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ABSTRACT 
'. 

' • 
At the present time, U.S. techniques for the processing of high-frequency direction 

finder (hf-df) data lag far behind the collection capabilities of the U.S. Navy hf-df equip­
ment. One striking deficiency is the lack of an automatic df fixing method. Although 
a special purpose digital computer has been developed for this purpose in the United 
Kingdom, it has been deemed desirable to explore the feasibility of fix computation on 
an inexpensive drum -type general purpose digital computer. 

The input to the computer consists of a set of bearings on the target and the esti­
mated variance associated with each of these bearings; the desired output consists of 
a "best pointestimate" of thetarget location anda "search area" whichisthe smallest 
area having some predetermined fiducial probability of containing the actual target 
locations. 

The solution of the equationsthat explicitly yield the best point estimate would be 
difficult on a large computer, and completely impractical on a small drum machine. 
Instead, a series expansion and approximation method is used which yields a procedure 
that can be applied iteratively. In order not to strain the weak c;onvergence properties 
of this method, another procedure is necessary to compute an initial point for the series 
expansion procedure. This is a cc om p 1 is he d by taking the weighted average of the 
vertices of the polygon formed by the reported bearing circles. The computation of an 
approximation to the search area is relatively simple once the series expansion method 
has yielded certain necessary parameters. 

These procedures have been programmed for a LGP-30, one of the simplest and 
most inexpensive of the general purpose digital computers. Best point estimates and 
search areas are produced in times commensurate with the tasking rates of df nets. 
Although certain refinements in the program would probably be desirable, the feasi­
bility of df fixing on such a minimal computer has been demonstrated. 

In view of the comparatively modest cost of the type computer proposed it is felt 
the Navy should seriously consider adopting machine computation of df fixes as a part 
of the ASW modernization program. 

PROBLEM STATUS 

This is an interim report; work on the problem is continuing. 

AUTHORIZATION 

NRL Problem RO6-06 
Project NE 070-154-8 
BuShips No, S-1283 

Manuscript submitted March 5, 19 59 
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HF'-DF FIXING ON A SMALL DIGITAL COMPUTER 

INTRODUCTION 

In the years since World War II, significant advances have been made in U.S. hf-df 
equipment. Unfortunately, data processing techniques for the information produced by 
this equipment have not undergone comparable improvement. The Intercept and Data 
Handling Section of the Countermeasures Branch at NRL has therefore become involved 
ln the development of mvdern df data processing techniques. 

The general df data handling problem is discussed elsewhere.* This report is con­
fined to the description of research directed toward determining the feasibility of df fix­
ing with a small, general purpose digital computer. 

One of the most striking deficiencies in present df practice is the lack of a fixing 
method superior to the "string plot" of two decades ago. The feasibility of df fixing on a 
digital computer has been forcefully demonstrated by the development in the United 
Kingdom of a special purpose digital computer for this task. t Although the performance 
of this computer has been eminently satisfactory, the employment of a small, general 
purpose computer would grant a ten-to-one cost advantage and a reliability advantage of 
a similar order of magnitude. 

STATEMENT OF THE FIXING PROBLEM 

For any fixing task, the input to the computer consists of a set of reports from the 
stations comprising the df net. Each station will either report its inability to take a bear­
ing on the target transmitter or else report a measured bearing ·and an estimate of the 
reliability of this measurement. The computer is assumed to contain information as to 
the locations of the df stations, 

The desired output consists of the most probable location of the target and a measure 
of the reliability of this computed location. This location will be referred to as the "best 
point estimate" or BPE.t A useful mode of specification of the utility of the BPE is to 
designate a search area which may be defined as the smallest area on the surface of the 
earth which has some predetermined fiducial probability of containing the actual target 
location. 

* B. Wald and R,D. Misner, "Bearing Readout Systems for Goniometer Direction Finders ," 
NRL Memorandum Report 830 (C §" 1 •J, Aug. 1958; B. Wald, "HF-DF Data Trans-
mission and Processing," NRL Report in preparation 

t L.H.F, Nichols, "153 Computer D,F, Plotting System," Admiralty Research Laboratory, 
Report A.R.L . /RZ/M 4.53 ~ 6 J,!ar. 1957 

t Many mathematicians would object to calling the BPE a "most pro]Jable point." A more 
satisfactory definition of the BPE. might be "that point which maximizes the fiducial 
probability that a very small circle centered about it contains the actual target- location," . . . ~-.,, 
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MATHEMATICAL APPARATUS 

Location of Points on the Surface of the Earth 

Three general methods will be employed to describe the location of a point on the 
surface of the earth. The first is the conventional description by latitude and longitude. 
Latitude will be denoted by a and longitude by /3 with measurements of both quantities 
made in degrees. North latitudes and east longitudes will be considered positiv.e. 

The second method of location employs the Cartesian coordinates x, y, z. The coor­
dinate system is assumed to be right-handed, centered at the center of the earth, and so 
oriented that the z axis passes through the North Pole and the x axis through the point 
( o,0 , o,0 ). The earth is assumed to be spherical and of unit radius, so that for any point 
on its surface 

x2 + y2 + z2 = 1. 

Th~ connection between these two notations .can be deduced by inspecting Fig. 1 and 
using the simple trigonometric relations to yield 

x = cos a tos fi , y = cos a sin fi , z sin a 

The third method of location, which is applicable only to the Northern Hemisphere, 
involves imagining a plane tangent to the earth at the North Pole. As is shown in Fig. 2, 
the point (x, y, z) can be characterized by passing a line from ( o, o, o } through (x, y, z} and 
noting the coordinates ( r, s, 1) of the intersection of this line and the tangent plane. 

z (90~-) 

' 

(X,Y,Z) 

(a•,J3•) 

TANGENT 
PLANE 

X 

9PJ __ ________ _ 

' I \ 

Fig. 1 - Geometry of 
point location 

Fig. 2 - Projection ontangent plane 
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Referring to Fig. 2, the length of the line segment ow, which is equal to (x 2 + y2)½, 
is denoted by w, while the length of the line segment ou, which is equal~to ( r 2 + s 2)½, is 
denoted byµ,. The length of the line segment OQ, which is equal to ( 1 + r 2 + s 2)½ is 
denoted by 1/r-.. Then, since 60PW "-6.0QU, 1: 1/r-. = z:1 = w:µ,. But, since 6.0WY "'~OUR 
and 60WX ~6.0US, w: µ, = x: r = y: s. Then, combining these relations, 

x = rA, y = SA, z = r-.. 

Concept of the Bearing Plane 

Let -r i be the bearing measured in the clockwise direction from north at the station 
located at (xp y i• z ;). This bearing defines a direction circle which is the great circle· 
passing through the station and making the angle -r i with north. The bearing plane is 
defined as that plane whose intersection with the surface of the sphere is the bearing 
circle. 

Two points on this plane are ( o,o=,o) and (xHyi, z;) so only one other (x1,y1,z1), is 
needed to completely specify the plane. Any point lying on the direction circle except 
(xi'yilzJ and its antipode could be used. It should be noted that the plane produced by 
the bearing -r i is identical to that produced by the bearing -r i - 180 °. It will be convenient 
to insist that z1 be positive. Finally (x1,y1, z;:), should not lie too close to {xi,Yi,z 1) to 
avoid loss of significance in further calculations. These requirements are met by choos­
ing (xi ,Y1 , z n to be that point which lies on the direction circle to the north of < x i'y i' z i) 
and whose longitude differs from that of (xi'yHzJ by 90°. 

When -r . is less than 90°, the situation depicted 
in Fig. 3 pre~ails. Napier's rules* immediately yield 

Now, from the law of sines, 

sin CJ sin 'Ti = sin(90° - ai)/sin Si 

or 

and 

cos C. = (1 - sin2 C.)½. 
1 • 1 

* 

(0,0,1) 

( x/ y!-z.') 
, I, I 

Fig. 3 - Right spherical 
t r i an g 1 e for bearings 
less than 90° 

See, for example, R. W. Brink, "Plane and Spherical Trigonometry," New York:Appleton­
Century, pp. 8££. (Book 2), 1942 
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Since(x_( ,y;', z1)is in the Northern Hemisphere, Ci is less than 90° and its sine and cosine 
must be positive. This demands the use of the positive square roots in the expressions 
for cos Ci and sin 8i. 

For the point (xi,y1,z1),a1 = 90° -Ci and ,Bi = ,Bi+ 90°. It therefore follows that 

When T lies between 180° and 270°, the reciprocal bearing, T1 = Ti - 180°, is employed. 
The geometry is again that of Fig. 3 and the equations for xj_, y ;_, and z ;_ are those derived 
above with T ;_ replacing 7;_. 

0,0, I 

( x.y.z.) 
I, 1, I 

Fig, 4 - Right spherical triangle for 
bearings greater than 270° 

When Ti lies between 270° and 360°, the 
situation shown in Fig. 4 prevails. It should be 
noted that Ti is the exterior angle at(xi' yi , zJ. 
If the interior angle 360° - Ti is denoted by T J., 
the same equations derived above can be used 
to find c, provided that T 1 is substituted for Ti. 
In this case, however, ,81 = ,Bi - 90°, so that 

x '. 
1 

= cos( 90 ° - Ci)cos( ,Bi - 90 0) = sin Ci sin 

v'. = co s(90 ° - Ci )sin( ,Bi 90 °) =-sinCi cos • 1 

z '. = sin(90° - Ci ) = cos Ci . l 

When Ti lies between 90 ° and 180°' the 
reciprocal bearing, T i + 180°, is used in the 
same analysis. In this case, however, 

,B. 
1 . 

,Bi 

The overall procedure for finding (x1, y1, z1) can be summar ized as follows: 

00 ~ Ti < 90° 
, 

= Ti use procedure A T i 

90 ° ~ Ti < 180° 
, 

Ti = 180° - Ti use procedur e B 

180 ° ~ Ti < 270° T'. = Ti - 180 ° use procedure A 
1 

270 ° ~ Ti < 360° T'. 
l 

= 360 ° - Ti use procedure B 

!JECLASSIFIED 
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where procedures A and B are as follows. For both procedur_es 

co s Si = sin ai sin I 
Ti 

si n 8. 
1 

= +( 1 ·- cos 2 s i )½ 

sin Ci = sin I 

Ti cos a/si n Si 

cos C. = +( 1 - sin 2 Ci)½ 
1 

For procedure A let O; = sin Ci, and for procedure B let Qi = -sin C;; then 

x'. = -0. sin /Ji 1 • 1 

y'. = <;'; cos /3 i 1 

I 
Z; = cos c. 

1 

A fully equivalent procedure somewhat more useful for automatic computation 
involves 

where n is an integer such that 

Then, if 

n = 1 sin T'. 
1 

= co s Ti u s e procedure A 

n = 2 sin T'. 
1 

= -sin 'T ~I 

1 
use procedure B 

n 3 s in T'. 
1 

cos Ti- u s e procedure A 

n = 4 sin T'. 
1 

= cos(T,i + 90°) use procedure B 

5 

Having found the location of (xi_ ,Yi., zj_ ), it remains to determine the bearing plane. 
The general equation of a plane passing through the origin of coordinates is 

ax+ by+ cz = 0. 

flECLASSIFIED 
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For a plane passing through (xi, y i' z i) and ( x {, y i, z 1) the coefficients are given by 

ai = ziyi z.iyi 

b. = X. Z~ x! z. 
1 1 1 1 1 

c. = Y;Xi - y.ixi, 1 

These expressions may be verified by substituting the three known points into the equa­
tion for the bearing plane. 

Intersection and Distance Formulas 

The BT Lines - The lines formed by the intersections of the bearing planes with the 
tangent plane will be designated as BT lines. The general equation of a bearing plane is 

while the tangent plane is that plane for which z = 1 (the plane tangent to the earth at the 
North Pole). Then using the notation ( r, s) for a point ( r, s, 1) in the tangent plane, the 
equation for the BT line is simply 

air + bis = -c i . 

Intersections of BT Lines - In general, each station will generate a different bearing 
plane and hence a different BT line. If one station is designated by the subscript i and 
another by the subscript j , the equations of the two bearing planes are 

and the equations of the BT lines are 

-c. 
1 

a . r + b . s = -c . 
l J l 

The point of intersection of the two BT lines may be denoted as ( r ii, s ii) and its coor­
dinates may be found by solving the two equations simultaneously to yield 

~ECLASSIFIED 
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The significance of this intersection may be appreciated by recalling that the bearing 
plane passes through the center of the earth and through the direction circle. The BT 
line is therefore the projection of the direction circle on the tangent plane. It follows, 
then, that the intersection of two BT lines is the projection of the intersection of the 
corresponding two direction circles. 

Distance from Point on Tangent Plane to Bearing Plane - The general expression 
forthedistancefromaplane a;x + b;Y + c;z =o toapoint(X,Y,Z)is 

In the special case that the plane is a bearing plane and the point lies on the tangent plane, 
the symbol 6 is applied to the quantity a2 + b2 + c2 and the notation hi ( r, s) is used for the 
distance, yielding • 

Distance from Point on Tangent Plane to S Line - The line passing through the origin 
and the station will be denoted as the S line. It will be recalled that this line passes through 
the point (ri,si,l) as well as through the station, i.e., the point (xi,Y;,z;)or (r/1.;,sJ,;•";)· 
Since the S line passes through the origin and the station it must lie in the bearing plane. 
The parametric equations for the S line are 

Now let ( r, s, I) be a general point in the tangent plane. The distance from the point to the 
S line will be denoted as gi ( r, s). 

To find gi, first write the expression for the square of the distance from (r,s,l)to a 
general point on the S line: 

Since the minimum value of elf is gt, the value of k is found by setting 

equal to zero, yielding 

fJECLASSIFIED 
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Substituting this value in the expression for dr yields 

Rotation of Coordinates 

Given a point( x, y, z) and its projection ( r, s), it will often be found necessary to rotate 
the coordinate system so that the point (x, y, z) becomes (O:,o, l)in the new coordinate sys­
tem. The necessary transformation equations are 

x = sx/µ - ry/µ 

y = A. rx/µ + A.Sy/µ - A.µz 

Z = A.rX + A.Sy+ A. Z 

It should be remarked that there is n9 unique transformation as there is an unspecified 
degree of freedom; i.e., these equations perform a rotation about the z axis after the point 
( x,y, z)iS brought to the new North Pole by tp.e shortest route. The validity of the trans­
formation as a rotation of coordinates can be verified qy noting that the six standard 
relations among the direction cosines are satisfied. 

If it is desired to transform the coordinates of a point from the new to the old system, 
the applicable equations are 

X = sx/µ + A.ry/µ + A.rZ 

y = -rx/µ + A.Sy/µ + A.SZ 

If a number of transformations are to be performed, it is instructive to consider the 
matrix 

~ECLASSIFIED . 
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Then, if Pis the row vector [x,y, z] , 

P = PA and P = PA- 1 

where the inverse of this matrix is simply its transpose A
1
• Suppose three transforma­

tions A1 , A2, and A3 are to be performed in that order. Then, 

The latter equation implies that the inverse transformations should be applied in the 
reverse order of the original transformations. If the transformations are intermediate 
results of computer calculations, this would seem to require that the intermediate results 
be stored throughout the calculation. Actually all that is necessary is to multiply each 
new inverse as it is calculated from the left on to the product of the previous inverses. 
If this is done only one inverse matrix need be stored and the retransformation can be 
accomplished by multiplying the inverse product from the right on to P. 

CALCULATION OF THE BPE 

Polygon Center Method 

If only two stations report bearings, the BPE is simply the intersection of their direc­
tiotl. circles. A method of finding this point of intersection by determining the intersection 
of the BT lines has already been discussed. 

If n stations report bearings, there will be (n 2 - n) / 2 intersections. At first glance 
it might be thought that the BPE could be found by somehow averaging the coordinates of 
these intersections. The fallacy of this idea is exposed in Fig. 5. For three stations there 
are three intersections, 1,2; 1,3; and 2,3. Averaging the intersections would place the 
BPE in the vicinity of A. However the BPE lies in the vicinity of B. Note that if the target 
actually were at B, the observed bearings would have relatively small errors; but if it 
were at A, station 3 would have an unreasonably large error . 

Fig.5 -Apolygoncenterwhichis notaBPE 

Nevertheless, this method quickly locates the "best" center of the polygon of error 
or "cocked hat." Although it cannot produce a BPE, it can provide an initial point from 

- -
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which the more refined calculations can start. A center of the polygon can be determined 
in terms of the means of the r ii 's and s ii 's (defined in the discussion of BT lines) as 

r = (a,~") t r., 
l J 

j > i 

s = (~) .t s .. 
l J 

l ' J. l 
j>i 

If each observation is associated with an estimated variance uf , a more accurate 
determination of the polygon center might be 

Two remarks should be made in connection with this latter expression. First, the 
weighting factor used is far from ideal. A better weighting factor might well be ( a ·'T • )" 1 , 

but it is assumed that the input to the computer will be in the form of inverse variari'cJs . 
Thus, the use of the latter weighting factor would involve taking n square roots. Second, 
it is not worth while to devote too much computer time to this process, for even if an 
ideal weighting factor could be found, the result would still be subject to the geometrical 
biases of the type illustrated in Fig. 5. 

Series Expansion Method 

Distribution Assumptions - It will be assumed that the error at each station, i.e., the 
difference between the.· measured bearing and the true bearing to the target, has a normal 
probability distribution with zero mean and a variance of of . The assumption of zero 
mean implies simply that systematic errors of the type usually expressed in a calibration 
chart have been corrected at some prior stage of data processing. 

!lECLASSIFIED 
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In practice, it is found* that the distribution is not normal. At this point, students 
of the subject engage in violent disagreements, some maintaining that the distribution is 
inherently not Gaussian and others maintaining with equal vigor that it consists of a 
Gaussian distribution of smaller variance than that calculated by the straightforward 
method superimposed on a base which is linearly distributed or else normally distributed 
with a large variance . If the latter view is accepted, Gaussian statistics should be used 
and errors of several times the sample standard deviation rejected as coming from the 
base. 

The latter philosophy will be employed, not out of any deep conviction for its theo­
retical soundness but merely because of its simpler implementation. The general method 
will be to assume Gaussian statistics and then to reject data which is likely to have come 
from the tails of the distribution. 

The other major assumption is that the error at any station is independent of the 
errors at the other stations. When it is considered that as instrumental errors are 
decreased such effects as ionospheric tilt become relatively larger contributors to the 
total error, it is not unreasonable to suppose that there might be a positive correlation 
between the errors at nearby stations. Indeed, recent work in the United Kingdomt would 
seem to indicate that such a positive correlation exists, although its cause is not definitely 
established. Fortunately, this correlation has only a minor effect on the size of the search 
area, and it is reasonable to expect that in the U.S. nets with their longer baselines the 
correlation would be less significant. 

Distribution Function - Under these assumptions it is possible to write the distribu­
tion function. The error at the ith station will be denoted as 77 i, making the unnormalized 
distribution function 

By this is meant that if a bearing of T. is observed, the probability that the true bearing 
lies between ·a and bis given by 

1 

J b-T I 

. a-Ti 

* J .J. Cummings and H.J . Davis, "Accuracy of High Frequency Radio Direction Finder 
Bearings Against Operational Targets" (Secret), Office of Chief of Naval Operations, 
OP 202, Oct. 28, 1954; but see also a possible explanation in "Factor Analysis of HF 
DF Bearing Accuracy - Atlantic Net - 1954" {Secret), Royal Canadian Navy Directorate 
of Supplementary Radio Activities, Feb. 1957 

tP.J.D. Gething, "DF Plotting and Analysis, Further Investigation of Probability Rec­
tangles," General Communications Headquarters, Cheltenham, England, Reference 
MA/1427 /117 /4 (Secret)·, June 5, 1958 

- 'JECLASSIFIED 
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Under the assumption of independence of errors it is possible to write a joint dis­
tribution function by simply multiplying the individual functions 

= e 

Then, recalling that T/ i ( x, y, z) is equal to Ti minus the bearing from (xi, y i, z. ) to 
( x, y, z), i.e., the hypothetical error if ( x, y , z) were the target location, the overalt prob­
ability density function can be written which is defined for all points on the sphere except 
the stations and their antipodes, namely, 

f(x , y, z) = e 

It should be noted that although it has been tacitly assumed that(x,y, z) lies on the 
surface of the sphere, the bearing to any point, and hence the value of the density func­
tion, is the same to any point lying on the line through the given point and the center of 
the sphere. Therefore the value of f(x,y , z)is equal to the value of f( r, s , 1) which can be 
written as f( r, s). The BPE can be found by maximizing this function and projecting 
( r, s , 1) back onto the surface of the sphere. 

Geometry of the Bearing Error - The basis of the fixing process is illustrated in 
Fig. 6. Suppose a certain bearing is observed at the station located at(x;,Y;, z. )· This 
bearing determines a bearing plane and a bearing circle at the intersection of tbis plane 
and the surface of the sphere. Now let ( x, y, z) be the target point on the surface of the 
sphere whose projection onto the z = 1 plane is (r, s, 1). A direction circle may be drawn 
to(x,y, z) and a new plane, is determined. 

What i s desired is the angle 771 between the two direction circles. Since the direction 
c ircles lie on the surface of the sphere, they must both be normal to the s line at the sta­
tion, since this line is normal to the surface. The s line, however, is the line of inter­
section of the two planes in which the direction circles lie. ~ow if two lines, each lying 
in a plane, meet at the intersection of the planes and both lines are normal to the line of 
intersection, it follows from a fundamental theorem of solid geometry that the angle 
between the lines is the angle between the planes. 

Next, turning attention to the middle one of the three small triangles, the shortest leg 
of this triangle has been formed by dropping a perpendicular from ( r, s , 1) to the bearing 
plane and the longest leg has been formed by dropping a perpendicular from ( r, s, 1 )to the 
s line. This line obviously lies in the plane formed by ( o·, o, O), ( x, y, z) , and ( xi, y i , z i )· In 
order for the triangle to close, the third leg must be normal to the s line, and ther efor e 
the angle p is equal to the angle between the planes and hence to TJ · . The angle p, however , 

• . 1 

can be expressed in terms of the previously derived lengths of the l egs of the triangle. 

~ECLASSIFIED 
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OBSERVED DIRECTION 
CIRCL E LYING IN 
BEAR! NG PLANE 

(x,y,z) OR 

(rX,s >- ,>-l 

(0,0,0) 

Fig. 6 - Geometry of bearing error 

and, after substitution of this expression, the probability density function becomes 

f( r,s) = e 

f'.lECLASSIFIED 

13 



nECLASSIFIED 

14 NAVAL RESEARCH LABORATORY 

Approximations and Expansion - In theory, the BPE could be found by taking the 
partial derivatives of f( r, s) with respect tor ands and setting them equal to zero to find 
r 

O 
and s 

O
, the values of r and s that maximize f ( r, s ). Unfortunately the expressions are 

rather complex, so some approximations are necessary. The approximations that will be 
made are based on the assumption that 7/i, r 

O
, ands~ are all small. The first approxima­

tion will be to.replace sin-177i by 7/i • For small errors this replacement is accurate to 
within a few parts in ten thousand. For an error of 4°, the replacement is accurate only 
to about one part in one thousand, but stations likely to have errors much larger than this 
will be heavily discriminated against in the weighting process; 

The assumption that r 
O 

and s
0 

are small appears indefensible until it is recalled that 
a coordinate rotation scheme was developed. After each calculation of the BPE a rotation 
will be performed that will bring the BPE to the North Pole. Repetition of the calculation 
should result in asymptotic refinement of the BPE. In order to ensure a reasonably small 
r 

O 
and s

0 
for the first calculation, the polygon center method can be used to obtain the 

parameters of the first rotation. 

Under the as sumption of small 7/i, 

f( r, s) 

Now, recalling the previously derived values for hi( r, s) and gf( r, s), 

c I + 2 a i c; r + 2b i c i s + 2 a i bi rs + n Ir 2 + bf s 2 

=------- -----------------
6(1 - Zf)(l + kilOr + \;iOls + kill rs+ ki20r2 t ki02s2) 

where 

k i 10 = - 2x i z ;I( 1 - zf), kiOl = -2y;z J(l - zf) 

k i 11 =- - 2x ;Y/( 1 - zf), k i 20 = ( 1 - Xf) /( 1 - zf) 

k;o2 = ( 1 - yy)/( 1 - zf) . 
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v, 

But, considering terms up to quadratics, " 
I 

"""4 ,.,.., 
f'il 
1;',::J 

and therefore 

where 

= ---
1
--[af( 1 - zf) 2 + (4a . c.x. z. + cfxf - d)( 1 - z~) + 4chfz7] 231 1 1111 11 1 1 111 

6(1 - zi) 

= ---
1
--lbf(l - z7) 2 + (4b.c.y.z. + ch'.? - cf)(l - zf) + 4c7vh~] 

2 3 L 1 1 1 l 1 1 l' l 1 1 1~ 1 l 
6( 1 - zJ 

11111111 ~ECLASSIFIED 



1r)ECLASSIFIED 

16 NAVAL RESEARCH LABORATORY 

= 

The value of aioo is unimportant, since a derivative will be taken. It will now be 
convenient to define 

Then, 

and the distribution function which is to be maximized becomes 

f(r,s) e 

1 
2 

2 

r: t rPs q 
pq 

This function can be maximized by minimizing the exponent. The values of r and s 

(r 
O 

and s
0

) which minimize the exponent are found by taking the partial derivatives with 
• respect to r and s and setting them equal to zero, yielding 
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and solving these equations simultaneously to yield 

r 
0 

tlltOl - 2 t02tlO 

4t20t02 - t1/ 

tlltlO - 2t20tOl 

4t2oto2- t1/ 

Summary 

The procedure for the calculation of the BPE may be summarized as follows. 

17 

1. The station locations and bearings .are used to compute the constants that determine 
the bearing plane. 

2. The polygon center method is used to obtain an initial estimate of the BPE. 

3. Coordinates are rotated to bring this estimate to the point (O,O, 1), The inverse 
of this rotation is multiplied by an inverse accumulator which is initially a unit matrix. 

4. The .series expansion method is used to find r
0 

and s
0

• If these are both small, 
step 5 is used. Otherwise ( r 

0
/\, s

0
A, A) becomes the new estimate and step 3 is repeated, 

5. The accumulated inverse product is multiplied by ( r 
0

11. , s
0

11., A) to yield the BPE. 

CALCULATION OF THE SEARCH AREA 

The search area has been defined as the smallest area on the surface of the earth 
which has some predetermined fiducial probability of containing the actual target location. 
From this definition it follows that the search area is bounded ·by a contour of constant 
value of the distribution function. The same approximations that were made in the cal­
culation of the BPE will be made here. Thus the distribution function is given by 

f( r, s) = e 

1 

2 

2 

I: 

Setting this function equal to some constant k and taking the natural logarithm of the 
result yields the equation of the curve that bounds the search area: 

which defines an ellipse. 

---
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It is convenient to apply the transformations 

r' = r - r 
0 

yielding 

or, collecting terms, 

I 

+ s'(tOl + tllro + 2to2 5o) + tlOro + to1 5 o + tllro 5 o 

Noting that the two terms in parenthesis were proved to equal zero in the location of the 
BPE, and grouping all the other terms not containing r' ands' into one term, t 00 ', yields 

which is the equation of an ellipse centered on r' = o, s'= o, i.e., on r = 

The cross term can now be eliminated by applyrng the rotation 

where 

r 
0

, s 

in which the positive sign is chosen if t 20 - t 02 is negative and the negative sign otherwise. 
This rotation yields 
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where 

The cumulative probability that the target lies within the ellipse is given by 

1 

2 

dr"ds". 

uoo + u2or1,2 -2 ln k 

00 00 

J J. e 
dr"ds" 

-00 -oo 

dr"ds" 

u
20

r 112 + u
02

s" 2 = ·-2 ln k 

1 

2 

dr"ds" 

where k' is such that -2 ln k' = u 00 + 2 ln k. 

The ellipse may now be transformed into a circle by making the substitutions 

yielding the cumulative probability 

ff e 

s 1112 =- -2 ln k 

2 

dr"'dsm 

r"' 2 + 
·---------------

[Joo e 

( r"' 2 + s"' 2) 

dr"'ds 111 

-ro - oo ... 
QJECLASSIFIED 
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If polar axes are now ins~rted in the r "' , s "' plane, and the 277' s resulting from the angular 
integration are cancelled, the probability function becomes 

1 p2 2 

foe 
2 2 

p ro 
pdp - e 1 p 2 

2 0 
0 0 

= = 1 - e 
1 p2 1 p2 

iooe 
2 2 

100 p<lp - e 
0 0 

where the search area is a circle of radius p
0 

in the dimensionless r"', s"' plane and 
P; = -2 ln k'. 

If it is desired that the search area include the target location with a probability of 
.9091, then 

1 - e = .9091 

p; = -2 ln (1 .9091) = 4.80 

p
0 

= 2.19. 

The final approximation is to replace this circle by a square of equal area. This 
square will define a search area of slightly lower probability since the area is not bounded 
by a curve of constant probability density. If the length of a side of the square is denoted 
by d, then 

d2 = 4.~077 = 15.18 or <l = 3.897 . 

Thus the square is bounded by the points 

r"' = 1.95, s"' = 1. 95 

rm 1. 95, s ';' - -1.95 

rm = -1. 95, s"' = -1.95 

rm = -1.95,s"' = 1. 95 

Whenthis square is transformed to the r ", s" plane, a rectangle centered on the 
origin results. When this rectangle is transformed to the r ', s' plane, the rectangle is 
rotated but still centered on the origin. When the rotated rectangle is transformed to the 
r, s plane, its center is displaced to r 

O 
,. s 

O 
• Finally, when this rectangle is projected on 

to the sphere, the result is an approximation to the desired search area. 
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DIGIT AL COMPUTER PROGRAM 

General Description 
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In order to test the validity of the computational methods derived above, and in order 
to determine the time necessary to obtain a fix, these methods were programmed for a 
LGP-30 digital computer. This computer is a general purpose, fixed point, single address, 
drum memory machine with a simple order code. 

The standard computer word is 32 bits long and often expressed as eight hexadecimal 
digits of four bits each. The hexadecimal alphabet employs the characters f, g, j , k, q, 

and w to represent 10, 11, 12, 13, 14, and 15 respectively. The implied location of the 
binal point is between the most significant and next most significant bit, with the most 
significant bit serving as a sign place in complementary arithmetic. The least significant 
of the 32 bits is available only in the accumulator and not in the main memory. 

The fixed location of the binal point requires scaling in most instances. It will be 
convenient, when dealing with scaled quantities, to designate the scaling as being at a 
certain "q." By this is meant that the quantity has been multiplied by 2- q before storage. 
In effect, the binal point for that quantity is shifted a places to the right of the machine 
binal point. 

The storage capacity of the drum is 4096 words. The addresses of these storage 
locations in machine language are formed by expressing the decimal quantities O through 
4095 in binary at a q of 29, i.e., by the hexadecimals 00000000 through 00003wwj with 
intervals of 00000004. It is more convenient, however, to concoct a programmer's lan­
guage in which storage locations are of the form ttss, where tt is a decimal number 
between 00 and 63 and is called the "track" and ss is a decimal number in the same range 
and is called the "sector," these names corresponding to the physical construction of the 
drum. Appendix A contains additional information about the computer. 

Figure 7, which is a foldout, in the back of this report, is a storage allocation chart 
showing the location of the programs, routines, and subroutines which are used in the 
fixing process. The complete coding and flow charts are contained in Appendix B . The 
material immediately following describes the general nature of the computation and the 
functions of the computational components. 

Details 

Station Loading Program - The station loading program, which is located in 3800 
through 3916, computes xi' yi, zi, cos ai' sin /3i; and cos /3i for the ith station and to 
store these quantities, all at aa of 1, in 4148+i, 4200+i, 4216+j, 4232+i, 4248+i, and 
4300+i respectively. The flow chart and the coding of this program are given in Figs. 
Bl and B2 in Appendix B. 

Upon transfer of machine control to 3800, the initial location of this program, the 
typewriter writes a note requesting i, the hexadecimal digit between o and w denoting the 
station number. When this is entered, the storage addresses are set up and a note request­
ing latitude is printed. This is entered as a decimal number to the nearest hundredth of 
a degree. Next a note requesting longitude is printed, and the station longitude is entered 
in the same manner. Negative quantities (south latitudes and west longitudes) are entered 
as a minus sign, followed by a string of zeros, followed by the quantity, the number of 
zeros being chosen to make the hundr~dths of degrees the eighth character of the group. 
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The program then computes the desired quantities, stores them in the proper loca­
tions, and then halts. Depressing the start switch on the computer control panel will now 
transfer control back to 3800, repeating the process. • 

This program is not used in every fix computation, but only when it is desired to 
change the stations comprising the net. It is also possible to store the parameters per­
taining to the stations of more than one net, subject only to the limitation that there may 
not be more than 16 stations stored at any one time. 

Fixing Program Assembly - The fixing program assembly, located in 1500 through 
1763, switches control to the other components of the fixing program in the proper sequence. 
Its coding and its flow chart are given in Figs. B3 and B4. 

Upon transfer of machine control to 1500, the initial location of this program, the 
input processor is invoked, which reads the data tape, reassembles storage, computes 
xi, y i, and zi , and then transfers control back to the program assembly, which sets 
the iteration counter to zero and makes the inverse rotation matrix a unit matrix at a 
q of 0. At this point the computer stops unless the "break point 32" switch on the control 
panel is depressed. 

An initial fix estimate is now required. Ordinarily this will come from the polygon 
center method, but occasionally it may be desirable to impose a different initial point. 
The "transfer control" switch on the computer provides this choice. 

If the "transfer control" switch is depressed, the latitude and longitude of the initial 
point may be entered on the keyboard. From this information, the r and s of the initial 
point are calculated at a q of 4 and deposited in 1407 and 1414 respectively. 

If the switch is in its normal position, control is transferred to the coefficient calcu­
lator, which computes a;, bi, and ci and stores them between 4316 and 4363. Control is 
next transferred to the polygon center routine, which calculates r and s at a q of 4 and 
stores them in 2662 and 2663. The program assembly now transfer15 them to 1407 and 
1414 and the two branches rejoin. Control is now transferred to the converter which uses 
the values of r and s to compute the eight elements of the rotation matrix which are stored 
in various locations in track 09 at a a of 0 and to compute the values of x, y, and z and 
store them in the position printer in locations 2761 through 2763 at a q of 1. At this point 
the computer stops unless the "break point 4" switch is depressed. 

The condition of the "transfer control" switch is again sensed, and if the switch is 
depressed control is transferred to the task number printer, a subroutine which prints 
the words "task no." and the task number that identified the input tape. The words "quick 
fix" are printed, and control is then transferred to the position printer, which prints the 
latitude and longitude of the point whose coordinates are located in 2761 through 2763 to 
the nearest minute. Control is now returned to the main sequence, where it would have 
directly proceeded had not the "transfer control" switch been depressed. 

Control is next transferred to the rotator, which applies a rotation that would bring 
the point formerly in the converter to the North Pole to xi' yi, zi, xi, yi, and zi . 
Control is then transferred to the series expander which computes r and s and stores 
them in 3962 and 3963 at a q of 0. The program assembly restores them in the converter 
in 1407 and 1414. The value of µ 2 is examined. If it is extremely small, x is set at 0, y 
at 0, and z at 1 and control is transferred to the BPE output procedure; otherwise the con­
verter is invoked. Again µ 2 is examined. If it is less than some preset tolerance (about 
10 miles) control is transferred to the BPE output procedure; otherwise the iteration 
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counter is incremented and then examined. If the number of iterations that have been 
performed exceeds some preset limit, control is transferred to the BPE output procedure; 
otherwise control proceeds in the main sequence and the computer stops unless the "break • 
point 8" switch is depressed. 

If, at this point, the "transfer control" switch is depressed, the derotator is invoked 
to convert the coordinates in the position printer to the original coordinate system. Con­
trol is next transferred to the task number printer, which prints the task number, and 
then control is transferred to coding which prints the words "iteration no." followed by 
the iteration number. The position printer is invoked and then control is returned to the 
point where it would have directly proceeded had not the "transfer control" switch been 
depressed. This point is where the rotator was previously invoked, and thus this transfer 
of control initiates another iteration. 

Upon transfer to the BPE output procedure, control is transferred to the task number 
printer, which prints the task number, and then the word "BPE" is printed. Finally the 
derotator and position printer are invoked, after which control is transferred to the 
sear ch area program. 

Input Processor - The input processor is located in 0500 through 0763, and is 
designed to read the data tape and perform preliminary calculations. Its coding and its 
flow chart are given in Figs . B5 and B6. 

For each task, the input tape contains 17 words. The first is a word of two hexa­
decimal digits that identifies the task. The remaining 16 are reports from the df stations . 
The sequence of these reports must correspond to the numbers the stations were assigned 
when their coordinates were entered in the station loading program. 

If a station fails to report on the task, or if there is no station corresponding to a 
given station number, the report is a zero word. If a station reports on the task, the 
report is a composite word, the first character of which is a minus sign which marks 
the word as a report, the next three characters of which contain the reported bearing to 
the nearest 1/8 degree, the next three characters of which contain the estimated inverse 
variance to ten binal places, and the last character of which contains a zero. The form 
of a report word is illustrated in Fig. 8. The bearing is seen to be contained in the input 
word at a q of 12 and the inverse variance at a q of 17. It should be noted that the assump­
tion has been made that the maximum estimated inverse variance will be less than four 
inverse square degrees . 

LOCATION OF MACHINE BINAL POINT SR.CE BIT AVAILABLE 
/ IN ACCUMULATOR BUT 

/ NOT IN STORAGE 

SIGN BIT 7 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I IY----
IOOOXXXXXXX~XXXXX~XXXXXXXXOOOO 

BINAL POINT BINAL POINT 
L _A_~ ~~A~-~ __ J ~· y y 

- INPUT WORD 

IDENTIFIER BEARING INVERSE VARIANCE 

Fig. 8 - Form of input word 
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Upon transfer of control to 0500, the entrance location of this• routine, the first word 
is read and the task number extracted and stored in 0730 at a q of 30. The next sixteen 
words are then read. If one of these, say the ith, is the rth valid report ( r = o for the first 
valid report), the routine recalls from storage x. , y . , z. , cos a . , sin (3. , and cos (3 . which 

1 l. l. 1 l 1 

were located at 4148+i, 4200+i, 4216+i, 4232+i, 4248+i, and 4300+i respectively. It 
stores xi, Yp and zi in 4000+r, 4016+r, and 4032+r respectively, and stores the inverse 
variance at a q of 2 in 4132+r. The routine then computes xi, y;_, and z;_ and stores them, 
at a q of 1, in 4048+r, 4100+r, and 4116+r respectively. The rationale behind this rear­
rangement is to allow the other computational components to consider quantities in suc­
cessive storage locations without having to skip over quantities associated with stations 
not reporting bearings. 

At the conclusion of this process, n, the number of stations reporting bearings, is 
contained in 0736 at a q of 29, and the number n -1 in 0731 at the same q. These are made 
available to the other components so they can run over the n values of i that correspond 
to stations reporting bearings. The program exits from 0725. 

Coefficient Calculator - The coefficient calculator is located from 0800 to 0901, is 
entered at 0800, and exits from 0861. The coding and the flow chart are given in Figs. 
B7 and B8. 

This routine extracts then sets of xi, yi, zi, x;_, y;_, and z{. from storage, and for 
each set computes a;, bi, and ci and stores them in 4316+i, 4332+i, and 4348+i respec­
tively at a q of 1. 

Polygon Center Routine - The polygon center routine is located from 2500 to 2663, 
is entered at 2500, and exits from 2652. Its coding and its flow chart are given in Figs. 
B'9 and B10. 

It may be recalled that the quantities r ii ands 1 i are functions of a 1 , bi, c 1 , ai , bi , 
and c., where i runs from 0 ton -2 and j runs from i + 1 to n -1 for each i . It may also 
be rei:alled that r 

O 
and s 

O 
are the sums of the r 1 /s and s 1 / s, each mµltiplied by a weight­

ing factor, divided by the sum of the weighting factors . The routine accordingly sets up 
the various combinations of i and .i , and, as each r ii ( or s ii ) is calculated, multiplies 
this quantity by the proper weighting factor and adds the weighted quantity to an accumulator 
located at 6354 (or 6355) and accumulates the sum of the weighting factors in 6341. After 
all combinations of i and j are computed, the division of 6354 by 6341 yields r 

O
, which 

is stored in 2662 at a q of 4, and the division of 6355 by 6341 yields s
0

, which is stored 
in 2663 at the same q. 

Since the number of operations required to perform this routine varies approximately 
as the square of n, and since the routine can not be trusted to yield anything more accurate 
than an initial point b~cause of the geometric bias discussed earlier, all n's greater than 
six are arbitrarily reduced to six to ensure that the amount of time spent in this program 
is no greater than that warranted by the accuracy of the result obtained. 

Converter - The converter is located between 1300 and 1463. Its coding and its flow 
chart are given in Figs. B11 and B12. 

Before invoking this routine, the values of r and s to be converted must be located in 
1407 and 1414 respectively. If these quantities are derived from the polygon center routine 
or from an externally imposed initial point, they will be at a q of 4, while if they are 
derived from the series expander, they will be at a q of 0. In the former case the con­
verter is entered at 1303, in the latter case at 1300. In either case exit is from 1459. 
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The convevter calculates the coordinates x, y, and z corresponding to the r, s des­
cription, and stores these coordinates in the position printer at 2861, 2862, and 2863 
respectively at a q of 1. It also calculates the eight non-zero elements of the matrix that 
rotates this point to the North Pole, and stores these elements, 11.ro, 11. sa, 11. , s0 /µ , -r 0 /µ, 
-Aµ, Ar 

0
1 µ , and As J µ, in the rotator at 0944, 0947, 0950, 0951, 0954, 0957, 0958, and 

0961 respectively at a q of 0. 

Position Printer - The position printer, which is located between 2700 and 2863, 
prints the latitude and longitude of a point whose x, y, and z coordinates are located at 
2861, 2862, and 2863 at a q of 1. The routine is entered at 2700 and exits from 2754. Its 
coding and its flow chart are given in Figs. B13 and B14. 

The routine first computes a and f3 , storing them in 2853 and 2855 respectively in 
degrees at a q of 9. It then applies the roundoff subroutine, which is located between 
2755 and 2808, to a . At the conclusion of this procedure the angle is rounded off to the 
nearest minute of arc with the degrees stored in 6327 at a q of 9 and the minutes stored 
in 6330 at the same q. 

The routine now recalls the degrees of a and invokes the output subroutine, which is 
located between 2809 and 2839. This subroutine converts the quantity to decimal and 
prints it. 

The position printer now prints a hyphen, recalls the minutes of a , reinvokes the 
output subroutine, prints the letter "N", and spaces. The roundoff subroutine is applied 
to /3 and the process is repeated except that instead of printing an " N", either an "E" or 
a " w" is printed as required by the sign of y. Finally, a carriage return is executed and 
the position printer exits. 

Rotator - The rotator routine, which is located between 0903 and 1115, applies a 
transformation that would rotate the point last processed by the converter to the Nor th 
Pole. The transformation is not applied to this point, but rather to all other pertinent 
data. The routine is entered at 0903 and exits from 1112. Its coding and its flow chart 
are given in Figs. Bl5 and Bl6. 

It may be recalled from the discussion on rotation of coordinates in the section on 
mathematical apparatus that this transformation may be accomplished by a matrix mul ­
tiplication. The elements of the matrix are supplied at a q of 0 by the converter. This 
matrix is applied to then vectors [x, y, z) and to the n vectors [x' , y ', z' J. It may also 
be recalled that the inverse of this matrix is to be applied to an inverse accumulator 
matrix which keeps track of transformations and can be used to rotate coordinates back 
to the original coordinate system. Since the matrix is the matrix of a simple rotation, 
this can be accomplished by applying it to three vectors properly selected from the inverse 
accumulator ; Thus the rotator is simply a device for performing 2n+3 multiplications of 
vectors by the same matrix. 

Series Expander - The series expander routine, which is located between 1800 and 
2463 and between 3916 and 3963, derives the values of r 

O 
and s

0 
from the values of x;, 

y i, z i , a i, bi , c i , and the inverse variances according to the series expansion method 
derived earlier. The routine is entered at 1800 and exits from 3958 . Its coding and its 
flow chart are given in Figs. B17 through B22 . 

The routine may logically be divided into four parts. The first part is designed to 
calculate the values of er, - 2 a. . There is a difficulty involved here deriving from the 1 1pq • 
fact that a i pq is a fraction whose denominator contains 1 - z i to various powers. 
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As zi approaches one, the magnitude of the fraction may become quite large . The 
computer is a fixed point machine and cannot handle quantities of magnitude greater than 
one. This problem is usually handled by scaling the quantities, but in this case a scaling 
factor sufficiently powerful to prevent overflow would cause serious loss of significance 
in many other cases. One way out of this dilemma is to program the machine for floating 
point arithmetic, but this procedure requires so many operations that the computing times 
become intolerable on a drum computer. The approach adopted has been to do as much 
.of the arithmetic as possible at a fixed q, and then to use a procedure which resembles 
floating point arithmetic for only those processes which absolutely demand it. 

Accordingly, Part 1 of the series expander computes and stores at a fixed q the 
numerators and denominators of er. -2 a. . Although there are only two unique denom-

' 1pq 
inators for each i, all five are stored·because of the nature of Part 2. These numerators 
and denominators are stored in locations from 4400 through 4631 as shown in Fig. 7. Part 
2 of the series expander, located between 2200 and 2401, performs the minimum necessary 
scaling on these quantities and computes tpq• 

For each of the five pq combinations, tpq may be found by performing then divisions 
of numerator by denominator and adding the quotients. This is accomplished by first 
clearing zero lnto a t and a q accumulator located in 6307 and 6308 respectively. The 
first numerator and denominator are brought into working storage and examined. If the 
magnitude of the denominator is greater than twice that of the numerl;ltor, the division is 
performed yielding a quotient of magnjtude less than 1/2. When this condition is not satisfied, 
the denominator in working storage is doubled, if this can be done without overflow, other­
wise the numerator is halved. Since the q of the anticipated quotient is thereby increased 
by one, a rescaler is invoked to increment the q of the remaining i's of that pq. Control 
is returned to the original examination, and the process loops until sufficient scaling has 
occurred. 

When a quotient is obtained, it is added to the t subtotal in 6307. This new subtotal 
is now examined to determine whether its magnitude is less than 1/2. If this condition is 
not satisfied, the rescaler is again invoked, thus assuring that the addition of the quotient 
to the subtotal will never cause an overflow. 

This entire procedure. is repeated for the next numerator-denominator pair until all 
n pairs have been processed. Location 6307 now contains tpq and 6308 contains the q of 
this quantity, itself stored at a q of 29. These quantities are stored in the proper locations 
and the process is repeated for the next pq pair until all five have been computed. At the 
conclusion of the process, t 10 , t 01 , t 20 , t 02, and t 11 have been stored in 4632, 4634, 
4636, 4638, and 4640 respectively, and the q of each of these quantities has been stored at 
a q of 29 in a location one higher than that of the quantity. 

The rescaler is located between 2314 and 2360 with patches ;:j..t 2153-215'5 and 2211-2212. 
It halves the quantity in 6307 and adds 1 at a q of 29 to the quantity in 6308. It also increases 
the q of all quotients of the current pq pair of i greater than the current i up to n- 1. It 
does this by doubling the denominator if this can be done without overflow, otherwise by 
halving the numerator. This branching assures scaling with minimum loss of significance. 
It should also be noted that sets of denominators originally identical will no longer be 
identical after restoring, thus justifying their separate storage. 

Part 3 of the series expander, located between 2402 and 2463, converts all the t po' s 

to the same q. It searches the q's stored in alternate locations from 4633 to 4641 and 
determines the maximum value. It then converts all tpq's to this q through the use of the 

!>ECLASSIFIED 



r)ECLASS~FIE~ 

NAVAL RESEARCH LABORATORY 27 

table of shifts located between 3916 and 3931. At the conclusion of this process, this q 
is located in 2402 at a q of 29. This value is needed later by the search area program. 

Part 4 of the series expander, located between 3932 and 3963, computes r
0 

and s
0

• 

Since all terms in both the numerators and denominators of the expressions for r 
O 

and 
so are quadratic in t , the q of these latter quantities is immaterial provided they are 
all the same. At the ~bnclusion of the routine, r

0 
and s

0 
are stored in 3962 and 3963 

respectively at a q of 0 and the series expander exits from 3958. 

Derotator - The derotator is located between 1116 and 1160. It contains within it the 
elements of the inverse accumulator matrix stored between 1123 and 1131. The derotator 
is entere<;l at 1116 and exits from 1154. Its coding and its flow chart are given in Figs. 
"B23 and B24. 

The function of this routine is to perform a multiplication of the inverse accumulator 
matrix with the position vector stored in the position printer between 2861 and 2863, and 
thus to convert the coordinates of this position back to the original coordinate system. 
The inverse accumulator matrix was initially made a unit matrix by the program assembly 
coding, and was properly modified each time the rotator was invoked. 

Search Area Program - The search area program is located between 3000 and 3232. 
Its function is to define the corners of the rectangle that approximates the search area. 
The program is entered at 3000 and exits from 3162 back into fixing program assembly at 
1500 if "break point 16" switch is depressed, otherwise computation halts at 3161 after 
completion of the program. The coding and the flow chart of this program are given in 
Figs. B25 and B26. 

The coding from 3000 to 3059 straightforwardly calculates p, ( 1 t p 2 )-½ , (u 20 ) ½ , 
and (u02)½ from the stored values of tpq' At this time a hitherto neglected factor must 
be taken into account. The scaling of t was immaterial to the calculation of r 

O 
and i:

0 

since both numerators and denominator~qwere quadratic in tpq. Similar considerations 
apply to the calculation of p except that the factors are all linear. This neglect cannot be 
extended to u, however, since that quantity is itself linear in tpq' It is therefore necessary 
to correct three sources of scaling int pq: the scaling of the aipq numerators and denom­
inators as produced by Part 1 of the series expander, the further scaling of Parts 2 and 3, 
and the scaling produced by expressing a-i- 2 in inverse square degrees instead of inverse 
square radians . 

If u were properly scaled, s" could be found by dividing 1.95 by (u0 2 ) ½ • Since u is 
linear in tpq , the resulting quotient should be multiplied by the square root of any factor 
that has previously scaled tpq . . Expressing a-i -2 in inverse square degrees effectively 
multiplied tpq by (77/130) 2 . The constant in 3226 which is divided by the two square roots 
of u is accordingly_made 1.9577/ 180 or 0.0340339. The remaining scaling on tpq is a 
multiplication by 2 q where q is in 2402 at a a of 29 and a further halving of tpq since 
Part 1 of the series expander calculated the ai pq numerators at a q of 3 and the denom­
inators at a q of 2. Accordingly the quantity in 2402 is incremented by 1 at a q of 29 and 
now represents at that q twice the power of 2 by which the quotient should be divided. The 
quantity in 2402 is halved and then used to select an inverse power of 2 from the table of 
shifts which is used to multiply the factor in 3226 before division by the calculated u' s . 
If the quantity in 2402 is odd, a special procedure employing 1/ V2 is used. 

The result of this entire procedure is to place the correct values of t r " and ts " in 
3246 and 3247 respectively. The note "search area corners" is now printed. The positive 
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r" and s" are transferred to 3248 and 3249 respectively and the output procedure is invoked 
to print the location of a corner. The process is repeated until the four combinations of 
positive and negative r" and s" have been used, whereupon two carriage returns are executed 
and the program halts. 

The output procedure is located between 3200 and 3218. It uses the relations pre­
viously derived to compute the r ands of the corner from the properly signed r" and s" and 
deposits them in the converter. It then invokes the converter, derotator, and position 
printer to print the location of the corner and exits. 

EXPERIMENT AL RESULTS 

The complete system has been operating since mid December 1958 and some com­
ponents were operating for several months prior to this. The following material sum­
marizes observations made of program effectiveness through the first month of operation 
of the complete system. 

Station Loading Program 

The station loading program is a simple and straightforward program and is com­
pletely satisfactory. The time required to load a station is about 11 seconds, including 
the time required for the computer to print the notes but excluding the -time required for 
the operator to type the coordinates on the keyboard. 

Figure 9 is a reproduction of the printout produced during a loading operation. It was 
desired to establish the coordinates of station 2 as 26.98°N 80.02°W. The underlining was 
added afterwards to indicate what items were typed by the operator as distinguished from 
those typed by the computer. The operator presses a start switch after typing each word. 

station no. 2 
latitude? 2698 
longitude?--:0008oo2 

Fig. 9 - Printout during 
station loading 

The imprecision of this program is negligible compared with that involved in the 
rounding of coordinates to 0.01° of arc. 

Fixing Program 

In most of the experimentation with the fixing program, a standard set of stations was 
employed. These stations were selected from those plotted with bearing roses on H.O. 
Chart 5402 so that this chart could be used to assess the plausibility of fixes. The stations 
are given in Table 1. 

'Typical experiments involved picking a point on a chart and measuring the bearing to 
this point from selected stations. Tapes were prepared to simulate reports from these 
stations. In some cases the stations were imagined to have sent "correct" bearings; in 
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other experiments errors were systematically included. Estimated variances were 
varied to determine the characteristics of the weighting processes. 

Station No. 

0 
1 
2 
3 
4 
5 

6 
7 
8 
9 
f 

g 
j 
k 
q 
w 

Table 1 
Hypothetical Nets 

Station Name Latitude 

Atlantic 

Toro Point 9.35°N 
South Pass 29.00°N 
Jupiter 26.98°N 
Norfolk 36.80°N 
Bar Harbor 44.30°N 
Cape Race 46.70°N 

Pacific 

Imperial Beach 32.60°N 
Empire 43.45°N 
Soapstone 58.0l°N 
St. Paul I. 57.l0°N 
Hilo 19.700N 

Special 

Longitude 

79.95°W 
89.200W 
80.02°W 
76.02°W 
68.13°W 
53.15°W 

117.15°W 
124.300W 
136.52°W 
170.300W 
155.02°W 

Reserved for Special Experiments 

29 

The stops and branches in the fixing program assembly were liberally used in the 
experimental work. If the program were to be used operationally, many of them would 
be eliminated. The stops provided opportunities for the printout of intermediate results 
through the use of the decimal memory printout, while some of the branches provided 
such printout without further intervention. 

Input Processor - The input processor performs its function in a satisfactory manner. 
The time required for execution depends on the number of stations making valid reports 
and is given approximately by t = 7 .0 + 3.0n sec, where n is the number of stations report­
ing. Part of this time is required by the mechanical tape reader. It is estimated that the 
use of a photoelectric reader available as an accessory to the computer would reduce 
this to about t = 5.1 + 2.2n, but the advantage does not seem particularly significant. 

Figure 10 is a reproduction of a printout of an input tape. It may be translated as 
reading, "On task 5 station 3 reports a bearing of 13 .5 ° and .an estimated inverse variance 
of 0.25 inverse square degrees (i.e., a standard deviation of 2°), station 4 reports a bear­
ing of 5.75° and an estimated inverse variance of 1.0, station 5 reports a bearing of 336.5° 
and an estimated inverse variance of 1.0, and none of the other stations reported on the 
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task." The_ apostrophes are codes marking the end of an input word, and the spaces 
between adJacent marks therefore represent zero words or nu11 reports. 

05''' 18o6jl000 1802q4o00'8f844ooo 11 ••• 1 •• 111 

Fig. 10 - Typical data tape 

The imprecision of this routine is negligible compared with that involved in rounding 
the bearing to the nearest 1/8 degree. • 

Polygon Center Method - The polyijqn center method employs two subsidiary routines-­
the coefficient calculator and the polygo'n center routine. The first of these is simple, 
straightforward, and rapid, requiring about 0.7n seconds. 

The time required by the polygon center routine is given approximately by t = 0.5 -
0.3n + 0.4n2• It should be remembered thatn has been arbitrarily limited to six, although 
this can be modified by inserting nmax + 1 in 2654 at a q of 29. 

In considering the effectiveness of the polygon center routine, two sources of "error" 
need to be considered. The first, which is a true error, is a possible imprecision caused 
by roundoff in the machine. A fairly detailed investigation indicates that provided at least 
two stations report reasonably large estimated inverse variances - - standard deviations 
of no worse than eight degrees or so -- the error due to roundoff will not be seen in the 
final result. The second source of "error" is the effect that was anticipated in the theo­
retical discussion -- the geometrical bias implicit in long, thin polygons. 

This point can be clarified by giving the results of a typical experiment on the standard 
nets in which ten target locations were selected. Bearings were measured from the stations 
to the target locations and the "correct" bearings coded on the input tape. The break point 
and transfer control switches on the computer control panel were manipulated to print out 
a "quick fix," i.e., the result of the polygon center calculation. The results of this experi­
ment are given in Table 2. The column headed "error" gives the distance in nautical miles 
between the hypothetical target location and the fix location. 

Inspection of Table 2 reveals that of the ten tasks, admittedly not chosen quite at random, 
four of the quick fixes have errors of ten miles or less and two have errors of 16 miles. 
Four of the tasks are, however, considerably in error. 

The cause of the difficulty with task 00 is not hard to see. Station 0, station 2, and the 
target lie . on practically the same meridian. The due north bearing circle from station 0 
and the almost due south circle from station 2 are nearly parallel, and a very slight "error" 
in rounding off the bearings has thrown the intersection of these circles hundreds of miles 
to the .north of the target. Since this intersection constitutes 2/9 of the final result, the 
fix is too far north. The validity of this explanation can be easily tested by deleting either 
station O or station 2 from the report. 
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Table 2 
Ten Quick Fixes with "Correct" Bearings 

Reports "Error" 
Task Target Fix (naut mi) 

Stn. Bearing Inv. Var . 
. .. 

00 15° 0O'N 0 000.000° 1.00 16°53'N 
080°00'W 1 146.750° 1.00 080°00'W 113 

2 180.50C>° 1.00 . 
3 190.000° 0.50 

01 15°00'N 0 074.75D° 1.00 15° 06'N 
055°00'W 1 106.50(>° 0.50 055° 15'W 16 

2 112.250° 1.00 
3 134.250° 0.25 

02 25°00'N 0 039.750° 1.00 25° 04'N 
065° 0O'W 1 095.00C>° 0.50 065° lO'W 10 

2 095.000" 1.00 
3 138.500° 1.00 
4 171.250° 0.50 
5 208.000° 0.50 

03 40° 00'W 1 050.500° 0.25 39° 52'N 
070°00'W 2 030.250° 1.00 070° 15'W 29 

3 054.000° 1.00 
4 198.000° 1.00 
5 247 .500° 0.50 

04 50°00'N 3 036.250° 0.25 50° lO'N 
060° 00'W 4 041.500° 1.00 059°00'W 40 

5 298 .500° 1.00 

05 60° 0O'N 3 013.500° 0.25 59° 56'N 
065°00'W 4 005.500° 1.00 65°02'W 4 

5 336.500° 1.00 

06 20° OO'N 6 226.000° 1.00 20° 08'N 
130°0O'W 7 193.500° 1.00 130°04'W 9 

8 170.000° 0.25 
f 085 .000° 0.50 

07 35°00'N 6 283.000° 1.00 34°54'N 
145° 0O'W 7 249.250° 1.00 145°03'W 7 

8 197 .500° 1.00 
9 131.500° 0.50 
f 028.250° 1.00 

08 55° O0'N 7 311.500° 0.50 55° 20'N 
155° 00'W 8 261.250° 1.00 156° 19'W 50 

9 097 .250° 1.00 

09 40° 00'N 6 295.250° 0.50 40° 12'N 
7 272.250° 1.00 154°47'W 16 
8 223 .500° 1.00 
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A similar difficulty exists with task 04, although its presence is not quite so obvious. 
Station 3, station 4, and the target lie on the same great circle, although the bearings are 
different because the great circle is not a meridian. Again the validity of this explanation 
can be tested oy deleting one of these stations. 

Accordingly, the experiment was repeated with these deletions. The results (Table 3) 
verify the explanation. 

Task Target 
Stn. 

00 15°00'N 0 
080°00'W 1 

2 
3 

10 15°00'N 0 
080°00'W 1 

3 

04 50° 0O'N 3 
060°00'W 4 

5 

14 50°00'N 4 
060°00'W 5 

Table 3 
Modified Quick Fixes 

Reports 

Bearing Inv. Var. 

000.000° 1.00 
146.750° 1.00 
180.500° 1.00 
190.000° 0.50 

000.000° 1.00 
146.750° 1.00 
190.000° 0.50 

036.250° 0.25 
041.500° 1.00 
298.500° 1.00 

041.500° 1.00 
298.500° 1.00 

Fix "Error" 

16°53'N 
080°00'W 113 

14°51'N 
079°56'W 10 

50° lO'N 
059°00'W 40 

49°59'N 
059°56'W 3 

The conclusion from this discussion is that even with "correct" bearings the polygon 
center method may give a very poor fix. This fix is certainly good enough to serve as an 
initial point for the series expansion method, but not reliable enough to be trusted as a 
BPE even though it is available as a computer .output. This is the result that was antici­
pated all along, and should not be surprising. 

An important exception to this obs~rvation occurs in the case iri which only two sta­
tions report. In this case the polygon center (the intersection of the bearing circles) is 
the BPE. 

It is also interesting to consider the effectiveness of this routine on "incorrect" bear­
ings. The results of one experiment will be given here. Referring to Table 2, task 06 is 
seen to have no geometrical difficulties and to yield a good quick fix. Errors of magnitude 
equal to the estimated standard deviation were inserted in the reports on this task. Some 
of the results of this experiment are presented in Table 4. In this table, "error" denotes 
the shift from the fix based on "correct" bearings. 

Series Expansion Method - It will be recalled that the series expansion method is an 
iterative method, each iteration requiring the use of the converter, rotator, coeff1.cient 
calculator, and series expander. After a sufficient number of iterations have brought 
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r2 + s 2 within some preset tolerance, or after the preset maximum number of iterations 
0 0 

have taken place, th.e converter, derotator, and position printer are invoked to print out 
the BPE. 

Table 4 
Effect of Bearing Errors 

Bearing and Inverse Variance Error 
Task Fix (naut mi) 

Station 6 Station 7 Station 8 Station f 

06 226.000° 193.500° 170.000° 085.000° 20°08'N 
1.00 1.00 0.25 0.50 13o 0 o4'w 

16 227.000° 193.500° 170.000° 085.000° 20°23'N 
1.00 1.00 0.25 0.50 130°07'W 15 

26 225.000° 193.500° 170.000° 085.000° 19°52'N 
1.00 1.00 0.25 0.50 130°02'W 16 

36 226.000° 194.500° 170.000° 085.000° • 20°00'N 
1.00 1.00 0.25 0.50 130°23'W 20 

46 226.000° 192.500° 170.000° 085.000° 20° 12'N 
1.00 1.00 0.25 0.50 129°46'W 18 

56 226.000° 193.500° 172.000° 085.000° 19°27'N 
1.00 1.00 0.25 0.50 130°22'w 43 

66 226.000° 193.500° 168.000° 085.000° 20° '34'N 
1.00 1.00 0.25 0.50 129°5o'w 29 

76 226.000° 193.500° 170.000° 086.375° 19°54'N 
1.00 1.00 0.25 0.50 130° ll'W 15 

86 226.000° 193.500° 170.000° 083.625° 20°22'N 
1.00 1.00 0.25 0.50 129°58'W 15 

96 227 .000° 192.500° 172.000° 083.625° 19°45'N 
1.00 1.00 0.25 0.50 130°01'w 23 

Because it is impossible to determine in advance just how many iterations will be 
r equired, an explicit statement of the time required by this method cannot be made. A 
further difficulty arises from the fact that Part 2 of the series expander makes use of 
its internally contained rescaler an unpredictable number of times . Thus it is not even 
possible to accurately predict the time per iteration. Therefore some of the data in 
Table 5 must be taken as only approximate. In this Table, n represents the number of 
stations and m represents the number of iterations. 

Roughly half the fixes investigated required only one iteration, most of the rest 
required two. A safe estimate of the median m would therefore be two. A typical running 
time for Part 2, of the series expander might be ten seconds. Under these assumptions, 
a typical operating time of the series expansion method would be 9.8n + 42 seconds or 
slightly over a minute and a half for a five-station fix. No tasks will be performed in 
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less than half this time, while a few tasks will take more than twice this time, thus rais­
ing the average times above these estimates. In estimating the total time required to 
obtain the BPE, the time required by the input processor and polygon center method must 
be included. 

Table 5 
Operating Time of the Series Expansion Method 

Component Time (sec) Times Invoked Total Time (sec) 

Converter 2.1 m+l 2. l(m + 1) 
Rotator 0.9n + 1.9 m m(0.9 n + 1.9) 
Coeffic. Cale. 0.7n m 0.7mn 
Series Exp. ( 1) 3.3n m 3 .3 rnn 
Series Exp. (2) 5 to 60 m m(5 to 60) 
Series Exp. (3) 2.2 m 2.2m 
Series Exp. ( 4) 1.0 rn rn 
De rotator 1.4 1 1.4 
Position Printer 4 to 6 1 4 to 6 
Program Assembly 4 1 4 

Total Time: 4.9mn + (12 to 72) m+ (7 .5 to 9.5) 

An analytic investigation of the convergence properties of the series expansion method 
appears to be an extremely formidable task and accordingly was not attempted. It certainly 
seems plausible that an iteration which produces a near-zero value of r O and s 0 has pro­
duced an answer which is correct to the same extent that the dist r ibution assumptions are 
correct. Conversely, a large value of one or both of these factors would seem to indicate 
the necessity of another iteration. 

The experimental evidence does not seem to contradict these suppositions. Whenever 
an iteration does not significantly move the BPE, i.e., whenever it produces a small r 0 

and s 0 , further iterations do not affect the BPE. Whenever an iteration moves the BPE 
more than ten miles or so, further iterations usually (but not always) cause further move­
ment of the BPE. Thus the BPE acceptance rule in the program assembly would appear to 
be sound. 

There remains the critical question of whether in every case a sufficient finite number 
of iterations will yield a BPE that is unaffected by further iterations .. This question has 
been investigated over the first month that the program has been operating by fixing a wide 
variety of tasks. The answer, unfortunately, is in the negative, although a fix is obtained 
in the vast majority of cases. 

In those cases where there are no geometrical difficulties, and wher e the reported 
bearings are reasonably "correct," i .e., converge to form a reasonably small polygon, 
the series expansion method performs quite well, In these cases it is necessary to impose 
an incorrect initial point in order to investigate convergence, as the polygon center method 
would yield an estimate that would be confirmed in the first iteration. Several different 
types of experiments of this general nature yield about the same results, which are dis ­
played in Fig. 11. The abscissa represents the distance that one it er ation should have 
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moved the BPE, i.e., the distance between the initial point and the target, while the 
ordinate represents the distance between the target location and the BPE after the itera­
tion. The relationship summarized in Fig. 11 is most reproducible in the middle ranges, 
\Yhere it is approximately quadratic and almost always in the form of an overcorrection of 
~~WpoW. • 

20 

;;; .., 
.J 

:iE 
...: 
:, 
<t 
z 100 

0:: 
0 
0:: 
a: .., 

0 400 
TRUE DISTANCE ( NAUT MILES) 

Fig. 11 - Convergence of series expander 

Some thought was given to the use of this observation in per forming a compensation 
or correction on the r

0 
and s

0 
produced by the first iteration. Unfortunately the com­

pensation would be reliable only for well-behaved geometries where it would be unneces­
sary, since the initial point produced by the polygon center method would be quite good 
and the first iteration would produce the final BPE. 

In those cases where there are geometrical difficulties such as a long thin polygon 
but where the bearings are again "correct," the series expansion method works well. 
Recalling tasks 00 and wO from Table 3, BPE's within four miles of each other are pro­
duced. In cases of this type, the relationship of Fig. 11 holds reasonably well, although 
undershoots appear about as often as overshoots. The single failure to fix in cases of 
this type occurred with two bearings whose bearing circles were practically coincident. 
In this situation the polygon center method found the intersection of the bearing circles 
but the series expansion method diverged from this point. This single failure should not 
be too annoying, as any "fix" produced from such a pair of bearings would be meaningless. 

An equally large number of cases in which the bearings contained considerable errors 
have been investigated, but the investigation is considered much less exhaustive becuase 
of the many variables in experiments of this kind. Thus far, there has been only one 
failure to fix which occurred in a three-station situation with a pair of coincident bearing 
circles. It is believed that in this case the BPE was sliding along this pair of circles 
and landed on a station location, thus producing an a . denominator of zero. In all the 

1pq 
other cases convergence to a fix proceeded smoothly, although occasionally at a slower 
rate than that of Fig. 11. It should be realized that in these cases with large polygons, 
the "correctness" of the fixes cannot be absolutely determined, they can only be judged 
for plausi.bility. Actually this is one of the reasons a computer fixing method is desirable! 
This question will be considered again in the section on future work . • 
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Search Area Program 

The search area program straightforwardly produces the corners of the search 
rectangle in abo~t 54_ sec_onds . . The_ results have been judged only for plausibility and 
se~m to meet this criterion. A typical case is shown in Fig. 12. In this five-station fix 
all ~tations were assumed to have a standard deviation of two degrees, and errors were' 
assigned all of the reported bearings in accordance with this . assumption. The target 
was assumed to lie at 35°N 50°W. Figure 12a shows the bearing lines, the BPE, and the 
search rectangle. Fig. 12b shows instead of each bearing line a pair of lines located one 
standard deviation from the bearing line. • 

52W 50W 48W 
52W 50W 48W 

33N 

(a) (b) 

Fig. 12 - Typical search area 

Summary 

In the first month in which all of the component programs have been running, a wide 
variety of tasks has been computed. In all cases but two, plausible BPE's and search 
areas were produced. The two exceptions were cases which could not have been made to 
yield a meaningful fix by any method. Insofar as the accuracy of the BPE's could be 
verified, they have all proved to be correct; others could be c.hecked only for plausibility 
because no other simple method of obtaining the BPE exists in this country. The same 
observation applies to the search area. 

The computing time for a task depends on several unpredictable factors. The average 
time for a task appears to be about three minutes with the median time somewhat less. 
The ten tasks of Table 2 together with the two additional tasks of Table 3 require 34 
minutes of computer time if intermediate results are not printed out, 38 minutes if they 
are. Figure 13 is a reproduction of the output of the computer in the latter case. Print­
out actually occurs in a single column; the output sheet was rearranged into two columns 
for ease of inclusion in this report. 
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task no. 00 quick fix 16-53N o8o-oow 
task no. 00 iteration no. 115-27N 080-oow 
task no. 00 iteration no. 2 15-00N ·o79-59w 
task no~ 00 BPE 14-59N 079-59W 
search area corners 
13-49N o8o-06w 
16-07N o8o-12w 
16-o8N 079-52W 
13-50N 079-45W 

task no. 'WO quick fix 14-51N 079-56w 
task no. 'WO BPE 14-56N 079-57W 
search area corners 
13-46N o8o-05W 
16-05N o8o-10W 
16-06N O79-49W 
13-47N 079-43W 

task no. 01 quick fix 15-06N 055-15W 
task no. 01 iteration no. l 14-55N 054-59w 
task no. 01 BPE 14-55N 054-59w 
search area corners 
13-59N 053-49W 
14-43N 056-27W 
15-50N 056-o8w 
15-06N 053-29W 

task no. 02 quick fix 25-04N 065-1ow 
task no. 02 BPE 25-03N 065-07W 
search area corners 
25-02N 065-43w 
25-32N 065-25W 
25-04N 064-32w 
24-34N o64-5ow 

task no. 03 quick fix 39-52N 070-15W 
task no. 03 iteration no. 1 4o-05N 069-52W 
task no. 03 BPE 4o-02N 069-56w 
search area corners 
4o-14N 069-35W 
39-42N 070-oow 
39-50N 070-16W 
4o-22N 069-51w 

task no. 04 quick fix 50-lON 059-00W 
task no. 04 iteration no. l 49-58N 059-46w 
task no. o4 BPE 49-59N 059-56w 
search area corners 
49-58N 060-25W 
50-13N 060-16W 
49-59N 059-28W 
49-45N 059-37W 

task no. w4 quick fix 49-59N 059-56w 
task no. w4 BPE -49•59N 059-56w 
search area corners 
49-56N 060-27W 
50-15N o60-15W 
50-02N 059-26W 
49-43N 059-38W 

task no. 05 quick fix 59-56N o65-02W 
task no. 05 BPE 59-56N 065-02W 
search area corners 
58-56N 065-22W 
6o-47N 066-nw 
60-57N o64-39w 
59-05N 063-54W 

task no. 06 quick fix 20-0BN 130-04w 
task no. 06 BPE 20-04N 130-07W 
search area corners 
19-38N 131-0lW 
21-0lN 130-0lW 
20-:,0N 129-12W 
19-07N 130-12W 

task no. 07 quick fix 34-54N 145-03w 
task no. 07 BPE 34-54N 145-03w 
search area corners 
:,4-45N 145-48w 
35-:,0N 144-57W 
35-00N 144-18W 
:,4-15N 145-09W 

task no. 08 quick fix 55-20N 156-19w 
task no. 08 iteration no. 1 54-57N 154-24w 
task no. 08 iteration no. 2 55-00N 154-51w 
task no. 08 BPE 55-00N 154-51w 
search area corners 
55-16N 155-55W 
55-12N 153-46W 
54-43N 153-50W 
54-48N 155-57W 

task no. 09 quick fix 4o-12N 154-47W 
task no. 09 BPE 4o-11N 154-55W 
search area corners 
39-08N 155-46W 
39-49N 156-27W 
41-12N 154-o:,w 
4o-31N 153-23W 

Fig, 13 - Computer output 
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FUTURE WORK 

Fixing and Search Area Programs 

Minor Improvements - There are several minor improvements that will probably be 
made in the programs in the near future in order to eliminate certain hazards and decrease 
computing time. 

At the present time there is no sure termination on the rescaling process in Part 2 
of the series expander. If the result of an iteration produces a point coincident with a 
station location, the corresponding ai q denominators will be zero . The rescaler will 
keep doubling these denominators without effect. One solution might be to ·place a counter 
in the rescaler or else to modify the doubling process to include the addition of a very small 
constant that would not affect the large majority of calculations. 

Another hazard involves the limited length of the table of shifts. It is theoretically 
possible that long shifts might be called for . The solution is to extend the table and to move 
Part 4 of the series expander elsewhere. Part 4 might also be rewritten to check the 
relative magnitudes of the r

0 
and s

0 
numerators and denominators to prevent overflow, 

although it seems inconceivable that the polygon center method could be in error by the 
2500 miles necessary to cause overflow. 

The techniques of optimization are considered in A 
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The major advantage of the second is the relative simplicity of such a comparison. 
The comparison again is not against the universe, but at least it is against another model. 

The third method is the most attractive since it tests the program in the real environ­
ment in which it will have to work. The labor involved is reasonable. The only disadvantage 
is that if anomalous results occur it will not be known whether they are attributable to the 
statistical model or to the faithfulness of the approximation to the model in the program. 

Accordingly, it is planned to run U.S . Navy check-target bearing data in the near future . 
At the time of this writing the transcription of the data is underway. Comparison of the 
fixes obtained against the fixes given by manual plotters should also prove most interesting. 
It is also hoped that sufficient data can be obtained from the United Kingdom to eventually 
utilize the second method. 

Major Modifications - The program presented in this report was. written mainly as 
a feasibility demonstration. Before operational use takes place, it would be worth while 
to consider several major modifications. 

It is interesting to note that the program does away with the notion of sense, i.e., it 
treats a bearing and its reciprocal identically. This seems strange when it is considered 
that a knowledge of sense may greatly improve the fix. To concoct an extreme case, con­
sider three stations on a rough north-south line. The southernmost station reports a 
northerly bearing and the northernmost station reports a southerly bearing yielding a 
weak convergence at the middle station. The search area could be cut in half if the sense 
of the bearing from the middle station were considered. 

Another modification that might be necessary would be to allow simultaneous operation 
in both hemispheres. It would not be too surprising if the same modifications solved both 
of these problems. 

Thus far no mention has been made of the matter of estimating the variances to be 
associated with eac'1. bearing as this is not a topic for this report. It is true, however, that 
the variance depends to some extent on the distance between the station and the target. 
It might be desirable, therefore, to have the computer correct the variances it is using 
after it has obtained a rough idea of the target location. Fortunately this is a rather simple 
modification. 

A considerably more difficult problem involves the treatment of "wild" bearings. The 
use of normal statistics requires that we reject bearings likely to have come from another 
distribution. One possible solution would be to wait until late in the iterative process and 
then compute the hypothetical bearings from the stations to the calculated target location, 
rejecting the bearings from those stations whose hypothetical error exceeds a certain 
multiple of their assumed standard deviation. 

It is necessary to wait until late in the process as otherwise good data might be rejec ­
t ed. In the case of task 00, for example, application of such a criterion too early would 
result in the rejection of the valid cross bearings and the retention only of the pair of 
coincident circles which, by themselves, can yield no useful information. 

The calculation of the bearings would require a significant amount of time, but this 
time would probably be allowable. A more serious objection would be the time wasted in 
starting the computation over from the beginning after the rejection of a station. Since 
the inclusion of a wild bearing may so distort the tentative BPE as to encourage rejection 
of a valid bearing, it would be desirable. to have some method of making a rapid check on 
the effects of rejecting a station . ... 
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The possibility of an elegant solution occurs when it is recalled that the hypothetical 
error is approximated by hJg1, which itself was expanded in series. It appears, there­
fore, that at the end of an iteration the values of r ands could be substituted into a quad­
ratic having the a 1 pq' s as coefficients and the result examined. To test the effect of a 
station rejection, the a1 P • s of that i could be omitted from the calculation of tpq and the 
process repeated. Unfortunately, the action of the rescaler leaves these quantities in a 
form eminently unsuitable for further calculation. TJms if this scheme is to be employed 
the series expander will have to be largely rewritten. 

Other Uses - The availability of the fixing program may make feasible the perform­
ance of other tasks besides the obtaining of fixes. One example might be the detection of 
systematic errors in the performance of a station on operational targets. Such a job 
requires a consistent method of fixing to ensure that bias blamed on a station is not 
actually the fault of a manual plotter. 

Another question that may have some light shed upon it is that of the importance of 
an individual station to a net. By deleting the contributions of one station and recomputing 
the tasks it would be possible to quantitatively assess the contribution of that station. 
Again a consistent, unbiased method of fixing is required to make such an operation feas­
ible. Some work on this latter problem is planned for the future. 

Related Problems 

Although this report is devoted to the actual computing process, sight should not be 
lost of the fact that the maximum benefits can be obtained from automatic fix computing 
only by careful examination of the entire direction finding activity. For this reason it is 
• necessary that work be done in several areas including bearing storage systems, bearing 
readout systems, bearing transmission methods, report storage methods, station perform­
ance analysis, etc. Research in most of the necessary areas is underway within the 
Countermeasures Branch and will be coordinated so as to be of maximum utility when 
automatic fix computation is employed. 

SUMMARY AND CONCLUSIONS 

The feasibility of df fixing on an inexpensive digital computer has been demonstrated. 
A program has been developed which produces not only a best point estimate of the target 
location but also defines the smallest area that has a 90-percent probability of containing 
the target. 

The employment of these techniques makes it possible for the first time in this 
country to have fixes free of human bias and blunder that express all the information 
available from a df bearing. It also makes available for the first time an accurate and 
meaningful search area, which is probably more important for tactical operations. 

The average time required by the existing program to produce both the fix and the 
search area is about three minutes. Although faster results could be obtained from more 
sophisticated computers, the twenty-task-per-hour capability of the inexpensive computer 
exceeds the communications capability of the df nets and is therefore considered satis­
factory. 

Work is continuing on the use of the fixing program in other df problems, and in the 
refinement of related data handling techniques. 
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WherE;as the cost of a computer serving an entire net is a few percent of the cost of 
one elf station, the utilization of such a computer is considered to be one of the best bar­
gains available to the Navy at this time. 

For the U. S. Navy to best utilize the program developed in this report the following 
steps should be taken: 

1. The Navy should install a small digital computer at a net control station for use 
as an auxiliary fixing device. The selection of an LGP-30 computer is recommended in 
order that use can be made of the program presented in this report. 

2. After a suitable period of testing and program refinement, computers should be 
installed at all net control stations for use as primary fixing devices. 

3. The collection of elf station accuracy statistics should be continued and the analysis 
of this ~aterial intensified so that maximum advantage can be made of the mathematical 
precision afforded by a computer. 

4. The development of elf data handling equipment should be planned and coordinated 
so as to best utilize the speed, accuracy, reliability, and automaticity of a digital computer. 
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GENERAL DESCRIPTION 
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APPENDIX A 

LGP-30 COMPUTER 
[ Unclassified Appendix] 

The LGP-30 is only one of the several small digital computers currently being 
marketed. It was chosen for this application because one was available within the Counter­
measures Branch. Even if this factor were not present, however, the LGP-30 most prob­
ably would have been chosen, largely because no computer selling for less than $50,000 
has a larger memory capacity and because of the excellent reliability it has demonstrated. 

The computer is 44 inches long, 33 inches high, 26 inches deep, and weighs about 
740 pounds. Power requirements are about 1.5 kw from a 115-volt, 60-cycle, single­
phase source. Separate air conditioning is not required for the computer, but installation 
in an air-conditioned space is advisable. 

The computer can be purchased or rented from the Royal McBee Corporation. The 
rental contract is listed in the Federal Supply Service catalog as GS-00S-19602 Item 132 
costing approximately $1,200 per month on a single shift basis. The charge for continuous 
operation, however, is approximately $3,000 per month; Since the purchase price of the 
machine is approximately $45,000, outright purchase appears advisable. If funds for 
purchase cannot be obtained immediately, it would be feasible to rent a machine-during 
the initial testing period and then to exercise the option contained in the rental contract 
to apply half the previously paid rent towards the purchase price sometime before the 
initiation of full-time operation. 

Practically no corrective maintenance has been required on the machine installed 
at NRL, but thought should be given to the problem of providing maintenance for machines 
installed in the field. Free maintenance is provided for in the rental contract, if the 
machine is located not more than 100 miles from one of the vendor's service centers. 
Service contracts for purchased machines are available at approximately $150 per month 
subject to the same provision. Alternatively, the vendor will train individuals in the 
maintenance of the machine in a five-week course for approximately $500 per person. 

The computer is a fixed point, single address machine operating in pure binary with 
complementary representation of negative numbers. The computer word is 32 bits long 
and is expressed for input-output purposes as a word of eight hexadecimal digits employ­
ing the alphabet 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, f, g, j, k, q, and w. The least significant bit 
is not available for all operations. In an operation on a word representing numerical 
data, the binal point is considered to be located between the two most significant bits with 
the most significant bit indicating the sign. Thus the range of valid computational numbers 
is -1 < x < +1 with -l(i.e., 80000000) a valid computational number for some operations . 
The power of 2 by which a number has been divided to fit into this range is designated 
the q of the quantity. 

The main memory of the machine consists of 4096 words located on a magnetic drum 
rotating at 4000 rpm. These locations are arranged in 64 tracks of 64 sectors each and 
are so designated in the material of this report. As actual addresses in an instruction, 
however, they must be expressed as the hexadecimals through www at a q of 29, i.e., by the 
words 00000000 through 00003wwj with intervals of 00000004. Located on the same drum 
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are three tracks which are used as recirculating memory and constitute the control register, 
the instruction register, and the accumulator. 

The standard input-output device is a tape-typewriter which is included in the purchase 
price, although a photoelectric reader is available as an extra-cost accessory. The tape 
code is a six-channel code allowing for 64 typewriter operations. Only four of the channels 
are ordinarily read into the machine, however, therefore causing certain pairs of type­
writer functions to enter the computer identically. For example, the letter "b" and the 
digit "1" both enter the machine as the binary 0001, although they are distinguished in 
programming for mnemonic reasons. On output, however, all six channels are utilized 
and must be properly synthesized by the program. 

Operations are usually read from successive memory locations and executed subject 
to programmed transfers of control until a stop order is reached. When such an order is 
read, computation halts unless the address contained in the stop order contains a bit cor­
responding to a depressed "break point" switch on the computer front panel. These four 
switches allow certain stops to be bypassed at the option of the operator. 

A "transfer control" switch on the front panel allows certain variations of the program 
as will be explained in the following section. If an overflow occurs, i.e., if the result of 
a computation is outside the range of valid computational numbers, the machine halts. 
This eliminates the possiblity of undetected errors due to overflow, but introduces certain 
programming complications. 

ORDER CODE 

The order code of the computer is given in Table Al. The order is contained in bits 12 
through 15 counting the most significant bit as bit 0. This is equivalent to stating that the 
order is stored as a hexadecimal 0 through w at a q of 15. The first column of Table Al 
contains both the hexadecimal and the typewriter function that enters the machine identically 
and that is more often used in programming for mnemonic reasons. 

OPTIMIZATION 

The nominal speed of the drum is 4000 rpm or 15 milliseconds per revolution. The 
sectors are interlaced on the drum so that 7 "consecutive" locations pass under the read 
heads in one revolution. Thus "consecutive" orders can be examined at intervals of some­
what over 2 ms. Since the execution time for most orders is about 0.25 ms, it would appear 
that consecutive orders can be executed at the rate of 7 per revolution. Most orders, 
however, refer to an operand stored at some other storage location. Unless the operand 
can be read well before the next order passes under the reader, the cycle of reading the 
operand, executing the order, and executing the next order will require 1-1/7 instead of 
1/7 drum revolution. Operands which can be read early enough are called optimally 
located operands. 

The execution time of about 0.25 ms refers to the b, y, r, e, h, c, a, and s instructions. 
The difference between performing 467 optimum or 58 non-optimum instructions per sec­
ond is significant, and every effort should be made to optimize these instructions. Opti­
mization involves making the sector of the operand of an instruction located in sector ss 
equal to ( ss + 7n + l)modulo 64 where n is an integer from 2 through 7. Thus the optimum 
sectors for the operand of an instruction located in sector 40 would be sectors 55, 62, 05, 
12, 19, and 26. The tracks a:i;-e immaterial. 
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Order Address* 

0 z ttxx 

1 b ttss 

2 y ttss 

3 r ttss 

4 i xxxx 

5 d ttss 

6 n ttss 

7 m ttss 

8 p ttxx 

9 e ttss 

f u ttss 

g t ttss 

800g 800t ttss 

j h ttss 

k C ttss 

q a ttss 

w s ttss 
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Table Al 
Order Code 

Interpretation 

Stop computing unless a break-point switch corresponding 
to a bit in tt is depressed. 

Bring the contents of ttss into the accumulator. 

Replace the address portion of ttss with the address 
portion of the accumulator . 

Replace the address portion of ttss with the address of 
the r order increased by two. 

Let the input device feed into the accumulator. This 
order is always preceded by p00xx (start reader.) 

Divide the contents of the accumulator by the contents 
of ttss and place the quotient in the accumulator. 

Multiply the contents of the accumulator by the contents 
of ttss and place the low-order product in the accumulator. 

Multiply the contents of the accumulator by the contents 
of ttss and place the high-order product in the 
accumulator. 

Perform the output function described by the bits of tt. 
Often followed by z0000 to stop computer which is 
restarted by output device after execution. 

Extract the accumulator through ttss, i.e., where cor-
responding bits of the accumulator and ttss are 1 leave 
a 1 in the accumulator, otherwise a 0. 

Transfer control to ttss . 

Transfer control to ttss if the number in the accumulator 
is negative, otherwise proceed to the next order. 

Transfer control to ttss if the number in the accumulator 
is negative or if the "transfer control" switch is down or 
both, otherwise proceed to the next order. 

Hold the contents of the accumulator in ttss. 

Hold the contents of the accumulator in ttss and clear 
the accumulator to zero. 

Add the contents of the accumulator to the contents of 
ttss, retaining the sum in the accumulator. 

Subtract the contents of ttss from the contents of the 
accumulator, retaining the difference in the accumulator. 

*tt - Track (bits 18 through 2 3) 
ss - Sector {bits 24 throu gh 29 ) 
XX - Immaterial 
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Execution time for the d, n, and m instructions is about one revolution, so the total 
time for optimum and non-optimum instructions respectively is 1-1/7 and 2-1/7 revolu­
tions corresponding to 58 and 31 operations per second. The optimizing relation is the 
same except that n ranges from 4 through 7 ford, from 3 through 7 form, ,and from 1 
through 7 for n. • 

ST AND ARD SUBROUTINES 

The program presented in Appendix B utilizes several standard subroutines dis­
tributed by the Royal McBee Corporation. A brief description of these subroutines 
follows. 

The arcsine-arccosine subroutine interprets the quantity in the accumulator at the 
time of subroutine entry as either the arcsine or arccosine of an angle at a q of 1 if the 
subroutine is entered at 5600 or 5811 respectively. Upon exit, the subroutine leaves in 
the accumulator the angle in degrees at a q of 9, expressing arcsines in the range -90 
to +90 degrees and arccosines in the range Oto 180 degrees. 

This subroutine contains within it a square root routine which can be invoked sep­
arately at 5800. Upon exit it leaves in the accumulator the square root of the quantity 
in the accumulator on entrance. The subroutine assumes these quantities to be unscaled, 
therefore if the initial quantity is scaled at some q the square root will be scaled at q/2. 

The sine-cosine subroutine interprets the quantity in the accumulator at entrance as 
an angle in degrees at a q of 9. Depending on whether it is entered at 5900 or 5904, the 
accumulator will contain on exit the sine or cosine respectively of the angle at a q of 1. 

The alphanumeric output subroutine is a device for saving storage locations when it 
is required to print headings and notes. Ordinarily the coding of such notes would require 
two storage locations per typewriter function, one for the print order and one for a halt 
to prevent jamming the typewriter. When the alphanumeric output subroutine is employed, 
each storage location following subroutine entry contains four pairs of hexadecimals. The 
central six bits of each pair are extracted by the subroutine and a print order synthesized 
and executed. This process continues until the pair 7q (or vq) is encountered, whereupon 
the subroutine returns control to the location following the one containing the 7q. 

The coding sheets of Appendix B list the hexadecimal codes. They may be recognized 
as always being preceded by a r6000,u.6000 pair. The flow charts translate the codes into 
the typewriter functions performed. 

The data input subroutine reads data in binary coded decimal, converts it to binary, 
and stores it in the memory. Upon entry, it examines the quantity in the accumulator 
which must be a hexadecimal code word. The first three digits of this code word state how 
many words are to be stored, the next digit describes their scaling, and the last four 
state where they are to be stored. Whenever this subroutine is invoked by the program 
of Appendix B, the codeword is of the form 0015aaaa which is interpreted as "input one 
word, . consider the decimal point to be located two places from the right, convert it to 
binary at a q of 17, and store it at the hexadecimal address aaaa," 
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CODING AND FLOW CHARTS 
(@ §Id ti I ta ?fsJ 

This appendix presents the coding and flow charts of the fixing program. Instructions 
are presented with decimal addresses, data is presented in either decimal or hexadecimal 
as seems appropriate. Addresses of 0000 (except for z0000) are always variable addresses . 

. Decimal data may be recognized by a plus or minus sign; hexadecimal data is preceded 
by a comma. In the flow charts, solid lines indicate the path of control, dotted lines 
indicate address modification. 
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.3800 r6ooo u6ooo ,20207f5f ,725f2246 
,3804 ,32063246 ,2qo67qoo c6356 poooo . 
3808 iOOOO d.3910 a3907 y.3904 a39o8 y.3861 a.3908 y,3849 
3816 a,3908 y,3853 a.3908 y3858 a.39o8 y.3901 r6ooo u6ooo 
3824 ,200j725f ,225f522f ,4f1026o8 ,o67q0000 
3828 b.3912 r6221 u6204 b39l3 
3832 d3911 h39l4 r6oo.o u6ooo 
3836 ,200j4632 ,5j225f52 ,2f4fl026 ,o8o67qoo 
,384o b,3912 r6221 u62o4 b.3913 d.3911 h.3913 b,3914 r5949 
3848 u5900 hOOOO b.3914 r5949 u5904 hOOOO h3915 b.3913 
3856 r5949 u5900 hOOOO m,3915 d,3909 hOOOO b,3913 r5949 

3900 u5904 hOOOO m,3915 d,3909 hOOOO zOOOO u,38()0 z4148 
3908 zoo16 +.50000000 +.25000000 ,00800000 
3912 ,00152734 zOOOO zOOOO zOOOO 

Fig. Bl - Station loading program - coding 

a# 3802 
SUB ~~ ST 

ATIO 
N+tNO 
.# 
3805 

3806 
CLEAR ACCUM. 

INPUT STN. NO. 
3808 

3809 
SET UP DROPS 

3821 

I 
I 

3822 
3823 

3924 a # 

~LAT SUB 
ITUD 
E~?~ 
# 
3827 

3820 
INPUT a 

STORE 
3833 

DATA 
INPUT· 
SUB 

3840 
INPUT /3. 

STORE 
3845 

DATA 
INPUT 
SUB 

L ____ - -- -- - .----- ___ ___. 

3846 
COMPUTE AND 

DROP 
r,COS a,Sin /3, 
Y,COS /3ax 

3904 

39 05 

STOP 

39 05 

3906 

E'X IT 

3906 

Fig. B2 - Station loading program - flow chart 
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1500 
1508 
1512 
1516 
1524 
1528 
1532 
l54o 
1548 
1556 
1560 

DECLASSIFIED 

r0725 u0500 b+759 hl624 b3916 hll27 hll31 cll23 
hll30 hll24 hll25 hll26 • 
hll29 hll28 z3200 800tl700 
r086l uo800 r2652 u2500 b2662 hl407 b2663 hl414 
r1459 u1J03 c6362 zo4oo 
8oot1632 rlll2 u0903 r3958 
ul800 b3962 hl4o7 m1407 hl 755 b3963 hl414 m1414 
al755 hl755 s1757 t1611 r1459 ul300 bl755 s1756 
t1600 bl624 al758 c1624 s1624 al754 t1600 c6363 
z08oo 8oot1559 u1529 r1661 
u1642 ul616 zOOOO zOOOO 

1600 rll54 ulll6 r1661 u1642 
1604 r6ooo u6ooo ,061oof42 ,4fo6087q 
1608 r2754 u2700 u3000 b3917 c2863 h2861 h2862 ul600 
1616 r1154 u1116 r6ooo u6ooo 
1620 ,06225f4f ,lf725f22 ,463206_;2 ,462q067q 
1624 p0600 zOOOO p03()0 zOOOO r2754 u2700 ul529 zOOOO 
1632 r1661 ui642 r6ooo u6ooo 
1636 ,06745222 ,6r6jo654 ,224qo67q r2754 
164o u2700 u1529 r6ooo u6ooo 
1644 ,5f727f6j ,0632462q ,067qoooo bo730 
1648 el752 d3921 al759 hl652 p0200 b0730 el753 d3925 
1656 zOOOO al759 hl659 p0200 zOOOO uOOOO zOOOO zOOOO 

1700 r1661 u1642 r6ooo u6ooo 
1704 ,06223f42 ,467f4f2f ,06223222 ,5f22720j 
1708 ,06oj725r ,225r522r ,4ro67qoo bl751 
1712 r6221 u6204 bl763 d3924 
1716 h1762 r6ooo u6ooo ,o6oj4632 
1720 ,5j225f52 ,2f4f067q bl75l r622l . 
1724 u6204 bl763 d3924 hl763 bl762 r5949 u5900 hl761 
1732 bl762 r5949 u5904 m3919 hl760 bl763 r5949 u5904 
174o m.1760 dl761 hl4o7 bl763 r5949 u5900 m.1760 d.1761 
1748 hl414 ul524 zOOOO ,0015llwj 
1752 zo156 ,00000014 p2000 ,46q334;.iq 
1756 ,00008000 zoo32 zo4oo po200 
1760 zOOOO zOOOO zOOOO zOOOO 

Fig. B3 - Fixing program assembly - coding 
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INPUT 
PROCESSOR 

1704 
It. I M P 
0 S E D 
~I NI 
T I AL 

#L A T 
I T U D 

[714 

RE SCALE 
a AND 
STORE 

17 22 
RESCALE /3 AND 
STORE. COMPUTE 
r as @ q = 4 AND 
STORE IN CONY. 

1749 

ENTRY 

TRANSFER 

1526 

CL E.AR 

16 36 
# Q U I 

C K c# F 

I X 4 

16 38 

l 

15 33 
TRANSFER 
r as TOCONV. 

FORMµ. 2 

15 41 

15 42 

IS µ. 2 
VERY 

SMALL? 
15 43 

YES 

- - - -, 

N 

1546 
IS µ. 2 

SMA LL ? 

1548 

YES 

1549 
INCREMENT 

'ITERATION 

CTR. HAVE 

MAXIMUM 

NO. BEEN 

PERFORMED 1 
1----r'-"-"-'"r---' I 

155 5 
CLEAR 
ACCUM. 

YES I 

I 
I 
I 
I 
I 

16 11 
LET X= 0, 

Y=O, i!!= I 

POSI T. 

PRINTER 

1620 

# I TE 

R A T I 
0 N ~ N 
0 . c# 

1623 

49 

r---- - - - ---- - 7 

I 
I 
I 

i. 
I 

TASK PRINTER 

T 

ii' 
41-

i E_NTRY 

~ 
1644 
A S K 

N 0 

1646 

EXTRACT, ,SET UP 
8 PRIN T FIR ST 

DIGIT 
1652 

I 653 

EXTRACT, SET UP 
8 PRI NT SECOND 

DIG! T 
1660 

16 61 
EX IT ORDER 

1661 

I 

I 
L __ _ ________ .J 

1624 

IT ERATION 
COUNTER 

1625 

POSIT. 
PR INTER 

Fig. B4 - Fixing program assembly - flow chart 
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·0500 
0508 
0516 
0524 
0532 
0540 
0548 
0556 

0600 
0608 
0616 
0624 
0632 
o64o 
0648 
0656 
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c6329 p003Q i0031 d0739 c0730 h0736 b0756 h0742 
b0744 y0553 b0746 y0554 a0748 y0556 a0750 y0558 
a0752 y0706 a0754 y0702 a0749 y0658 a0751 y0552 
b0553 ao761 u0531 zo647 z0649 zOOOO zOOOO y0553 
ao754 y0555 a0749 y0557 a0751 y0602 a0753 y0561 
a0755 y0563 c6307 pOOOl 10002 to547 u0717 h0762 
eo763 d0760 u0552 zOOOO hOOOO bOOOO hOOOO bOOOO 
hOOOO bOOOO hOOOO h0729 uo561 bOOOO h0741 bOOOO 

h0743 uo602 bOOOO h0530 b0762 e0734 d0747 s0735 
to630 s0735 to625 s0735 to619 r5949 u5904 h0737 
b0527 y0646 uo633 r5949 u5904 h0737 b0528 y0646 
uo633 r5949 u5900 c6300 s6300 uo615 r5949 u5904 
uo621 b0729 m0737 d0739 c6316 s6316 m6316 a0727 
r5750 u5700 h6317 b0737 m0530 d6317 uOOOO c6319 
s6319 h0757 uo652 zOOOO c6318 s6318 m6318 a0727 
r5750 u5700 hOOOO b0757 m0743 d074o u0702 zOOOO 

0700 zOOOO zOOOO cOOOO s0757 m0741 d0740 hOOOO b0736 
0708 ao758 h0736 b0742 s0761 to722 h0742 b0554 a0758 
0716 u0511 b0742 s0761 t0722 h0742 u0524 b0736 s0759 
0724 h0731 uOOOO zOOOO +.25000000 
0728 zOOOO zOOOO zOOOO zOOOO 
0732 zOOOO +.25000000 ,OwwwOOOO +.17578125 
0736 . zOOOO zOOOO zOOOO +.50000000 
0740 +.50000000 zOOOO zOOOO zOOOO 
0744 z4147 zOOOO z4oOO +.12500000 
0748 z0016 zoo16 zoo16 zOOl6 
0752 z0016 z0016 zOOl6 z0016 
0756 z0015 zOOOO zOOOl zOOOl 
0760 bOOOO zOOOl zOOOO ,OOOOwwwO 

Fig. BS - Input processor - coding 

DECLASSIFIED 



• 
0652 

COMPUTE 8 
DROP Z 11 

0 658 

t 
0659 

COMPUTE a 
DR OP Y;' 

0702 

• 0703 
COMPUTE 8 

DROP X ;1 

0706 

' 0707 
INCREMENT 
REPORT CTR. 
HAVE 16 
WORDS COMEf 

0712 

YES ~ 
0713 

INCREMENT 
INITIAL 

DROP 
0714 

I 

'If/ 

~--, 
I 
I 
I 
I 
I 
I 

le---J 
I 
I 
I 
I 
I 
I 

,__ __ J 
I 
I 
I 

I 
I 
I 

! ENTRY 

0500 
INPUT AND STORE 

TASK NUMBER • 
050 4 • 050 5 

SET C OUNTERS 
0 507 

• 0508 
PREPARE INITIAL 

P l CK UP 
0509 

' 0 5 10 
B R I NG I N I Tl AL 

DR OP 
0 510 

' ~ 

---

L SET 
0 5 11 I 

UP DROPS ---
0523 

-. i 
0524 

INCREMENT 
INITIAL PICK UP 

0526 

' 0531 
SET UP PICKUPS --

0541 

• 
0542 

INPUT ONE WORD 
0544 

' 0545 
IS IT A RE PORT f' 

0 546 

NO l jYES 

0717 
HAVE 16 WORDS 

COMEf' 
0720 

L.1!QJ 
rES 

• .0722 
SET UP N- 1 

0725 

iEXIT 

' 0547 
,---------~ STORE WORD. E~TRACT 

AND DROP cr;-

I 
I ' 

0552 

: --------. 0553 
TRANSFER X ; ,Y ; 8 Z; 

I ,- -------• 
I I ,-- - - - - .. STORE SIN a 

I I I 0560 
I 

' I I 
I 

I I I 
0561 I -1--' I 

I 
1------- STORE cosa,s1N,Ba cos/3 

I 
I 0603 
I 

' I 
I 0604 
I RECALL INPUT WORD. 
I 

EXTRACT BEARING I 
0606 I 

I • I 
0607 I 

I SUBTRACT 90°. NEGATIVE f" 
I 0608 
I r ~ I 
I 
I 0609 0630 

. I SUBTRACT 90°. CASE 1: 
I NEGATIVE f' SIN T'=COS(T-900) I 
I 0610 0632 

I NOL_ IYES 
I 

' I 
0611 I 0625 

- - __ ,1 SUBTRACT 90°. CASE 2 

NEGATIVE f" SIN ,~-SIN tt'-180°) 
0612 0629 

NOL, IYES 

• Q613 0619 
CASE 4 : CASE 3; 

$IN ,'=COS( T -2700) SIN ,'=COS(,·270°) 
0614 0620 

5.1 

' 
.---

0615 0621 
ST ORE SIN T

1 
STORE SIN T

1 

SET "B" SET "A" 
0618 0624 

I 
I I I 

I I 
I I 
I I 
I 

I 
0633 

I 
I 

I 
COMPUTE SIN a I 

I I 
I 0642 I 
I • I 
I I 
I 

I 
0643 

I 
I 

I 
COMPUTE SIN C I 

I I 
I 0645 I I 

' I • 1. 0646 I . 
- - - - - - _..:.I ~- -- - - --- SWITCH 

0646 

Ai 
t ,-

I
I 0647 

0649 REVERSESIGN 

STORE 0648 

0650 I 

I 

Fig. B6 - Input processor - flow chart 



52 
DECLASSIFIED ... 

0800 b07,36 s0761 h6,345 b0746 y0847 y0831 a0749 y0836 
0808 y0851 a0752 y0839 y0829 a0755 y0828 y0850 a0751 
0816 y0838 y0846 aD754 y0832 y0835 a0843 y0844 a0752 
o824 y0858 ao754 y0855 uo835 bOOOO mOOOO h6359 bOOOO 
0832 mOOOO s6359 uo857 bOOOO mOOOO h6302 bOOOO mOOOO 
o84o s6302 d0739 uo84:4 z0200 hOOOO uo846 bOOOO mOOOO 
0848 h6363 uo850 bOOOP mOOOO s6363 d0739 uo855 hOOOO 
0856 uo828 d074o hOOOO b6345 s0761 tOOOO h6,345 b0847 

0900 ao761 1~08oh 

Fig. B7 - Coefficient calculator - coding 

~ l ENTRY ~ 
0859 0800 0845 

DECREASE COUNTER SET UP COUNTER ... COMPUTE 8 DROP a 
0861 0802 I 0844 

.JNo 
• I t 

YE~ 0803 I 0845 
BRING UP i.. COMPUTE SDROP c 

' 0862 INITIAL I 0856 
EXIT RESTORE CTR. ADDRESS I • 0862 0804 I 0828 

' w ,r I COMPUTE b 
0863 0804 I 0834 

INCREMENT INITIAL SET UP DATA I • DATA ADDRESS I 
0901 ADDRESSES I 0857 

082 1 i-. DROP b I l I 0858 

0821 I 

SET UP DROPS u 
0827 

I 

Fig. B8 - Coefficient calculator - flow chart 

DECLASSIFIED 



' 1 
• 2500 c6350 c6354 c6355 c6341 b0736 s2654 t2509 b2t>55 
2508 u.2510 a2656 a2657 h6362 a2641 h6308 b2657 y2547 
2516 a0752 Y2532 a0754 y2534 s2658 y2536 b2547 a2659 
2524 Y2539 aD754 Y2541 a0749 y2543 s2658 y2545 u2532 
2532 bOOOO h6332 bOOOO h6350 bOOOO h6316 u2539 bOOOO 
254-o h6319 bOOOO h6321 bOOOO h63L~8 bOOOO h6318 bOOOO 
25/-1<3 h6347 m6321 h6322 b6316 m2645 m6318 h63ll a634l 
2556 c6341 u2560 d6346 u2638 s6332 m6319 u2600 zOOOO 

2600 a6322 h6346 u2603 b6332 m6348 c6323 s6321 m6350 
2608 a6323 m2645 m6311 u2558 h6354 b6319 m6350 c6351 
2616 u2618 zOOOO s6347 m6348 u2622 zOOOO a6351 m2645 
2624 d6346 m6311 a6355 h6355 b2539 s6308 t2642 u2632 
2632 b25L~7 s63_6g _t26~6 u2646 a6308 u2515 a6354 u2612 • 
2640 zOOOO zOOOl a.2641 a6308 
2644 u2524 +.06250000 b6354 d6,341 
2648 h2662 b6355 d6341 h2663 uOOOO zOOOO z0007 z0004 
2656 z0005 bl+316 z0216 zOOOl zOOOO zOOOO zOOOO zOOOO 

Fig. B9 - Polygon center routine - coding 

l ENTRY 

2500 
CLE AR r, s AND I 
SCALE ACC UM S . 2522 2552 

2503 BRING UP CURRENT 2557 
t "i " ADDRESS 2560 

2504 

I 
2522 2611 

IS n > 6? • r- --- 2558 
2506 

I 2559 
2523 I - -- -

! YES NO 1 INCREMENT I 2612 
ADDRESS I ACCUMULATE 

2507 2509 2523 I r - SCALED r
0
a s

0 

53 

ET UP s 
F 
s 

SET UP l 
I I 
I I 

SUBTOTALS AND 
OR 6 FOR n 
TNS ST NS 
2508 2509 

' • 
2510 

SYNTHESI ZE 
FINAL ADDRESS 

2513 

t 
2514 

BR ING UP INITIAL 
"i" ADDRESS 

2514 

l 
25 15 

SET UP 11 . U 
l 

ADDRESSES 1-- -- --

25 21 

I 

--i I I 
SCALING FACTORS 

2524 I 2627 
11 , II I I SET UP J ,-....J I • ADDRESSES 2628 

2531 I IS "j" ADDRESS 
I FINAL 7 

I I 2631 
I NO YES 
I 

~ I 
2642 I 2632 

RESTORE 
11 . II 

I IS "i" ADORE J ss 
ADDRESS AND I FINAL ? 

INCREMENT I 2635 
2644 I N I 

I I 
_____________ _J 

2636 
SYNTHESIZE "i" 
ADDRESS+ I 

26 37 

2646 
DIVI DE SCALED TOTALS 

BY TOTAL OF 
SCALING FACTORS . 
STORE. r

0 
AND s0 

2652 

l EXIT 

1 Fig. BlO - Polygon center routin~ - flow chart 

"".lECLASSifiED 



54 
DECLASSIFIED 

1300 rl317 ul3o6 ul318 rl317 u13o6 u1336 bl407 mJ.407 
1308 hl4ol bl414 m1414 hl402 eJ.401 hl403 r5750 u5700 
1316 hl404 uOOOO bl403 m3917 a3917 hl405 b3917 dl405 
1324 r5750 u5700 h0950 mJ.407 h0944 b0950 m1414 co947 
1332 s0950 m14o4 c0957 u1432 s3929 t1416 u1339 bl403 
1340 a3924 hl400 b3924 dl400 r5750 u5700 h0950 bl407 
1348 m0950 d3920 h0944 bl414 m0950 d3920 c0947 s0950 
1356 m14o4 d3920 c0957 ul432 zOOOO zOOOO zOOOO zOOOO 

14oO zOOOO zOOOO zOOOO zOOOO zOOOO zOOOO zOOOO zOOOO 
14o8 s1401 s1415 u1443 s1402 s1415 u1453 zOOOO zOOOl 
1416 b3917 c2863 h2861 h2862 b3916 h0950 h0951 co961 
1424 h0944 h0947 h0954 h0957 h0958 u1459 zOOOO zOOOO 
1432 b0944 m3917 h2861 b0947 m3917 h2862 b0950 m3917 
1440 h2863 bl4o3 ul408 tl46o bl407 dl404 h0954 m0950 
1448 co958 s0954 h0954 bl403 u1411 t1462 bl414 dl4o4 
1456 h0951 m0950 h0961 uOQOO b3916 ul446 b3916 ul456 

Fig. Bll - Converter - coding 

DECLASSIFIED 



tllfllllll' 

1318 
COMPUTES 
STORE>.,>. r, 
>.s 8- >. µ. 
8 q. =O 

1335 

1432 
COMPUTE ANO STORE 

X,Y AND;!@q.=1 
1440 

1441 
1442 
1408 

IS µ. 2 > r 2 ? 
1410 

1443 

1447 
COMPUTE ANDS.TORE 
>.r/µ. ANO-r/µ. 

1450 

NO ~Y~E~S;._ ____ __, 

1339 . 
OMPUTE a 

STORE>., >.r, 
).s 8- >.µ. 

@ q,.o 
1357 

1451 
1452 
14 11 

IS µ.2 > 5 2 
1413 

1453 

NO 

? 

1410 
ASSUME µ. = 0 8 
STORE AS FOLLOWS 
X=O, Y =O, ;!= I 
).=J, S/µ.=l,).S/µ.=I 
>.r=O,>. S=O,-r/µ.=O 
->. µ. =O R >. rlµ.=O 

1429 

1457 
COMPUTE ANO STORE 

>.s 1,,. 

1459 
EXIT 

ORDER 
1459 1458 

Fig . Bl2 - Converter - flow chart 

Q1ECLASSifiED 
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56 
OECLASSIFIED 

2700 b2863 r5621 u5600 h2853 r5949 u5904 112847 b2861 
Z708 :m2858 d.2856 r5621 u5811 h2855 b2853 r2808 u2755 
2716 b6327 r2824 u2815 p0755 zoooo b6330 r2824 u2815 
2724 p086o zoooo p2562 zoooo po4oo zoooo p0302 zoooo 
2732 b2855 r28o8 u2755 b6327 r2824 u28o9 p0703 zOOOO 
2740 b6330 r2824 u2815 po8o8 zoooo b2862 tZ749 P3712 
2748 u2750 p6214 zOOOO p0416 zOOOO pl618 uOOOO h6327 
2756 e2842 d.2843 h6330 e2845 s2846 t28o8 b6330 a2849 

28oo ll28ol h6330 s2852 t2808 b6327 a2849 c63Z7 h6330 
28o8 uOOOO h6363 b286o h6307 r2839 u2825 u2816 h6363 
2816 b2859 h6307 r2839 u2825 b2849 h6307 r2839 u2825 
2824 uOOOO b284o h2837 b6363 s6307 t2835 h6363 b2837 
2832 a2854 h2837 112827 a6307 h6363 p3405 zOOOO uOOOO 
284o p0205 zOOOO ,003wwwwj +.01666666 
2844 zoooo ,00200000 ,00100000 a2857 
2848 u2850 ,oo4ooooo h2856 u2707 
2852 +.11718750 zoooo zo4oo zoooo 
2856 zOOOO zOOOl +.50000000 +.01953125 
2860 +.19531250 zOOOO zOOOO zOOOO 

Fig. Bl 3 - Position printer - coding 

ENTRY 
2700 

2743 COMPUTE 2724 
a a fJ PRINT ''N" UPPER 

2712 AND SPACE CASE 
2731 2744 

2745 
IS Y NEGATIVE? 

2746 

ROUND OFF SUB 
NO 

2716 2735 
PRINT . DEGREES PRINT DEGREES 

OF a OF P 
2723 2737 

2750 
LOWER CASE, 

PRINT ROUTINE PRINT ROUTINE RETURN CARRIAGE, 
AND EX IT 

2719 2738 2754 
PRINT A HYPHEN PRINT A HYPHEN 

2720 2739 EXIT 

2721 2740 
PRINT MINUTES PRINT MINUTES 

OF a OF /3 
2723 2742 

PRINT ROUTINE PRINT ROUTINE 

Fig. Bl4 - Posihon printer - flow chart 

DECLASSIFIED 

a I I) 



ENTRY 

2755 
STORE ANGLE, 
EXTRACT FRAC- , 
TIONAL DEGREES, 
CONVERT TO 
MINUTES, A ND 

STORE 
2758 

2759 
EXTRACT HALF 
MINUTES . SUB . 
1/4 MINUTE . 

NEGATIVE? 
2761 

2762 
ADD I TO MINUTES 
AND RE STORE 

2801 

(a) 

nECLASSUflED 
57 1 

ENTRY (3 DIGITS) 
.------'L-----

2808 
EXIT ORDER 

2808 

EXIT 

. 2802 
SUB TRACT 60'. 
NEGATIVE? 

2803 • 

NO 

2804 
ADD 1° TO 
DEGREES. 
CLEAR MINS. 

2807 

ENTRY 

SET UP ,tEJ•2Ks NUMBER 

TO BE PRINTED 
2826 

2827 
SUBT RACT QUANTITY 
SET UP ( i.e. I , 10, OR 100) 
FROM QUANTITY TO BE 
PRINTED. NEGATIVE? 

282~ • 

YES 

-, 
I 
I 
I 
I 
I 
L 

2809 2818 
STORE QUANTITY PRINT TENS 
TO BE PRINTED . 2819 

SET UP FOR 
HUNDREDS PRINT SUBROUTINE 

28 11 

2820 
2812 SET UP FOR U NITS 

PRINT HUNDREDS 2821 
2 B 14 

PR I NT SUBROUTINE 

ENTRY 

( 2 DIGITS) PRINT SUBROUTINE 

2824 

EXIT ORDER 

2815 
STORE QUANT I TY 

TO BE PRINTED 
2815 I 2824 

I 
I 

2816 
I EX IT 

SET UP FOR TENS 
28 17 

J 

(b ) 

2835 
ADD SET UP QUANTITY TO 
DIFFERENCE . RESTORE . 

2836 

2837 

r-
PR INT NU MBER 

2838 
1 
I 
I 
I ..__ ___ _, 
I 
I 
I 

2839 
EX IT ORDER 

2839 

2830 
RESTORE DIFFERENCE. 
INCREMENT NUMBER 

TO BE PRINTED 
2834 

___ J EXIT 

(c) 

Fig . B14 - Position printer - flow char~ 

flECLASSiflED 



58 
DECLASSIFIED 

0903 b0946 yl054 u09o6 b0949 yl050 
0908 b0731 h6334 b0960 yl026 y0927 a0749 y1036 y0930 
0916 a0752 yl046 y0933 u0927 b0956 yl050 b073i h6334 
0924 b0939 u0911 zOOOO bOOOO h0943 u0930 bOOOO h0953 
0932 u093~ bOOOO h0963 ulOOO zOOOl zOOOO zOOOO z4048 
094o zOOOO zlll3 z0002 zOOOO zOOOO zll23 z0911 zOOOO 
0948 zOOOl z0920 zOOOO zOOOO zOOOO zOOOO zOOOO zOOOO 
0956 zl055 zOOOO zOOOO zOOOO z4ooo zOOOO zOOOO zOOOO 

1000 b0943 m0951 h6338 b0953 m0954 h6320 u.1007 b0943 
1008. mo958 h6352 b0953 rn0961 h6355 ul014 b0943 m0944 
1016 h6302 b0953 m0947 h6362 b0963 m0950 h630l b6338 
102J+ a.6320 ul026 hll29 b0963 m0957 ulO}l zOOOl a6352 
1032 ul033 a6355 ul036 zOOOl hOOOO ul.040 zOOOO zOOOl 
104o b6362 u10J+3 zOOOO a6301 a6302 ul046 hOOOO ulOl+8 
1048 b63:5l+ s1035 toooo h6331+ bl026 a1039 uOOOO b0941 
1056 yl05l+ b0942 h6334 b0945 yll01+ yl026 aD948 yll06 

1100 yl036 al030 yJ.10-3 yl046 bOOOO h0943 bOOOO h0953 
1108 bOOOO hn963 :i:-1050 ulOOO uOOOO bll08 a0936 ul060 

Fig. Bl 5 - Rotator - coding 

DECLASSIFIED 



ENTRY 
0903 

1· ---- SET UP. ROT. LOOP 
0905 

;---- -- -- --- - -
1 
I 
I 
I 
I 
I 
I 

0906 
SET UP EXIT 

0907 

0908 
SET UP. n CTR. 

0909 

0910 
BRING INITIAL 

LOCATION 
0910 

0911 
. r- SET UP PICKUPS 

• ANO DROPS 
0919 

0927 
PICKUP X,Y az (OR 

x', Y'at) ANO PUTIN 
WORKING STORAGE 

0935 

1000 
1029 

1031 
1034 

I 1036 
L coM PUTE a DROP 

ROTATED 
QUANTITIES 

!9~? 
1040 
1041 
1043 

• 1047 

1048 
DECREASE CTR . 

FINISHED? 
1050 

NO YES 

1051 
RESTORE COUNTER 

INCREMENT 
IN I Tl AL LOCN. 

1053 

: 1054 

' ,- - - - --- -
: 1-:...-:...,:...:;......J 
I I 

I 
I 
I r - - -- ,- - - --

1 I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

, 
I I 

-'-----:- -, 
I I 

I 
I 
I 

I 
L 

I __ .••. 

I 
I 
I 

0924 
BRING INITIAL 

LOCATION 
0924 

1055 
SET UP INV. LOOP 

1056 

1057 
SET UP 3 CTR 

1058 

1059 
BRING INITIAL 

LOCATION 
1059 

1060 
SET UP PICKUPS 

AND DROPS 
1103 

1104 
PUT ELEMENTS OF 
INVERSE IN 
WORKING . STORAG 

1109 

1110 
SET UP EXIT "c" 

1110 

L------ SWITCH-- - -·-' 

1113 
INCREMENT 

INITIAL LOCN . 
1115 

1054 

Fig. B16 - Rotator - flow chart 

8'JEClASSiflED 
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60 

18oo 
18o8 
1816 
1824 
1832 
184o 
1848 
1856 

1900 
1908 
1916 
1924 
1932 
1940 
1948 
1952 
1956 

2000 
2008 
2012 
2016 
2024 
2032 
2040 
2048 
2056 

2100 
2108 
2116 
2124 
2132 
2140 
2144 
2148 
2156 
2160 

DECLASSIFIED 

r0861 uo8oo b0731 h6314 b2005 y1841 a.0749 y1843 
a0751 yl845 82006 yl847 a0755 yl849 a0750 yl851 
a0752 y1960 a0754 yl934 a0749 y2007 a0751 y1938 
a0753 y204o a0755 y1942 a.0750 y2101 a0752 y1946 
a.0754 Y2].48 a0749 yl950 s2015 yl838 bOOOO h6303 
ul841 bOOOO h6307 bOOOO h6311 bOOOO h6351 bOOOO 
h6306 bOOOO h6330 bOOOO h6332 m6332 h634o b6306 
m6306 h6308 b6330 m6330 a6308 a634o h6304 b6351 

m6351 c6344 s6344 a2146 d2147 h6358 m6358 h6329 
m6358 h6338 ul932 m6303 u2007 b6306 m6332 d.2144 
h6336 b6330 m6332 d.2162 h6323 b6307 m6351 d.2009 
h6346 b6311 m6351 d.2163 h6300 b6332 m6332 ul953 
b6304 m6329 hOOOO u1938 zOOOl zOOOO hOOOO b6304 
m6338 ul942 hOOOO ul946 zOOOl zOOOO hOOOO u1950 
zOOOO +.12500000 hOOOO ul913 
zOOOO h6339 m6346 d.2141 
h6342 b6336 m6358 u2124 hOOOO b6339 m6300 d.2142 

h6343 b6323 m6358 a6343 ul911 z4ooo zo248 hOOCO 
u2016 +.25000000 +.25000000 +.12500000 
m6303 u1960 +.25000000 z0448 
b6346 m6339 m6346 h6305 b6307 m6307 s2144 m6339 
h6344 u2Q26 b6336 m6346 m2014 a6344 h6302 b6306 
m6306 m2162 m6358 a6302 m6358 a6305 m6303 d.2011 
hOOOO b6300 m6300 m6339 h6302 b6311 m6311 s2162 
m6339 h6318 b6300 m6323 m2010 a6318 h6333 b2141 
m6330 m6358 m6330 a6333 m6358 a6302 m6303 ai949 

u2101 hOOOO b6307 m6332 m6311 m6332 d.2143 h6357 
m6351 m6351 d.2160 h634o b6336 m2161 m6300 h6344 
b6323 m6346 m2161 h6305 b6306 m6330 m2143 u2l29 
a6342 m6303 u1960 zOOOO zOOOO m6358 u2133 zOOOO 
zOOOC a6305 a6344 a6}57 m6358 a634o m6303 d.2011 
u2148 +.25oocooc +.25000000 +.50000000 
+.25ooccoc +.50000000 +.24999999 +.25oooc0c 
hOCCC b6314 s1936 t2200 u2156(b6307 m2361 u2211) 
h6314 bl841 aJ.944 uJ.805 
+.06250000 +.25ocoooo +.25000000 +.25oooooc 

Fig. Bl 7 - Series expander (Part 1) - coding 

DECLASSIFIED 



c:::: 

61 

ENTRY l 
1800 1932 2041 1801 1935 COMPUTE a DROP 

1938 r--- --• 01 02 NUMERATOR 
COEF. COMPUTE a DROP I 2101 I 
CA LC. o;pq DENOMINATORS I • • ,... __ , 

!~~2 I 2102 
1802 1946 I COMPUTE a DROP 

INITIALIZE 1947 I 
NUMERATOR 

N CTR I 0 111 
1950 I gJg~ 1803 1951 I 2129 

• • r- ~ --• • 2130 
1804 I 

2133 1913 I 
BRING INITIAL COMPUTE a DROP I 2140 

ADDRESS a i 10 NUMERATOR I 2146 
~-...J 1804 1~~.! I 

• • 
~ 

1953 I 
2149 • 1960 I 

I DECREASE N CTR . 
1805 

f.- - - - - - - - - - -1- - - - - - - _J FINISHEDf> 
SET UP PICKUPS I 2152 

ANO DROPS 1961 I ~YES EXIT 
1837 COMPUTE a DROP I 

I • • oiOI NUMERATOR I 2156 
1838 gQQi I RESTORE N CTR. 

PICK UP X, Y, Z, 19 I I ------4 INCREMENT PICKUP 
I 

a, b, c a a--2 AND 1912 I 2159 -- --
PUT IN WORKING 2007 I 

STORAGE 2008 I 
I 

1852 • I 

• 2016 I 
I 

1853 COMPUTE 8 DROP I 

COMPUTE fl AND a ;20 NUMERATOR ,._ - .J 

1-z2 TO VARIOUS 2940 
POWERS I 1910 

I 

Fig. Bl8 - Series expander (Part 1) - flow chart 
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2153 

2200 
2208 
2216 
2224 
2232 
224o 
2248 
2256 

2300 
2308 
2316 
2324 
2332 
2340 
2344 
2348 
2356 
2360 

DECLASSIFIED 

b6307 !112361 u2211 

b2214 c6320 h6321 h6307 h6308 b6320 a6321 y2222 
a0751 y-2224 u2222 h6307 u2314 z4632 z44oo b6302 
m6302 h6303 b6306 m2362 m63o6 u2230 bOOOO h6302 
bOOOO u2227 z4620 h6306 u2215 zOOOl s0761 s6303 
t2344 b6302 d6306 a6307 h6307 m6307 s2362 t2242 
r2354 u2153 b6321 a2229 h6321 s0736 t2205 u2248 
b6320 s2214 m2343 a2213 y2256 a2331 y2258 b6307 
hOOOO b6308 hOOOO b6320 a2332 h6320 s2226 t24oo 

u2434 m63o6 s2362 t2310 b6302 m2361 h6302 r2354 
u2153 u2215 b6306 d2361 h6306 u2307 b6320 a0736 
h6314 u2358 y2333 y2341 a0749 y2336 y2346 u2333 
h6310 m6310 s2362 t2338 b6300 m2361 u2341 zOOOl 
z0032 bOOOO u2335 h6300 bOOOO u2324 b6310 d2361 
u2346 hOOOO u234-7 +.06250000 
b6306 u2301 hOOOO b2333 
e2363 s6314 t2355 b6308 a2331 h6308 uOOOO b234-l 
a2331 u2318 b2222 a2331 
u2318 +.50000000 +.25000090 z6363 

24oo c6350 u2202 

Fig. Bl9 - Series expander (Part 2} - coding 
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2400 
CLEAR ACCUM 

2401 

2344 
2345 
2301 

IS IDENOMI > 1/2? 
2303 

2310 
DOUBLE 
DENOM 
2313 

2304 
HALVE 

NUM 
2306 

2307 
RESCALE 

2309 

RESCALER 

ENTRY 

2200 
INITIALIZE 5 CTR 

• 2201 

2202 
CLEAR n CTR, t 
S. q ACCUML.ATORS 

2204 

2205 
SET UP NUM. S. 
DENOM. PICKUPS 

FROM CTRS. 
2210 

2222 

-, 
I 
I 
I 
I 

PUT NUM S. DENUM I 
IN WRKG. STORAGE 

2225 
2227 
2228 

2215 
IS IDENOMI> 2 INUMI? 

2221 
~~~t 
2232 

.__ _ __,NO I YES 

r-
1 
I 
I 
I 
I 
L-

2233 
DIVIDE NUM BY 

DENOM 8 ADD TO 
SUBTOTAL IN t 

ACCUM IS 
I SUBTOTALj<l/2? 

2239 
NO YES 

2242 
INCREASE N CTR. 

FINISHED? 
2247 

YES NO~ _ ___, 

2248 
SET UP DROPS 
FROM 5 CTR 

2254 

2255 
DROP t S. q 

2258 

2259 
INCREASE 5 CTR. 

FINISHED? 
2300 

NO YES EXIT 

T02434 

I 
I 
l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

ENTRY 

2153 
2155 
2f11 

HALVE I ACCUM. 
2212 

2314 
SET UP FINAL 
RESCALING 

ADDRESS 
2317 

2358 
SET UP INITIAL 

ADDRESS 
2360 

2318 
SET UP PICKUPS 

AND DROPS 
2323 

2333 
PUT NUM. 8 DENOM 
IN WRKG STORAGE 

2337 
2324 

I 

I 

- - - -~ 
I 
I 

2355 
INCREMENT 
ADDRESS 

2357 

I 
L_ RESCAJ_ER 

Fig . B20 - Series expander (Part 2) - flow chart 
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24o2 
24o8 
2416 
2424 
2l132 
21+40 
2itl~8 
21.t.56 

3916 
3920 
3924 
3928 
3932 
394o 
39!J.S 
3956 

DECLASSIFIED 

zOO00 b24-02 5!~633 t2Ln5 u2407 b24•02 
s4637 t2415 u24ll b21KJ2 sl..i6Ln t2415 u2la9 b21~36 
a2445 u2435 z4633 b211-02 s46_35 t24J.5 u2l12.3 b21!-02 
sl+659 t2415 u2442 b21+6_'5 y2L~50 u2l~30 y21+52 a2i.l-4Q 
y2lt47 u2!11+6 b2418 y2436 b4639 h24o2 u2l+o3 z391G 
z0C0l z0004 b21t41. h6358 u2427 z0002 b2402 s0000 
a2439 y2.4•51 b0OO0 m0000 h00O0 b6358 s2l+l10 t3932 
h6358 u2458 02447 a241i.o u2428 z,0000 zOOOO z4632 

+.99999999 +.50000000 +. 25000000 
+. 06250000 +. 03125000 +. 01562500 
+. 00390625 +.00195312 +. 00097656 
pO000 i0000 y(,000 bO0OO 

+.12500000 
+.0078]250 
+. 00046828 

04636 ml1f;38 d3918 c3959 s464o mlt-640 
b464o m4634 c.3959 sl.i638 m4 632 d.5~;17 
113962 b1+64o m4632 c3959 s4636 ml.i.(3l1 
d.5960 h3')6 3 u000O z0000 z0000 z0000 

a3959 
a3959 
d3917 
zOOOO 

h3')60 
ay;i6o 
a5959 
z0u00 

Fig. BZl - Series expander (Parts 3 and 4) - coding 

ENTRY • 2334 2327 
BRING !~!TIA L BRING INITIAL 
°l, LOCATION LOCATION 

2334 2327 

' L--. • ~ 2335 2328 

SET UP °t, PICK UP ., SET UP PICKUPS 
2335 I AND DROPS 

-, 
I I 

• I 2333 I 

2336 
I 

• 
I 

I I 

PICK UP 9,. HOLD IN I 2346 I 
,. J I 

WORK I NG STORAGE BRING I, MULT IPLY i-..! 
2338 BY 2 'I," '1,ma~ RESTORE 

• 2352 

2303 • 2314 2353 ----
23 19 DECREASE 5 CTR . 

SUBTRACT ALL 5 FINISHED f' 
9..' S FROM WORKING 2355 
9,, ARE ANY DI FS. 

NEGATIVE? 
l NO YES1 

230·5 2309 23 13 2356 3932 
2321 2325 2326 INCREMENT PART 4: 

. ! YES NOl 
ADDRESS COMPUTE . 

2360 r O AND s0 

23 15 2342 I 3958 

INCREMENT SET UP 5 EX I T 
<\, LOCATIO'J COUNTER 

2317 2344 

I I 

Fig. B22 - Series expander (Parts 3 
and 4) - flow chart 
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1132 bll60 hll51 bll59 a0759 yll41 a0759 yll44 a0761 
1140 yll47 bOOOO m6328 h6322 bOOOO m6331 h6332 bOOOO 
1148 m6334 a6.:532 a6322 hOOOO bll51 s1158 tOOOO hll51 
1156 bll47 u.1135 ,oowwwwwj zll22 ,020jljw4 

Fig. B23 - Derotator - coding 

ENTRY 

1116 
TRANSFER X,Y,Z 
TO WKG.STORAGE 

1122 

1132 
SET UP X 
STORAGE ORDER 

1133 

1134 
BRING INITIAL 

ADDRESS 
[134 

I I 35 
SET UP MATRIX 
ELEMENT PICKUPS 

1140 

r----, 
I ,---
1 

I 
I __ J 

r-
' 

' I_ --

1141 
COMPUTE 8 STORE 

COORDINATE 
I I 51 

115 2 
FINISHEDf' 

1155 

STORE INCREMENTED 
COORDINATE 
STORE ORDER 

1155 

I 156 
BRING ELEMENT 

ADDRESS 
1158 

Fig. B24 - Derotator - flow chart 
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3000 b4636 s4638 h3233 t,3007 b3231 y3019 u3009 b3230 
3008 y3019 b3233 m3233 h3234 b464o m464o a3234 r5750 
3016 u5700 h3235 b3233 uOOOO a3235 h3236 u3025 s3235 
3024 u3021 d464o h3238 m3238 h3239 s3229 t3042 b3239 
3032 m3918 a3918 h324o b3918 d324o r5750 u5700 u304o 
3040 h3241 u3044 b3916 u304o b4638 m3239 s3236 a4636 
3048 r5750 u5700 m3241 h3242 b4636 m3239 a4638 a3236 
3056 r5750 u5700 h3243 u3100 zOOOO zOOOO zOOOO zOOOO 

3100 b24o2 a3228 h2402 e3228 s3227 t3110 b3226 m3225 
3108 . h3244 u3112 b3226 h3244 b24o2 m3917 a3224 y3116 
3116 bOOOO m3244 h3245 d3242 h3246 b3245 d3243 h3247 
3124 r6ooo u6ooo ,7f4f72lf ,6f620672 
3128 ,lf4f7206 ,6f46lf32 ,4flf7f06 ,207q0000 
3132 b3246 h3248 b3247 h3249 r3218 u3200 b3246 c3248 
3140 s32Ln h3249 r3218 u3200 c6363 s3246 c3248 s3247 
3148 h3249 r3218 u3200 b3247 c3249 s3246 h3248 r3218 
3156 u3200 pl600 zOOOO pJ.600 zOOOO zl600 uJ_500 zOOOO 

3200 b3249 m3238 a3248 m3241 a3962 cl407 s3248 m3238 
3208 a321~9 m3241 a3963 hl414 r.1459 lLl300 rll54 ul.116 
3216 r2754 u2700 uOOOO zOOOO zOOOO zOOOO zOOOO zOOOO 
3224 z3916 +.70710599 +.034o3389 ,00000002 
3228 zOOOl z0008 z3020 z302_3 

Fig. B25 - Search area program - coding 
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:ZlECLASSIFIEtJ 

SQUARE 
ROOT 
SUB 

ENTRY 

3000 
FROM 120 - I 02_ 

NEGATIVE 
3003 

YES NO 

3009 
FORM 

(( 120- 102.12 t tu2Jl/2 

BRING 120- 102 
3018 

7 
I 

I 

I ,-----"--, I 
. 3019 

L - - - SWITCH - - J 
3019 

A 

3020 
ADD ( ) V2 

3023 
SUB ( )V2 

TO FORM pi ll 
3024 

TO FORM pT11 
3020 

· sauARE 
ROOT 
SUB 

SQUARE 
ROOT 
SUB 

3025 
COMPUTE p IS 

P2 VERY SMALL? 
3030 

3044 
FORM TENTATIVE 

<1120>"2 sLU02l 112 
3059 

3100 
CORRECT q OF tpq 
IN 2402 BY ADDING 
1. IS RESULT ODDi' 

3105 

3106 
MULT CONV. 
FACTOR BY 
VZ/2 STORE 

3110 
STORE 

CONVERSION 
FACTOR 

3111 

3112 
MULTIPLY BY 2-<112 

WHERE q/2 IS 

ROUNDED TO AN 
INTEGER 

3118 

3119 
FORM+ r "S+s" 
BY DIVIDING 

CORRECTED SCALING 
FACTOR BY 

TENTATIVE Vll's 
3123 

3126 
SE AR 
CH # A 
RE A# 
C O R N 
ER S # r 

I C 
r 

ENTRY 
3131 3200 

COMPUTE r a s. 
STORE IN 

CONVERTER 
3211 

1 OUTPUT SUB 

L -

3132 
PRINT CORNER r', s" 

3137 

3151 
PRINT CORNER -r'~-s" 

3156 

3157 
CARRIAGE 
RETURNS 

3160 

Fig . B26 - Search area program - flow chart 
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PROGRAM INPUT ROUTINE (Mc BEE 10.0) -- FOR LOADING . PROGRAMS ~E>ADECIMAL 

H EXADECIMAL INPUT ROUTINE (Mc BEE 10.1) 

I NPUT PROCESSOR 

COEFFICIENT CAt..CULATOR 

ROTATOR 
EXT DEROTATOR 

r ,, CONVERTER 

FIXING PROGRAM A SSEMBLY 

SERIES E XPANDER-- PART I: COMPUTATION OFo;PQ NUMERATORS)! DENOMINATORS 
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t RE SCALER 
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POLYGON CENTER ROUTINE 
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SEARCH AREA 

TABLE OF SHIFTS -
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l.(, q> I (nST,IITIONSJ 

l ; • SIN 01 ,q ~ I FOR ALL 16 STATIONS 
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44 Oj-l!)( 0110NUM£RATOA(ftSTATIONS) Orto OENOMINATOR(ftSTATIONSJ 

45 ut2xO;zoNUM£RATOff(n STATIONS) 012() OENOMINATOR(nSTATIONS) 
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Fig. 7 - Storage ~o•.:ation cha.rt 
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