115-1 61
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TABLE 10

PIIOT'S VERTICAL (a) AND IATERAL (b) LINE OF SIGHT ANGLES (DEG)
REIATIVE TO A HORIZONTAL AIRCRAFT CENTERL™NE THROUGH FLIGHT EYE POSITION
REQUIRED TO OBSERVE MOST FORVAR. LINE-UP LIGHT ON DECK

FOR VARIOUS TRAJECTORIES STARTING FROM 30 DEG OFF THE STARBOARD QUARTER OF A DD963

(A11 trajectories start with aircraft velocity 100 kt,
decelerate at 0.1 g, and terminate with aircraft matching
ship's velocity 20 kt)

at Height of Ship's Aft Stack

Slant Range to Nominal Hover Point Over Center of Pad

Remarks

TO0 ft koo ft 20 ft 50 % 0
1. -
a. -7 -8 =12 =29 -53 (negative below horizon)
- k2 (Right) {4 (Right) 46 (Right) (negative left of nose
LA ¥ (1eft) L2 (Left) kb4 (left) #12 (r/L) | #22 (R/L) and assuming no sideslip)
2.
a. =11 -1k -20 40 -53
b. 21 -26 -34 -47 +22 (R/L) | (assuning no sideslip)
3. for sea state 5 with
43 kt wind-over-deck,
a. -9 -11 -1 -3 -53 approximate variance is
2 P = (20)2 ]2 = (25)2 | denoted by @ (deg)?
=10 -12 -15 ~20 5 ~22 5 (assuming no sideslip)
b. oF = (1) [o° = (22)
(o] 0 0 0 o] (assuming max sideslip)
4.
a. -15 -21 -3 ~52 ~53
b.
Se
a. =31 =5.5 -10 =27 53
.
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TABLE 11

PIIOT'S VERTICAL (a) AND LATERAL (b) LINE OF SIGHT ANGLES (DEG)
REIATIVE T0 A HORIZONTAL ATIRCRAFT CENTERI.TNE THROUGH FLIGHT EYE POSITION
REQUIRED TO OBSERVE CENT—R OF IANDING PAD

FOR VARIOUS TRAJECTORIES STARTING FROM 30 DEG OFF THE STARBOARD QUARTER OF A DD963

(A1l trajectories start with aircraft velocity 100 kt,
decelerate at 0.1 g, and terminate with aircraft matching
ship's velocity 20 kt)

Slant Range to Nominal Hover Point Over Center of Pad

at Height of Ship's Aft Stack R ks
TO0 £t 400 ft 200 £t 50 £% 0
1.
a. -7 -8.3 -13 -39 - . |(negative below horizon)
b. 0 o (o] 0 (= 0) | (assuming no sideslip)
2.
a. -12 -15 -23 -51 -90
_ (negative left of nose
®. 21 -27 -3 -6k (> -20) and assuming no sideslip)
3. for sea state 5 with
43 kt wind-over-deck,
a. ~9.2 -12 -17 5 =43 olo -0 o | approximate iance is
= (24)° | = (21)° | denoted by & (deg)®
-10 -12 -15 2 =20 - -30) |(assuming no sideslip)
b. 2 = (1M} = (0)?
o] o] 0 0 (= 0) |(assuming max sideslip)
i,
&e -’6 "22 -3l|r -68 —m
b.
5
Qe .303 "5.7 -12 -39 -%
d.
TR-1115=1 6>
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10.

11.

12.

13.
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AFPENDIX A
KINEMATICS FOR THE PERCEPTION OF TIME-ADVANCED IATERAL DEVIATION

V4 = Nominal Glide Slope Angle

<
]

Approach Line Up Centerline Perspective Angle
y = Lateral Displacement
h

= Altitude

)
&)
n

Iine Up Centerline
Observer, O ' Horizon
\\ 1
V(R\FQ 7
....... F1— -
I
Observer's View of
Ground Range, y Foreshortened Line Up ¢
F.F

172
F1 q;
Line Up Fe

Figure A-1. Geometry for Perception of Time-Advanced
Lateral Deviation

The ground range from the observer to the point of regard F1 will be
approximetely S, if y/S << 1. Then

where VG is ground speed, 8, is horizontal acceleration (negative for
deceleration), T, is time to go to the point of regard, and 1,';/\/G << 1;
v = dy/dt.
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- it a.x <0
TG = {
S .
-‘-,—G- 1fax=0
\
But Yy = hecot v

ficot v - hese® v v

y

2y 21 and since H/h << 1, §/h = =¥

Since v = O(%), cot v << esc
Therefore, by perceiving v, the pilot perceives y/h approximately and
associates this apparent lateral velocity with the point of regard F1,
which is advanced by distance S and time T, in the future. The future

G
lateral displacement at F., corresponding to constant y will be

1

y(t + Tb) 2 y(t) + ij 2 h{cot v - 0TG) = h(% -v- 9Tb)

The laplace transform of y(t + TG) will be

T
Liv(t + 1] = ¢ 3(s) = n(1 + 1.8)[(con)(s)]

where cov = (% -~ v) is usually small and s is the complex Laplacian operator.
This is the basis for the equivalence between time-advanced lateral deviation
end the simple lead, (1 + TGs), operating on the perceived complement of
perspective angle, v. The time TG is like a time-varying derivative weight-
ing coefficient through which the pilot can provide phase lead to the

extent of perceived distance S, ground speed VG, and acceleration a, -

Object size will provide distance cues and motion streamers will provide
ground speed cues, perception of both of which may be limited by weather
condition. Vestibular cues will provide a measure of deceleration, although
it remins to be shown whether the pilot will lend much weight to the
vestibular cues in this case.
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AFPENDIX B
COMPARISON OF POLAR AND CARTESIAN PICTURE PLANES

The two most common planar candidates for analyzing and describing
visual field images are the polar "picture plane” and the cartesian picture
plane.

POLAR PICTURE PIANE

The polar picture pléne is somewhat misleading because it is actually
a distorted planar representation of two spherical coordinates. It is
applied to two V/STOL trajectories in Ref. B-1 and to the representation
of human perceptual data in Ref. B-2. Besides the latter advantage, the
polar picture plane easily includes the zenith, nadir, and temporal
extremities of peripheral vision, which otherwise would require a cartesian
plane of infinite extent in front of the eye and normal to a line of sight.
The nadir and temporal extremities are expected to be important in hovering
flight.

One can, in theory, map the images perceived by the eye on a spherical
surface of arbitrary diameter centered at, for example, the pupil of either
eye. Such a mapping would be in strict accordance with the principles of
spherical trigonometry and would not therefore be rectifiable on a plane.
Congruent visual representations on the page of a report would not be
possible. Representation of motion perspective streamer vectors, defined
by angular coordinates, on a polar picture plane calibrated linearly in
degrees produces incongruent streamer images. This type of transformation
does not offer attractive aspects for the analytical approach required for
this investigation, although, as noted before, it is compatible with the
representation of extensive human perceptunl data in Ref. B-2.
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CARTESIAN PICTURE PLANE

The trigonometry in a cartesian picture plane at an arbitrary distance
from the eye and normal to a reference line of sight is much simpler, and
the coordinates can be directly represented on the page of a report without
distortion (e.g., straight ground lines appear straight). Kinematic
transformations of motion perspective in the cartesian picture plane are
applied to some typical airplane motions in Ref. B-3, which endorses the
analytical advantages. Disadvantages recognized in Ref. B~3 include
(1) the requirement for a very large picture plane close to the eye for
representing visual angles approaching 9 deg off the reference line of
sight and (2) varying requirements for the preferred orientation of the
reference line of sight, depending on the specific flight profile, particu-
larly in the case of V/STOL transition to a ship at sea. Another disad-
vantage is the need to apply an additional transformation to render motion
perspective in the cartesian picture plane compatible with the representa-
tion of human perceptual data in Ref. B-2. We believe that these three
disadvantages are over-balanced by the relative analytical advantage of
the plane trigonometry in the cartesian picture plane.
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