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Factors Influencing Glide Path Control in Carrier Landing

Turvio S. DurAND* aND RicaarD J. Wasickof
Systems Technology Inc., Hawthorne, Calif.

The carrier landing process involves the interaction of ship motions, the optical landing
system, the pilot/aircraft combination, air wake disturbances, and the Landing Signal Officer.
Mathematical models for these elements are discussed, and methods are presented for deter~
mining operational performance indices from terminal landing error dispersion data. A new
concept is described for stabilizing the optical landing system against carrier deck motions,
which represent one of the most significant obstacles to safe aireraft recovery. Termed ‘‘com-
pensated-meatball stabilization,’” this technique considers the dynamics of the carrier land-
ing system elements and optimizes the Fresnel lens logic scheme for increased landing per-
formance. Simulator experiments were performed to determine the potential accident rate
reduction with this stabilization method, and the major results are presented. A significant
interaction exists between an aircraft design parameter, related to the lift curve slope, and the
optical landing system stabilization. The fundamental factors limiting terminal landing per-
formance are described and several basic solutions to the problem are presented.

Introduction

HE task of landing on an aircraft carrier requires precise

airplane control since the tail hook must engage one of
four arrestment wires spaced only 40 ft apart. With a
realistic approach speed and a 3.5° glide path, under no ship
motion conditions an aireraft will nominally clear the ramp by
11 ft, touch down 1 sec later, and have an impact velocity of
13 fps. Routinely operating with such landing conditions, the
U. 8. Navy recorded over one quarter million carrier landings
of fixed-wing aircraft during Fiscal Year 1964. In the same
vear, there were 88 accidents and 23 fatalities associated with
carrier landings. The over-all accident rate of 3.1 per 10,000
landings was the lowest experienced up to that time by the
Navy, and was more than ten times better than that for
FY-1950. Still, this rate greatly exceeds conventional airfield
landing accident rates, even though the majority of carrier air
operations are conducted during the daytime under nearly
ideal conditions of a steady deck and good weather. The
Navy is continuously striving to reduce the accident rate and
to extend recovery operations to more severe environments,
since air operations are too often suspended because of poor
weather, strong winds and turbulence, and excessive ship
motions.

The moving carrier deck is one of the most significant
obstacles to safe aircraft recovery, and can by itself render
catastrophic terminal landing conditions. When the aircraft’s
inertial path is precisely controlled, the ship heave motion
directly alters the ramp clearance by a 1:1 ratio and changes
the touchdown point by a 14:1 ratio. Likewise, £1° of ship
pitch produces a motion of £9 ft at the ramp and a =80t
change in the touchdown point. The heave and pitch motions
also cause large vertical deck velocities and thus drastically
reduce the available impact velocity margin. One continually
problematic area with regard to carrier landings is the method
for stabilizing the Fresnel Lens Optical Landing System (FLO-
LS), the element which produces the visual glide slope ref-
erence used by the pilot for aircraft height control.

This paper, a condensation of Ref. 1, presents results of an
analytical/experimental study directed toward understanding
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the over-all carrier landing process and developing better
FLOLS stabilization against deck motions to achieve in-
creased landing performance. The elements of a quantitative
mathematical model of the landing system are discussed, and
a new FLOLS stabilization concept is described. Results of a
simulator investigation of the carrier approach and landing
task are presented, and a significant interaction between air-
craft design considerations and FLOLS stabilization is dis-
cussed.

Carrier Landing System Model

Although the difficult piloting tasks of heading control,
bank angle control, and lateral lineup contribute to the carrier
landing problem and add to the pilot’s workload, the majority
of accidents result from inadequate vertical path control, and
in 1964 approximately 809 of all landing accidents were ramp
strikes and hard landings.? The significant elements of a
mode! describing the dynamie aspects of control in the vertical
plane are shown in Fig. 1 and are discussed in subsequent
paragraphs.

Ship Geometry and Dynamiecs

The motion of the carrier deck results from the ship’s re-
sponse to sea wave and swell wave excitations. This motion
in turn affects the FLOLS-commanded glide slope and directly
contributes to terminal dispersions or errors. The result of
the wave input acting through the ship’s dynamic character-
isties is represented by power spectral densities of ship piteh,
8.; roll, ¢,; and heave, h.. The rms values of the illustrated
deck motions, o(8) = 1°, o(¢.) = 2.2°, and o(h;) = 5.5 ft,
correspond to upper limits for normal aircraft launch and re-
covery operations. In the dominant frequency region of the
motion spectra, ship pitch leads heave by 45° to 90°; the
complete phase angle relationship is presented in Ref. 3.
Generic equations are given in Fig. 1 which relate beam motion
hs to deck motions, aircraft responses ¢, to pilot’s elevator
and throttle control outputs 6, and &r, and finally terminal
errors to aireraft and ship motions. The other ship-dependent
variables which enter into the model’s assessment of absolute
landing performance are arresting wire locations, ship speed
and heading, and wind-over-deck; these are treated subse-
quently.

Fresnel Lens Optical Landing System

The Fresnel Lens Optical Landing System is used to provide
a glide slope reference. Some form of lens logic is required to
command the lens pitch 6z and roll ¢ servos to respec-



MARCH-APRIL 1967

tively rotate and vertically translate the beam to counteract
measured deck motions. Several lens logic or stabilization
schemes have been used operationally in the past. Currently,
the point-stabilized system is being replaced by the newer
line-stabilized method. Another lens logic scheme, compen-
sated-meatball stabilization (CMS), was evolved in earlier
work? and is extensively described later in this paper. The
following descriptions define the characteristics of each
method in terms of the optically commanded, zero-error flight
path along the angled deck centerline. The path is referenced
to an inertial axis system which moves with the ship’s inertial
veloeity, U..

Point-stabilized

The path translates with ship heave and rotates about a
point, 2500 ft aft of the ship. The lens pitch servo is used to
cancel the motions at the 2500-ft location that otherwise
would result from ship pitch and roll. The roll servo is used
for static setting of the beam tilt angle to accommodate the
hook-to-eye distances of different aircraft.

Line-stabilized

The path translates with ship heave. Beam motions which
would be induced by ship pitch and roll are completely re-
moved from the visually indicated path. Both pitch and roll
servos are utilized to effect beam stabilization, and are ad-
ditionally used to set the basic beam angle and hook-to-eye
biases.

Compensated-meatball-stabilized

The path is stabilized with respect to the horizon so that
there is no angular motion. The path translation is related to
the vertical motion of a point on the deck, hrp/., by a second-
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order lead transfer function, or compensation filter, and a
higher frequency attenuation filter. The physical location of
hrpre is on the landing deck centerline, halfway between the
ramp and intended touchdown point. The compensation
filter’s damping ratio and natural frequency are individually
chosen for each aircraft type so as to achieve near-syn-
chronization of aircraft and deck vertical motions. This
stabilization scheme requires measurement of the total
vertical deck motion and its derivatives, i.e., velocity and
acceleration. Pitch and roll FLOLS servos are required to
effect stabilization and to set the basic beam angle and hook-
to-eye biases.

Pilot and Aircraft

A complete and exact model of the pilot’s role in a carrier
landing must represent his precognitive behavior, decision-
making processes, compensatory control capability, physio-
logical and psychological limits, ete., as well as deseribe inter-
pilot and intrapilot variability. In later portions of this paper,
some of the more subtle aspects of piloting technique in carrier
approach are discussed. However, it has been found, and sub-
stantiated experimentally, that a multiple-loop compensatory
pilot model suffices to describe the significant control actions
in the terminal portion of carrier landing.

A conventional servo form can be used to represent the pilot
in compensatory tracking tasks. This makes the pilot’s error-
sensing and control-actuating functions equivalent to those of
an autopilot. This equivalence is not generally demonstrable
in the point-by-point sense, but is observable in the short-time
average sense and results in an effective linear model of the
combined linear and nonlinear control behavior of the pilot.
The quasi-linear input/output characteristics usually account
for over 909 of the pilot’s total output power. The remain-
ing 109, or so is principally due to his time variations and
sampling characteristics and, to a lesser extent, his threshold
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Fig. 2 Steady-state vertical flowfield astern a Forrestal class carrier.

nonlinearity. The sum total of all measured quasi-linear
characteristics, when fitted by a simple general mathematical
form and augmented by “rules” which explain how the form
is to be adjusted (i.e., what numerical values are appropriate)
for a given control situation, becomes a pilot model. Ref-
erence 4 describes some of the latest experimental and
analytical work on pilot modeling activities, and Ref. 1 dis-
cusses the model used in carrier landing system analyses.

A central question is how the pilot controls his aircraft in
the approach and landing in terms of visually sensed con-
trolled motion quantities, or his inputs, and his related
manipulator outputs. It has been found that the actual pilot
control technique, or specific loop closures, is very dependent
on the chronological approach phase, the aireraft’s speed rela-
tive to the speed for minimum drag or power required, the
nature and relative magnitude of the air wake, and the
ship/FLOLS-beam motions. Reference 5 discusses in detail
and Ref. 1 summarizes the changes in pilot control behavior
with approach phase based on experimental observations of
simulated approaches by carrier-qualified pilots and measured
closed-loop parameters. The appropriate model for the pilot
during the terminal control phase of carrier landing involves
control of both pitch attitude and altitude with the elevator.
For the short time of interest, 5 sec or less prior to ramp-
crossing, the use of throttle to control airspeed or angle of
attack is relatively unimportant, even when the aireraft is
below the minimum drag speed. However, for completeness,
a u— 7 or o — 87 loop, similar to the flight control action of
an autothrottle, is added to the pilot model in Fig. 1. Near
the ramp the magnitude of height corrections is small, of the
order of £5 ft; correspondingly, small but precise stick move-
ments are needed. Further, elevator deflections that are used
to control altitude are blended with the control actions re-
quired to maintain pitch attitude in the presence of the air
wake. Therefore, when in the vicinity of the ramp the pilot
may not be absolutely conscious of the exact control tech-
nique employed. Faclors that must be considered in the
selection of appropriate pilot gains for each of the control
loops are discussed in Ref. 1.

The aircraft’s longitudinal responses to pilot control inputs
and turbulence during carrier approach and landing are ade-
quately represented by simple linearized three-degree-of-
freedom perturbation equations of motion. Certain airframe
dimensional stability derivatives have dominant effects on the
significant closed-loop pilot/aireraft system response modes;
consequently, the correct simulation of a small number of
basie aerodynamic effects is more important than an extensive
representation of complex aerodynamic nonlinearities and
cross~-coupling terms in the equations of motion.

Carrier Air Wake

The air wake model has been derived from the water tunnel
data of Oceanics Inc.,57 and certain wind tunnel data of the
David Taylor Model Basin.® This model consists of three
separate but superposable components: steady-state flow
angularity, ship-motion-induced disturbance, and random
turbulence. The steady-state air wake model was derived
from flow pattern plots constructed from the data of Ref. 6
and illustrated in Fig. 2. For a wind-over-deck (WOD)
direction slightly starboard to the angled deck, lines of con-
stant vertical angularity are shown in this figure for a glide
path plane of 4° and depict a complicated distribution of
upwash and downwash. Other WOD angles relative to the
deck produce similar flowfields, but the pattern is shifted to
port or starboard and approximately aligned with the WOD
vector. An equivalent analysis of the horizontal component
of the air wake velocity indicates a similar dependency on the
WOD direction. Using a probabilistic WOD-direction model,
derived from the data of Ref. 9 and explained in Ref. 1, a
representative set of vertical and horizontal flow character-
istics was obtained. In addition, the effects of a maximum
or severe alr wake on pilot control effort and resulting aircraft
motions in the approach were determined. As noted in Ref.
1, although the average or probable steady-state air wake can
be handled easily by tight compensatory control by the pilot,
aided perhaps by a more or less constant precognitive re-
sponse, the real problem with the steady-state disturbance is
an encounter with extreme conditions which surprise the
pilot.

Equations deseribing the vertical and horizontal air wake
disturbances generated by carrier pitching motion are pre-
sented in Ref. 1 and represent curve-fitted amplitude and
phase characteristics vs range. 1t is shown in Ref. 1 that this
disturbance can easily excite short-period or Dutch roll
oscillations, but such motions have little or no effect on the
flight path, and consequently the ship-motion-induced turbu-~
lence is not of major concern. The random turbulence por-
tion of the air wake is modeled from Ref. 7 data by first-order
white noise filters, and the resulting pilot/aircraft system re-
sponses are shown in Fig. 3. These responses indicate rms
height errors at the ramp as a function of pilot gains in the
pitch attitude and height control loops. Reasonable height
dispersions result with the gains of the pilot model used in
Ref. 3. These can be further reduced by tightening up the
altitude control loop, thereby permitting a greater tolerance
for height errors due to the steady-state burble, i.e., errors re-
sulting from imprecise precognitive inputs. However, such
increases in altitude gain are untenable with the current
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FLOLS stabilization methods because they result in steadily
increasing values of the beam-motion-induced height errors.

Landing Signal Officer

In actual carrier operations, a Landing Signal Officer
(LSO) monitors each pass and, on the basis of anticipated
terminal conditions, decides whether to let the landing proceed
or to command an abort or “waveoff.” The pilot similarly
judges the pass, and will in many instances initiate a voluntary
waveoff. A statistical model has been formulated based on
estimates by experienced pilots and LSOs of their own over-all
efficiency in preventing accidents™ and gross operational data
on average waveoff rates.* These data and estimates sug-
gest a bifunctional LSO model directly affecting accident and
missed-landing rates according to the following effectiveness/
ineffectiveness functions:

1) Waveoff of 909, of all passes which would result in an

accident.

2) Waveoff of 109, of all good passes. A good pass is de-

fined as one which would not have resulted in an accident

had it been allowed to proceed. Operationally speaking, a

“good”’ pass which, for example, clears the ramp by only a

few inches, is, in fact, not an acceptable pass.

This model assumes that the LSO, in combination with the
pilot, is 909 effective. In actual carrier operations, some
accidents ocecur on passes even though a waveoff has been
given. Arbitrarily, these are assigned to ineffective LSO
action.

The “ninety-by-ten” average statistical model for waveoffs
operates on both potential ramp strike and hard-landing
accidents but does not influence the bolter rate. As will be
shown later, this simple model description yields realistic
landing performance estimates.

Terminal Landing Errors

The aircraft flight path is controlled to terminate with an
engagement of one of the arresting wires while attaining safe
margins of ramp clearance and impact velocity. The geometry
representing this terminal control problem is illustrated in
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Fig. 4. Three probability distribution functions are illus-
trated, separately representing rms values of ramp height
error o(Ahg), height error at the intended touchdown point
a(Ahrp), and impact velocity error at touchdown o(AV7).
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The nominal or mean values of these distributions are set by
the basic deck configuration (wire spacing and layout), the
lIocation of the FLOLS and its basic beam angle G, and the
aircraft glide path vo. In turn, v, isrelated to the beam angle,
aircraft inertial approach speed Us, and ship speed U,, in the
manner shown. The nominal values (hz, Vy, X rp) are seldom
obtained in practice because of motions of the ramp and in-
tended touchdown point, air-wake-induced flight path devia-
tions, and flight path deviations because of the pilot/aircraft
system responses to FLOLS beam motions. It is important
to note that the distributions illustrated in Fig. 4, for con-
venience, reference to a steady deck; in the actual analysis
they are determined with reference to a moving deck and are
composed of both aircraft perturbations and deck motions.
As noted in Ref. 3, the correct method for combining the two
‘can become an involved process, especially in those instances
when motions of aircraft and deck are not independent.
Computing terminal landing errors involves combining air
wake and ship motion inputs with the dynamics of the FLOLS
and pilot/aircraft system and, simultaneously, mating the
resultant aircraft terminal flight path parameters with the
deck’s kinematics as indicated by the terminal error equations
in Fig. 1. This portion of the carrier landing analysis is
straightforward except when confronted with interdependency
of system elements and/or inputs (for example, when the
FLOLS beam motions and, consequently, the aircraft per-
turbations are related to the deck motion).f Various com-
putational methods have been utilized to contend with the
multiple inputs, complex transfer functions, and time-varying
nature of certain FLOLS stabilization configurations. These
methods are noted in Ref. 1 and are described in detail in
Ref. 3. Such complexity in the model is circumvented when

1 Reference 3 describes the application of the adjoint method
for contending with this interdependency. Complexity also arises
in an exact evaluation of that portion of the air wake which is
correlated with ship motions. Fortunately, in this instance, the
ship-motion-induced turbulence proved to have negligible effect
on aircraft flight path, thereby permitting considerable simplifica~
tion in the model description.

using terminal error measurements directly; a piloted simula-
tion system can be employed to obtain these measures, as
illustrated subsequently.

Landing Performance Metric

The dispersions obtained from the terminal landing error
analysis leave much to be desired in assessing system per-
formance. More confident judgments are possible if these
distributions are transformed to operational performance
indices. Probabilities of potential ramp strike, gear failure,
and bolter are obtainable by suitably combining the disper-
sions with the basic arrestment geometry. The mechanies of
this computation are illustrated in Fig. 5. Previously de-
seribed Ahr and AV, distribution functions are replotted here,
and the Ahrp distribution is converted to an equivalent
fore/aft dispersion of the hook touchdown point by the basic
angle function 1/8,. Available safety margins are computed
as the difference in maximum permissible and nominal operat-
ing values of these functions. The determination of margin
exceedance probabilities is a standard computation routine
applicable to Gaussian or normal distribution functions; the
assumed normality in the present instance is generally sup-
ported by actual distribution measurements, such as those in
Ref. 12, and the analysis in Ref. 13.

Wlthout LSO waveoff action, the probability of a successful
passis (1 — Pup)(1 — Pv)(1 — Pxgpp); 1ts reciprocal gives
the minimum number of passes required for a successful land-
ing. Conversely, Pz, Pv;, and Pxyp separately represent
the mutually exclusive probabilities of ramp strike, gear
failure, and bolter which would result if waveoffs did not
oceur.

The LSO’s actions significantly influence the actual per-
formance measures; hence, the complete landing system per-
formance matrix, shown in Fig. 6, includes the statistical
LSO model. The term matrix refers to the derivation and
interrelationships of a multiplicity of performance indices that
are essential in evaluating carrier landing systems, namely, as
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Fig. 6 Landing system performance matrix.

follows: 1) arrested landing rate Pr/» and its inverse, the
number of passes required for an arrested landing; 2) missed-
landing rate Pxz; and 3) landing accident rate Ps. The
matrix starts off on the left with the initial “aireraft-to-be-re-
covered” condition; 2 pass may be in process, either as an
initial landing attempt or as a subsequent attempt following a
waveoff or bolter. It ends on the right with one of only two
possible terminal conditions, either “arrested landing” or
“landing accident.” The intervening aspects derive from
previously discussed considerations. Note, however, that an
additional element has been introduced, that is, the “go-around
attrition” probability function Pe4, which is indicated by the
two dashed boxes in the “missed-landing” feedback path.
Although Pgs has not been employed in computations made
to date, it is an important factor§ and has been inserted here
to complete the picture. The equations relating the inter-
mediate and terminal performance measures to the landing
probabilities Pig, Py, etc., and to the LSO action Prso and
Prso’, are listed in Fig. 6.

Compensated-Meatball Stabilization

The compensated-meatball stabilization concept is one of
the more promising improvements derived from the landing
system model analyses of Ref. 3. This FLOLS stabilization
scheme involves commanding the pilot/aircraft system to
follow deck motions by intentionally moving the FLOLS

§ The go-around attrition value is quite appreciable (Pgsa =
0.5 X 10~*) with respect to total carrier landing accidents (P4 z
=3 X 10742,

beam. When properly phase-advanced with respect to the
deck motions, the FLOLS beam motions are intended to
render aircraft responses synchronized with the vertical
motion of the deck and thereby incur reduced terminal landing
errors. The intentional moving of the beam is in direct con-
flict with the current FLOLS stabilization design philosophy,
which aims at reducing beam motions as much as possible.
This current philosophy is justifiably based on actual ex-
perience which shows that beam-chasing is dangerous in con-
junction with presently employed FLOLS stabilization
methods. It is therefore desirable to examine those factors
behind the current design philosophy and see whether the
CMS concept with its associated beam motions is a plausible
method for stabilizing the FLOLS.

First, consider the interaction of the primary system ele-
ments, and in particular the two humans involved in the land-
ing operation. Figure 7 provides a convenient guide for the
cause/effect analy51s which follows; speuﬁcally emphasized
in the figure are the pilot’s and LSO’s views of the approach,
and the significance of these views with respect to the over-
riding considerations—the terminal landing conditions. To
be described are three different views of the approach, the
effects on these views of current FLOLS stabilization methods,
and the underlying philosophy of the CMS concept.

Three Different Views of the Landing Approach

1. What the pilot sees

The pilot’s view of the approach in terms of height track is
that furnished by the FLOLS, and involves only the inner-
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Fig. 7 Interaction between system elements.

most loop @ shown in Fig. 7. The height control piloting
task in the approach is to maintain zero height track error
(he = 0), i.e., keep the meatball image aligned with the datum
bar. Since the FLOLS display is compensatory and provides
error information only, the pilot cannot separate the beam
motion components from the total error 2.1 Consequently
he must null out total errors, and he cannot easily and safely
average out the motion of the beam as he is often told to do.

2. What the LSO sees

The LSO’s view of the approach involves references other
than FLOLS. Although these references are many, the
cardinal reference for gaging terminal flight path during pitch-
ing deck conditions is the moving deck itself. Both the posi-
tion of the ramp and the velocity of the deck are used as
references by the LSO; these two can be conveniently com-
bined into a singular deck motion datum Arp,** as indi-
cated.

The point of importance is that what the LSO sees is not
the same as what the pilot sees because of the different visual
references involved. Problematic situations arise because of
these differing views, and these can be readily appreciated.

T Two possible exceptions need to be pointed out. First, the
pilot can discern the hy component from the visually sensed A
error on the basis of the expected dominant frequency of hg.
This argument is refuted later in the paper. The second possibil-
ity is that the pilot may “spot the deck,” thereby derive addi-
tional information and use it by operating in a pursuit-like man-
ner. Such behavior is acknowledged to exist, especially in day-
time landings; however, it is dangerous and is emphatically dis-
couraged.!*

** The term hrp2 is the vertical motion with respect to inertial
space of a point on the landing deck centerline, halfway between
the ramp and intended touchdown point.

For example, the pilot may be on a ‘“roger-meatball” path
(he = 0) all the way, while the LSO sees an oscillating, unsta-
bilized-appearing path relative to his visual reference. The
IS0’s commands to the pilot may bear connotations of un-
realism to the pilot, who in fact has a centered meatball,

3. Terminal performance view of the approach

What really counts are the terminal landing conditions, il-
lustrated in Fig. 7 by the successive closure of switches S; and
8., and whether a waveoff is given. When viewed in the con-
text of optimum terminal performance, the LSO’s view should
prevail, i.e., the LSO’s visual reference is more closely asso-
ciated with terminal performance, as opposed to the pilot’s
continuous tracking visual reference. The pilot should, ac-
cordingly, subjugate his responses to the commands of the
L80; and when conflict arises the pilot should, somewhat
unnaturally, disregard what he sees!

FLOLS Stabilization Interaction

Although current FLOLS stabilization methods attempt to
remove all ship-motion-induced beam unsteadiness, some
FLOLS beam motion exists for all current systems. For the
line-stabilized FLOLS, for example, the beam translates in
synchronism with ship’s heave, i.e., hzg = hs, and this beam
motion generally leads the total deck vertical motion (repre-
sentable by the illustrated deck motion datum) by about 0° to
90°,* depending on pitch/heave phasing and relative magni-
tudes. The closed-loop response of the pilot/airceraft system
(loop @ in Fig. 7) can have appreciable lag with respect to
beam motions— of the order of 180° or more, depending on
ship motion {requencies. It is therefore conceivable that,
although loop @ is by itself stable and properly closed by the
pilot, loop @, as viewed by the LSO, is nearly unstable! The
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Table 1 Comparison of carrier landing accident rates,
simulator/analytical results vs actual operations

Accident rates per 10,000 landings

Aircraft model Simulator/model Actual®
F-4 21.2 8.0
F-6 21.4 9.61
F-8 22.6 7.22
A-4 1.27 2.37

¢ Day/night average carrier landing accident rates based on NASC
FY1954—1964 records; average calm sea-state conditions; mostly day
landings.

degree of such impending instability is dependent on the mag-
nitude and nature of ship motions; this is not a very con-
sistent or safe-appearing view seen by the I.SO. The current
FLOLS stabilization design philosophy, i.e., attempting to
provide hzr = 0, has two possible saving graces: it makes the
piloting task easier and, more important, it eliminates the
LSO’s uncertainty as to what the FLOLS is telling the pilot.
But what about the LSO’s view, with respect to his reference,
of a roger-meatball approach and, more important, what about
the terminal landing errors?

Underlying Philosophy of CMS

The uppermost objective of the CMS scheme is to reduce
terminal landing errors. Second, it attempts, where feasible,
to make the pilot’s view of the approach consonant with that
of the LSO. The concept can be appreciated by the following
line of reasoning: 1) working backwards, terminal landing
errors are minimized by equating the h, and A, aircraft re-
sponses to the corresponding deck position and velocity
parameters shown in Fig. 7; 2) a deck motion datum, shown
as hrpp, 1s selected to represent the best-compromise aircraft
response which will simultaneously minimize the Ahz and
AV ; terminal errors, i.e., those errors existing when switches S;
and S, close; and 3) a specific stabilization form, G, for the
FLOLS element is chosen to insure stability of loop @ in Fig.
7 and to achieve nearly synchronized aircraft/deck-motion-
datum responses, i.e., ho/hrne = 1.0 <C 0°. Thus, for a fast-
responding pilot/aircraft system, the proper FLOLS stabiliza-
tion logic would be hz/hrp;. = 1.0 X 0°, and resulting pilot
and LSO views of the approach would be identical. For a
more sluggish pilot/aireraft inner loop, the desired nearly
synchronized responses are achieved by a FLOLS compensa-~
tion form that cancels the amplitude distortion and phase lags
of the pilot/vehicle system. KExact cancellation is obtained
with a compensation filter G, configured with the inverse
pilot/aireraft dynamic characteristics. The combined dy-
namics of the pilot, ¥,, and aircraft, Y,, are expressed as

ha/hTD/Q = YpYa/(l + YpYa> (1)
The corresponding desired compensation filter is therefore
G = (1 + 1V,V)/Y,Y, @

Equation (2) can be approximated with the closed-loop
phugoid mode, (w,, {p)cr, which is dominant for height-follow-
ing, i.e.,

G = K [(s¥/w?) + 2{s/w:) + 1] (3)
where w, = (wp)er and ¢ = ({p)er.

The closed-loop phugoid parameters, (w,, {»)er, differ from
airplane to airplane. They range in value as follows:

(wp)ez 0.5 to 1.0 rad/sec
4
(E)es 0.1 to 0.4

Ideally, the compensation parameters w, and ¢, should be
matched as closely as possible to the individual (w,)er and
(¢n)er values. From an operational point of view, one fixed
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set of w,, {. values would be preferable, representing the
average expected values of (wp)cr and (¢p)er.

Simulation and Analysis

A night carrier landing simulation with severe deck motions
was used by pilots to evaluate several FLOLS stabilization
configurations. The simulator setup and experimental pro-
cedure are described in Ref. 1. Measurements and data
analyses were performed in the following manner. 1) The
performance measures taken for each pass were the terminal
landing errors in ramp height, Ahz; height over intended
touchdown point, Akzp (equivalent to touchdown point
error); and impactvelocity, AV;. 2) The error measurements
for individual pilots were combined for specific aircraft/
FLOLS-stabilization/ship-motion-frequency  combinations,
and means and standard deviations were computed. 3) The
resulting error distribution functions were combined with the
landing geometry to obtain the mutually exclusive probabili-
ties Pug, Pr;, and Pxyp, using the process illustrated in Fig. 5.
4) Missed-landing and accident rates, Pyz/z and P4z, were
determined using the “ninety-by-ten” LSO action model in
conjunction with the performance matrix equations given in
Fig. 6.

Comparison with Actual Carrier Landing Performance

Baseline data using the conventional line-stabilized FLOLS
were obtained for four aireraft. Accident rates computed
from the performance matrix are compared in Table 1 with
actual landing accident rates experienced by those same four
aircraft over a recorded 10-yr period. Considering the dif-
ferences in simulated vs real carrier landing environ-
ments, 11 the accident rates resulting from the simulator/
model compare quite well with the actual data for all aircraft,
with the possible exception of the A-4. The A-4 simulator
accident rate, while lower than actually experienced, is never-
theless ranked correctly with respect to the other aircraft.

Comparison of Line-Stabilized and Fixed-Parameter-

CMS FLOLS

The results of this evaluation are presented in Table 2 to-
gether with those pertinent landing geometry and LSO-action
values used in the assessments. The fixed-parameter-CMS
values employed in the tests [see Eq. (3)] were: K. = 1.0,
w. = 0.75 rad/sec, and {, = 0.3. As discussed later, these
were optimum for the F-6 aircraft.

The relative advantages of the two FLOLS stabilization
methods can be more accurately assessed if a comparison is
made of the best landing performance achievable with each
system. Consider, for example, the F-4 results in the top half
of Table 2 for a fixed 8y = 4°. The F-4 accident rate of 21.2
X 107* with the line-stabilized FLOLS is composed almost
exclusively of hard landings, with Ref. 1 showing that a large
difference existed between Pij, and Py;. This indicates that
the pilot obtained better performance in clearing the ramp
than in minimizing the impact velocity.f In this situation
it would be desirable to reduce the basic angle in order to
minimize the over-all probability of a landing accident. With
the compensated-meatball-stabilized FLOLS, P,z and Py,
are approximately equal,* and the 4° basic angle is almost
optimum for minimizing over-all combined ramp strike and

11 Nighttime landing in a Sea State 6 was simulated, whereas
daytime landing in a Sea State 0—~1 more typically represents
average actual conditions. Note also that the nighttime carrier
landing accident rate is approximately three times that for day-
time landings.

11 The probability of a ramp strike is determined from the
average ramp clearance, X rp tangs + Ahg, and the rms distribu-
tion of height errors at the ramp, 6(Akg). Thus both the average
flight path and the flight path dispersion influence ramp clearance
performance.
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Table 2 Landing performance summary for various

aircraft, line-stabilized and fixed-parameter-CMS FLOLS

(VI)ultimate = 24 ft/sec Probable accident and missed-landing rates per landing
Wind-over-deck = 50 ft/sec FLOLS FLOLS with LSO action, P, = PV = Piso = 0.1 (see Fig.6)
—— +FELSO LSO
Xtouchdown = 234 ft basic anglejstabilization
Xlast wire = 294 ft Bo method Past Puise Ratio of Ratio of
Airc.} Airsp. (PA/L)cms/Ls (pML/L)cms/Ls
Fixed B, 4° LS 0.00212 0.975
F-4 1136 ke oS 0.000402 0.470 0.19 0.48
LS 0.00214 0.865
F-6 | 143 kt oS 0.000368 0.294 0.17 0.34
LS 0.00226 0.332
F-8 1 141 ke s 0.00347 0.252 1.5 0.76
) \ LS 0.000127 0.429
A-4 1133 ke s 0.000190 0.336 1.5 0.78
Tdealized S, 2.51° LS 0.000424 1.52
F-4 1136 kt| 4 0° oM 0.000402 0.468 0.95 0.31
3.17° LS 0.000842 1.09
F-6 1143 kt| 5 99° s 0.0000219 0.490 0.026 0.45
3.50° LS 0.00162 0.363
F-8 1141 kt| 9 gg° oS 0.00142 0.297 0.88 0.82
’ 3.62° LS 0.0000924 0.473
A-4 [133 ke| 3 30° oS 0. 0000581 0.425 0.63 0.90

hard-landing accidents. The effects of a nonoptimum
nominal glide path and piloting technique biases, e.g., “hold-
ing a high meatball,” can be reduced by comparing landing
performance indices determined for ideal basic angle opera-
tion. A convenient approximation to the ideal basic angle is
that B, value yielding Prr = Py;. This basic angle can be
readily determined from the relationships in Figs. 4 and 5, and
is expressed as

_ LV Duttimate — AVi]o(Ahg) -—MU(AVI)
Bolient = % (AT 1) — (Us — Uno(Aha)

)

The implications of Eq. (5) are much more than those simply
used here. More important, the equation states the logic by
which B, might be continuously idealized as a function of
known landing system variables and environment; that is,
specific knowledge of (V1) uiimete and Uy values for individual
aircraft, Us, ete., as might be obtained from continuous on-
line measurements and computations, may be advantageously
utilized for continuous idealization of Gq.

The idealized FLOLS basic angles for each aircraft/FLOLS-
stabilization combination and the corresponding landing per-
formance indices are shown in the bottom half of Table 2.
For the line-stabilized FLOLS, a value of 8y = 3.5° is indi-
cated by the simulation to be ideal for two of the four aircraft
tested. In actual fleet operations, basic angles of 3.5° and 4°
are used, depending on. carrier size, operating environment,
and many other operational considerations. Thus, the simu-
lator results and the ideal basic angle concept are consistent
with established operational carrier landing practice.

From the results in Table 2, the following tentative gen-
eralized conclusions are made:

1) Compensated-meatball stabilization can provide a good
payoff, in terms of both reduced accidents and reduced
missed-landings, when the compensation parameters are op-
timized for a particular aircraft. (The particular set of CMS
parameter values used in the experiment matched closest to
closed-loop pilot/aircraft phugoid values of the F-6 aircraft,

and, correspondingly, the greatest improvement in landing
performance was demonstrated for the F-6.)

2) - A fixed-parameter compensation filter will definitely
improve the landing performance for certain aireraft types,
and for remaining aircraft types will provide a performance
level at least equivalent to that derivable from the line-
stabilized FLOLS. ‘

3) The results suggest a variable-parameter compensation
filter with which to separately optimize the landing per-
formance of each aircraft type. Such asystem would entail an
operational procedure similar to the present one of sefting
specific static FLOLS roll angles to accommodate variations
in individual aireraft hook-to-eye distances.

Variable-Parameter CMS and the Effects of the Aircraft
Parameter 1/T, )

The simulated CMS/FLOLS logic permitted simple altera-
tion of the hp/hrp;e amplitude/phase vs frequency charac-
teristics. The flexibility was utilized in determining ap-
parent optimum CMS parameter values to see whether
similar payoffs are obtainable for aircraft other than the
F-6. The resulting optimum CMS parameter values for each
of the four alrcraft considered are given in Table 3. The A-4
optimum values appear close to those found optimum for the
F-6; slightly more lead at lower frequencies is needed for the
A-4, and is obtainable by shifting the break frequency of the

Table 3 Optimum CMS parameters and aircraft 1/75,
values

Aircraft Optimum CMS parameters [see Eq. 3)] 1/Te.

model determined from simulator tests (sec™1)
F-6 . w, = 0.75 rad/sec, ¢, = 0.3 0.690
A-4 w; = 0.65 rad/sec, ¢ = 0.3 0.630
F-4 w; < 0.5 rad/sec 0.344
F-8 we < 0.5 rad/sec 0.476
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compensation down from w. = 0.75 to about 0.65 rad/sec.
With the latter compensation values, the performance im-
provement for the A-4 is expected to be approximately the
same as that previously described for the F-6 aircraft.

Such a happy state of affairs was not the case for either the
F-4 or F-8 aircraft. Upon examination of the continuous
tracking data for these two aircraft models, it was learned that
the pilot/aireraft combinations involved could not develop
the required crossover frequency values, which, for effective
compensation, must be greater than the dominant ship mo-
tion frequencies. In effect, this means that if the pilot at-
tempts to follow beam motions with elevator control, ie.,
tries to hold a precisely centered meatball by biasing the atti-
tude reference, he ends up with an unstable-appearing altitude
loop. An intense effort by the pilot to reduce meatball errors
results in a very poorly damped height control loop (loop @
in Fig. 7) which amplifies beam motions and causes large
flight path overshoots; these are so large, in fact, that the air-
craft tends to stray beyond the +=0.75° FLOLS beam en-
velope limits. Clearly, tight height control is not the tech-
nique to use with either the F-4 or F-8. Even a novice pilot
will, after only two or three unsuccessful landing attempts,
regress§$ to a low gain operation in the height loop; and only
then will he have a marginal chance for a safe arrestment.

The pilot/aireraft closed-loop control problems with the
F-4 and F-8 are directly traceable to the airframe parameter
1/T5.97 Both the F-6 and A-4 aircraft are characterized by
moderately large 1/, values. Table 3 shows that the ex-
perimentally determined optimum compensation break fre-
quencies are close to the respective values of 1/7,, i.e., the
experiments infer (wo)optimum = 1/7 g,

A large value of 1/T, permits a large bandwidth with
reasonable damping in the altitude loop (loop @ in Fig. 7),
and good height tracking performance is obtainable; con-
versely, small values of 1/7, result in maximum bandwidths
which are less than the dominant ship frequency and, conse-
quently, poor altitude tracking occurs. The significance of
the relative magnitude of the height loop crossover frequency
to the ship motion frequency is more readily understandable
by examining the results of a peripheral experiment, one
specifically aimed at verifying the importance of 1/Ty 1in
carrier landings. The A-4 aircraft dynamics were used in
continuous tracking at a synthetically held fixed range from
the ship with the pilot subject trying to hold a centered
meatball. The stability derivative Z., was systematically
changed and the tracking records were analyzed to deduce the
relationship of closed-loop pilot/aireraft height response to
FLOLS beam motion input. Perfect beam-following corre-
sponds to ho/hs = 1.0 < 0°, and occurred with 1/7T,, = 1.0.
As Z,, and hence 1/Tg, was lowered, the aircraft/beam-
motion amplitude ratio and phase lag increased, becoming
approximately 2.5 9 —~60° for 1/, = 0.5.*

§§ Reference 4 presents experimental human response data
which show that crossover frequency or loop gain regression
oceurs, and explains the phenomenon in detail.

99 1/T4, is the larger of the two zerosin the aircraft’s pitch-atti-
tude-to-elevator transfer function, 6(s)/8.(s), and is related to non-
dimensional aerodynamic terms by the approximate expression

Tg = —~Zw = [p(Uo + W)8/2m](Cry + Cp)

where
S = wing area, ft?
m = aircraft mass, slugs
o = mass density of air, slugs/ft3
Uy = aircraft inertia speed, fps
W = natural wind speed, fps
Cr, = aircraft lift-curve slope, per rad
Cp = aircraft drag coefficient

* Phase lag can be decreased for the dominant second-order
closed-loop mode by lowering the closed-loop damping ratio, but
a larger maximum amplitude ratio occurs. Amplitude ratio and
damping ratio are related by the approximate expression A Rmaxa
= —20log2¢.
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At 1/Tg, = 0.4 a bimodal pilot tracking technique was ob-
served. The pilot felt he was operating near the maximum
altitude loop gain possible without going entirely unstable,
and the corresponding aircraft/beam-motion characteristics
were determined to be ho/hs = 3.0 <€ —50°. The pilot
elected to regress to lower loop gain values and reduced his
control responses to observed altitude errors. When this
occurred, the phase lag between aireraft height response and
beam motion input immediately increased to —180° and the
corresponding amplitude ratio decreased to 0.5, i.e., ho/hp =
0.5 <€ ~180°. The effects of this piloting technique change
are as follows. Note that an amplitude ratio of |h./hs| = 3.0
signifies that the aireraft responds with height perturbations
which are three times larger than the height traversed by the
FLOLS beam at any given range from the ship. For the line-
stabilized FLOLS at all ranges, the beam motion is equal in
magnitude to the ship’s heave motion. Thus, the reduction
in closed-loop-altitude-response/beam-motion amplitude ratio
from 3.0 to 0.5 is beneficial in terms of reduced meathall track-
ing errors and reduced landing errors due to ship motion.
But, the required reduction in altitude loop gain has an ad-
verse effect on the aircraft’s height motions and the resulting
landing errors due to the air wake disturbance (see Fig. 3).

Support for the Contended Importance of 1/T%,

Both the simulation and analytical results indicate that
1/Ty, has a significant influence on longitudinal control and,
consequently, should be a primary factor in carrier landing
terminal performance. Two questions that logically arise in
this regard are: 1) Do actual operational accident data for
individual aireraft show a dependency on the value of 1/7.?
2) Does an aircraft’s 1/T, value strongly influence the fune-
tional operation of the SPN-10 system in fully automatic
carrier landings? Both questions are treated in the following
discussion.

1. Inferred bivariate dependency of carrier landing
accident rate on 1/Ty, and approach speed

Figure 8 shows the relationship of total accident rate with
1/Ty, and mean operational approach speed for the four air~
craft previously discussed and for the A-3 and F-11. The
values of operational accident rates, approach speeds, and
1/T,, were derived from the best sources available. - These
sources are enumerated in Ref. 1. The reason that approach
speed is shown as a possible accident causative factor is that
the landing system model predicts such a dependency (il-
lustrated by the dashed curve in Fig. 8). By further postulat-
ing that 1/T, is a significant factor, it is possible to explain
some of the more notable apparent discrepancies between the
predieted and actual accident rate vs approach speed relation-
ships. It should be pointed out, however, that 1/7T, and
approach speed are not independent parameterst and that
high wing loading, low lift-curve slope airplanes (with conse-
quent small 1/7T, values) tend tohave higher approach speeds
from other considerations.

The difference in accident rates for the A-3 and A-4 aircraft,
which have approximately the same approach speed, appears
to be explainable by their dissimilar 1/T, values. Also, the
data in Fig. 8 indicate that the F-4’s accident rate, higher
than expected on the sole basis of approach speed, may be
significantly influenced by the small magnitude of its 1/7,
value. The F-6 has the highest accident rate of all the air-

t At first glance, the approximate expression for 1/7Tg would
appear to indicate that 1/T, increases proportionally with ap-
proach speed. However, this is not necessarily true. For one
thing, the drag coefficient decreases with increased approach
speed. Second, the expression shown is a first-order approxima-
tion only, and other stability and control derivatives have an
effect on the actual 1/7, value.
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Fig. 8 Implied bivariate dependency of

eraft, and the considerations behind Fig. 8 would indicate that
this is primarily because of its very high approach speed,
since its 1/T%, value is quite large and hence “good.” The
separate effects of 1/T, and approach speed do not explain the
F-8’s accident rate, especially with respect to that for the
F-11.I With this one exception, the operational landing per-
formance data strongly support the contended importance of
1/Tg.

2. Effect of 1/Ts, on SPN-10 fully automatic carrier
landing operation

During automatic operation, the All-Weather Carrier Land-
ing System controls the aircraft by transmitting data-link
commands to a pitch-attitude-hold autopilot. The pitch
attitude commands 6, are related to the height error Z.,
which is the difference between a reference height and the
radar-measured aircraft height. Position, rate, and integra-
tion terms are used to generate the command equalization,
which is shown in general form in Fq. (6) (Ref. 15):

0. 14 [res/(s/10 + 1)} + 1/7:s
7, = KakX) (s/5)% 4+ s/5 + 1 ©
Equation (6) can be rewritten as
0. Ti(fg + ) + ot Tds + 1
7. =~ KoKl S o+ D o5 711 O

Tor a tightly closed pitch attitude autopilot loop, the aircraft’s
altitude response to 8, has characteristic modes of the form

A =g(s+1/To) (s 4 1/Te) [s* + 2(Fsposp) o8 + (weper?] (8)

where the closed-loop short-period frequency, (wsp)cz, is
usually higher than that of the stick-fixed airplane and is
higher than 1/T,§ and 1/Ty. The main contributors to a
lagging altitude response to pitch attitude commands are the
1/Tq and 1/T, terms in Eq. (8); consequently, approximate

I Note that the data for the “F” aircraft series lie in the very
steep portion of the predicted Py r vs approach speed curve.
Segregation of 1/Ty, and approach speed effects is very dif-
ficult in this speed region.

§ 1/T%, is the smaller of the two zeros in the pitch-attitude-to-
elevator transfer function.
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cancellation of these terms is necessary to obtain good height
response characteristics. Thus, the optimum SPN-10 equal-

ization [Eq. (7)] should be directly established from the
relationship

[ri@e + 7+ (Fetrds+ 1= Tas + DTps+1) (9)
Solving for the rate and integration parameters,

[TGLTBZ/(TGI + T(Jz - 01)] - 0.1

il

Tr (10)

T@l + Tﬁz - 01

Ti

Values of 1/7, 1/T%., and the corresponding optimum =; and
7, parameters for an F-8 aircraft at several approach speeds
are given in Table 4. These results compare favorably with
those presented in Ref. 16 for SPN-10 operation with an
F-8 at an approach speed of 133 knots (7, = 2.0 sec, r; = 20.0
sec) and confirm the importance of 1/T%,.

Since 1/T4 K 1/T,, the rate term in the SPN-10 command
equalization [Eq. (6)]is established primarily by 1/Tg,; namely
7 = T — 0.1. Thus, for small 1/7%, aircraft, more lead
equalization is required and the higher frequency height
errors are amplified as pitch attitude commands. In manual
landings, the pilot cannot derive rate information from the
FLOLS visual meatball error until he is quite close to the
ramp and consequently cannot generate similar outer loop
equalization.

Conclusions

The previous discussion has shown that a complex interac-
tion exists between desirable FLOLS stabilization character-

Table 4 Analytically determined optimum SPN-10
equalization parameters for an F-8 aircraft

Optimum SPN-1C
equalization from

Approach Aireraft parameters Eq. (10)
speed
(knots)  1/Tg (sec™t) 1/Tg, (sec™1) 7, (s€c) 7; (sec
124 0.001 0.48 2.08 1002 .(
133 0.052 0.463 1.95 21.¢
141 0.071 0.477 1.83 16.:
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istics and other system elements, notably ship motion be-
havior and aircraft response. Accordingly, it is advisable to
summarize the primary factors of concern and establish, in
generalized terms, the potential payoffs of the CMS concept.
First, we will attempt a generalization of the basic problem,
drawing on the specifics that are detailed in the preceding
discussions. Then, we will pose plausible solutions to the
basic problem. Finally, we will indicate the potential perfor-
mance improvements with compensated-meatball stabilization.

Basic Problem

The fundamental limit preventing best derivable terminal
landing performance involves the airframe parameter 1/Tg,.
A small value of 1/7T%, can have extremely adverse effects on
landing performance from many different considerations,
e.g., pilot’s inability to compensate the FLOLS-indicated
height errors, deck-motion-induced errors, air-wake-induced
errors, and contradicting pilot and LSO views of the approach.
Only few currently operational carrier-based aircraft types
are performance-limited by small 1/7, characteristics. For
the large 1/Tg, airplanes, the full landing performance po-
tential is not being realized because of presently inadequate
FLOLS stabilization methods. TUse of CMS allows full ad-
vantage to be taken of the aireraft’s capability to follow height
commands. Although “large” and “‘small” values of 1/T,
are, in the foregoing context, conveniently referenced to the
dominant ship’s frequency w,, the absolute 1/Ts, value is also
important. That is, the pilot’s ability to make small but
precise height adjustments and other precognitive inputs near
the ramyp, and to contend with air wake effects throughout the
landing approach is strongly affected by the airframe’s 1/T,
value.

A CMS logic using G. = 1/(Y,Ya)cr theoretically elimi-
nates deck-motion-caused landing errors, regardless of the
1/T4, value, i.e., this logic theoretically negates the effects of
limited pilot/aircraft height-tracking bandwidths. When
1/Ts, 2 ws, only approximate compensation, G. = 1/
(Y,Y ez, is needed to greatly reduce deck-motion-caused
landing errors. For the condition 1/74, < w., the effects of
variations in the closed-loop phugoid mode are eritical.
Exact compensation, G. = 1/(Y,Y.)cr, is required for the
latter instance, and is unattainable for manual control.

The basic problem is concentrated in the fact that when
1/Ty, < ws, there is no way of achieving a centered ‘‘roger-
meatball” without using “excessive” attitude and angle of
attack overshoots. The pilot will not operate in this fashion,
and chances are he will consider any automatic system that
does so unacceptable. That is, regardless of attempts made
to improve the altitude control bandwidth, such schemes can-
not get around the physical limitations inherent in elevator
control of altitude with a low lift-curve slope and high wing
loading airplane.

Basic Solutions

The obvious solution is to increase 1/Ty, or eliminate its
importance or decrease w,. For designs now on the drawing
board increasing 1/7, is a matter of properly selecting wing
area, planform, sweep, and aspect ratio. Extensible flaps and
slats can also help somewhat by effectively increasing the wing
area for the landing configuration. For airplanes now flying
there is no easy solution. Obviously the effective lift-curve
slope could be augmented by feedbacks to the flap, but this
strategem is probably more costly and less effective than
direct lift control. Direct control of lift through a fast-
operating flap drive and a suitable auxiliary control completely
sidesteps the problems inherent in lift control through elevator
action. Prelimmary studies and flight test of such a system??
have shown greatly improved altitude control for small 1/T%,
aireraft.
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Decreasing the effective ship motion frequency is a possi-
bility that should not be overlooked. Ship motion frequency
can be reduced directly by reducing ship’s speed.’® However,
the resulting increased closing speed because of the reduced
wind-over-deck or operational difficulties in achieving
“standard” wind-over-deck at reduced ship speeds both offset
the potential benefits derivable in this way.

Deck motion prediction can be used to reduce the effective
ship motion frequency. For example, with perfect prediction
the effective ship motion frequency is zero. Less perfect but
perbaps more practical, the LSQ’s prediction of deck position
and velocity could be used to advantage in conjunction with
an inertially stabilized FLOLS beam. Here the LSO can ad-
vise the pilot to hold a high or low meatball with an effective
command frequency well below that of the actual deck motion.

Indicated Performance Improvement Presently
Derivable from CMS

Even without the previous “solutions,” it appears that
CMS can provide improved landing performance over that
achieved with present FLOLS stabilization methods. The
ideal CMS logic is one which produces compensated beam
motions nearly synchronized with the deck motion datum for
deck motion frequencies smaller than the aircraft’s 1/T, value
and no beam motions at frequencies greater than 1/Ts,. The
potential payoff for CMS is, consequently, a function of the
particular aircraft’s 1/Tg, value with respect to the dominant
ship motion frequency. The latter relationship provides a
convenient index with which to assess expected gains, as
follows.

l/T_gg < ws

A modest reduction in landing accident and missed-landing
rates appears feasible. The pilot’s and LSO’s view of the
approach become more nearly alike, and pilot workload is
considerably reduced because high-frequency beam motions
are essentially zero. The pilot must rely on the LSO’s judg-
ment concerning predicted deck position and velocity, and
the LSO must take a more active part in controlling the
landing.

l/Tﬂz = w;s

CMS should provide an impressive reduction in accident
and missed-landing rates. The analytical/experimental re-
sults for Sea State 6 operation indicate a payoff relative to a
line-stabilized system as follows: reduced landing accident
rate by a factor of 10; reduced missed-landing rate by a factor
of 2. Additionally, the pilot’s and 1.SO’s views of the ap-
proach are more nearly alike with CMS.

1/T92 > ws

CMS theoretically eliminates deck-motion-caused landing
errors, and provides identical pilot and LSO views of the
approach.
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