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ABSTRACT

The work reported herein was authorized under Confract HAST -
13734 in 1974. This study was conducted under the direction of
Patrick Gainer, Simulation and Human Factors Branch, Lang1ey Re-
search Center, HNASA.

This study was performed at Decision Science, Inc., San Diego,
with Michael Mout and George Burgin acting as principal investiga-
tors.

This report provides a description of the Display Evaluation
computer program, some results of this program and comparison of
these results with a simple experiment. A detailed description of
the experiment and data analysis is also included.
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A COMPUTER PROGRAM
FOR THE USE OF SENSITIVITY ANALYSIS IN DISPLAY EVALUATIOM

By Michael L. Mout and George”H; Burgin
Decision.Science, Inc.

SUMMAPRY

This report describes a technique of computer evaluation of a
visual display or set of visual displays. The operator of a vehicle
has many cues by which to estimate the state of his vehicle. This
method deals only with a subset of the visual cues available. These
cues come from various displays which reflect changes in the state
of the vehicle.

These displays can reflect changes in any one individual state
variable or combinations of changes in the state variables. The
theory upon which this method is based is that the operator of the
vehicle estimates the vehicle's state variable values by responding
to changes in the display. It is assumed that the operator has per-
fect knowledge of the relationships between the display variables
and the state variables. The only mistakes the operator makes are
due to imperfection of his visual acuity in observing a given
display. This acuity is assumed to be a function of where the
observer is looking with respect to the center of the display.
Mental errors such as control reversals cannot be measured by
this method.

The result of this method is a covariance matrix and a correla-
tion matrix. These matrices reflect the amount of expected error
in estimating each of the state variables and the amount of ambi-
guity in the display between movement of two variables. These
matrices allow the user to evaluate the various displays or sets of
displays with respect to one another and also to evaluate various
look points within a particular display. This evaluation may be

used to indicate a general area that the pilot could scan in order
1



to limit the degree of error in estimation while minimizing the
size of his scan path between several instruments.

The computer program for implementing this techniques has many
options to allow the user as much freedom as possible in specifying
the particular display or set of displays. The program at present
is designed for four standard display types that might be seen in
an aircraft. These are an eight-ball (for pitch, roll and yaw),
an out-the-window display (such as a TV camera actually observing
the real world), a circular dial type display, and a linear dial
type dispiay. There are many user specified optibns that may be
used with these displays.

Preliminary theoretical results confirm intuitive feelings
about displays. For example, a large display has less error than
a small display, look points at the center of the display show less
error and less ambiguity between variables than look points away
from the center, also, variables displayed separately have less
error and are not confused with other variables.

A simple experiment was conducted wherein a subject attempted
to match up a movable cross with a fixed cross. This was done while
fixating on various look points near the stationary cross. Results
from this experiment were compared to a cbmputer set-up of the same
situation. This comparison tends to verify the technique for
evaluating the worth of various look points within a display.



INTRODUCTION

The controller of a vehicle, particularly a remote controller,
must derive information about the state of that vehicle from visual
. cues. These cues usually come from displays that respond in fixed
ways to the changes in the state variables of the vehicle. These _
displays could respond to only one state variable, several variables
or to all state variables. 1In any case the functional relationship
between the display movgﬁent and changes in the state variables can
be derived analytically.

The perfect controller of a vehicle with the perfect display
or set of displays should be able to estimate the state variahle
values from the display variable values with no error. In othef
words the. perfect controller sees exactly what the display vari-
ables are and knows exactly what state variable contributed to the
display variables (this assumes unique display variable values for
each possible state variable value). Mathematically this situation
can be stated as follows: The state variable/display variable
function is one to one, the controller has absolute knowledge of
this function, and the controller perceives the display without
error.

When a nonperfect controller with a nonperfect display makes
an error in estimating the state variable values it can be due to
any of three causes. One of these three causes, lack of absolute
controller knowledge of the display state variable function cannot
be directly measured and can change from controller to. controller
depending upon learning capability, experience, coordination, and
so forth. The other two causes that could contribute to errors
are a nonperfect display (display/state variable function is not
one to one) and the lack of the controller to perceive the display
variable values exactly. Both of these causes can be measured.
The display/state variable function is either known exactly or can
be approximated to some degree of accuracy. The ability of a
controller with normal vision to perceive movement or distance is
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called visual acuity and has been measured to a certain degree of
accuracy for various visual angles. Using this acﬁity information
and the relationship between the display and state variables a
measure can be derived of the accuracy that could be expected from
a perfectly trained controller. This measure would be dependent
on some specific look point for each display.

In 1973 a working paper (LWP1131) was prepared by Patrick
A Gainer which laid the theoretical basis for this technique. This
report describes a computer program which implements this technique
for a wide variety of applications. This program is qeneral enough
to accept many kinds of input displays. It enables the user to
evaluate various displays as he desires. The output from this prd-
gram gives the user a measure of the relative value of the input
‘display and of various look points within that display. Optionally
this program includes maximum likelihood estimates of the state
vector.

.Other tasks accomplished in connection with this computer pro-
gram were to obtain exnerimental compariSoh data. These data are
used to verify the worth of this technique in applying it to real
world problems.
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LIST OF SYMBOLS

Horizontal angle (longitude) for location of the cen-
ter of display segment 1,j;

1 = ],2,:}."
j=1,2,...m

Vertical angle (latitude) for location of the center
of display segment 1i,J

Vector of'state variables

Number of state variables

)

v

Change in horizontal angle of segment i,j due to
change in X

Change in vertical angle of segment i,j due to change
in X

Function relating changes in X to a new horizontal
angle for the segment centered at ao,B8

Function relating changes in X to a new vertical
angle for the segment centered at d,B

f(X;aij’Bij)

g(X;Gij’Bij)

Influence matrix of partial derivatives of fij and
953 with respect to all state variables

Vector of the actual values of d-- and 61
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Vector of the actual values of Aaij and ABij for a

given change in X
(0‘]]9 8119 Uo].zg-.'.', (Xnms Bnm)

(Aa]]s AB]], Aa].z,..., A(xnm, ABnm)

An estimate of O

Covariance matrix of the estimate of 0

"~

Estimate of X derived from 0

Acuity for segment i,j due to a given look point
(See Graph 1 for the assumed acuity function
used in this program.)



DESCRIPTION OF THE METHOD

Basica]iy this method assumes that the observer/contro1]er‘s
visual world can be thought of as a sphere of unit radius. A1l of
the visual cues that are available to the observer can be thought
of as projected onto this sphere. This sphere (or a section of
this sphere which contains infdrmatibn) can be divided into small
rectangular segments (for example, 1° by 1°). FEach of these seg-
ments can possibly move whenever changes in the state variables
occur, If very small segments are used then only vertical and
horizontal movement need be considered. For small changes in the
state variables the functional relationships between the segment
movement and the state variables can be linearized. Thus the dis-
play/state variable function will be linear. The display variables
are the horizontal and vertical changes of each segment. The
linearized display/state variable function can be represented by
the matrix I. This matrix contains the partial derivatives of the
display variables with respect to the state variables. These der-
ivatives are of the actual display/state variable function (analy-
tically derived) at the values of the state variables being con-
sidered. So in effect each element of the matrix I relates the
relative change in a specific state variable to the horizontal or
vertical displacement of a specific display segment. If we let

fij = flXsay;.845)

and

gij g(_X_;a.i )

32843
where gij and fij are functions relating changes in X, the state
vector, to change in the angles g4 and B{j'
Then the influence matrix I is given by:
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If the state vector X 1is multiplied by the matrix I, the result is
-a vector 0 of observations of horizontal and vertical movement of
each segment.

0 = IX.

Now if X changes by value, say AX, the corresponding obser-
vation change A0 would be

- Baqy
A8y
Aoy
AByp.

Aamn

ABn



where
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Now this change in 0 is observed by the viewer of this dis-
'play. This user wants to infer how this'change in 0 was caused by
a change in X. To do this the viewer estimates the new value of0;

call this estimation 0. Let

where £ 'is the error of estimation. The evenfua] goal is to de-
rive an estimate of X from this estimate of 0. Also, the distri-
bution of the X estimate is needed in order to establish error
1imits on this estimation. To do this a multinormal distribution
is assumed for &, a transformation of £ is reaquired to get a best
estimate of X (in a least squares sense) that has known distribu-
tion parameters.

From the above equation for 0
E=0-1X
Let the multinormal Gaussian distribution of'g have zero mean

vector and a diagonal covariance matrix cov(0). The diagonal
9



elements are the variances of the error in estimating the horizon-
tal and vertical position of the center of each segment. The
standard deviation (square root of the variance) of this error is
determined by the reciprocal of the observer's acuity in that part
of his visual field. Both horizontal and vertical acuity are con-
sidered to be the same for a given segment, so that if A is the

1]
acuity for segment i,j then
-2 '
A;; 00 0 0
-2
0 A 0 0 0
-2
0 0 Ao 0
~ -2
cov(0) = 0 0 0 *xyp
- =2
Amn 0
i -2
0 0 0 Ann
-1/2
Now Tet cov(0) be the matrix such that
cov(g)']/2 cov(ﬁ_)']/2 = cov(ﬁ)'1

?Qov(@)'ila is the matrix with the acuity va1ues X.j on the diégbna].

If equation § is multiplied by cov(O) ]/2, the resuitant re-
sidual vector cov(O -1/2 (0 IX) weights each seqment displacement

-by the acuity of that segment. The residuals g_of this equation
are now of the form

E '(cov(O) 1/2)§, @ov(O) ]/?Xb) @ov y~1/2). (IX)
10



and § has a multinormal distribution with zero mean and a covari-
ance matrix equal to the identity matrix. This equation for £ can
now be used to find a best estimate of X. Call this estimate X,

and let it minimize the sums of squares of these weighted residuals,

~

£ or

min(g'é) = m%n{(Cov(ﬁ)fl/zé“-cdv(ﬁ)—1/212)'(COV(Q)—]/ZQ
X .S

~cov(D)1/21x)3 = m;’zri{(ﬁ - 18)* cov(8)1(B-1R)3.

Solving the resulting normal equations gives
A~ A~ _] -.Iv ~ _] A
X = [I'cov(0) I] I' cov(0) 0.

Now if & is of the form X = AQ then
cov(X) = A cov(0) A' (ref, p. 79).

Here
=1

A = [I‘cov(ﬁ)'] 1] 1 cov(ﬁ)—]

then
~ A~ _.] -1 A= A~
cov(X) = [I' cov(0)™" I] I' cov(0) " cov(0)

-1 -1

(1' cov(0)™")  [I' cov(0)™' 1]

and since cov(0) is a symmetric matrix this reduces to

~ -1
cqv(X) = [I' cov(O)'1 1]

This is basically the method that the computer program is
written to calculate.

11



THE COMPUTER PROGRAM

‘This program has evolved through several stages but wi11 be
described here in 1t§ final form. The program is basically
written for éAvehicle that is moving in space with possible
movement in six degrees of motion (three Euler angles and the three
translation axes). This movement results in changes of segments
on a sphere of unit radius. These changes are dependent on
specified functionai relationships between the sphere segments
and vehicle movement.

In order to better understand the workings of this program a
short example will be considered. Let the controller be seated
one meter from his display panel.(see Figure 1), At this distance
1.75 cm. subtends approximately 1 degree of arc. On this panel are
two dispiays. One display shows range x on-a linear scale. This
display is approximately 5 cm. high and 23 cm. wide, with a moving
pointer to show relative range. Another display which is 60 cm.
wide by 40 cm. high is a TV camera showing the outside view of the
vehicle. The center of the panel is located straight ahead of the
controller. The center of the linear display is located 33 cm. to
the left of the center and 16.5 cm. down. The center of the TV
display is located 24 cm. to the left and 33 cm. above this center
line.

The computer program will generate measures of how well the
controller can estimate change in these displays from some nominal
state variable conditions. These measures are the amount of ex-
pected error and the confusion measure (correlation) between state
variables.

This example is shown in more detail further on in this chap-
ter along with the corresponding computer set-up and output.

The first task performed by the computer program is to set up
the display or displays (two or more displays may be considered
simultaneously). This set-up is for the display size, location,
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and segmentation; Each display has aspecified function that re-
lates segment movement (vertical and horizontal) in that display
to the state vector changes. This movement may be in response to
only onefstate variable, as in an altimeter, or to all state vari-
ables, as in an out-the-window view or a TV camera vfew;

When this set-up has been comp1eted; the program then calcu-
lates the elements of the influence matrix. These elements relate
the changes of each state variable to changes in the vertical and
horizontal position of each segment. The partial derivatives here
are found by numerical differentiationl

Now the program is ready to read in a series of look points
for each display in thfs set-up. These viewpoints can be anywhere
on the sphere but are usually located near the display center being
referenced. Once the look points for each display is read in the
visual acuity values can then be calculated for each segment. The
values are a measure of how well the observer can estimate either
displacement (position) or rate-of-movement of that particular seg-
ment while fixating on the given look point. These acuity values
are used to calculate the covariance matrix of the observation vec-
tor which, in turn, is used in calculation of the covariance matrix
of the state vector. The covariance matrix of the state vector
along with the correlation matrix are then output for the user's .
reference.

The program optiona11y generates a series of perturbations in
the state vector and calculates the maximum likelihood estimate
(MLE) of each of these perturbations. This procedure can be re-
peated for the various-look points in this display set-up.

Various options are available allowing the user to specify
the display size, segment size, functional relationships, size of
state vector perturbations, step-size in the numerical differen-
tiation, overall acuity weights for a particular display (this to
reflect possible degradation of a display either visually or mech-
anically) weights for individual look points in a display set (to

13



reflect. memory retention or lack of retention]), and individual seg-
ment weights within a display (to reflect the amount of useful in-
formation or cues in that'segment). Furthermore, this program is
set up to allow the user to program his own special display/state
variable functions with a minimum of changes in the total program.
New acuity functions may also be introduced.

An Example

Tables 1 through 5 show the set-up and results of the example
discussed at the beginning of this section.

The first display is a linear display of variable 4 (range or
“X"). This display moves horizontally as X changes. This display
is 14° by 3° with segments size 2° by 1°. The first display is
located to the left and down from'the observer's center. The second
display is a real world picture. It is located to the left and up.
This display is 35° by 25° in size with segment size of 5° by 5°,
This display shows information from a camera or periscope pointing
20° to the right of the center of the vehicle. The picture being
portrayed.is degraded (this to model a TV with too few scan Tines,
a dirty camera lens, clouds or haze, etc.), and has an acuity
weight of .6827. Tables 3 through 5 show the results from the
first set of look angles for this display set. Table 3 shows the
look angle and the final weight for each display. The final weight
for look system (display) two now is .6144., This is less than the
original acuity weight of .6827. The reason for this is that the
final weight is the product of the acuity and the memory retention
weight. 1In this case display two has a .9 memory weight given a
final display weight of (.6827)(.9) = .6144. '

This display set has the option to read-in the segment weights.
In display 1 the weighted segments are the second column of seg-
ments. This is to indicate a pointer on the linear scale. Display
2 has weighted segments in the middle of the display. This indi-
cates that the center of this display contains more information

14



than the peripheral areas. The resulting correlation matrix from
this analysis shows that variable 4 ("X" or range) has a much lower
standard deviation and has no strong correlation with any of the
other variables. This is because the "X" variable is the only
variable on the linear display (disp]ay 1)

In these tables of results there are eigenvector analysis re-
sults. These matrices can be used to find an orthogonal space to
generate new variables that are independent. These matrices have
no immediate use in the present analysis but their meaning is being
investigated for future use.

15



EXPERIMENTAL VERIFICATION

A search was made for experimental data that could be used to
verify this particular display evaluation method. 1In the past,
displays have been evaluated by comparing performance between two
or more displays. This performance has usually been measured on
some analog type device giving some fota1 measure at the end of a
run. The data needed for experimental comparison to this method
had to be in some form of multivariate observations from which a
covariance matrix could be calculated. Also, informatioh on the
look angle for these observations had to be available. MNo experi-
mental data could be located which satisfied these criteria. Due
to this, a éimple experiment was designed and conducted at the
Decision Science, Inc. facility. A full description of this ex-
periment and the results follows. A summary of these results will
be repeated here.

Summary of Results

The theoretical covariance matrices were calculated for two
different weighting schemes on four experimehta] conditions. The
first weighting scheme was a gross approximation of the actual A
display and resulted in theoretical variances which were much lower
than the sample variances. The second weighting scheme was an
attempt to more precisely reflect the actual display. This second
weighting scheme resulted in much larger theoretical variance
values. The values were in many cases not significantly different
from the sample variahces. Under both weighting schemes most of
the sample correlations were not significantly different from the
theoretical.

16



Experimental Conclusions

The primary conclusion to be drawn from these results is that
‘the. basic computer model of the ekperiment can drastically affect
the results. When using the proper setup, the algorithm seems to
be a valid model of human performance. There are many consistencies
noted between the sample covariance matrices and the theoretical
matrices. The presence of the consistencies give strong indication
that further experimental data would be valuable for a more in-
depth verification of this method.

The Experiment

A simple experiment was conducted as follows:

"DTSETaZ;- An overhead projector showed a cross to simulate the
pitch, roll and yaw (8, ¢, and y) of some vehicle (see Figures 2A,
28, 2C). |

Look Point.- The observer was instructed to lTook at some point

(a dot on the display, see Figures 2A, 2B, and 2C) in this display.
Estimation 0f‘State1Variab1es.- The subject then placed a
moveable crosshairs in line with the displayed crosshairs while

continuously looking at the dot. If the subjects look point changed
while the subject attempted to match up the crosshairs, the data
were discarded.

measurements of error of theSe estimates were taken (see Figures
2B and 2C). These values were converted to degrees and minutes of
arc. The errors were then used to get an estimate of the covari-
ance matrix which was compared to the original matrix produced by
the method being tested.

17



Experimental Results and Comparison
to Theoretical Data

'SubjectS'and‘Daté‘CoTTectfon.- One subject was used on this
experiment with two different display configurations and two look
points for each disptay. There were 12 observations taken under
each of these four conditions. A different subject was tested
under the first condition (11 observations) in order to'vérify that
there did not exist any great subjecf variations.

In order to derive the theoretical results each experimental
condition was converted to a set-up compatible with the computer
program. This basically involved transforming the data on look
points, display size, and so forth into degrees of arc. Also, the
actual display had to be put in a segmented form.

The four experimental conditions and the respective computer
set-ups are shown in Figure 3A, 3B, 3C, and 3D. The distance from
the subject to the displayed view was 165.0 cm. This distance re-
sulted in a display of 17° x 17° with segments of 1° x 1°, The
various weights for the segments and look point locations are shown
in Figures 3B and 3D. 'The output from the computer program shown
in Tables 6 through 14 gives the set-up in numerical form and also
the resultant theoretical distribution parameters.

the observation data from distance to minutes of arc then calculate
the corresponding covariance matrices for each of the experimental
conditions. -The conversion from distance measures to minutes of
arc was accomplished by the formula:

60 x-TAN" (2/d)
length to be converted
distance from the viewer to the picture

min. of .arc

where £
and d

The distance to the picture in this case was 165 centimeters (cm.)
For example, in Figure 2A the cross length is 42 cm. which converts

18



to
857 min of arc = 60 x TAN™) (42/165)

or approximately 14° as shown in Figure 2B.

The program also calculates the rotation ang]e; ¢; from the
change in slope of the estimated crosshairs with respect to the
displayed crosshairs; this is done over a 10 cm. length. Here two
measures 10 cm. apart, A and B (see figure 2C), .of the vertical’
distance from the display horizontal axis to the estimated horizon-

tal axis are taken. The angle ¢ is then found by the following
formula

6 = 60. x TAN"'((A-B)/10.).

The results of this program are shown in Tables 15 through 19.
Tables 15 and 16 are for the same experimental conditions with two
different subjects., Tables 17, 18 and 19 show results from the
first subject under three different experimental conditions (see
Figures 3A, 3B, 3C, and 3D for experimental conditions). These
tables also show the experimental data used to derive each of the
matrices.

Analysis and Discussion

The results comparing the two different subjects using display
A, look point 1, show no significant difference in the covariance
matrices. Using Box's test for equality of covariance matrices
(Ref. 1, p. 158), a chi-squared value of 7.82 (six degrees of free-
dom) is calculated. This value has a corresponding p-value of .25
(greater than .05) under the hypothesis of equal covariance ma-= -
trices. The mean vector values are easily within the one mean
standard deviation of zero so that the conclusion of no significant
subject difference is made. Due to this result the remaining tests
were run with only one subject, this being due to time, personnel,
and cost restraints. (Tables 22 and 23 show the data from these
two subjects.)

19



In comparing the theoretical results with the experimental
results several important items should be noted. Of prime impor-
tance are the restrictions that the computer program places on the
model. The true condition cannot be reflected exactly, particular-
ly in the segmentation and weights. For simplicity's sake, a seg-
ment was given a weight of one if a line goes through the.middle
of it and a weight of 1/2 if the line crosses a corner (see Figures
3B and 3D). It is possible that smaller segment sizes-{requiring
programming\changes) or more carefully calculated weights would
give results closer to the real world experiment.

Table 6 shows the display set-up. Tables 7 through 14 have
the preliminary theoretical results. Tables 15 through 19 show
the experimental data and results.-

In general, the experimental results show much higher vari-
ances as opposed to the theoretical results (see Table 28). This
seemed to be due in a large part to the grossness of the segment
weights for the different displays. Because of this the segment
weights were calculated to more rea]iética11y reflect the actual
display. This was done by carefully drawing the real display in
the segmented sections. The weights were then calculated for each
segment as the percentage of that segment that was filled. This
resulted in the segment weights shown in Figures 4A and 4B. Here
the width of the display lines was taken to be 3.2 mm. or .11 de-
gree of arc. Since the segments were 1% x 1° a segment with two
lines through it (see the center segment of Figure 4B), each 1°
-Tong, would have a .22 weight. '

The results of this weighting scheme are shown in Tables 20
through 27. Here the theoretical variances are much larger than
with the previous weights and in many cases are not significantly
different from the experimental results (see Table 28, graph 2,
and graph 3 for these comparisons). This new weighting scheme
changes the correlations somewhat, but not drastically. Several
of the sample correlations were significantly different from the
theoretical, but in most cases the differences were small (see
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Table 29-for cOmparisbh-ahd statistics on correlation).

The comparisons between l1ook points in a given display and
within the covariance matrices for a given look point are for both
the theoretical and experimental results. The ekperimenta] data
shows larger variances on the ¢ variable than 6 and ¢. In general,
the variance of the experimental data decreases as-the look angle
decreases. Both of these results are seen in the theoretical par-
ameters.,

Overall, the results of this simple experiment seem to justify
the use of this algorithm for evaluating the comparative vorth of
different displays and different look points within a display.
Further experimentation with more observations per look point,
more variety of look points, displays of varying acuity'and‘use of
more subjeéts would be justified for a more absolute verification
of the evaluation techniques. 4
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CONCLUSTIONS

The basic conclusion to be made from this study is that the
technique described herein is a valid technique for evaluating
displays. The computer program generates results on simple dis-
plays that are agreeable with intuition. The computér program is
presently flexible enough to allow the user to investigate a wide
variety of combinations of displays. These displays may be ana-
lyzed as being viewed simultaneously or sequentially. The program
can be modified to include special types of displays not presently
programmed.

Overall, the computer program of this technique can be util-
ized to evaluate the relative worth of any number of theoretical
displays without actually constructing these displays. Using this
program for calculating the absolute worth of a display would re-
quire more careful verification of the technique and certainly a '
precise modeling method of the actual display.

The basic problem in applying this technique to human perfor-
mance is the nonaccountability of mental errors. This would re-
quire the actual modeling of the mental reaction pattern of the
subject in question. The best that can be expected of this tech-
nique is to give the best_limitations of the performance that could
be expected from the perfect human operator.
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RECOMMENDATIONS FOR FUTURE WORK

Primarily, the item most lacking in reference to this techni-
que is in-depth experimental verification. This would require an
experiment ekp]icit]y designed to generate data compatible with
this technique. The ideal situation for this type of experiment
would reduire an eye-tracking device and a computer interface with
some sort of display/control equipment.

Further extensions of the computer program could involve the
inclusion of more display/state variable functions, these to pos-
sibly reflect relationships other than vehicle movement. Other.
possible additions could be that of deriving and'generatfng further
evaluation measures based upon the eigenvector analysis now in-
cluded in the program.

The most promising extension of this technique is to expand
the program to include displays that are changing with time. This
would include the expansion of the technique to update the covar-
jance matrix and state vector .estimation with each change in-
look point and display change. The results of this extension to
the algerithm could be used to find the limitations of a pilot in
a nonstatic situation. These limitations would be expressed in
the amount of error that could be expected due to certain aircraft
maneuvers and scanning pétterns of the displays.

Decision Science, Inc.
San Diego, California, July 6, 1976
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&

LOOK POINT 2 xQJL6 Wy

48 cm.

Figure 3A.- Configuration of Display A
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Figure 3B.~- Computer Set-up of Display A
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STANDARD DEVIATION IN MINUTES OF ARC

GRAPH TWO

Comparison of Standard Deviations 9Sample
5001 _ from Sample (+) and Theoretical E
i : (x) Covariance Matrices
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GRAPH THREE
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TTITLE CARD ~ EXAMPLE FOR USERZS WANURL = Tw0 GISPLAYS.

! ----------- el il -

-
T I N N s P S P P u e e e s T et r e e

NUMBER OF STATE VARIABLES 6

"ESTIMATION IS FOR PCSITION OF STATE VARIABLES

INPUT DATA IS IN DEGREES

WEIGHTS WILL BE READ IN

EIGENVECTORS wWILL BE CALCULATED

“OBSERVATION VECTOR WILL NOT BE PRINTED

INFLUENCE MATRICES WILL NOT BE PRINTED

"§TATE VECTOR CHANGES NOT CALCULATED.

2 VISUAL SYSTEMS OR DISPLAYS ARE BEING CONSIBERED - E
4 TH VIEW COORDINATE SYSTEM OR DISPLAY IS ~10 DEGREES WORIZONTAL
~-20 DEGREES FROM VERTICAL.

#++ FUNCTIONAL FORM 3 FOR THIS SYSTEM wuw
FORM 1 IS A REAL WORLD SPHERE,
FORM 2 IS A €IRCULAR DISPLAY,
FORM 3 IS A LLINEAR DISPLAY.

2TH VIEW COORDINATE SYSTEM OR DISPLAY 13 78 DEGREff‘;“““BNT——‘
=15 DEGREES FROM VERTIEAL, ES HORIZONTAL

_*** FUNCTIONAL FORM 1 FOR THIS SYSTEM www

- FORM 1 IS A REAL WORLD SPHERE,
FORM 2 IS A CcIRCULAR DISPLAY,
FORM 3 TS A _TNEAR DISFLAY.

. TABLE 1
OUTPUT SHOWING INITIAL DISPLAY SET-UP
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LOOK SYSTEM 1

LATITUDINAL LOOK ANGLE LAMBNDA BETA 0
LONGITUDINAL LOOK ANGLE LAMBDA ALPHA -3.00000
DEGRADATION FACTOR =-(MEMORY AND DISPLAY) 1+00000
LOOK SYSTEM 2 i
[LATITUDINAL LOOK ANGLE _AMBDA BETA 0
lLONGITUDlNAL LOOK ANGLE LAMBDA ALPHA 0
‘DEGRADATION FACTOR -(MEMORY AND DISPLAY) +61440

ABOVE LOOK ANGLES ARE FOR VIEW COORDINATE SYSTEW, ORDISPLAY,
FOR AIRCRAFT COORDINATE SYSTEM THE FOLLOWING ARE THE LOOK ANGLES....

LOOK SYSTEM 1 .
{LATITUDINAL LOOK ANGLE | AMBDA BETA -10.00000

[ LONGITUDINAL [ 00K ANGLE LAMBDA ALPHA -23,00000

{ DEGRADATION FACTOR ~(MEMORY AND DISPLAY) 1,00000
“TOUK SYSTEWM 2

LATITUDINAL LOOK ANGLE LAMBDA BETA - 20.00000
CONGITUDINAL TOUK ANGLE LAMBUA ALFHA -15.00000
DEGRADATION FACTOR ~(MEMORY AND DISPLAY) 61440

“WETGHTED CELLS FOR VISUAL SYSTEM OR DISPLAY. 1
WEIGHTS ARE READ=IN - WEIGHTED CELLS AS FOLLOWS

1 2 3 r 5 6 7

1 0 1.0 0 n 0 0 0

2 0 1.0 0 0 0 0 0

; 3 0 1.0 0 0 0 0 0
“WETGHRTED CELLS FOR VISUAL SYSTEM OR DISPLAY. 2

WEIGHTS ARE READ~IN -~ WRIGHTED CELLS AS FOLILOWS

1 2 3 4 5 6 7
4 0 0 p 0 0 0 0
5 o .5 1.0 1.0 1.0 .5 0
6 0 {5 1.0 1.0 1.0 .5 0
7 0 .51.0 1.0 1,0 .5 0
8 0 0 0 0 0 0 0

TABLE 3
OUTPUT SHOWING THE LOOK POINTS AND SEGMENT WEIGHTS
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FINAL OUTPUT FOR THE SPECIFIEDR LOOK POINTS

40

EIGENVE;TORS

555386 TTUTG00 = 000118 =, 204543  -.685871]s 000278
-.000300 664614 -.341927| 4000213  =.000011]s.664340

. 000028 241886 ;935727 000000 =,000035|=,241671

.286299 ,000001  .000000! .958123 005789 000034

655965 =, 000000 000071 ~.200407 .727700|w,000306

.000273 706951 =.000082,=.000408 0000231 707243

VAQARACTEgISTIC ROOTS -

.420989 %55327.375774 106,374174/2,662634/1703.987886 | 427401
SETERWTNANT OF THE COVARTANGE FATRTX = 48046?95;;t00003
“CORRELATTONS AND 7D, DEV. IN MINLTES OF ARC.

26.317935] ,000002] 000017 ~,159731] ».999288| =.000007
.000002456,370057] .981761 | .000126] -.000004 999730
000017 .981761|57,716043| ,000%20] ».000031] .985783

-.159731] ,000126| .000120 1,592453| .140999] 000128

= 999288 -,000004| -,000031| .140999]30.043804| .000004

-.000007| .999730| ,985783° .000%25 ,000004/166.288728
TABLE 5



RuUMH WITH r/PEHIdENFAL oATA GROSS WEIGHT

- T an F - o o p o o e

e T W mm w m  e y Tt a an mw s e W e T e e T om e T e oaw  Tm ee A  w ,

NUMBER OF STATE VARTABLES 3

ESTIMATIUN ]S FUg POSITIQN 0OF STATE VARTABLES

INPUT DATA IS IN DEGREES

WEIGHTS uiLL RE READ IN

EIGENVECTORS WILL BE CALCULATED

0BSERVATION VECIOR WILL NOT 8k PRINTED

INFLJENCE MATRICES WILL BE PRINTED

STATE VFCTH™ CHANGES NOT CALCULATED.

1 VISUAL SYSYEMS OR D1SPLAYS ARE BEING CONSIDERED

9. TH vIcH CCORDINATE SYSTE® OR DISPLAY IS 8 DECREEQ HURIZONTAL
N DEGRERS FRUM VERTICAL
wak  FONCT[ONAL FORM 1 FOR THIS SYSTEM ##w
FORM 1 IS A REAL A~ORLD SPHERE,
FOEM 2 1S A CIRCULAR DISPLAY,
FORM 3 1S A LINEAR DISPLAY.
wxkrr | ) N K DYSTEM a*x« 1 *khwrdx et ko h T ko hhh
LATIDULINAL SEGMENT LENGTH 1.00C000
LONGITUDINAL SEGMENT LENGTH 1.00000
MAXTHMUK [_ATIDUDINAL AMGLE 8,00¢C00
MAXTHUN LONCTITUDINAL ANGLE 8.00000
LIMIT Folt CHANGES 1.00000
AMOUNT 0OF CHANGE 1.00000
EPSILCM FOX DIFFERENTTAT[ON .02000
pISPLAY PFFADAMETERS 0 0 0
NUMRER 0F ELZHMENTS 269
TABLE 6.- SET-UP OF DISPLAY PARAMETERS
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" INVEKS 0OF COVARIANCE MATXIX

.201299 -.000244 .008481

~. 000244 - L200%00 .0041882

.0n8481 .001882 ‘ L0N1570
"E1G6EFNVECLCTOR AN ALYSTIS

COVARTANCE MATRLYX _
6.441019 337508 =35.200277

.337208 5,0%1795 -7.877391
-35.200<77 -7,877391 836.490029

|

|_ElGEMVECTORS

. 587553 T51688 -.042292
-.,152213 ,9883n¢ ~.009465
{

.0403561 015784 : .999060

CHARACTFRISTIC KQOTS

4.950Y16 4,977787 835,054740

CDETERMINANT OF IHE COVARJAWCE MATRIX = 20653.5269847

CORRELAT 0SS AMD VARIANCES Iy MINUTES OF ARC,

2.558034 ©.059165 -.479533

059165 2.247620 =.121180

-, 479233 -.121180 28.922137
TABLE 8

DISPLAY A - FIRST LOOK POINT RESULTS
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INVERS DF GOVARIANCE MATRIX

L206281 -.000479 .009343
~,000479 ,205609 .006469
... 0N9543 .2 006469 001706
 E1GENVEUTOR ANALYSTIS
—

COVARJANCE MATRIY

5.756920

1.539699

RSN

4,,339009

=

5,787957

-42.0829%85

-29.781893

927.625346

_EIGENVECTARS

.980291

192240

= 193/60

083537

L038557

.9984610

CHARACTERISIIC

EaQOTS.

4,8369Y(09

4,859603

930.473711

DETERMINANT OF THE COVARJANCE MATRIX =

21871.2139435

CORRELATI0NS AND VARIANCES TN YINUTES OF ARC.
2.559400 514225 -.531557
214225 2.405817 -.399623
~.531552 -.399623 30.456947
TABLE 10
DISPLAY A - SECOND LOOK POINT RESULTS
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INVERS 0OF COVARIANCE MATRIx

3.1°2128 .000050 112465
L112%65 ~. 137044 019845

EI GENRYECT AN ALY SIS
COVARIAMCE MATRIX = e o R v
LARAEDD -, 023964 -2.329414
-, 003Y44 327808 665126

-2.3294914

HAB126

64.666021

EIGENVEGTOHE

e EEEs T

RPN '._,1_0.,.6,.6.&_5 P ——
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- 106576

L294272

410329

LE37U70

-.006416

.599292

CHARACTERISTIC KRQQTS

319645

. 320942

64,757224 .

DETERMINANT OF tHE COVARIANCE MATRIX =

6.6478464

CORRELATIOIS AND VARIANCES IN MINUTES OF ARC,
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~. 455625 . 144464 6,041519
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INVERS OF COVARLAFMCE MATRIX
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-, GuouQZ - L 003357 ,000028
] _..hoousl .060028 . _ -000014
EITGENVELCLTOR ANALYSTIS
COVARIANCE MATRIY
346,043944 16.853035 -2013.294988
16.853035 3035.591953 -689,030263
-201%.29498R -689.030263 . 33204.050762
EJGENVECTORS
L0E6450 162507 024276
% -,162/48 986633 -.008308 "
i .022601 ,012146 T .999671

ICHARACTERISTIC HpO1S
i

]

297.133567 297,885312 83258.667784

CORRELATIONS ANU VARIANCES 1IN MINUTES OF ARC,

18.6(2256 051996 ' -.375206
051996 17 ,423890 -,3137005
-.373206 -,137095 288.451124
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"INVERS OF COVARIANCE MATRIX

003524 -.0gp004 .000083

-.,QoGlUg4 .003318 ,000071

...000U83 000071 .000016
E1GENVECTOR ANALY SIS

COVARIANGE MATRIX

353.654<n1 42,5945624 -2115.464426

45 5G4¥24 3402010350 -180% 034407

~2105.4644920 -1805,931407 8388R,4%(08B72

EIGENVECTORS

.974/78 L221753 -.025175
- 222901 Q74739 -. 0215710
.019/56 L026622 .999450

CHARACTERISTIC RQOTS

-

5006,584/88 301.305061 839380,416273
y,ﬂwv e :

fDETFRMIMANT OF THE COVARTANCE MATRIX = 7605914656.500000¢
!

&

[ CORRELATINNS ANL VARIANCES IN MIHUTES OF ARC.

18.805696 © ,131449 -,386552

.131449 18,444540 -, 337677

-, 386552 , -.337677 . 289,635030
TABLE 23

59 RESULTS - DISPLAY A - LOOK POINT 2 - FINE WEIGHTS
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\INVERS OF COVIRIANCE MATRIX

|

l .014019

-,000000 -.000267
-.000267 000215 000065
EJGENVECTO AN ALY SI
COVARIANCE MATRIX .
- 77 .728775 -5.162520 335.616501
-5,162920 75.649894 -270.608263

33Y,616081

-270,608263

17589 ,357355

gIGENyECTDR?901468 .128939 L019153
-, 128654 991569 -, 01%443
~.,070982 012847 .999697
{CHARACTERISTIC RQOTS
71.,301085 71,472514 17599.967426

DETERMINANT OF

ITHE COVARTANCE MATRIX

t

£9690626.6835536

CORRELATIOIIS ANE VARLANCES

IN MIHNUTES OF ARC.

ti,816076 -,067321 .287021
-~ 0h7521 8,697695 -.234591
237021 -,234591 132.624875
TABLE 25

RESULTS - DISPLAY B - LOOK POINT 3 -

FINE WEIGHTS
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}INVERS 0F TOVARLIANCE MATRIYK

|

i

L036449 Laonuna .0010402

E!l GENVELT

COVARIANCE MATHLY

ATALYSIS

3.0.746483 ~1.634570 -193.121449

-, 634574 27, 9R3XRAKD 39.418238

-190.2214949 59,41A8238 f 7022.484834

EIGENVECTANS : - S —

.995280 . 093041 -.027597

-, (192841 995445 008499

.028267 -, 005889 .999583

CHARACTERISTIC ROATS

27.414)83 27.,470700 7028.321292

DETERMINANT OF THE CUVARIAuﬁg MATRIX = 5294675.6857913‘

CORRELATIONS ANU YARIANCES T4 MIHUTES OF ARC.

15,722455 -, 053997 -.402720
- ~,0539Y910 5,249979 .134036
“.412/23 LL1340546 33.800268

TABLE 27

62

THEORETICAL RESULTS -

DISPLAY B - LOOK POINT 4 - FINE WEIGHTS
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I-f
1=

Ot O -

25 S 29 2 c2 2 2 2 2

2 A 1 GROSS|6.442 5099.0 5.052 5004.0
2985.3 .00001 2297.2 .00001

2 A1 FINE |346.0 94.9 303.6 83.6 . g
2985.3 .0001 2297.2 .000]

1 A1 GROSS|6.442 4664 5,052 649.1
2731.9 .00001 298.1 .00001

» A1 FINE |346.0 86.9 303.6 10.8 &
2731.9 .0001 298.1 .46

1 A 2 GROSS| 6.757 363. 5.788 4424,

~ 223.08 0001 2328.8 .00001

1 A 2 FINE | 353.7 6.94 340.2 75. 3 ~3708
223.08 .80 2328.8 7%.37.000§

2 B 3 GROSS| .9400 32693. 19040 -'m@zas

) 2793.8 . .00001}. 884.7 .0000]

1 B 3 FINE }77.7 395. 175.6 128.7 1
2793.8 .0000 884.7 .0001

1 B 4 GROSS|.4042 1616.5 .3278 1996.0
59,39 .00001 59.48 ooogL

1"B 4 FINE }32.75 19.95 27.98 23.4 7
59,39 .047 | 5y 48 .017

1 2,3 &, G, and 6. See following page. . e
".'1 Lo avr e oy ,;~j _ /‘—-“,--.’.1:_’_-1' WA!L&

Comparison of Theoretical ﬁm@ @mgﬁ@ingntn?
(Gross aneg



¢
2

2 .2
%S¢ (xay (Pl

z

(z1) 1z])
b - [

836.5 878.5
66805.5

. 2.

.00007%

065x10%
4.188x1011

Baros1 3883
66805. 5

.64

7.

369x109 .
4.188x10

836.5 529.3
40250.8

.oooo0n

2.

065x104
2.943x1010

832041 5.32
40250.8_

.91

7.

369x109 -
2.943x1010

§27.6 283.5
23909.8

.0007]

2.

187x104

9.12x10°

28:83909.8

[] ]
1838899 3.14

.988

7.

605x107
9.12x109

159. 33 496.5
7192.0

.00001

1.

125x10%

1.44x1010

{

196894 4.5
7192.0

.952

8.

6

969x10
1.44x1010

64.67 1162.2
: . 6832.6

.00001

6.

648 ;
2.141x10

f
JDR255 10.7
6832.6

.471

5.

295x10° ;
' 2.141x10

‘-
!
i

.28 . ’“"-‘/-)/

Results for Each Display and Look Point

Fine Weights)
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TABLE

Comparison of Sample and Theoretical

1= ]
=
= >
O <o —- 1
w Jdno. T uk
D axX oga
528 L2 2
o OO = Pyo o z P,
2 A 1 GROSS .059 _.038 .336 .37
2 A1 FINE- .052 -.038 ,311 .38
1 A1 GROSS .059 -.168 .792 .2%
1 A1 FINE .052  -.168 .768 .22
1AA%2 GROSS  .214 . .325 -.416 .66
1 A 2 FINE .131 .325  -.711 .76
1 B 3 GROSS ~-.086 .310 -1.41 92
1 B 3 FINE -.067 .310 -1.35 .91
1 B 4 GROSS -.066 -:138:5 .242 .41
1 B4 FINE -.054 -.135 .283 .39
1. See Table 28for the entries in this column.
1 + @ . ) '
2. 1/2 ]n(T—T—F) gas an approximate-
In this case o = 1/12, so that z
3. Pz is the probability of a z-value



29
Correlations for Different Weighting Modes

Pyo - "ye z LIS 06 z
-.480 .212 -2.56 .995 -.121 .210 .317 .37

-3375 . .212 -22%11 .983 -.137 .210 .261 .40

-.480 .265 -2.75 .997 -~.121

119 -.0095 .504
-.375 .265 -2.31 .990 -.137

~.119 -.066 .53
~.532 -.056 -1.86 .969 =-.400 .587 -~ &9.8 :9889

-.387 -.056 -1.22 .889 --3338 -.587 -3.55 .9998
.328 .318 .039 .48 --3283 /139 -1.42 .922
287 .318 -.117 .55 --2235  .139 -1.31 .905

-.456 -.309 -.598 .73 {144 011  .466 .32

?-.403 -.309 -.373 .64 36 011 .429 .33

. . . _ : 1 +p 2_ 4,
normal distribution N(u_.,o.) where u.= 1/2 ln(-l——-—~), a2= 1/n.
= 1/2{%ﬁ(%iﬂ) - 1n(‘+";] "has the standard normal dtstatiutio

iz

this targe or larger.





