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The purpose of the inquiry is to determine how precisely a pilot can estimate the movements 
of his vehicle, and thus exercise control, during an unaided visual bpproach. The method is to  
relate changes in the forward view, due to movements along and across the approach path, to 
human visual thresholds and errors. The scope is restricted to effects of inclination, expansion, 
size, and rotation in runway features during approaches a t  small angles of elevation. 

Quantitative relations are given which provide a basis for ranking the several information 
mechanisms. Alignment by inclination of a ground line is found to be an accurate lateral mech- 
anism, probably superior to the expansion mechanism. Vertical control mechanisms are com- 
plex, of questionable accuracy, and difficult to rank. The results throw some doubt on the 
usefulness of a runway symbol as a source of displayed information. 

INTRODUCTION 

When an approach is made without the help of 
flight instruments or ground aids, the pilot 
depends heavily on observations of the external 
visual world. If he is able in these circumstances 
to make good a selected flight path, his control 
actions must be in some way related to visual 
information derived from external sources. On 
the other hand, an erratic approach would indi- 
cate the absence of an adequate relation between 
what is seen and what is done. 

Previous investigations of this subject have 
perhaps given the impression that much informa- 
tion is available for control purposes in visual 
flight. For example, Gibson (ref. 1) has stated 
that the pilot is able t o  see accurately a con- 
tinuous visual world in which he moves with 
precision, and this view has frequently found 
embodiment in displays which imitate the for- 
ward view in flight. But it must first be asked 
how precisely the pilot moves in his visual flight 
path, if a complete description of the control 
process is to be given. Unfortunately, the quanti- 
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tative aspect of visual flight has attracted very 
little attention. 

Another feature of previous work is the variety 
of visual characteristics considered able, through 
dependence on the position or speed of an ob- 
server, to contribute to the control of visual flight. 
But not all visual characteristics are equally 
admissible, because of variability under differing 
meteorological conditions. Thus, color, contrast, 
and sharpness of detail can vary markedly with 
changes in weather, while the form, size, and 
apparent movement of visible ground objects are 
hardly affected. The latter characteristics are 
therefore more likely to provide a quantitative 
basis for a process which, obviously, may take 
place under a range of weather conditions. 

It is not difficult to establish relationships 
between the form, size, and apparent movement 
of ground objects and the observer’s position, or 
change of position. For example, Belik (ref. 2) 
has recently shown the relationship of position 
and speed to the size and apparent velocity of 
ground objects, for diff ereht sighting angles. 
What is needed for control purposes, however, is 
to relate the visual changes, due to movements 
along or across the approach path, to known 
visual capabilities of the human observer. If this 
can be done, it will be possible to determine the 
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smallest changes of the observer’s position and 
speed causing detectable effects in the external 
scene and, thus, to estimate the precision with 
which a vehicle may be controlled in purely visual 
flight. 

Another limitation desirable in selecting mate- 
rial from the external visual scene is in choosing 
only those ground objects suitable for building up 
quantitative relations for all visual approaches. 
Clearly, an invariable feature of the pilot’s for- 
ward view is the outline shape of the runway, to 
which approaches are made over varying, or even 
featureless terrain. This geometrical pattern, or 
one of its component sides, will therefore be 
taken as providing the basic visual character- 
istics of the external scene, which are to be related 
to the observer’s state variables, of position and 
speed. (The attitude of the observer’s vehicle will 
not be considered as a state variable because it is 
without effect on the shape, size, and apparent 
velocity of ground objects.) The appearance of a 
ground line, such as a runway side, provides 
characteristic effects of inclination, expansion, 
size, and rotation, which will be considered for a 
conventional approach at a small elevation of the 
flight path, and without considering any second- 
ary effects due to the windshield frame. 

INCLINATION EFFECTS 

Lateral Alignment 

A prominent runway feature during the ap- 
proach is the appearance of a side or centerline. 
It is evident from figure 1 that each appears as a 
more-or-less straight line which is inclined to the 
vertical at  an angle depending on the position of 
the observer. Ground lines to the left of the 
observer extend from lower left to upper middle, 
and those to his right are inclined in the opposite 
sense. It is not difficult to show that the apparent 
inclination of the ground line increases with the 
lateral offset of the observer, but decreases with 
an increase in height of the observer’s eye. This 
relation is important in the lateral alignment of 
an approaching vehicle. 

Let A ,  figure 2, be the origin of a rectangular 
coordinate system, of which the x-axis AD and 
the y-axis AB lie in a horizontal plane containing 
the rectangle ABCD. Let the observer be at the 

FIGURE 1.-Appearance of runway during approach. 

H ~ H .  
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= Ax/z 

FIGURE 2.-Inclination of ground line. 

point E (2, y, z) lying in a vertical plane through 
DC. Then the observer’s horizon HH’ lies in a 
horizontal plane through E,  which also cuts the 
z-axis in a point F ,  and the parallel lines AB and 
DC appear to meet at a point V on HH‘. 

Suppose a transparent reference plane is held 
between the observer and the scene before him, 
at  a convenient distance, and inclined so as to 
be perpendicular to the y-axis. The points A, F ,  
and V will be seen by the observer at  the points 
a, f, and v, where the lines EA, EF, and ET’ 
intersect this plane. Now the ground line A B  will 
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be seen in this plane as the line av, extending 
from the position of A to the position of the 
vanishing point V.  The apparent inclination of 
AB will therefore be the inclination of av, or the 
angle fa., since af is a vertical line formed by two 
intersecting vertical planes, afv and EAF. Then 
by similar triangles, 

tan fav=tan (b=fv/fa=x/z. (1) 
It follows from this simple relation that, for 

any height of eye, x ,  the inclination of the ground 
line is zero when the observer's lateral offset, 2, 
is zero. In  practice, however, it is difficult to 
observe zero inclination because it is not always 
possible to estimate the vertical wjth great pre- 
cision, as can be seen in figure 1. The process of 
lateral alignment will therefore be inexact to an 
extent depending on the ability to estimate the 
vertical, in field conditions. Laboratory studies, 
such as those of Werner and Wapner (ref. 3), 
suggest that this kind of estimation may be made 
to better than 1") but a larger error, perhaps as 
great as 5", would no doubt occur in the less 
settled conditions of flight. The quantitative 
relationship governing lateral alignment of the 
observer's vehicle is therefore of the form 

A($) =A(tan 4) =Axz=kl (2) 
where A(+) is the error in estimating zero value 
for the inclination of the ground line, and k ,  is a 
constant expected to be about 1/12. With this 
value for kl, the minimum detectable lateral offset 
will be about 42 feet at a height of 500 feet, or a 
range of 10000 feet on a 3" approach. Smaller 
offsets are discernible at  smaller ranges, and the 
order of magnitude of the result suggests an 
accurate means of lateral control. 

Vertical Alignment 

Since the runway is essentially a plane surface, 
it does not readily lend itself to the vertical 
alignment of an observer, by showing whether he 
is above or below a chosen approach path. Few 
features of vertical extent are available which 
reveal the kind of differential inclination so easily 
observed in the lateral plane. It may nevertheless 
be possible to gain some control information in 
the vertical plane from the absolute value of the 
inclination of st ground line. 

FIGURE 3.-Approach at constant included angle. 

In  the special case where the observer's height 
of eye is equal to the lateral offset from a ground 
line, its apparent inclination is 45" (eq. (1)). 
Thus, at an eye point 100 feet above the center- 
line of a runway, A ,  figure 3, the included angle 
between the runway sides would be 90" for a 
runway width of 200 ft. Given an ability to judge 
an absolute value of 90°, it would thus be possible 
to make an oblique approach to this point, at a 
constant glideslope angle, by passing over points 
equispaced in the ground plane and offset from a 
runway side by amounts increasing in arithmeti- 
cal progression, P, Q,  etc. But no very precise 
control could be expected by this method because 
an error of only 5" in estimating the included 
angle would result in a height error of about 8 
percent; moreover, accuracy of alignment in the 
lateral plane would be sacrificed by using an 
oblique approach. 

The more commonly practiced method of mak- 
ing an approach along a line of constant offset, 
such as the runway centerline, leads to the condi- 
tion that inclination of the ground line varies 
only with height 

tan cp = k/x .  (3) 
The trained observer may then be able to esti- 

mate height from inclination, and this technique, 
with the further stipulation that distance to  
touchdown is known, may be sufficient to  control 
the flight path in the vertical plane. But without 
knowledge of position along the approach path 
this method cannot yield usable information. 

Estimation of range to touchdown is obviously 
influenced by the existence and visibility of 
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Width/lnclination Ratio Lateral Expansion 

tans /2/tane = X/R/X/Z 1 (e/2) = S V / R ~  = 11344 
dt 

= sin y 
Ax = R2/344v 

A(sin7)  = k2 

FIGURE 4.-Runway width and range. 

recognizable ground features. This visual infor- 
mation is not always available, however, or it 
may not be usable because of unfamiliarity with 
the terrain. The pilot may nevertheless estimate 
range to touchdown from the apparent size of 
ground objects. For example, in a centerline 
approach to a runway of width 22, figure 4, the 
nearest edge subtends an angle 0 such that 

tan el2 = x/R (4) 

where R is the visual range to the midpoint of the 
edge. At the same time, either side of the runway 
appears inclined to  the vertical at an angle 4 
such that 

tan #=x/x 

=x/R sin y (5) 
where y is the elevation of the sight line to the 
same midpoint. It follows from equations (4) 
and (5) that 

tan 0/2/tan #=sin y (6) 
so that the elevation of the sight line may be held 
constant if this ratio of tangents can be observed 
always to have the same value. This suggests a 
possible mechanism for controlling a straight-line 
approach in elevation along the centerline of a 
runway. 

The judgment required in maintaining a con- 
stant relationship between the apparent width 
of the runway and the apparent inclination of a 
runway side is more complicated than the simple 
judgment needed in observing alignment with a 
ground line. Accuracy in the vertical plane may 

therefore be more difficult to achieve than in the 
lateral plane, if the supposed mechanism is re- 
sponsible for mediating the control information. 
And it is hard to relate this mechanism to known 
human capabilities. But if it is assumed that a 
measurable value may be given to the ability to 
estimate an angular ratio of this type, the gov- 
erning relation for vertical control by means of 
the width/inclination ratio is 

kz = A (tan 0/2/tan #) = A  (sin y) (7) 

where kz is the error in estimating the angular 
ratio. If this error is 10 percent, the height error 
at a range of 10 000 ft, or a height of 500 f t  on a 
3" glideslope, would be about 50 ft. That is, this 
angular ratio would need to be held constant to 
within one part in ten in order to achieve a con- 
trol accuracy similar to that calculated for the 
lateral plane by equation (2). This possibility is 
conjectural. 

EXPANSION EFFECTS 

It is well known that objects near the path of a 
vehicle appear to move outward as the vehicle 
advances. During an approach, for example, the 
runway appears to expand in all directions about 
the (inertial) flight path. This phenomenon sug- 
gests a mechanism providing information about 
the probable outcome of the pilot's control 
actions. Clearly, its usefulness depends on the 
quality of information provided, and this can be 
judged for the visual approach situation by 
calculating the apparent expansion in the region 
of the touchdown zone. 

Lateral Aim 

Suppose the observer at E, figure 4, is moving 
with velocity v, and approaching the point D, 
which is on the centerline of a runway of width 
2s. A diameter through this point subtends the 
angle 0 at the observer's eye, and each of its ends, 
such as A ,  appears to move outward from the 
approach path at an angular rate given (with 
sufficient accuracy) by 

s dR 
R2 dt 

d 
dt 
- (0/2)  = -- - 

= SV/ R2 (8) 
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(an increase in angle corresponding to a decrease 
in range). 

If the observer fixates on the center point D 
and observes both extremities to move outward, 
he may conclude that his vehicle is proceeding to 
a point lying between them. Further, if the 
outward velocities are observed to be equal and 
opposite, it may be concluded that the destina- 
tion is in fact point D, although this kind of 
judgment may be almost impossible to make a t  
the limit of perception. Assuming that only the 
simpler type of observation is made, this will first 
be possible when the lateral angular velocity 
given by equation (8) exceeds the human thresh- 
old for perceiving movement. This threshold is 
quite large when the observation has to be made 
without the help of a fixed visual reference, as 
may be the case during a visual approach, and 
under these conditions the threshold will prob- 
ably not be less than 10 min of arc per see, or 
1/344 sec (ref. 4). The impact point, a t  a range R, 
will then be estimated simply as lying somewhere 
within the runway width; that is, there will be an 
uncertainty of aiming position, k Ax, where 

AX = R2/344v. (9) 

Then at a range of 10000 feet and with an 
approach speed of 200 ft per sec, the aiming 
uncertainty is +1450 f t ,  or an angular uncer- 
tainty of rt 8". Because this value is a predicted 
or future offset, it cannot be compared directly 
with the lateral offset of 42 f t  calculated by 
equation ( 2 ) ,  which is a presently detectable 
offset. It is nevertheless clear that the expansion 
mechanism is less sensitive than the alignment 
mechanism because, at the same range of 10 000 
ft ,  the alignment mechanism can show an accept- 
ably small error but the expansion mechanism 
can only show ambiguity. It cannot even show 
whether the impact point is within a 200-ft 
runway until the range is very much reduced 
(to about 2600 ft), according to the assumed 
threshold. 

Vertical Aim 

Basic features of the forward view which are 
significant to the expansion mechanism, for aim- 
ing the flight path in the vertical plane, ai e shown 
in frontal elevation in figure 5 .  The near and far 
ends of the runway, N and F ,  respectively, are 

the two relevant ground lines. There is also a 
visible horizon V and this is displaced below the 
true horizon T by the angle of dip 6 according to 
the approximate relation 

where 6 is expressed in minutes of arc, and the 
height z is in feet. 

Since the true horizon is invisible, the largest 
observable vertical angle is N V .  The rate at 
which this angle increases can be calculated by 
noting that the angle NT is nearly constant for a 
good approach, when the vehicle moves along an 
approximately straight line to touchdown, so the 
angle NV increases a t  about the same rate as the 
angle VT decreases. This is easily obtained from 
equation (lo), 

d 1 dz 

dt 2 4 2  dt 
(1 1) - (6)=--- 

and for a typical descent rate of 10 ft per see, the 
angle NV increases a t  less than 0.5 min of arc 
per second at heights above 100 f t ,  and only 
changes at an observable rate when the height 
is reduced to  about 0.25 ft. I n  other words, the 
near end of the runway is not seen to move away 
from the visible horizon during a normal visual 
approach. 

The rate at which the runway length NF 
appears to expand can be calculated from the 
geometry of figure 6, which shows the visual 

V 

Depression of TDZ (y) 

FIGURE 5.-Expanding runway 
features in frontal elevation. 
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E 

N L F 

Vertical Expansion Height/Range Ratio 

a = LT/[LtR) 'Y = z/R 

d = -Lrv/(LtR)' = Li/(LtR)' ATIT = AZ/Z -AR/R 

FIGURE 6.-Runway features in side elevation. 

features of figure 5 in side elevation through the 
eye point E. If the visual range to the near end is 
R, and the runway length is L, the vertical angle 
a subtended by the runway is given to the first 
order of accuracy by 

where PN is a vertical through N and y is the 
elevation of the inertial flight path. The expan- 
sion rate is then 

which, for a typical runway length of 8000 feet 
and the same descent rate of 10 f t  per see, 
increases to a maximum of only about 4 min of 
arc per sec as R reduces to zero, and is thus never 
usefully observable. This result means that the 
expansion mechanism does not allow the flight 
path to be aimed within the length of the runway 
during an approach at a small glideslope angle 
(where the approximation of eq. (12) is valid). 
It does not even show that the flight path lies 
below the horizon. 

SIZE EFFECTS 

Lateral Position 

In a conventional approach, the ratio of visual 
range to height is large, of the order of twenty to 
one, and the runway therefore subtends only a 
small visual angle until quite a low altitude is 
reached. Thus, when the elevation of the approach 
path is 3O, a 200-ft runway subtends less than 6" 
until height is decreased to 100 ft. Under such 
small-angle conditions, it is possible to be offset 
from the centerline by quite large amounts, of 

the order of half the runway width, without 
appreciably altering either the visual range or 
the projected width of the runway. The apparent 
width of the runway is therefore an insensitive 
clue to lateral position, except at  very short range, 
and is unable to provide information for control 
purposes during the greater part of a normal 
visual approach. 

Vertical Position by Height and Range 

It has already been suggested that the flight 
path may be controlled in the vertical plane by 
maintaining a relationship between the inclina- 
tion of a ground line, which can be related to 
height, and the apparent size of the runway, 
which is related to range. But height may some- 
times be estimated directly from the apparent 
size of a known object beneath the airplane, such 
as a motor vehicle, and this kind of judgment is 
not dependent on local topographical knowledge. 
If such objects are available, position in the 
vertical plane may be known by combining this 
type of observation with the estimation of range: 
that is, by combining two observations of appar- 
ent angular size. 

The path accuracy achieved in attempting to 
maintain a constant ratio of height to range is 
then given directly, 

(14) 
Ay h AR -=---. 
r z R  

If estimates of height and range can be made 
within 5 percent of the true values, the flight path 
will be accurate t o  within 10 percent, according 
to this mechanism, and the result will be com- 
mensurate with the lateral accuracy achieved by 
the alignment mechanism, equation (2). Such 
accuracy in judging distances is perhaps possible 
when the intermediate space is a continuum of 
observable detail; for example, a golf shot of 200 
yd can probably be estimated within 10 yd. But 
there are no intermediate objects in the airborne 
situation. Moreover, the two distance judgments 
are to be made in different directions, and can 
hardly be simultaneous. For these reasons, the 
vertical accuracy achieved by a height and range 
mechanism based only on angular size, is likely 
to be less than the lateral accuracy achieved by 
alignment. 
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Vertical Position by Depression 
of Touchdown Zone 

A more direct method of locating the flight 
path in the vertical plane may consist in observing 
the depression of the touchdown zone below the 
true horizon. Thus, if the angle TEN, figure 6,  
has the value y, the aircraft is on the line EN,  
since from any other position the ground point N 
is depressed by a different amount. If this value 
is maintained, the vehicle is also proceeding along 
the straight line EN and the flight path is known 
if the angular values are correctly judged. 

Unfortunately, more is involved than estima- 
tion of an absolute angular value. It is also 
necessary for the angle to be judged with respect 
to an invisible horizon. Thus, in figure 5, the 
position of T has to be established before the 
subtense of N T  can be given a value. Clearly, 
angular estimation can be practised, and the 
associated error might be reduced to an accepta- 
ble level. But it is less straightforward to compute 
mentally, and estimate visually, the position of 
the true horizon, especially as the visible horizon 
may itself be displaced through changes of visi- 
bility and local variations of terrian. The total 
error in estimating the flight path by this mecha- 
nism is thus: 

A ~ = A ( Y > + ~ &  (15) 
where A(y) is the error in judging the absolute 
value of a small angle, and the second term is 
derived from equation (10). If the factor ka has a 
value as great as unity, as may happen if the 
significance of the angle of dip is not appreciated, 
the second term contributes nearly three-fourths 
of a degree during an approach from 1600 ft, and 
no great accuracy is achieved. On the other hand, 
if time is available and care is taken to establish 
the true horizon, it may perhaps be possible to 
operate with the accuracy typical of the lateral 
alignment mechanism, assuming accurate angular 
judgment within 10 percent. The true situation 
may lie between these two cases. 

ROTATION EFFECTS 

Since the inclination of a ground line depends 
on lateral offset and height of eye, according to  
equation ( I ) ,  each runway side will appear to  

rotate during lateral and vertical movements of 
the observer. The consequent motions are dis- 
tinguished by the sense in which the sides appear 
to rotate. For an observer on the centerline, the 
offsets and therefore the inclinations are opposite 
in sign, as in figure 7(a). As he moves laterally, 
one offset increases as the other decreases, and the 
inclinations change in the same algebraic sense. 
The lines thus appear to rotate about the vanish- 
ing point in the same sense. For an observer 
moving vertically above the centerline, figure 
7(b), the offsets are constant, and as height 
changes, each inclination of opposite sign changes 
in opposite algebraic sense. The runway sides thus 
appear to rotate in opposite sense. In  the general 
case, lateral and vertical motions occur together, 
and the total rotational effect is a combination of 
the two kinds of apparent rotation. 

Lateral Motion 
If the observer is assumed simply to move 

laterally at constant height, the apparent rotation 
of a runway side may be estimated by differ- 
entiating equation (l), using the small-angle 
approximation 

d@J 1 d x  
dt xd t  
-.=---. 

This is a rotation in the observer’s frontal 
plane of a line having an apparent (angular) 
length given by equation (12), with sufficient 
accuracy, so that either end appears to move 
about the other at the approximate rate 

In) OBSERVER MOVING FRMvl LEFT TO RIGHT (B) OBSERVER MOVING DOWNVYARDS 

a6 = LI/R(L+R) a i  = LX~/RZ(L+RI 

FIGURE 7.-Apparent rotations of runway sides. 
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But during an approach, the observer's sink 
rate must also be taken into account, and the 
apparent rotation of a runway side is 

d$ 1 d x  x dz 
dt z dt z2 dt 

so that either end appears to move about the 
other at approximately 

(17) 
drb L d x  L x d x  
a- - 

dt -R(L+R) Z-R(L+R) xdt' 
This is the speed at which the far end of the 

runway will appear to move if the near end is 
fixated. It is an angular speed at the eye, and will 
be discernible if it exceeds about 1/344 sec. 

It can be seen that until the approach is far 
advanced, the second term of equation (17) is 
unimportant, and the combination of lateral and 
downward motion of the observer yields a rota- 
tional effect adequately described by equation 
(16). Thus, for an observer on the centerline of a 
runway 200 ft wide and 8000 f t  long, the second 
term first exceeds the value 1/344 sec when height 
is reduced to about 120 f t ,  for a sink rate of 10 ft 
per sec. The minimum discernible lateral speed 
can therefore be estimated as 

d x  R(L+R) 
dt 344L 
-- - 

which, a t  a range of 10 000 feet from the same 
runway, gives a value of about 65 f t  per see. 
Clearly, this is a large fraction of a typical ap- 
proach speed of 200 f t  per sec and gives a drift 
angle of about 18", so that this mechanism of 
detecting lateral motion is scarcely adequate for 
control purposes. 

Vertical Motion 

It has already been shown that vertical motion 
of the observer during the approach resuIts in a 
negligible rotation effect, for normal sink rates, 
until the airplane is quite close to the ground. 
Departures from an optimum sink rate will not 
therefore result in observable effects during most 
of the approach, unless the departures are large. 
Moreover, a consequent rotation may be con- 
cealed by contrary rotation due to lateral motion. 
The apparent rotation of a runway side thus 

provides insufficient information for controlling 
vertical speed. 

DISCUSSION 

It is evidently possible to derive quantitative 
relationships 'connecting the information availa- 
ble in the pilot's forward view with the position 
and motion of his vehicle. Several mechanisms 
can be advanced which allow calcuIabIe changes 
in the visual scene to be linked with human 
capabilities of visual judgment. These depend on 
the apparent inclination, expansion, size, and 
rotation of prominent runway features, and their 
magnitudes throw light on the accuracy of the 
control process in visual flight. 

Results of the analysis, for an approach of con- 
ventionally small elevation, are collected in table 
1. An important mechanism depends on the 
inclination of a ground line, at a given position of 
the observer, which yields a simple and direct 
method of control in the lateral plane. With a 
conservatively estimated ability to judge ver- 
tically within 5", alignment within less than 50 ft 
is possible a t  a range of 10000 ft, and within 
smaller offsets at shorter ranges. In  other words, 
it is readily possible to place the vehicle within 
the width of the runway during most of the 
approach. A connection may also be traced be- 
tween the appearance of the runway and the 
position of the observer, for control in the vertical 
plane. But for this to be used it is necessary to 
propose an ability to make a somewhat compli- 
cated comparison of apparent size and apparent 
inclination. The supposed ability has not been 
linked with human performance data, and the 
accuracy of the mechanism has not therefore 
been ranked. 

Contrary to expectations, the expansion mech- 
anism is unable to provide an accurate basis for 
controlling the flight path. Without the help 
of a stabilized reference mark, angular velocities 
less than 10 min of arc per sec can scarcely be 
discerned, and calculation shows that this level 
of visual performance will only support a crude 
estimation of the impact point. In the lateral 
plane, there is an aiming uncertainty of +8" a t  
a range of 10 000 feet, for an approach a t  200 f t  
per sec. And it only becomes possible to tell 
whether the vehicle will arrive within the width 
of the runway when the range is reduced to about 
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TABLE 1 .-Information Mechanisms of Visual Flight 

Visible Quantitative Rank order 
effect Application relation Lateral Vertical 

Inclination Lateral alignment 
Vertical alignment 

Expansion Lateral aim 

Size Lateral position 
Vertical aim 

Vertical position by 
Height and range 
Depression of TDZ 

Rotation Lateral motion 
Vertical motion 

AX =klz 
kz =A(tan 0/2/tan +) 

=A (sin y) 
Ax = R2/344v 
Li=(L+R)2/344 

..................... 

A y / y  =Az/z -AR/R 
AT =A(y) +kazl'* 
x = R(L + R)  /344L 
i = zR(L + R)/344xL 

1 .. 
... ? 

2 ... 
... U *  
U ... 

. . I  , 1  

... 2 
3 ... 
... U 

* u Signifies unusable. 

one-half mile. The expansion mechanism thus 
provides less information in the lateral plane than 
the alignment mechanism, which allows con- 
tinued monitoring of the offset from runway 
centerline. In  the vertical plane the situation is 
worse: the flight path cannot be observed to lie 
below the horizon, or to fall within the length of 
the runway till after touchdown. The vertical 
expansion mechanism is therefore unusable, 
according to the assumption made about velocity 
perception. 

The apparent size of the runway provides little 
clue to lateral position, except at short range, but 
yields two possible mechanisms for the vertical 
plane. In  one of these, combined estimations of 
height and range may perhaps be used to deter- 
mine the elevation of the flight path. But since 
these estimations are made in different viewing 
directions, and largely without the help of inter- 
mediate objects, it may be difficult to achieve 
optimum judgments of distance, which might 
otherwise yield an overall accuracy of 10 percent. 
An alternate vertical mechanism is based on the 
angular size of the depression of the touchdown 
zone, and this is subject to errors of estimating an 
angle and of establishing the position of the true 
horizon. Because of the unpredictable, and poten- 
tially large influence of the horizon effect, it 
seems necessary to rank the touchdown depres- 
sion mechanism below the height and range 
mechanism in which, at least, the objects to be 
judged are visible. 

Information mechanisms can also be described 
which depend on the apparent rotation of run- 

way sides, but their yield is insufficient for con- 
trol purposes. Rotation due to lateral motion of 
the observer is only discernible for cross track 
speeds capable of causing drift angles of 18' in 
either direction a t  10 000-foot range, and this 
mechanism is ranked below the lateral expan- 
sion mechanism. Rotation due to vertical motion 
is only observable below a height of about 120 ft 
and is scarcely usable, especially as it may be 
masked by contrary rotation due to lateral 
motion. 

In  brief, it is clear that a more satisfactory 
situation exists in the lateral plane than in the 
vertical plane. According to the analysis, the 
alignment mechanism provides a simple and 
accurate basis for lateral control and is superior 
to other mechanisms, including the expansion 
mechanism. But in the vertical plane, all of the 
usable mechanisms involve some kind of double 
judgment, whether of width and inclination, of 
height and range, or of depression and horizon 
position, and a simple mechanism of unquestion- 
able accuracy has not been found. Without exper- 
imentation, there is some uncertainty about the 
visual performance data which apply, and some 
difficulty in determining rank order. 

Finally, an important application of the results 
is to displays which include a runway representa- 
tion. For although this kind of symbol may 
inspire a certain amount of confidence, through 
the familiarity of its shape and the ease with 
which it can be understood, it may be less than 
satisfactory as a source of information for control 
purposes. 
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SYMBOLS 

displacement perpendicular to runway side 

displacement along runway side 
height 
apparent inclination of ground line to vertical 
error in judging vertical 
subtense of runway width 
elevation of flight path (or sight line) 
fractional error in estimating angular ratio 
range to  touchdown or ground point 
half width of runway 
vehicle velocity 
apparent (angular) length of runway 

(length) 

L length of runway 
ka fractional error in estimating dip angle 
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