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Superimposed Perspective Visual Cues for Helicopter Hovering
Above a Moving Ship Deck

M. Negrin,* A. J. Grunwald,| and A. Rosen{
Technion—Israel Institute of Technology, Haifa, 32000 Israel

The subject of the investigation is a manual low-altitude hovering task above a small moving ship deck using
visual field cues supplemented by superimposed display symbology. In this task, rather than tracking the ship-deck
motion, the pilot should keep the helicopter inertiaUy stable at a desired inertial position with respect to the ship
deck. This hovering stage lasts until the touchdown can be performed during some period of quiescent ship motion.
The main difficulties during this task arise from the lack of appropriate visual references necessary to keep the
helicopter inertially stable above the ship deck. This research investigates, both analytically and experimentally,
the effects of the information superimposed on the visual field on hovering performance. This additional visual
information can be implemented by inertial references generated on the ship deck, and/or by a helicopter-based
head-up display. For the ship-deck references, inertially stable, three-dimensional visual structures such as
line-drawn cubes are investigated. For the head-up display information, only an artificial horizon is investigated.
The results of the investigation clearly show that hovering performance is improved by the inclusion of inertially
stable visual cues. Moreover, it is shown that the performance is almost independent of the size of the
three-dimensional structure. Thus, it is possible to implement the ship-based visual references within practical
physical dimensions.

Nomenclature
A = system matrix
B = control matrix
C = observation matrix
h = helicopter vertical displacement, ft
hs = ship vertical displacement, ft
vy(t) = observation noise vector with zero-mean Gaussian

white noise processes with covariance matrix V
w = helicopter vertical velocity, ft/s
wd = disturbance vector with covariance matrix Wd
wg = atmospheric disturbance, ft/s
ws = ship vertical velocity, ft/s
x = state vector
y(f) = vector of observed variables
Sc = collective input command, inch lever deflection

I. Introduction

THE manual landing of a helicopter on a small moving
ship deck is a very demanding task, particularly in ad-

verse weather and sea conditions. The requirements for both
civilian and military helicopter operations from small ships
have increased significantly during recent years. As a result, a
large number of improvements necessary to meet shipboard
operation requirements have been introduced into helicopters.
Nevertheless, landing on a ship deck is still performed manu-
ally.1"5 The entire landing procedure can be divided into four
main stages: 1) approach to landing, 2) hovering above the
landing deck, 3) touchdown, and 4) securing of the helicopter
on the deck.

A number of references6"9 document investigations of the
control and information systems for VTOL and helicopter
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approach to landing (stage 1). The present work concentrates
on the second stage, i.e., the hovering above the deck, prior to
the touchdown. The required hovering location is referred to
as the station keeping point (SKP). Hovering above a moving
deck is a much more demanding task than hovering above a
fixed location on the ground. It is known that if a pilot
attempts to track the ship motion, the ship-to-helicopter
distance might become dangerously small, as a result of phase
lags between the helicopter and the ship motions. In this case,
the pilot must abort the attempt for touchdown and reinitiate
the whole procedure. This dangerous and undesired situation
can be avoided by hovering at an inertially stable location
(SKP) above the moving deck until some moment of quies-
cent ship motion arrives, during which time the touchdown
can be performed.1 During hovering, the pilot's main source
of information originates from the visual field. Since the
human operator's (HO) visual references are relative to the
moving ship deck rather than to inertial space, his spatial
orientation with respect to the inertial space is impaired.
Moreover, the helicopter is subjected to atmospheric distur-
bances that constitute a forcing function with a power density
spectrum within the helicopter control bandwidth and that
will thus require considerable pilot activity. This difficulty is
enhanced by the fact that the landing area of small ships is
small, and as a result, the hovering above the deck has to be
carried out with great precision.

In a preliminary study of the present subject,10 it has been
shown that providing the pilot with explicit inertial position
and rate information by means of display augmentation can
reduce pilot workload and improve hovering performance.
These results demonstrated the importance of displaying iner-
tial position information, but the questions of how to realize
this information and how to present the additional cues were
not addressed.

Display augmentation can be implemented on the heli-
copter by means of a head-up display or a three-dirnensional
visual structure at the ship. With the measurement equipment
typically available onboard a helicopter, it is very difficult to
obtain accurate inertial position estimates in the cockpit. On
the other hand, it is possible to estimate quite accurately the
ship deck motion8-9 and to use these estimates to generate
ship-based, visual inertial references. Then the pilot, instead
of deriving visual orientation cues from the moving ship deck,
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can derive cues from the inertially stable references, which are
line-drawn, geometrical shapes. It was shown in Refs. 11-13
that the HO is able to derive his spatial orientation more
accurately by viewing three-dimensional geometrical shapes,
such as a box or cube, than by viewing two-dimensional flat
images, such as a rectangle or square. Moreover, it was found
in static viewing experiments13 that the position judgment
accuracy of a HO viewing a line-drawn image of a cube was
independent of the azimuth and elevation angles of the ob-
server's viewpoint with respect to the cube. Therefore, a
line-drawn, inertially stable, cube structure was chosen as the
ship-based visual reference, and it became of prime interest to
investigate the inherent errors made by the pilot during the
hovering task. The line-drawn cube can be created by a
matrix of signal lights and can be stabilized using an elec-
tromechanical motion platform similar to the one described in
Ref. 13. In spite of errors inherent in the estimation of the
inertial position, in order to simplify the investigation it was
assumed that the cube can be ideally stabilized.

There is a basic difference between the visual information
presented to the pilot in the preliminary study10 and the
information in the present investigation. In the study of Ref.
10, position errors and their rates were presented explicitly. In
contrast, with the use of the line-drawn cube, in the present
study the HO has to estimate his position errors by internally
processing the perspective shape of the cube. Moreover, addi-
tional difficulties arise from the unusual character of the
longitudinal hovering dynamics. In the absence of substantial
forward motion, pitching down of the noise of the helicopter
will result in a forward surge motion, rather than a downward
motion, like this is the case with fixed-wing aircraft. Thus, the
fixed-wing aircraft pilot can link the pitch-down motion, as
experienced by an upward shift of the horizon, to the rate of
descent of the aircraft. For the hovering helicopter pilot this
link does not exist and the vertical speed of the helicopter can
be extracted only from changes in the perspective cube shape.
However, the pitch motion as perceived through the vertical
shift of the horizon, provides the pilot with surge rate and
surge acceleration information.

This research includes analytical and experimental work.
The analytical model of the hovering task is necessary for a
better understanding of the effect of the various parameters
on the task performance. Moreover, analytical and experi-
mental results are mutually supporting in validating the hov-
ering results and providing insight into the control
mechanism.

Analytical models of man-machine systems are classified in
the literature in two groups. The classical control engineering
approach14'15 indicates the state variables, which are required
from a control theoretical point of view, without studying
how these variables are perceived. The modern optimal con-
trol engineering approach16'21 states that the well-trained,
well-motivated HO behaves almost like an optimal controller
subject to his inherent limitations and to the control task. In
this model, the sources of HO remnant are specified as
observation and motor noises. Observation noise accounts for
uncertainty in the perception of parameters, whereas motor
noise accounts for the random errors in executing the in-
tended control movements. The optimal control model
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(OCM) is used both for instrument display control tasks21 27

and visual field control tasks.28"31

In the present paper, the analytical and experimental results
of the hovering task are presented. The visual field is aug-
mented with a line-drawn cube as a ship-based reference, in
combination with an artificial horizon provided on the heli-
copter head-up display. The cube is inertially stabilized above
the ship and does not move with the ship's angular motions
and heave. A simplified hovering task is considered in which
helicopter motions exist in the longitudinal plane; the ship
deck is subjected to heave motions only, without pitch or roll.

II. Analytical Model
The longitudinal hovering situation is described in Fig. 1. A

general description of the display viewed by the pilot is given
in Fig. 2. The pilot's task is to keep the helicopter at a desired
inertial height, chosen such that a sudden collision between
the ship and the helicopter will not occur. The task is per-
formed in the presence of vertical atmospheric disturbances
and vertical motions of the ship deck. The desired hovering
altitude is presented to the pilot by means of a line-drawn
cube. A horizontal bar that is attached to the ship's mast
serves the pilot as a means to observe the motion of the
helicopter, relative to the ship deck.

In the investigation, the surge (forward-backward) motion
is assumed to be controlled by an autopilot. The helicopter
pitch control is executed automatically by the automatic
surge-control system, without intervention of the pilot. Thus,
the pilot has to control the helicopter heave (vertical) motion
only, using the collective lever. The atmospheric disturbances
are assumed to influence only the helicopter vertical motion.
A. Dynamic Model

The dynamic model of the system consists of the linearized
equations of motion of the helicopter, the equations repre-
senting the ship-deck motion, and the atmospheric distur-
bances. The equations of motion of the helicopter represent
the motion in the vertical axis in response to the collective
control input commands and the atmospheric disturbances.
The atmospheric disturbances are modeled by a first-order
Markov process. The ship-deck motion is modeled by a
second-order Markov process. Summarizing the aforemen-
tioned assumptions, the dynamic model can be described by
the following state equation:

(1)

Equation (1) is elaborated on in the Appendix [see Eq.
(Al)], and the state vector is defined as x = co\(h9w9wg9hs9ws).

The helicopter model used in the investigation represents a
Bell UH-1H. The coefficients representing the helicopter in
hovering flight at sea level were taken from Ref. 32.
B. Observation Model

The HO observations are relative to the inertial space and
the moving ship deck. Therefore, according to the experimen-
tal conditions (to be described hereafter), the observation
vector will include the absolute position and velocity, and/or

Fig. 1 Hovering task in the longitudinal plane. Fig. 2 Display configuration.
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the position and velocity relative to the deck. The observation
vector can be described as a linear combination of the state
vector by the following equation:

(2)

The vector of observed variables, including the absolute
and the relative position and velocity, is given by

y(t) = - ws)

It is assumed16 that the HO perceives observations that are
delayed by T s. Thus the noisy and delayed observation vector
perceived by the HO yp(i) is given by

yp(t) = Cx(t - T) + vy(t - T) (3)

C. Optimal Control Model
A block diagram of the OCM is shown in Fig. 3. The basic

assumption of the OCM is that the HO has perfect knowledge
of the vehicle and the measurement models. The HO action is
accomplished in two stages:

1) Optimal reconstruction of the state variables from the
noisy delayed vector of the observed variables. This is done
by means of Kalman filtering and optimal prediction.

2) Determination of the control function <5f, such that in
the steady state the following cost function is minimized:

J(SC) = lim E
tf-+ 00

'' PVc
.^/Jo l •

(4)

Q is the weighting matrix of x, and r and g are the
weighting coefficients of 6C and <5C, respectively. Since the
Kalman filter has a perfect knowledge of the optimal control
<5*, a perfect estimate of the state is obtained by simply
integrating the state equations. On the other hand, it is clear
that in reality the HO's estimates are not perfect. Therefore,
to prevent the Kalman filter from perfectly knowing the
control, a HO motor noise is added to the control force w*,
imparted to the neuromuscular system (see Fig. 3). This
motor noise accounts for the fact that the HO does not know
his control action precisely.

The inclusion of the control rate in the cost function is
mathematically equivalent to the first-order neuromuscular
dynamics in the transfer function of the HO.16

The solution of the reconstruction and control problem is
derived from Kleinman et al.16'18'21

Several parameters of the analytical model are not known a
priori. The unknown parameters can be determined by a
model-matching procedure. This is a post-experimental proce-
dure, in which the unknown parameters are adjusted such
that the analytical model outputs, i.e., the covariances of state
and control variables, match with their corresponding experi-
mental values. The unknown parameters are as follows:

1) The weighting coefficients Q,r&. Nevertheless, the ele-
ments of the diagonal matrix Q, which weight the uncontrol-

Fig. 4 Experimental setup.

lable but asymptotically stable state variables of the
atmospheric disturbances and ship motion, can be a priori set
to zero. Therefore, the unknown elements of Q are only the
elements that weight the helicopter position and velocity, i.e.,

2) The time delay T and the neuromuscular time constant
*jv-

3) The covariances of the observation noises Vy and motor
noise Vm9 which have been shown by Levinson et al.20 to be
proportional to the covariances of y and uc, respectively. The
noise levels at the observation and motor noises are defined as

Km[db]= 10 log[Fm/*£{«?}]

where / is the number of the measurement.

III. Fixed Base Simulation Program
A. Experimental Setup

A block diagram of the fixed base simulation setup is
shown in Fig. 4. The HO's control commands, translated into
analog voltages, are converted to digital signals and are
imparted to a digital simulation computer. The computer is
programmed to solve the vehicle equations of motion and
perform the necessary graphics calculations to create, in real
time, the perspective image. This image, displayed on a
cathode-ray tube (CRT) display, is received by a television
camera and finally projected on a screen of 2.40 x 2.40m
placed 4.5 m in front of the subject. The projected image
viewed by the subject is used to create the control commands
that close the control loop.
B. Experimental Program

The experimental program started after a training period of
four weeks. The four subjects who participated in the experi-
mental program were undergraduate students of the Faculty
of Aerospace Engineering and have participated as subjects in
other aeronautical experimental programs in the past. The
training period is especially important in view of the absence
of motion cues, requiring the subjects to be familiarized with
the image and with the motions of the ship and the helicopter.
The subjects were instructed to keep the helicopter at a
constant inertial height above the ship deck, using the collec-
tive control lever. The required height was referenced to the
center of the cube and was not shown explicitly. The range of
the SKP from the cube center was fixed at R = 70 ft and was
kept constant throughout the experimental program. The
effect of the cube size d was investigated. Three values of the
ratio (j, which equals R/d, were investigated: cr =4, 8, and 16.
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The scope of the experimental program was as follows:
1) Investigation of how, and to what extent, the HO uses

the various displayed visual cues. The question was whether
explicit cues, such as the deviation of the horizon from the
cube center, or implicit cues, such as the cues included in the
perspective cube structure, are used.

2) Determination of the most effective display configura-
tion for the given task.

3) Determination of the hovering accuracy in terms of the
observed position errors for each display configuration.

During the investigation, nine experiments were conducted,
which were divided into five series. For each experiment, each
of the four subjects performed 5 runs, each of 168s in
duration. During each run, the time histories of the state and
control variables were recorded by the computer.
1. Description of the Experiments

Series A: Perspective visual cues only (Fig. 5). Experi-
ments 1, 2, and 3 were conducted to determine the HO's
ability to perform the control task by deriving the position
information from the perspective shape of the cube only.
Therefore, in this series the visual scene included only the
line-drawn cube. To insure that the perspective cube shape is
the only visual cue, the helicopter longitudinal body axis A:*
was pointed at all.times at the center of the cube (the xb axis
was tethering about the cube center). Thus, the cube appeared
always at the center of the screen. Experiments 1, 2, and 3
referred to values of a =4, 8, and 16, respectively.

Series B: Perspective cues in the presence of pitch motion
(Fig. 6). In experiment 4, which was conducted at a == 8, the
ship image was displayed together with the perspective cube.
The ship, which was subjected to heave motion, presented the
pilot with references relative to the ship deck. The horizon
line was not displayed and was assumed to be hidden by the
ship's structure. In addition to the heave motion, the heli-
copter also executed a pitch motion, which was a result of the
surge (forward-backward motion) autopilot activity and was
not under the control of the pilbt. Therefore, the pilot had to
control only the helicopter heave motion. The helicopter pitch
motion was simulated by a second-order Gaussian process,
created by a white noise passed through a second-order filter
with £ = 0.1 and a> = 0.5 rad/s. This pitch motion caused the
displayed image (ship and cube) to shift vertically on the

screen, but the perspective shape of the image did not change.
As a result, the pilot had to derive the positional information,
as in series A, from the perspective shape of the cube. Because
of the pitch activity, the uncorrelated vertical shift motions of
the image on the screen acted, in this case, like a visual
disturbance.

Series C: Combination of perspective and explicit visual cues
in the presence of pitch motion (Fig. 7). Experiment 5 is
similar to experiment 4, but in addition to the display of
experiment 4, in experiment 5 the horizon line was also
displayed. In this situation the HO has two sources from
which the position error can be perceived. The first source is
the perspective cube shape, as in the previous experiments.
The second cue is the explicit heave error, perceived from the
angular distance between the horizon line and the cube center.
It should be noticed that the cube center, C was not displayed
explicitly. The purpose of this experiment was to investigate
if, and to what extent, the HO utilizes the explicit displace-
ment information (in addition to the implicit information
perceived from the cube shape).

Series D: Combination of perspective and explicit visual cues
without pitch motions (Fig. 8). In experiments 6-8, the dis-
played scene included the ship, cube, and horizon. However,
in this series, the helicopter did not execute pitch motion.
Therefore, the horizon line appeared as a stationary horizon-
tal line through the center of the screen. The purpose of these
experiments was to investigate the mechanism of the explicit
information perception, in the absence of the disturbing verti-
cal shift of the displayed image, caused by the pitch motions.
Experiments 6-8 were performed for a — 4, 8, and 16, respec-
tively.

Series E\ The baseline configuration (Fig. 9). In experi-
ment 9, the pilot's visual field was not augmented. In this
baseline experiment, in which the helicopter did not execute
pitch motion, only the ship and the horizon were displayed.
The pilot did not perceive implicit nor explicit inertial posi-
tion information. As presently executed, this experiment rep-
resents a highly simplified replica of the actual task. In this
experiment, the subjects were instructed to maintain, as accu-
rately as possible, the height given by the average position of
the horizontal bar attached to the ship's mast. The purpose of
this experiment was to investigate whether, and how accu-
rately, the HO is able to perform the control task.

Fig. 5 Configuration of experiments 1-3.
Fig. 1 Configuration of experiment 5.

Fig. 6 Configuration of experiment 4. Fig. 8 Configuration of experiments 6-8.
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Fig. 9 Configuration of experiment 9.

The various experimental conditions are described in Table
1. The atmospheric disturbance was simulated by a first-order
Markov process with COV(H^) = 20 ft2/s2 and a break fre-
quency of 2 rad/s. The ship heave motion was simulated by a
second-order Markov process with cov(hs) = 6 ft2, approxi-
mating sea state five.
2. Experimental Results

Post experimental processing included the computation of
the means and the covariances of the time histories of the
state and control variables for each run and for each subject.
The results presented in Table 2 are the averaged covariances
over all subjects and all trial runs. They represent the mean
and the standard deviation of the covariances of the heli-
copter position and velocity and the control activity. The

averaged means of the time histories were very close to zero.
In addition to the results presented in Table 2, Figs. 10-15
depict the time histories of the altitude and the control
activity of a typical run for each one of the nine experiments.
Table 2 also presents the results of the analytical model after
they had been matched to the experimental data. In this
procedure, the model's unknown parameters, i.e., qh9 qw, r, g,
Vyi, Vm, T, and tN were adjusted such that the covariances of
h, w, and 5C were matched with their corresponding experi-
mental values. The parameters yielding the "best match" are
listed in Table 3. In general, the following can be concluded:

1) A very good match is established between the analytical
and the experimental results.

2) For all the experiments, the following best match values
were obtained: time constant i =0.1 s, neuromuscular time
constant IN = 0.2 s, motor noise levels about —20 dB. These
values are typical for manual control tasks. 10'21~24-27~31

Results of series A. In Figs. 10-12 the effect of a, the cube
size-to-range ratio, is demonstrated. It can be seen that, for
(j = 45 because of the large cube image (Fig. 10), the height
errors are relatively small. The stick activity shows the exis-
tence of high-frequency components, probably resulting from
an increased HO gain in the feedback loop. For a = 8, the
cube image becomes smaller and consequently it becomes
more difficult for the HO to estimate his height. Therefore,
Fig. 11 shows the existence of periods during which the HO
does not change the control input. Such a period lasts until
the HO succeeds in estimating his height. As a result, the

Table 1 Experimental conditions

Display Configuration

Experiment Ship Horizon Cube o = R/d Comments

1
2
3
4

' + 4
+ 8
+ 16

+ - + 8 Pitch motion

4
8

16
8

present
Pitch motion

present

(+) Displayed; ( — ) not displayed

Table 2 Comparison between the model and experimental results

cov(/z), ft2 cov(w), ft2/s2 cov((5c), in.2

Experiment Experiment Model Experiment Model Experiment Model

1

2

3

4

5

6

7

8

9

2.09
±0.26

6.08
±1.71
14.90
±2.83

4.73
±1.08

1.29
±0.42

0.80
±0.23

1.10
±0.32

1.11
±0.24

9.67
' ±2.71

2.29

6.96

12.40

4.59

1.17

1.04

1.04

1.04

—

3.92
±0.66

5.31
±1.35

8.49
±2.34

3.91
±0.68

2.27
±0.55

2.06
±0.39

2.06
±0.67

2.16
±0.55

7.01
±1.88

2.75

4.14

6.08

3.46

1.85

1.72

1.72

1.72

—

0.155
±0.038

0.113
±0.041

0.136
±0.066

0.101
±0.052

0.123
±0.041

0.138 ,
±0.025

0.104
±0.029

0.110
±0.030

0.133
±0.033

0.127

0.123

0.191

0.134

0.101

0.096

0.096

0.096

—
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Table 3 Matched parameters of the analytical model

Experiment

i
2

3

4

5

6, 7, 8

Measurement
model

*=*
yi
y ___ L

y =wS2.

y —— fa

y2 = w
yi=h
y2 = w
y3 = h- hs
y4 = W - ws

y\ = h
y2 = w
y3 = h- hs
y4 = w — ws

y\ = h
y2 = w
y3 = h -hs
y4 = w-ws

K,,dB

-18
-6
-7
-5
-5
-5
-6
-4

-11
-11
-13
-12
-11
-11
-14
-12
-11
-11

COV y

2.29
2.17
6.96
4.14

12.4
6.08
4.59
3.46
8.87
6.28
1.17
1.85
7.24
5.74
1.04
1.72
7.30
5.10

Vy qhlg

0.102
0.013 L22

3.83
1.08 L22

12.3
6.01 L22

3.62
4.33 1.22
2.21
1.56
0.18
0.36 2.11
1.81
1.43
0.13
0.34 2.11
1.82
1.27

,./*
0.51

g = 9.76
0.51

g = 9.76
0.51

£= •
0.51

g = 9.76

0.07
g = 7.09

0.07
g = 7.09

rto

3.1

3.1

3.1

3.1

3.5

3.5

Km,dB

-18

-24

-22

-20

-20

-20

*1. 00

0 rll

-5.0

l ima
34.

( Sac >
102. 136.

-0.50

170. 0 34.
Tlma < Sac >

Fig. 10 Time histories of h and dc of experiment 1.

height errors are higher for a = 8 than for a = 4. The same
characteristics, but to a greater degree, can be seen in Fig. 12,
depicting the results of experiment 3 in which a = 16.

The analytical model included observations of the inertial
position and velocity of the helicopter. It can be seen in Table
3 that the position observation noise level increases with a. In
experiment 1 the observation noise covariance Vh = 0.102 ft2

is about 5% of the covariance of the measured variable
cov(/z) = 2.29 ft2. In experiment 3, Vh and cov(/*) are almost
equal. Therefore, it can be concluded that satisfactory estima-
tion is obtained only for relatively large cube sizes or, alterna-
tively, if the cube is viewed from a short range. Both of these
situations are not practical because of the small ship dimen-
sions and the required rotor clearance.

Results of series B and C. The results of experiment 4 are
presented in Fig. 13. These results are quite similar to the
results of experiment 2, which was conducted with a = 8 as
well. The covariances of h, w, and dc are also very similar
(Table 2) in both experiments. This similarity was expected
because in both experiments the visual cues used during the
HO's spatial orientation process were derived from the per-
spective shape of the cube only. It was also expected that the
disturbing vertical shifts caused by the pitch motions would
somewhat degrade the performance. Nevertheless, it can be
seen in Table 2 that the covariances of h, w, and Sc in
experiment 4 are about the same (and even smaller) than the
ones obtained with the cues in experiment 2. Comparison
between Figs. 10 and 12 shows quite similar behavior in both
experiments. This means that the pitch motion did not affect

the ability of the subjects to derive implicit positional infor-
mation from the cube structure.

The results of experiment 5 are depicted in Fig. 14. Com-
parison between the results of experiments 4 and 5 shows that
the additional explicit information presented in experiment 5
markedly improves the hovering performance. This improve-
ment includes approximately 75% reduction of the height
error covariance, 50% reduction of the velocity covariance,
and 20% reduction of the control activity (see Table 2).

The observation vector of the analytical model, for both the
B and C series, included inertial and deck-relative observa-
tions. The noise levels for the absolute position and velocity
were found to be —6 and -4dB in experiment 4, and —13
and — 12dB in experiment 5. This indicates that the inertial
observations are much more accurate when the explicit infor-
mation is presented. The noise levels relative to the deck
observations were found to be -11 dB in both experiments.

Results of series D. The results of experiments 6-8, tabu-
lated in Table 2, show a great deal of similarity, in spite of the
fact that the cube image becomes smaller with increasing a. It
was shown in the results of series A that for the smallest
apparent cube size (a = 16) the ability to derive positional
information from the cube shape is highly impaired. But in
experiment 8, the hovering performance is almost similar to
the performance shown in experiments 6 and 7. Therefore, it
can be concluded that the HO uses the explicit information
for his inertial measurements rather, than the cues perceived
from the perspective cube shape. Comparison between the
results of the experiments of series D, with the results of series
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-10.0

-1.00

-1.00 0 34.
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Fig. 11 Time histories of h and dc of experiment 2.

0 34.
Tima ( Sac >

-0.50

-1.00102. 138,

Fig. 12 Time histories of h and 5C of experiment 3.

+1.00

+5.0

-5.0

-10.0 34.
Tlmo ( Sac >

Fig. 13 Time histories of h and Sc of experiment 4.
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Fig. 15 Time histories of h and dc of experiment 6.

C, indicates that the disturbing pitch motions do not affect
the performance. The reason is that the vertical shift of the
image, in series C, does not affect the angular distance be-
tween the horizon and the cube center and, thus, does not
affect the explicit positional cues.

Since the experimental results of the three experiments in
series D yielded similar co variances, only one set of parame-
ters was sought in the model-matching procedure. Similar to
experiment 5, the observation vector in experiments 6-8
included inertial and deck-relative observations. The analyti-
cal results in this case were found to be similar to the
analytical results of the C series.

Results of Series E. The results of experiment 9 in which
the pilot's visual field was not augmented are shown in Fig.
15. It can be seen that there exist relatively long periods of
time in which the HO did not change the collective control
setting. Following these periods of inactivity, large control
commands were applied, which resulted in large height errors.
Moreover, in this experiment, a strong tendency of the sub-
jects to track the deck motion was noticed (although they
were instructed to avoid tracking it). Therefore, all the three
co variances in this experiment are among the highest of all
the experiments.

For this experiment, it is not possible to match an analyti-
cal model in the optimal control model framework. The
reason is that the analytical model requires full observability
of the state vector. In experiment 9 the observations are
relative to the ship deck only. Therefore, the inertial height
and velocity necessary to close the control loop are unobserv-
able. Nevertheless, the subjects succeeded in performing the
hovering task, to some extent, because the ship motion
forcing function was bounded.

IV. Conclusions
The display of inertial position information can be effec-

tively utilized by the pilot. Consequently, the performance of
the helicopter hovering task above a moving ship deck is
markedly improved.

Implicit information concerning the inertial position of the
helicopter can be realized by creating a line-drawn, inertially
stable cube above the ship deck. This information is effective
only for relatively large cube sizes, or alternatively for a cube
viewed from a short range. Both situations are impractical for
a helicopter landing on a small ship deck because of the ship
dimensions and the required rotor clearance.

Explicit inertial position information of the helicopter can
be created by combining the line-drawn cube implemented
above the ship deck with a horizon bar displayed on the
helicopter head-up display.

The human operator uses the explicit positional informa-
tion rather than the implicit information perceived from the
perspective shape of the line-drawn cube. The horizon bar,
presented on the head-up display, in combination with an

inertially stable, ship-based cube structure of relatively small
dimensions, is therefore a successful combination for provid-
ing the inertial position information in the vertical hovering
task.

The optimal control model is used as a mathematical
framework for studying the hovering task. Using the analyti-
cal model, the observation and motor noises, the inherent
human limitations, and the system performance are modeled.
Comparison of the analytical results with experimental results
provides a useful framework for studying these human char-
acteristics.

Appendix: State Equation and Observation Matrices
of the Analytical Model

The state equations representing the various experimental
conditions are

For Experiments 1-3

x =
0 1 0 "
0 "zw. zw

0 0 -a
ng (Al)

For Experiments 4-9

00 1
0 zw zw
0 0 -a
0 0 0
0 0 0

0
0
0
1

-co? -:

0 0
0 0

a 0
0 0
0 co?

ft] (A2)

where ng and ns are zero-mean Gaussian white noise processes

zw = 0.385 s"1, z5c = -9.77 (ft/s2)/in.,

0 = 2 s ~ 1 , co, = 0.8 rad/s, £=0.05

The observation matrices are
For Experiments 1-3:

n o on
|_o i oj (A3)



660 NEGRIN, GRUNWALD, AND ROSEN J. GUIDANCE

For Experiments 4-8:

H 0 0 0 0

C = ° 1 P 0 0
1 0 0 - 1 0
0 1 0 0 -1
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