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ABSTRACT 

Fortran computer programs have been written that w i l l  determine the geodesic paths 

on an arbitrary surface o f  revolution. The programs can also determine the number 
d f  circuits o f  the geodesics necessary to produce a wrap o f  ' a  specified thickness. 
This thickness can be for one geodesic or be the cumulative buildup o f  many geo- 
desics. Once the geodesic paths are determined, thickness profile and helix angle 
plots are produced. In addition, routines are available for plotting the geodesic 
paths on the developed surface giving a two4imensional picture of  the paths on the 
surface. 

L E G A L  N O T I C E  , 

Thle report was prepared a s  an account of Govern,ment sponsored work. Nelther the Unlted 
Stntes, nor the Commlsslon, nor any person nctlng on behalf of the Commleslon: 

, A,  Mnkos nnywnrFanly orroprcodalhtlu~~,e~~)~.en~~~U UT lmplled,wlth respect to the accu: 1 
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01 any lnformatlan, appnmtus, method, o r  process dlaclosed In W a  report may not lnfrlnge 
privately owned rlghts: or 

B. Assumes any ~ ~ a b ~ l ~ t ~ e s  w ~ t h  respect to the use of, or for damngea resulting from the 1 
use of any Informntlon, apparatus, method, or process dlsclased In thls report. 
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SUMMARY 

Computer routines have been developed for computing a geodesic path on an arbi- 
trary surface o f  revolution. This computation i s  accomplished by approximating the 
surface with a series o f  conical and cylindrical sections (approximating the contour 
o f  the surface by straight-line segments) and determining the geodesic path on each 
section. I t  was shown by S. P. ~ o l d ( 1 )  that the geodesic on the approximated sur- 
face converges to the geodesic on the actual surface as the surface approximation 
converges. 

. . .  \ 

In cylindrical. coordinates, r = kz  + b on each of-the sections, and a"geodesic path 
can be written in  terms o f  8 as a function o f  z. I f  the cotitour 6-.f the surface i s  ap- 
proximated by straight lines joining the points- (r z ) and the in i  t ia l  conditions of 

n' n 
the geodesic are that, i t  pass through the point (rot ZO, 80) at the helix angle cuo, the 

. theta (mandrel) rotation (Rc) for one circuit i s  found to be: 

where J and L: are the sections i n  which the geodesic turns around and: 

A8 = { ( Z  n +  1 - zn)c / (rn d p )  on cy l ind~ica l  section (kn = 0) I 

I ( )  [ s c  (rn + , / C)] on section J, 

. \ ( )  - e c  (r" / C)] on section L, 

where: 

k n ( r  n + l  - rn) / (. - z.) section slope, and 
n +  1 



The geodesic turns around at the points where the surface radius equals c; that is, 

Thevalue Rc (in radians) when divided by 2 .rr i s  thenumberof revolutions per circuit 
for the specified .geodesic. I f  Rc i s  written as a fraction, A/B, where Aand B have 
no common factors, then A i s  the number of  revolutions per pattern and B the number 
o f  circuits per ,pattern. A routine i s  included to find, i f  desired, a new value o f 0  0 
which w i l l  produce a geodesic with a specified number o f  revolutions .per circuit. 

Computer routines have also been written to compute and plot two factors used i n  
the stress analysis o f  filament-wound structures, helix angle, and thickness o f  wrap. 
In addition, the routines w i l l  determine the number o f  circuits necessary to produce 
a specified thickness at a point. This specified thickness can either be from one 
geodesic or be the cum'ulative buildup o f  many geodesics. 

One o f  the useful by-products of  approximating a surface by a series o f  conical and 
cylindrical sections i s  that cones and cylinders are developable; that is, i f  sliced, 
they can be laid out f lat i n  a plane (see Appendix A). Geodesics on a cone or cy- 
linder become straight lines on the developed surface. Routines, both Fortran and 
APT, have been written to draw the developed surface and to plot geodesic paths 
on this developed surface. This developed surface plot has been useful i n  determin- 
ing certain characteristics such as thickness o f  wrap and number and location o f  
crossovers. The developed surface plot can also be used to set up a winding machine 
by cutting out the plot and pasting i t  on the mandrel to be wrapped. 

These routines are useful to engineers in  designing wrap patterns for filament-wound 
structures. They are also the basis for routines used in  locating the path o f  a fi la- 
ment feed eye o f  a numerically controlled filament-winding machine. (2) 



INTRODUCTION 

Combining high-strength filaments with resins i n  a composite structure has led to 
structural elements and parts which have exceedingly high strength-to-weight 
ratios. New materials, which lend themselves to filament windings, are being 
rapidly developed and new applications of composite structures are appearing. Pro- 
ducts currently made by filament-winding techniques range from light-weight fish- 
ing rods to large railway tank cars. 

As the applications of filament winding increase, so does the need for a better under- 
standing and definit ion of wrapping patterns. One large class of filament-winding 
applications involvesshapes which are surfaces of revolution. Since a geodesic path 
on any surface i s  a stable path, geodesics are often chosen as the desired filament 
paths. Therefore, this investigation was made by Y-12 Plant personnel to determine 
geodesic paths on an arbitrarysurface of revolution and to compute fiber helix angle 
and thickness buildup which would result from wrapping these patterns. The project 
was sponsored by Sandia Livermore and carried out under Purchase Order ASB 
92-1849. 



DISCUSSION OF THE STUDY 

FILAMENT PATH ON A SURFACE OF REVOLUTION 

Since a geodesic on a surface i s  a stable path,(3) a filament la id along ageodesic 
w i l l  have no tendency to side slip. For this reason, geodesics are often chosen for 
the desired filament paths. However, the equations for geodesics on surfaces other 
than simple surfaces such as spheres, cones, and cylinders are not easily determined. 
Therefore, a method of approximating a geodesic on an arbitrary surface of revolution 
i s  undertaken. 

To determine a geodesic on an arbitrary surface of revolution, first approximate the 
contour of the surface by a series of short, straight-line segments. When rotated 
about the axis of revolution, these line segments generate a series of conical and 
cylindrical sections that approximate the surface of revolution. Then, by using the 
equations for a geodesic on cones and cylinders and by determining the criteria for 
crossing from one section to another, a geodesic can be computed for the arbitrary 
surface of revolution. 

'GEODESIC ON A CONE 

The problem associated with surfaces of revolution can be simplified by using cylin- 
drical coordinates (r, z, 8). O n  a surface of revolution, r i s  a function of z and a 
point or curve on the surface can be defined in terms of two variables, z ando. 

To determine a geodesic on a cone, the property of the geodesic that i s  ut i l ized i s  
that between any two points on a surface, the path of minimum arc length i s  a geo- 
desic. Therefore, to determine a geodesic between two points (Figure I), i t  i s  ne- 
cessary to find the curve which minimizes the following. integral (arc length): 

I 

2 41 + (dr/dz)2 + r2 (d@/di) dz. 

0 

A necessary ~ o n d i t i o n ( ~ f 5 )  for the integral to be a minimum is: 



= c = constant of integration. 4 + (dr/dzl2 + r2 (d ~ / d z ) ~  ' 

Figure 1. GEODESIC PATH ON A 
CONE. 

Since the surface of revolution here i s  a cone, then: 

Equation 3 reduces to: 

By squaring .both sides and collecting terms, Equation 5 reduces to : 

Solving Equation 6 results in: 



I f  thegeodesic passes through the point (rg, zoI 80) at helix angle CQ (a common way 
o f  specifying the ini t ial  conditions for a geodesic), the constants c and dare found 
(Appendix B) to be: 

c = r  sin^‘ and 
0 0' (8) 

- 1 
d = ( )  0 - sec ( rO/c) ]  + e o  . 

Thus, the equation for ageodesic on a cone is: 

s b )  = ( k ) { s e c l  r ( z ) r 0  s i n  0 ] - (n/? -QO)) + e o  . . (9) 

In  the special case o f  a cylinder, where r r the differential equation is :  
0 ' 

2 2 
r~ (d~ /dz )  / {I + ro (c~e/dz)~ = c ,, or: 

The equation for the geodesic on a cylinder becomes: 

= (z - zo) (1 /rO) tan a 
~ ' ~ 0 '  

where, again: 

SECTION -CROSSING CRITERIA 

A SUI-Toce composed o f  two cones i s  shown i n  Figure 2. 

The equation for the surface is: 

. r(z) = kl ( z - z ) + r  f o r z  s z s ' z  and 
1 1  0 1 



Figure 2. GEODESIC ON A SURFACE 
COMPOSED O F  TWO CONES. 

.. 
r ( z ) = k  ( 2 - z ) + r  f o r z  < z < z  

2 1 1  1 -  - 2 '  

From Equation 3 i t  i s  seen that the geodesic between (r of zOl 80) and (',I z l ~ e l )  
satisfies: A 

and satisfies: 

between (r if zlt e l )and  (r21 z 2  2 ). 

The Weierstrass-Erdmann Corner ~ o " d i t i o n ( ~ ' ~ )  i s  used to determine the necessary 
crossing condition for maintaining a geodesic on the composite surface; that i s :  

2 

l im 
r (de/dz) - - - lim + ? (dg/dz) 

Thus, 



(It i s  shown i n  Appendix B that the condition c2 - implies that the helix angle i s  

continuous at z = z ) 
- C1 

1 

Then the equation for the geodesic is :  

for z < z < z and 0- - 1' 

- 1 
z = / - r z c  - s c  (rl/c) 1 + el 

f o r z  < z < z  
1 -  - 2' (12) 

where: 

el = e(zl) = I$?/ kl) FSeC-l (r;/c) - IT/? - n 0 r I + e,. 

and: 

c = r  s i ng  
0 0 ' 

It was shown (Equation 6) that a geodesic on any cone, r(z) = k z + b 
n n ' 

satisfies the differential equation: 

If thegeodesic i s  a continuation of a geodesic which passed through the point (rot . 
8 ) at helix angle 3 the constant of integration, c i s  (see Equation 11 1: 

z ~ '  o 0' n 

By rewriting the differential equation as: 



14 
. , 

I t  i s  immediately seen that: 

~hus, the turnaround point o f  the geodesic i s  thbt 1ocatibn"where the radius o f  the 
surface equals c (ie, equals ro i i n  aO); that is, the radius at  the turnaround i s  deter- 
mined by ro andcuo (radius and helix angle at the in i t ia l  point) and i s  independent . 

o f  the shape o f  the surface: 

Let the contour of the surface be defined by a series of straight-line segments join- 
ing the points (r z ), n = -1, . . ., M (Figure 3). For each segment, define the 

P' parameter kn, as ollows: 

Figure 3. CONTOUR O F  A SURFACE O F  REVOLUTION. 

If the ini t ial  conditions for specifying the geodesic are that the geodesic must pass 
through a point P whose radius i s  r at helix angle a! then the constant,of in- 
tegration, c, is :  

0' 0 0" 

c = rO  sinmO . 



Note here that c must be such that: 

otherwise, the geodesic would continue beyond the defined portion of the surface. 
Now, to determine the sections in  which turnaround occurs, i t  i s  necessary to find 
J and L such that: 

Section J w i l l  be called the lower turnaround section and L the upper turnaround 
section. When n # J,L: 

/ kn)[secl ( +  / ) -  sec-l ( r  i f  k n P o 

(conical section) 

- - 

(Z n + l  - ) / ( ) i f  L n = 0. 

(cylindrical section) 

When n = J, L, 

A J = / [ s c  /c)-o]f and 

AeL = @ q / k L )  [o - sec-1 (rL/c)] . 



The rotation during one circuit, Rc, becomes: 

In order for the geodesic t o  return to its starting point (ie, complete one pattern), 
Rc (in revolutions) must be a rational number, say Rc = A/B. ( I n  practice, Rc 
w i l l  always be rational since i t  i s  a computed value .) Then, after B circuits, the 
mandrel w i l l  have completed A revolutions and the geodesic w i l l  have returned to 
its starting point. If A and B have common factors, the geodesic w i l l  return to its 
startrng point after fewer circuits. Thus, to determine when the path starts re- 
peating, i t  i s  necessary t o  reduce A/B to a fraction which has no common factors. 
Once this i s  done, A becomes the number of revolutions per pattern .and B the number 
of circuits per pattern. 

Oftenthe in i t ia l  hel ix angle, a, , i s  only an estimate of the desired helix angle 0 
at  Po. It may be more desirable tohavea  helix angle approximately equal a! at 

0 
P , but which w i l l  produce a wrap having a predetermined number of circuits per 0 
pattern. This i s  the case when complete coverage i s  desired at a given parallel or 
where a certain thickness i s  wanted at a parallel. In Appendix B, an iterative 
scheme for choosing a new value for a! i s  derived to achieve the number of circuits 
per pattern. 

0 

GEODESIC ON A DEVELOPED SURFACE 

One of the useful by-products of approximating a surface of revolution by a series 
of conical and cylindrical sections i s  that cones and cylinders are developable. 
That is, i f  sliced, they can be la id out f lat i n  a plane. To further simplify matters, 
geodesics on a cone or cylinder become straight lines on the developed surface. 
Thus, a two-dimensional picture of a geodesic on the surface can be drawn. 

Drawing a geodesic on a developed surface has been helpful i n  determining certain 
characteristics of a geodesic such as the thickness of the wrap and the number and 
location of the crossovers. The developed surface plot could also be used in  setting 
up a winding machine by cutting out the plot and pasting i t  on the mandrel to be 
wrapped. 

Computer routines have been written to compute a geodesic on a surface for given 
in i t ia l  conditions, to develop the surface, and to plot the geodesic on the developed 
surface. As an example of this plot, geodesics were computed for the surface shown 
i n  Figure 4. The in i t ia l  helix angles were adjusted (by the scheme discussed i n  Ap- 
pendix B) so that the geodesic had l lc i rcui ts per pattern (thus returning to its start- 
ing point after 1 1 circuits). Figure 5 shows a single gee-desic on the surface, Figure 
6 i s  the two-dimensional' picture of the geodesic on the developed surface, and 
Figures 7 and 8 show the combined pattern o f  four geodesics on the Lurface. 



Figure 4, CONTOUR OF A SU'RFACE COMPOSED OF TWO 
CONICAL SECTIONS AND A CYLINDRICAL SECTI'ON. 

Figure 5. SURFACE WITH A SINGLE 
GEODESIC. 

GEODESIC CHARACTERISTICS 

Two parameters used in  .the stress analysis of a f i  lament-wound structure are the he1 ix 
angle and thickness of the wrap at various parallels. The helix angle can be de- 
termined directly from the relationships (Appendix B ): 

tan Q, = ( c /  d ~ ) ;  that is, 

CY = tan - I  (c/<m), 
where: 

c = r  s ina 
0 0 ' 

In determining the thickness of wrap at a given parallel, i t  i s  assumed that the 
center of the band follows the geodesic path. The approach used i s  to determine, 
at the desired parallel, the percentage of the circumference covered by a circuit 
of the geodesic. If the circuits are u.niformly spaced around the part, then the 
computed percentage of coverage can be used to  determine. the average thickness 
at that parallel; that is :  



Figure 6. DEVELOPED SURFACE WITH A SINGLE GEODESIC. 

Average Thickness at a Parallel . 

= (coverage/circuit)(number of circu i ts)(band thickness). (1 8) 

For the .derivation of the equations for coverage at a parallel, see Appendix C,., . . 

I t  should be noted here that the value computed f6r thickness i s  actual ly the amount 
of glass at the..parallel. It does not take into account the matrix material.present 
or the thickness resulting from voids and bridging of the fibers. Therefore, this 
figure should be modified by .some factor determined'by the percent glass of the 
wrap. 



Figure 7. SURFACE WITH FOUR GEO- 
DESICS. 

Figure 8. DEVELOPED SURFACE WITH FOUR GEODESICS. 

For a given geodesic, Equation 18 can be used to determine the number of circuits 
necessary to build up a desired thickness at a parallel: 



Number of Circuits = (desired thickness at the parallel) 

(coverage/circuit at parallel)(band thickness) 

However, knowing the number of circuits to be wrapped does not fully describe the 
wrap pattern. It may be desirable to have these circuits uniformlyspaced around the 
part. This possibility brings up an interesting question: O f  how many patterns and 
circuits per pattern should the wrap consist? In trying to answer this question, two 
approaches are taken. They appear as options in  the computer program (subroutine 
NOCIRC, described in Appendix D). 

Option 1 - When the surface to be wrapped i s  primarily a cylinder, i t  may be 
desirable to have the circuits spaced around the part so that after one pattern, 
the cylindrical portion i s  completely covered. Here, the number of circuits 
per pattern i s  chosen to give complete coverage at a parallel with no over- 
lapping of fibers going in the same direction. The number of patterns neces- 
sary to build up the desired thickness i s  then determined. 

Option 2 - Whenwrapping a general surface of revolution, complete coverage 
at one paral lel would produce over lapping fibers or less than complete cover- 
age at -a l l  other parallels. Therefore, i t  i s  felt that the idea bf complete 
coverage at a paral lel has less meantng here. Also, in wrapping a general 
shape, i t  may be desirable to apply many different geodesics, building up a 
thin layer with each to achieve an overall wrap of a given thickness. The 
different geodesics could be chosen to produce this wrap. Thus, with this 
option, the number of circuits per pattern i s  chosen to equal the total number 
of circuits to be wrapped for the geodesic. Hence, after one pattern, the de- 
sired thickness for that geodesic i s  obtained. 

To achieve a desired thickness at a parallel, the number of circuits per pattern, 
and number of patterns are determined by use of one of the two options. The de- 
sired thickness could be for this particular geodesic or the cumulative thickness of 
this and all prior geodesics. If it i s  the cumulative thickness that i s  wanted, then 
the thicknesses resu l ti ng from the previous geodesics are computed and subtracted 
from the thickness specified. This value i s  then used in determining the desired 
number of circuits. However, the number of circuits per pattern of the geodesic 
determined by the specified initial conditions wil l  not, in general, be the same as 
those needed to give this wrap. Hence, it may be necessary to find a geodesic 
which differs slightly from the initially specified one, but which has the needed 
number of circuits per pattern. 

The procedure for finding the new path i s  as follows: If A/B i s  the computed re- 
volutions per circuit of the specified geodesic and NB the desired circuits per 
pattern, an integer NA i s  found so that NWNB i s  as close as possible to A/B. 

- - - 



If N A  and N B  have common factors, N A  and/or N B  are altered so that there are 
no common factors. Then N A  becomes the number of revolutions per pattern and 
N B  the c,i.~cuits per pattern. A new geodesic having NA/NB revolutions per circuit 
can then be found (by the.scheme described i n  Appendix B) or the rotation of the 
computed geodesic can be distorted to achieve the desired revolutions per circuit. 

Computer routines have been written for plotting these geodesic characteristics 
(helix angle and thickness). For plotting purposes, distance along the contour of 
the surface, S, was chosen as the reference (sek Figure 4). For consistency and 

ease in plotting, a l l  of the quantities are normalized before plotting. 

Plots were made for the surface and geodesics shown in  Figure 7. Values were com- 
puted for a 0.6-inch-wide band, 0.01 inch in  thickness. The first plot, Figure 9, 
relates R and Z to the reference S; Figure 1 O . i ~  a plot of the he1 ix angles for the 
four geodesics. Figure 11 i s  the thickness plot for one geodesic (the geodesicshown 
in Figure 5), Figure 12 shows the thickness resulting from 'the four geodesics, and 
Figure 13 i s  a scale drawing of the contour after the wrap. 

SMAX = 16.1933 
RMAX = 4.0000 
ZMAX = 14.7000 

Figure 9 .  PLOT RELATING R AND Z (NORMALIZED) TO ReFFRENCE 5.  
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Figure 10. HELIX  ANGLE PLOT FOR THE.GEODESlCS SHOWN 
IN FIGURE 7. 

SMAX = 16.1933 
MAXIMUM THICKNESS = 0.639535 

*0° T 

0.50 
S / SMAX 

Figure 11. THICKNESS PLOT FOR THE GEODESIC SHOWN I N . ,  ' 

FIGURE 5. 



SMAX = 16.1933 
MAXIMUM THICKNESS = 0.639535 

0 .50 
S / SMAX 

Figure 12. THICKNESS P L O T  FOR T H E  GEODESICS SHOWN IN  FIGURE 7. 

FINAL CONTOUR 

Z UGALC - 0.5000 R SCALE 5 0.5000 

Figure 13. SCALED P L O T  FOR T H E  GEODESICS SHOWN IN  F IGURE 7. 
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COMPUTER PROGRAMS ' . 

The programs for computing a geodesic and plotting its characteristics are written in  
Fortran II. There are, i n  addition, four APT macros available for computing a geo- 
desic and plotting i t  on the developed surface. 

Fortran program 

The Fortran program consists o f  two ma'iri programs and 17 subroutines. In addition, 
the plotting routines ut i l ize several subroutines for the Gerber Scientific Plotter.@) 
With slight modification, the Gerber iubroutines could be used with other plotting 
machines. 

The geodesic subroutines are cal led by one of the main programs. ' Main program 
DESlG N i s  ut i l ized when computing and plotting geodesic characteristics; main 
program DEVPLT i s  used for plotting geodesics on a developed surface. Flow sheets . 

of the main program and deck arrangements for the two operations are shown in 
Appendix D. Also given in  Appendix D are input details and a listing of the com- 
puter program. 

APT Program 

The APT program represents the ini t ial  efforts on this project. Due to the limited 
amount o f  storage available i n  APT, this approach was abandoned and the Fortran 

program undertaken. Therefore, the APT program, consisting of four macros, i s  
l imited to computing a geodesic and plotting i t  on the developed surface. These 
macros are briefly described-in Appendix D. 

COMPARISON OF A TRUE GEODESIC WITH AGEODESIC COMPUTED BY THE 
APPROXIMAT ION TECHNIQUE ' 

The technique described in  this report i s  the computation of a geodesic for a surface 
which is, i n  effect, an approximation of some other surface. A logical question to 
be raised i s  just how good does this computed path conform to a geodesic on the 
original surfice? S. P. Gold proves that; the path on the approximated surface con- 
verges to the geodesic on the true surface as the surface approximation converges. (') 

1 

As an example of how well  the approximation technique works, geodesics on a 
sphere were compared to those computed by the approximation technique. A f i la- 
ment w i l l  be on the mandrel surface even i f  a.coarse approximation i s  used in cal- 
culating its path. For a given point (r, z, 8) on the filament path, there w i l l  be, 
for a given z, no error in  r (since the point lies on the mandrel surface) between the 



filament path and the true geodesic (great circle). The deviation, i f  any, w i l l  be 
in the rotation, 8. ,Therefore, in comparing the computed path with the great circle, 
the rotation for a great circle (3600) i s  compared with the rotation as computed. 

Geodesics were computedfor six approximations of the sphere. These approximations 
ranged from 18 conical sections (19 equally spaced points on the sphere) to an ap- 
proximation involving 720 sections. Geodesics with helix angles (at the equator of 
the sphere) of 10 to 85 degrees were determined. The results are summarizedin 
Table 1 .  It can be seen from this table that the approximation technique determines 
a path which closely follows the true geodesic on a sphere. The finer the approxi- 
mation of that portion of the sphere on which the geodesic travels, the smaller the 
deviation between the great circle and the computed path. 

Table 1 

COMPARISON OF THE ROTATION OF A TRUE GEODESIC O N  A SPHERE WITH 
GEODESICS O N  VARIOUS APPROXIMATIONS OF THE SPHERE 

Helix Number of Number of Rotation Deviation . 
Angle Conical Sections Sections Traversed for Circuit per Circuit Percent 

(degrees) Approximating a Sphere by the Geodesic (degrees) (degrees) Deviation 

DEFINITION OF TERMS 

Geodesics - A path i s  called a geodesic on a surface i f  at each point of the path, 

the ~ r i n c i ~ a l  normal coincides with the normal to the surfoce (The shortest of al l  
paths joining two points on a surface i s  nn arc of a geodesic .)(3) 

Meridian - Any plane which passes through the axis of revolution intersects asurface 

of a revolution along a pair of curves. The curves are called meridians. 

Helix Angle - If P i s  a point of a geodesic on a surface of revolution, then the angle 
bel.weeri the geodesic and the meridian at point P i s  the helix angle at P. 



h o I I e L  - Every plane perpendicular to the axis of revolution intersects a surface of 
revolution along a circle, which i s  called a.parallel. 

Circuit  - The path traced from a starting point at a particular parallel on a surface 
unt i l  the path crosses the same parallel goirig in the same direction i s  one circuit. 

C 

Pattern - The number of circuits the path traces 0n.a surface in  returning to its orig- 

inal starting point i s  a pattern. 



APPENDIX A 

DEVELOPED SURFACE 

Devel ooina a Surface 

Let the contour of a surface be defined as a series of straight-line segments joining 
the points (rn, z ), n = 1, M. Define the following section parameters: 

n 

r i f k  > O  I n 
r =  n =  l,2, ..., M - 1 

i f k  < O  
( r n + l  n 

i f  k ' > 0  
n 

i f k  < O  
n 

Uti l iz ing these parameters, the surface can bedeveloped. Figure A-1 i s  an example 
of a surface which has been developed. 

Tranformation of a Point on Surface (z, 8) to a Point on the Developed Surface (x, y )  

1. Find n such that: 



Section 1 Section 2 Section 3 

Figure.A-1.. A DEVELOPED SURFACE COMPOSED O F  TWO CONICAL SECTIONS AND A CYLINDRICAL 
SECTION.  

2. If k = 0 (cylindrical section), then: 
n 

3 .  ,If k # 0 (conical section), then: 
n 

x c  n + ) r cor [(Ln/ i") e] if k n > o 
X = 



These equations reduce to: 

Drawing a Geodesic on a Developed Surface 

Drawing a geodesic on a conical section (kn > 0) w i l l  be discussed. Since the 
other cases (k, < 0) are similar, they w i l l  not be presented. Let the geodesic 
enter section n-at (r, z, 9) either in i t ia l ly  or by transition from another section. 
Define : 

"n 
i f  previous section was section n + 1 

\ ~1 i f  previous section was section n ,- 1 
n 

Case A-1 - e0 + A8 <(on, when (n f J) (Figure A-2) - The geodesic i s  the line 

segment between (x,, Y,) and (xd, yd), where: 

x = XCn + p COS 6 
e l o '  

Ye = P 1 sin PO r 



Figure A-2. GEODESIC ENTERING AND LEAVING A,  
CONICAL SECTION. (Line on.  the Developed Surface) . 

Case A-2 - Bo + A6 >qn, when (n # J) (Figure A-3) - In this case, the geodesic 

i s  represented as two line segments, from (xe, ye) to (xl, yl) and from ( x2  y2) to 

(xi, yh), as shown i n  Figure A-3. With respect to a local origin at (xc,, O), the 

l ine through (x,, ye) has the equation: 

Figure A-3. GEODESIC ON TWO L I N E  SEGMENTS ON A DEVELOPED 
CONICAL SECTION. 



and the l ine defining the end of the developed surface satisfies equation: 

y cos c ~ ,  = x sin cp 
n 

a 

where : 

Xe = p cos /3 
O f  

ye = P ,  sin B 
0 ' 

- cos B0+ A8 
X d - P 2  ( ) 

Solving for the intersection o f  the two lines determines t6e point (xl, yl). Then 
, y ) i s  found by: 

(x2 2 \ 

The end point of the l ine segment is :  

I 

Xd = p COS 8 f 2 

yd = D sin 8 ,  
2 

where: 

Translating the points by xc locates the geodesic on the developed surface. 
n 

Case A-3 - BO + 2AS Cqnf when (n = J) (Figure A-4) - The geodesic on Section J 

(turnaround section) i s  again a l ine segment between the points (xe, ye) and (xd, yd)f 
as presented i n  Figure A-4, where: 



Figure A-4. GEODESIC ON A TURNAROUND SECTION OF 
A D E V E L O P E D  SURFACE. 

Ye, = p1 sin BO , 

xd = xc + p cos 
n 1 

1 
yd = p sin 

The case, 80 + 2 Af3 > qn, i s  similar to Case A-2 and can b e  ' determined in a 
similar fashion. 



APPENDIX B 

ADDITIONAL GEODESIC DERIVATIONS 

Evaluation o f  the Constants of Integration 

Let the ini t ial  conditions for specifying a geodesic be that the geodesic passes 
through point (rot 10, go) at helix angle ao. To determine the constant o f  in- 

tegration (c i n  Equation 3 of  the text), two cases wi I I be examined. 

Case 0-1 - Init ial  Point Lies i n  a Cylindrical Section - I t  was shown i n  Appendix 
A that in transforming a surface point on a cylinder (r, z, 8) to a point on the de- 
veloped surface (x, y), the relationship is ;  

x = z + h, where h i s  a constant, and 

Then: 

But, 

dy/dx = tan a 0 and 

de/dz = (l/r) tan cr , as shown in Figure 0-1. 0 

The equation developed for the geodesic on the cylinder was determined to be: 

Therefore, 



Geodesic 
Path 

scx 
I 

Figure B-1. DEVELOPED CYLINDRICAL SECTION. 

c = r2 (tan ao/ r ) /  dl + r a n 2  a0 and 

c = r sin CY 
0' 

Since the initial point lies on the cylinder, 

r r , and 

Case 8-2 - Initial Point in  a Conical Section - As was true for the cylindrical 
case, the results of Appendix A (developing the surface) wi l l  be util ized here. The 
following relations are derived from Equation 21 and 22 of Appendix A: 

[ + kn (, - zn)] ~ 0 s  kn e/fn) + (dz/de) I n sin kn e/fn) 

dy/dx = ; (23) .-In + kn (. - zn)] sin tn e n )  + z )  f n co i  en e/fn) 

f 
n (dy/dx) cos (ii e/fn) - sin kn e/fn) 

d e / d z = [ n  r k (Z - )  ] cos (kn9/fn) + (dy/dx)sin ( k i ~ / f $  .. (24) 

By examining the initial conditons for.80 = 0 (no generality lost here since a sub- 
stitution 6 = 13 - e0 w w l d  result in the same geodesic shifted by @ ) the initial 0 
point would appear as shown in Figure B-2. Again, 



Figure 6-2. DEVELOPED CONICAL SECTION. 

dy/dx = tan@ and 0 '  

The geodesic on the conical .section satisfies (see Equation 5): 

The constant, evaluated at (r zO, 0). becomes: 

c = ,r sin a 
0 0 ' 

The constant d i s  found to be: 

B lzO) = eO ( )set-' ( r )  + d, or 



Helix Angle at a Parallel 

To determine the hel ix angle at a given parallel, the developed surfacO'will again 
be uti l ized. By examining .the geodesic at 9 = 0 (again no generality i s  lost), i t  i s  
seen that: 

For a conical section (see Equations 6 and 23), 

dy/dx 

Thus, 

= tana  . 
8 = 0  

tan a = c/  47-7, or 

a = tan -I(. / d.2-c~). 

Using a similar argument, the same result can be derived for a cylindrical section. 

Equation 25 can ,be rewritten as: . 

s i na  = c/r , or 



r s ina = c .  

Equation 27 i s  the same relationship given by Clairauts'  heo or ern(^) for a geodesic 
on a surface of revolution. 

Since r i s  a continuous function and the constant c has the same value on each 
section, Equation 27 implies that the helix angle, cu, i s  continuous at the point 
of transition from one section to another. 

Determining an Init ial  Helix Angle to Produce a Geodesic with the Desired Number 
o f  Revolutions per Circuit 

Previously, an equation for determining the rotation for a circuit of the geodesic, 
Rc, was derived. This was given by Equation 16 which i s  repeated below: 

where: 

AbJz GJ/kJ) let-' ( r j + l  /c)] t 

ABL = fL/kL) [-sec-l [L/c)] , 

f,, ,I kn) [ . n + , , )  - 5  ) I  if L n + o 
ABn = 

( ' n i l  z n )  d ( ' n  m) I I 

i f k  = 0 
n 

c = r  s ina 
0 0 ' 

If the desired rotation per circuit i s  Ec (to give complete coverage or a desired 
thickness, etc), define: 



An approximation of an initial helix angle, kt which will produce a geodesic 
having the desired rotation per circuit i s  found by: 

. . Now, 

L 
= 2  C 

n = J  
- 

The derivatives are found to be: 

i f k  f O  I .  



APPENDIX C 

DERIVATION OF EQUATIONS FOR-THE THICKNESS OF WRAP 

Computing the Coverage 

As stated previously, the approach used in determining t,he thickness of wrap at a 
parallel i s  to find the fraction of the circumference which i s  covered by one circuit 
of the geodesic. In computing this coverage, i t  i s  assumed that the center of the 
band lies along the geodesic. The developed surface i s  ut i l ized in each of the four 
cases considered below. 

Case C-1 - Parallel in a- Cylindrical Section - Each circuit of a geodesic wi l l  
cross the parallel in a cylindrical sectiori twice as shown in Figure C-1. The frac- - 
tion of the circumference covered by each circuit is:  

where: 

w represents the band width, 

r the radius of cylindrical section, and 

a the he1 ix  angle. 

Developed 
CylillJrl 

2nr 
I 

r igure  C-1. DEVELOPkD CYLINDER. 



Case C-2 - Parallel i n  a Conical Section, Band Crosses Parallel Twice - In a 
conical section,' a parallel i s  represented as a portion of a circle on the developed 
surface as shown i n  Figure C-2. To determine the fraction covered at the parallel, 
a reference frame i s  established with the origin at the intersection of the band 
center l ine and the parallel circle (see Figure C-3). The fraction of the developed 
cone angle covered i s  then determined. 

Band 
Center 
Line ' ' 

Band 

Figure C-2. D E V E L O P E D  CONICAL SECTION. (Bond Crossing 
Porollel Twice) 

Figure C-3. COORDINATE FRAME WITH THE ORIGIN AT  T H E  INTER- 
SECTION O F  T H E  BAND CENTER L I N E  'AND PARALLEL CIRCLE.  

' . 



The equations for the band and the parallel circle are: 

Line 1 - (-sin a)  x + (cos a )  y = w/2; 

Line 2 - ( - s i n ~ ) x  + (cosa) y =  -w/2; and 

Circle 1 - ( ~ + p ) * + ~ 2 = ~ 2 .  

Solving for the intersection of Circle 1 with Lines 1 and 2 gives: 

.Y 1 
= (-cos a) (p sin a - w/2) + sin a dp2 - (p sin a - w/2)2 r 

The angles covered are: 

Then, 

COVERAGE/CIRCUIT = 2 ( A q l  + Aq2)  / q I 

where : 

r = radius of surface at the parall.el, 



(P= I k n / f n l  and 

a = he1 ix angle at the parallel . 

CaseC-3 - Parallel i n a c o n i c a l  Section,BandCrosses theparallel Once - For 

parallels near the turnaround parallel, the band w i l l  only cross the parallel one 
time (Line 2 of Figure C-3 does not intersect Circle 1). Figure C-4 shows this-case. - 

Again, the portion o f  the developed cone angle covered i s  computed. 

Figure C-4. D E V E L O P E D  CONICAL SECTION. (Bond Crosses the Paral- 
le l  Once) 

The points of intersection are : 

yl = (-cos a) (p sin a - w/2) + sin a h2 - (p sin a - ~ / 2 ) ~  

. . 

1 
= (cos @/sin - w72 sin& , 

, , 

y = (-cos a )  (p sin a - w/2) - sin - (p sin CY - ~ / 2 ) ~ ,  
2 

x2 = (COS a/sin a )  y 2  - w/2 sin a . 



The angles covered are: 

Aql = tan-' [yl /(P +xl)] 

Ag2 = tan 

Then, 

Case C-4 - Parallel i n  a Conical Section; Parallel Beyond Turnaround Parallel - 
Since the band has a finite width, parallels beyond the turnaround parallel can be 
covered (turnaround parallel being that parallel where the geodesic turns around). 
This case i s  illustrated in  Figure C-5. The portion o f  the angle covered i s  again 
computed . 

Figure C-5. PARALLEL BEYOND TPIE TURNAROUND PARALLEL. 



Solving for the point of intersection gives: 

And the angle cover$d is:  

= O .  i f p  spT - w/2 

Then, 



APPENDIX D 

COMPUTER PROGRAMS 

Fortran Program . , 

The'geodesic program consists of two main programs and 17 subroutines. In addition, 
the plotting routines described here ut i  I ize several subroutines written for the Gerber 
Scientific Plotter. (6 )  

The subroutines are called by one of the main programs. Main 
ut i l ized when computing and plotting geodesic 
DEVPLT i s  used for plotting geodesics on a developed surface. The deck arrange- 
ments for the two operations are shown in  Figures D-1 and D-2. Elow sheets of 
these two main programs are shown i n  Figures D-3 and D-4. The 17 subroutines 
are described in the sections that follow. 

Subroutine PARMET - This routine computes various parameters for the conical and 
cylindrical sections that make. up the surface. The parameters are stored and used 
by other routines called. 

Subroutine DEVELP - This routine plots the developed surface. Certain parameters 
computed in this routine are uti l ized by the subroutine which plots a geodesic on 
the developed surface. 

Subroutine DELTHA - This routine determines the delta theta (mandrel rotation) in 
.each conical and cylindrical section and the total rotation for one circuit. The 
length of filament laid down in each section i s  also computed. The subroutine 
argument i s  the geodesic number. 

Subrou'tine NOCIRC - This routine computes the number of circuitsand the number of 
patterns necessary to lay down a given thickness at a desired parallel. thefirst 
argument of NOClRC'is the geodesic number. The second argument i s  a flag speci- 
fying which of two approaches should be used in determining the number of circuits 
per pattern. If the flag.equals zero, the number of circuits per pattern w i l l  be such 
that one pattern wi l l  give the desired thickness of the given parallel. If the flag i s  
one, the number of circuits per pattern w i l l  be determined so as to produce complete - 
coverage at the specified parallel. Ihe number of patterns necessary to buildup 
the thickness w i l l  then be computed. Since the specified ini t ial  helix angle wi l l  
not l ikely produce a geodesic having the desired number of circuits per pattern, 
the third argument of NOCIRC i s  a flag specifying which of two options shouldbe 
taken in  computing the geodesic:-.If the flag i s  zero, the ini t ial  helix angle i s  ad- 

' 

justed to produce a geodesic having the desired number of circuits per pattern. If 
the flag i s  one, the geodesic i s  distorted to obtain the number of circuits per pattern 
that i s  wanted. 



Figure D-1. CARD-DECK ARRANGEMENT FOR COMPUTING GEODESICS AND PLO.TTING THEIR 
CHARACTERISTICS. 
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Figure D-2. CARD-DECK ARRANGEMENT FOR COMPUTING AND PLOTTING GEODESICS ON A DE- 
VELOPED SURFACE. 

Subroutine GEOPLT - This routine plots a geodesic on the developed surface. The 
arguments of GEOPLT are the geodesic number and the number of circuits to be 
plotted. 

Subroutine DIVSUR - This routine computes at surface parallels, the helix angle at 
the parallel 'for each geodesic, the thickness prodvced by each geodesic, and the 
total thickness at the These values are written on magnetic tape for use 
by the plotting routines. The argument of DIVSUR i s  the interval along the contour 
at which the above described values w i l l  be computed. 

Subrou'tine RZPLOT - This i; the routine for plotting R and Z versus S (normalized). 
The first two arguments of the subroutine are the x and y coordinates of the origin 
for the plot. The third and fourth arguments are the lengths of the x and yaxes, 
respectively. , 



Enter (7-s 
Surface, and Plotting Flags 

< Compute Section Parameters 
I 

Geodesic and Band Dimensions 

\ I 
v 

Compute Geodesic to Produce Desired 
Thickness at the Specified Point 

N o  Yes 

Yes 

Produce Punched Tape 
to Draw Plots - 

\ I 

Figure D-3. FLOW SHEET O F  THE'  MAIN PROGRAM "DESI'GN". 

Subroutine ANGLPL - This routine plots the helix angles versus S. ~he.fou; argu- 

mentsarethesameasthoseofsubroutineRZPLOT. , 

Subroutine THPLOT - This i s  the routine for plotting the thickness for a single geo- 
desic versus S. This i s  a normalized plot with the thickness normalizedwith respect 
to the maximum thickness resulting from a l l  of the geodesics. The first argument of 
THPLOT i s  the geodesic number. The.next four arguments are the same as those of 
.RZPLOT . 



Enter 

Read: Ti t le and Points 

Produce Punched Tape to 

Read: In i t ia l  Conditions for Geodesic, 
Advance, Number of Circuits Per 
Pattern, and Number of Circuits 

Compute One Circuit 

N o  Yes 
h 

Compute y e w  Geodesic Having 
Desired Number of Circuits Per Pattern 

4 I 
v 

Produce Punched Tape to Draw 
Geodesic on the Developed Surface 

Geodesic * 
Figure D-4. FLOW SHEET OF T H E  MAIN PROGRAM "DEVPLT".  

Subroutine SUMPLT - This routine plots the total thickness (normalized) resulting 
from a l l  of the geodesics. The four arguments are the same as those of RZPLOT. 

Subroutine CNPLOT - This i s  the routine for plotting the contour of the surface as 
i t  appears after the wrap. The first two arguments of CNPLOT are the origin for the 
plot. The third argument i s  the.desired scale of the X (or Z) axis; the fourth i s  the . 

scale of the Y (or R)  axis. 



Subroutine PERCOV - This routine i s  called by subrautines NOCIRC and DIVSUR 
to compute, at a given parallel, the coverage per circuit of the goedesic and the 
he1 ix  angle occurring at the parallel. The first argument of PERCOV i s  the radius 
of the part.at the parallel. The next argument i s  the number of the section in  which 
this parallel lies. The third argument i s  the geodesic number. The routine returns 
the coverage per circuit, which i s  the fourth argument, and the helix angle at the 
parallel, which i s  the f i f th argument. 

Subroutine ADJUST - Th is  routine i s  called by NOCIRC to adjust the ini t ial  helix 
angle in  order to obtain .a geodesic having a predetermined number of revolutions 
per circuit. The first argument of ADJUST i s  the geodesic number. The second 
argument i s  the desired number of revolutions per pattern, and the third i s  the de-, 
sired number of circuits per pattern. The fourth argument i s  the number of revolu- 
tions per circuit of the geodesic as in i t ia l ly  specified. The f i f th argument i s  the 
maximum difference that w i l l  be allowed between the number of revolutions per cir-, 
cui t  of a new geodesic and the revolution 'per circuit desired. The sixth argument 
of ADJUST i s  a f lag indicating to the  call ing program whether or not a geodesic 
could be found having the desired number of revolutions per circuit. 

Subroutine NOFACT - This subroutine, cal led by NOCIRC, checks two integers 
for common factors. If the integers are found to  have common factors, one (or) 
both i s  altered to obtain new. integers having no common factors. The two argu- 
ments of NOFACT are the two integers involved. 

Function IGCD - This i s  a Fortran function for determining the g;eatest common 
divisor of two integers. This .function i s  cal led by subroutine NOFACT. The two 
arguments are the two integers whose greatest common divisor i s  desired. 

Subroutine SHIFT - This routine i s  called by subroutine DEVELP if, when plotting 
the developed surface, two of the sections overlap. The first argument of SHIFT 
i s  the section number. The second argument, computed by the subroutine, i s  the 
amount of shift necessary to prevent the section from overlapping. 

I 

Subroutine AXPLOT - This routine, called by the various routines for plotting 
geodesic characteristics, i s  an axis generator. Its purpose i s  to draw and label the 
axes for a plot. The first two arguments are the x and y coordinates of the origin 
for the plot. The third and fourth arguments are the length of x and y axes, re- 
spectively. The fifth and sixth arguments are the divisions per inch, on the x axis 
and y axis, to be marked. The seventh and eighth arguments are the length each 
division represents (x and y axes). The ninth and tenth arguments specify which 
divisions are to be labeled; ie, i f  this number i s  one, every division w i l l  be label- 
ed; i f  two, every other division w i l l  be labeled, etc. The eleventh argument i s  a 
f lag indicating the size of letters to be used in labeling the axes. Thetwelveth 
and thirteenth arguments are the names of the x and y axes, respectively. 



lnput Format for the Main Program DESIGN 

The input format for computing a geodesic and plotting its characteristics & shown 
in Figure D-5. The first card of the input i s  a t i t le card containing alphanumeric 
information. 'The next card states the number of points to be used in defining the 
contour of the surface. The points defining the surface (rn, i n )  are then given in 
order of increasing z, where 'z i s  the axis of revolution'of the surface. The next 
card contains the plotting flags, one f lag for each type plot available. Also in- 
cluded on this card i s  the interval along the surface contour (step length) at which 
thickness and helix angle are to be computed and plotted. (If a l l  of the plotting 
flags are zero, thickness and helix angle w i l l  not be computed at a l l . )  The scale 
3f the final contour plot (1.0 = ful l  scale, .5 = half scale, etc ) i s  also included 
on thiscard. The next card indicates the number of geodesics to be wrapped. Then 
finally there i s  one card specifying each geodesic. This card contains the ini t ial  
point of the geodesic (ro, and/or zo i s  needed), the ini t ial  he1 ix angle ( this could be 
900 i f  the ini t ial  point i s  the turnaround point), the desired thickness at a specified 
point (r and/or z needed), the band dimensions, and three flags. The first flag in- 
dicates which option i s  to be used in determining the number of circuits per pattern 
(Options 1 and 2). The second flag indicates whether a'new geodesic having the 
desired circuits per pattern i s  to be found (adjust) or i f  the computed rotation of the 
geodesic i s  to be linearlydistorted (distort) to the desired number of circuits 
per pattern. The final flag' indicates whether the desired thickness i s  to be produced 
bythe current geodesic alone or, i f  i t  i s  the cumulative thickness of this and al l  prior 
geodesics . 

lnput Format for the Main Program DEVPLT 

The input format for computing geodesics and plotting them on a developed surface 
i s  shown in  Figure D-6. The format for the surface definition i s  identical to that 
used in main program DESIGN. One card i s  needed to specify each geodesic to be 
drawn. This card contains the init ial radius (r ), the ini t ial  he1 ix angle (%), the 

0 
advance per pattern, the number of circuits per pattern, and the number of circuits 
to be drawn. If the number of circuits per pattern i s  specified, a new geodesic wi l l  
be computed ( i f  necessary) to obtain one having the desired number of circuits per 
pattern. If this f ie ld i s  left blank, the geodesic as specified w i l l  be plotted. 

Output of the Main Program DESIGN 

Output o f  the main program DESIGN and its subroutines consists of  the following: 

(1) The alphanumeric information on the t i t le  card; 
(2) The i f s i t  iul coriditions for the geodesic; 



F i g u r e  D-5. INPUT F O R M A T  F O R  THE M A I N  PROGRAM "DESIGN". 
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Figure D-6. INPUT FORMAT FOR THE MAIN PROGRAM "DEVPLT". 



(3) Computed data for the geodesic which includes the geodesic number, the 
number of circuits necessary to produce the desired thickness, the number 
of patterns needed, the number of circuits per pattern, a ratio of integers 

which is.the rat io of revolutions per pattern to circuits per pattern (ie, 
the number of revolutions per circuit), the computed thickness at 'the 
specified point resulting from this geodesic, and the parallels at which 
turnaround occurs; 

(4) The distortion factor (the computed rotation i s  multiplied by this factor 
to achieve a wrap having the desired number of revolutions per circuit); 

(5) The rotation (delta theta) and length' of filament to be la id down i n  each 
conical and cylindrical section during one-half circuit; and 

(6) The total rotation (degrees) and total length of filament for one circuit. 

Output of the Main Program DEVPLT 

Output o f  the main program DEVPLT and its subroutines consists o f  the following: 

(1) The alphanumeric information on the t i t le  card; 
(2) The init ial  conditions for the geodesic; 
(3) The rotation and filament length for one circuit; 
(4) A ratio of integers which i s  the ratio of revolution per pattern to cir- 

cuits per pattern; 

(5) The parallels at  which turnaround occurs; and 
(6) The rotation and filament length i n  each section for one-half circuit. 

APT Program I 

f he APT program represents the ini t ial  efforts on this project. Due to  the limited 
amount of storage available in  APT, this approach was abandoned and the Fortran 
program previously described was undertaken. Therefore, the APT program i s  
l imited to computing a geodesic and plotting i t  on the developed surface. The in- 
put to the program i s  a point definition of the contour to be wrapped. The 19 re- 
served words should be dimensioned at least as large as the number of pointsde- 
fining the contour. 

MAC1 - This routine, u t i l  izing the point definition of the surface contour, defines 
the developed surface and computes various section parameters. The argumentof 
MAC1, M,.is the number of points defining the contour. 

MAC2 - This i s  the routine for plotting the developed' surface. The argument, M, 
. . 

i s  again the number of points defining the contour. 

MAC3 - This. routine computes, for an ini t ial  helix angle and radius, one circuit 
of the geodesic. The ,init ial helix angle i s  adjusted ( i f  necessary ) to produce a 
geodesic having a specified number of circuits per pattern. The first argument of 



MAC3, RO, i s  the radius of the init ial point. The second argument, AZERO, i s  
the ini t ial  helix angle at the starting point. The third argument, PRIME, i s  thede- 
sired number of circuits per pattern and should be a prime number. If other than a 
pri&e number i s  specified, the program could determine a geodesic having fewer 

circuits per pattern than desired. The fourth argument, M, i s  the number of points 
defining the surface contour. The final argument, EPS, i s  the maximum allowable 
difference between the number of revolutions per.circuit of the computed geodesic 
and the revolutions per circuit desired. This value w i l l  normally be small. How- 

ever, i f  the user does not want the init ial helix angle altered, a large value (say, 
EPS = 1 )  should be used. 

MAC4 - This i s  the routine for plotting the geodesic on the developed surface. The 
first argument, TZERO, i s  the. starting value of theta, eO. The second argument, 
J, i s  the section in which the .plot w i l l  originate. The third argument, NUMBER, 
i s  the number of circuits to be drawn. 'The plot w i l l  begin at the left  side of section 
J, proceed to the right, and terminute at the right hand side of section J-1. If the 
value specified for NUMBER i s  the same as that specified for PRIME in MAC3,the 
geodesic w i l l  return to its starting point (ie, complete one pattern). 

A limited amount of program output appears after subroutine MAC3 has been ex- 
ecuted. The parameters printed out are: 

(1) Pass - The number of iterations of the ini t ial  helix angle to get desired number 

of circuits per pattern; 

(2) Del - The difference between the desired number of revolutions per c i icui t  and 
revolutions per circuit actually obtained; 

(3) Rvn - revolutions per circuit obtained with adiusted ini t ial  he1 ix  angle; 

(4) Integer - the integral part of Rvn; 

(5) Fract - the fractional part of Rvn; 

(6) Partn - the fractional part of desired number of revolution/circuit; 

(7) N - the numerator of (N/PRIME) which results in  the value of Partn; 

(8) Alpha - the adjusted ini t ial  .helix angle; 

(9) Tsum - the rotation for one circuit in degrees; 

(10) Cons - the constant of integration, ro sin oro (also radius at turnaround); 

(1 1)  L - the upper turnaround section; 



(12) 1 - The lower turnaround section; 

(13) Dtheta(n) - the rotation occurring on section n in  one-halfcircuit (in degrees); 

(14) Dbeta(n) - the angle traversed on the developed surface of section n (one-half 
circuit);, and 

(15) Flngth(n) - the length of filament on section n (one-half circuit). 

Program Listing 

The two main programs and the 17 subroutines previously described are l isted below. 
Following this Fortran list i s  a listing the the APT macros. 



CDESIGN M A I N  DESIGN PROGRAM FOR WINDING GEODESICS 
D IMENSION R ( I O O O ) ~ Z ( I O O O ) ~ A K ( I O O O ) ~ F ( I O O O ) ~ X ~ ( I ~ ~ O ) ~ T I T L E ( ~ ~ ) ~  

I R 0 (  ~ ~ ~ ~ ~ ~ ~ , O ( ~ ~ ~ ) ~ A L P H A O ~ I O O ~ ~ C O N S ~ I O O ) ~ W ~ ~ O O ~ ~ D ~ ~ O O ~ ~ T H I C ~ ~ ~ O O ~ ~  
~ R T ( I O O ) ~ Z T ( I ~ ~ ) ~ N C ( I O O ) ~ D T H E T A ( I O O O ) ~ F L N G T H ~ ~ O O O )  

COMMON M ~ R ~ Z ~ A K ~ F ~ X I ~ N O G E O D ~ R O ~ Z O ~ A L P H A O ~ C O N ~ ~ W ~ D ~ T H I C K ~ N C Y R ~ ~ ~ ~ ~  
I S M A X , R M A X , Z M A X , T H M A X , J J , T I T L E , P I ~ D T H E T A ~ F L N G T H ~ T S U ' M ~ F L S U M ~ N H I G H ~  
2  NLOW r  D I S T R T  r  ADVNCE r  SH'AFTI r  SHAFT2 

COMMON AA, E B r  CC, D E L r  DELRHO, NSTART 
COMMON L L L  r  RHOMiINr FR r T M I N  
P I  # 3 . 1 4 1 5 9 2 6 5  
REWIND 8  

5  READ INPUT  TAPE 5  r  1 0 0 0  r ( T I T L E ( K )  r  K  # 1 ,  12 ) 

1 0 0 0  FORMAT ( 12A6  ) 

READ INPUT  TAPE 5  r  l O l Q  r  M 
1 0 1 0  FORMAT ( I 4  

READ INPUT  TAPE 5  r  1 0 2 0  r  ( R ( N )  r  Z ( N ) ,  N  # I r  M 
1 0 2 0  FORMAT ( 6F12.6  ) 

READ INPUT TAPE 5  r 1 0 3 0 ' r  I T H I c ~  r  I S U M r  I A N G L E r  1CONrSTEPr  SCLE 
1 0 3 0  FORMAT ( 4 1 3  r 2F6.3  

C A L L  PA.RMET 
READ INPUT  TAPE 5  r  1 0 1 0  r  NOGEOD 
DO 1 0 0  I # I r  NOGEOD 
READ INPUT  TAPE 5  r  1 0 5 0  r  R O ( I ) r  ZO(I)rALPHAO(I)rTHICK(I)r R T ( I ) ,  

I Z T ( I ) ,  W I I )  r  D ( I )  r  KK r  L A  r  KTHICK 
1 0 5 0  FORMAT ( 2F12.6  r  2F6.3 9 2F12.6 9 2F6.3  r  3 1 2  

WRITE OUTPUT TAPE 6  r  1 0 8 0  r  ( T I T L E ( K )  r  K  # 1 9 1 2  ) 

1 0 8 0  FORMAT ( I H I  , 1 2 A 6  
WRITE OUTPUT TAPE 6  1 0 9 0  

1 0 9 0  FORMAT ( l l lHO I N I T I A L  I N I T I A L  H E L I X  DESIRED AT PO 
l I N T  BAND - RAND C I R C / P A T  ADJUST THICKNESS / 
2  108H  R Z  ANGLE THICKNESS R Z  
3  WIDTH THICKNESS FLAG FLAG FLAG 

WRITE OUTPUT TAPE 6  r  1 1 0 n  r R O ( 1 )  r  Z O ( 1 )  r  A L P H A O ( 1 )  r  T H I C K ( 1 ) r  
I R T ( I )  r  Z T ( I )  W ( I )  r  D ( I )  , KK r  L A  r  K T H I C K  

1 1 0 0  FORMAT ( IHO r  8F10 .4  r  3 1 8  ) 

I F ( 1 - I )  9 5 3 9 5 9 1 0  
10  I F  ( K T H I C K  9 5  r  9 5  r  15  
15 I F  ( Z T ( 1 )  2 f l  r  2 0  r  7 0  
2 0  I F  ( k f ( I )  2 5  r  2 5  r  5 0  
2 5  WRITE OUTPUT TAPE 6  r  2 0 0 0  r  I 

2 0 0 0  FORMAT ( 3 1 H O ( R T r Z T )  NOT G I V E N  FOR GEODESIC r  I 3 r 1 3 H  ( R O r Z O )  USED 
I F  ( Z O ( 1 )  3 0  r  3 0  r  4 0  

3 0  I F  ( R O ( 1 )  3 5  r  3 5  r  4 5  
3 5  WRITE OUTPUT. TAPE 6  r  2 0 1 0  r  I 

2 0 1 0  FORMAT ( 44HOSTARTING S T A T I O N  NOT S P E C I F I E D  FOR GEODESIC r  I 3  r  
I I 6 H  CANNOT COMPUTE ) 

GO T o  1 0 0  
4 0  Z T ( I )  # Z O ( I )  

R T ( 1 )  # R O ( 1 )  
GO TO 7 0  

4 5  R T ( 1 )  # R O ( 1 )  
5 0  CONTINUE 



DO 5 5  N # 2 r M  
I F  ( R T ( I )  - R ( N )  . 65  r  6 0  r  5 5  

5 5  CONTINUE 
WRITE  OUTPUT TAPE 6  r  2 0 2 0  9 I 

2 0 2 0  FORMAT I 38HOCOULD NOT LOCATE IRT ,ZT )  FOR GEODESIC r I 3  r. 17H T H I S  
I ONE S K I P P E D  ) 

GO TO 1 0 0  
6 0 N # N + I  

, 6 5  N T H  # N  - I 
GO TO 8 4  . 

7 0  CONTINUE 
DO.  7 2  N  # 2  r M  
I F  ( Z T ( I )  - Z ( N )  ) 7 8  9 7 6  r  7 2  

7 2  CONTINUE 
I F  ( R T ( 1 ) .  7 4  r 7 4  r 5 0  

7 4  WRITE  OUTPUT TAPE 6  , 2 0 2 0  . I  . . ' 
GO TO 1 0 0  

7 6 N # N + I  
7 8  N T H  # N  - I 

I F  ( R T ( 1 )  ) 8 2  r 8 2  r 8 4  
8 2  R T ( 1 )  # A K ( N T H )  * ( Z T , ( I )  - Z ( N T H )  ) + R ( N T H )  
8 4  CONTINUE 

I M I  # I - 1 
DO 8 8  K  & I r I M I  
C A L L  PERCOV ( R T ( I )  r NTH r K r  PERCNT r HANGL 1 ,  
TK # FLOATF  ( N C ( K )  ) * D ( K 1  * PERCNT 

. T H I C K ( 1 )  # T H I C K ( 1 )  - T K .  
8 8  CONTINUE 

I F  ( T H I C K ( 1 )  1 9 0  r 9 0  r  9 5  
9 0  N C ( 1 )  # 0  

WRITE  OUTPUT TAPE 6 r  2 0 3 0  r  I 
2 0 3 0  FORMAT . (  I3HOFOR GEODESIC r  I 3  r  8 7 H  THICKNESS B U I L T  U P , B Y  PREVIOU 

I S  LAYERS EXCEEDS DESIRED THICKNESS - T H I S  ONE NOT NEEDED ) , 

GO TO 1 0 0  
3 5  CONTINUE 

C A L L  NOCIRC ( 1.9, K K ' r  L A  '1 
1 0 0  CONTINUE 

I F  1  I T H I C K  + I S U M  + I A N G L E  + I C O N  ) 2 5 0  9 2 5 0  r  I 2 0  . 
1 2 0  I F  ( STEP ) 1 3 0  r  1 3 0  r 1 4 0  
1 3 0  STEP 1 - 0 5 0  
1 4 0  C A L L  D I V S U R  ( STEP 

xo  # 0.0 
YO # 0.0 
I F  I I T H I C K  + I S U M  + IANGLE 2 1 0  r  2 1 0  r 1 4 2  

1 4 2  CONTINUE 
! XL # 5.0 

YL  ,#  5.0 
C A L L  RZPLOT ( XOr  YO* X L  r  Y L  ) 

I F  ( I A N G L E  1 6 0  r  1 6 0 9  1 5 0  , 

1 5 n  C A L L  ANGLPL ( XOr  YO, XL  r YL  ) , 
. 1 6 0  CONTINUE 

I F  ( I T H I C K  1 9 n  r  I 9 0  r  1 7 0  
1 7 0  DO 1 8 0  I # I r  NOGEOD 
1 8 0  C A L L  THPLOT I I 9 XOr YO, X L r  YL  ) 

1 9 0  CONTINUE ; 



I F  ( I'SUM 2 1 0  9 2 1 0  9 2 0 0  
2 0 0  C A L L  SUMPLT ( XOI YO* XL YL  
2 1 0  CONTINUE 

I F  ( ICON 2 5 0  9 2 5 0  ' r  2 2 0  
2 2 0  I F  ( SCLE 2 3 n  2 3 n  r 2 4 0  
2 3 0  SCLE # a5 
2 4 0  CONTINUE 

C A L L  CNPLOT ( XO,'YO, SCLE, SCLE 
7 5 0  CONTINUE 

END F I L E  R 
GO TO 5  
END. 

*LABEL 

CDEVPLT M A I N  PROGRAM FOR P L O T T I N G  GEODESIC ON DEVELOPED SURFACE 
D IMENSION R ( ~ ~ ~ ~ ) , Z ( I ~ ~ ~ ) , A K ( I C O O ) . ~ F ( ~ ~ ~ O ) ~ X ~ ( ~ ~ ~ ~ ) ~ T I T L E (  1219  

I R O ( I O O ) ~ Z ~ ( ~ ~ ~ ) ~ A L ~ H A ~ ( I O O ) ~ C O N S ( I O O ) ~ W ~ O O D I O O ) ~ T H I C K ( ~ ~ ~ ) ~  
2RT(IOO)9ZT(100)9NC(IflO),DTHETA(1009)9FLNGTH(l~00) 

COMMON M , R , Z , A K , F , X I , N O G E O D ~ R O ~ Z O ~ A L P H A O , C O N S , W ~ D ~ T H I C K ~ N C ~ R T ~ Z T ~  
ISMAX,RMAX~Z%AX,THMAX,JJ,TITLE,PI ,DTHETA,FLNGTH,TSUM,FLSUM,NHIGH, 
2  NLOW , D I S T R T  , ADVNCE r SHAFT1 r SHAFT2 

COMMON AA, 36, CC, DEL, DELRHO, NSTART 
COMMON L L L  , RHOMIN, FR , T M I N  
P I  # 3 . 1 4 1 5 9 2 6 5  
REWIND 8 

10  READ INPUT TAPE 5 r 1 0 0 0  r ( T I T L E ( K )  r K # 1 ,  12 ) 

1 0 0 0  FORMAT ( 12A6  
READ INPUT TAPE 5  , I p l n  , M 

1 0 1 0  FORMAT ( I 4  
R E A D  INPUT TAPE 5  ,, 1 0 2 0  , ( R ( N )  , Z ( N )  , N I , M ) 

1 0 2 0  FORMAT ( 6F12 .6  
READ INPUT  TAPE 5  r l 0 1 0  NOGEOD 
C A L L  PARMET 
C A L L  DEVELP 
DO 2 0 0  ' I # I  NOGEOD 
READ INPUT  TAPE 5  3 1 0 3 0  R O ( 1 )  9 A L P H A O ( I ) ,  ADVDEG* NCPERP, NUM 

I C 3 0  FORMAT ( 3F12.6  , 2 1 6  ) 

DO 2 0  N # 2 , M  
I F  ( R O ( I )  - R ( N )  4 0  3 0  9 2 0  

2 0  CONTINUE 
WRTTF DlJTPl lT TPPE 6 r 2 0 0 F  r I 

2 0 0 0  FORMAT ( 52HO COULD NOT DETERMINE STARTING SECT ION FOR GEODESIC 
I I 3  9 2OH , T H I S  ONE S K I P P E D  
GO TC 2 0 0  

3 0 N # N + I  
4 0  NSTART iY N - I 

I F  ( A K ( N S T A R T ) )  5 0  6 0  9 . 5 0  
5 0  Z O ( 1 )  # ( R O ( 1 )  - R ( N S T A R T )  ) / A K l N S T A R T )  + ~ ( N S T A R T )  

GO TO 70 
6 0  Z O ( 1 )  # Z ( N S T A R T )  
7 0 .  CONTINUE 

C A L L  DELTHA(  I) 
NLOW # NLOW 
NHIGH # NHIGH 



. I F  ( NCPERP 1 1 4 5  9, 1 4 5  , r  8 0 .  
8 0  RVN # TSUM / 360.0 

INTGR # RVN 
FRACT # ' R v N  - FLOATF  ( I N T G R )  
NB # NCPERP . 
ANB # NB 
ADVNCE # ADVDEG / ( ANB * 360.0 .  ) . 
N  # I '  

' AN # 1.0 
'PARTPI # 1.0 / bANB 

9 0  AN # AN + 1.0 
N. .#  N  + I 
PARTNI  # PARTN 
PARTN # AN / ANB 
I F  ( FRACT - PARTN 1 1 1 0  r 1 5 0  r  1 0 0  

I O O ' I F  ( N  - NB + I 1 9 0  r 1 3 0  r 1 3 0  
1 1 0  I F  ( ABSF.( FRACT-PARTN)  - A B S F (  FRACT-PARTNI )  ) 1 3 0 9  1 3 0  r 1 2 0  
4 2 0 - N  # N . -  1 

PARTN # P A R T N I  
1 3 0  CONTINUE 

NA' # N . . 
EPS # .oononl 
NAA # NB * INTGR + NA , 

C A L L  ADJUST ( I r NAA r NB r RVN r EPS '; L L  ) 

NLOW # NLOW 
NHIGH # N H I G H  
I ' F  ! L L  , )  1 5 0  r 1 5 0  r 1 4 0  

1 4 0  WRITE OUTPUT' TAPE 6  r 2 0 1 0  r I r  A L P H A O ( 1 )  r  R O ( I )  ' 
2 0 1 0  FORMAT ( 28HO COULD NOT ADJUST GEODESIC r I 3  ,' 5 3 H  r  THEREFORE P L  

1O.T I S  FOR GEODESIC HAVING H E L I X .  ANGLE r  F6 .39  I I H  A.T R A D I U S  r F 6 . 3 )  
1 4 5  NA # 0  

NB # 0  
INTGR # 0  
ADVDEG # 0.0 

1 5 0  CONTINUE 
ZLOW # ( CONS(I) - R ( N L 0 W )  ) / AKINLOW) + Z ( N L @ W )  
Z H l G H  # ( C O N S ( 1 )  - R(NH1GH ) 1 / AK(NHIGH ' )  + Z ( N H 1 G H )  , 

WRITE OUTPUT TAPE 6  r 2 0 2 0  r ( T I T L E ( K )  r  K  # I r  1.2 ) 

2 0 2 0  FORMAT ( I H I  r  1 2 A 6  ) 
WRITE  OUTPUT TAPE 6  r 2 0 3 0  

2 0 3 0  FORMAT ( 93HOGEODESIC H E L I X  AT ADVANCE TOTAL F I L A M  
l ENT , INTEGE.RS TURNAROUND STATIONS " 

I 9 9 H  NUMBER ANGLE R A D I U S  PER P A T  .ROTAT ION LENGTH N  + 
3A  / B  R A D I U S  LOWER Z UPPER 

. WRITE OUTPUT TAPE 6  9 2 0 4 0  r 1 1  A L P H A O ( 1 )  r  R O ( I ) r  ADVDEG r TSUM r  
I .FLSUM r '  INTGR r  NA r NB r  CONS( I ) .  r  ZLOW. r  Z H I G H  

2 0 4 0  FORMAT ( IHO r  I 4  r 5F IO .3  r 3 1 4  r 3F10 .3  1 
WRITE 0UTPU.T TAPE 6 r 2 0 5 0 r  ( N ~ D T H E T A ( N ) ~ F L N G T H ( N ) , N # N L O W ~ N H I G H  1 

2 0 5 0  FORMAT ( . l H O  '/ 3gHO SECTION DELTA THETA F I L A M E N T  LENGTH / 
I ( I H  r I 4  r 2F16.6  ) ) 

WRITE OUTPUT TAPE 6  r 2 0 6 0  r TSUM r  FLSUM 
2 0 6 0  FORMAT ( 8 H O C I R C U I T  r F13.6  r  F16.6 

I F  ( NUM ) 1 6 0  r  1 6 0  r  1 7 0  
1 6 0  ,NUM # I 
1 7 0  CONTINUE 



C A L L  GEOPLT ( I r NuM 
2 0 0  C O N T I N U E  

GO TO 1 0  
END 

* L A B E L  
CPARMET 

S U B R O U T I N E  PARMET 
DIMENSION R (  I O O O ) ~ Z (  I O O O ) , A K (  I O O O ) , F (  I O O O ) ~ X I (  I O O O T I T L E  1 2 1 9  

l K O ( I O O ) r Z O (  ~ ~ ~ ) ~ A L P H A O ( I O ~ ) ~ C O N S ~ I ~ O ) ~ W ( ~ O D ) ~ D ( I P O ) ~ ~ H I C K ~ I O O ) ~  
~ R T ( I O O ) ~ Z T ( I ~ ~ ) ~ N C ( I O O ) ~ D T H E T A ( I O ~ O ) ~ F L G H ~ ~ O ~ )  

COMMON M ~ U ~ Z ~ A K ~ ~ ~ X I , N O G ~ O ~ ~ R O , L O ~ A L P H A U ~ C O N S ~ W ~ D ~ T H ~ C K ~ N C ~ R T ~ Z T ~  
I S M A X ~ R M A X , Z M A X ~ T H M A X ~ J J ~ T I T L E ~ P I ~ H E T A F L N G H M F L I G *  ' 

2  NLOW r  D I S T R T  r  ADVNCE r  S H A F T 1  r  S H A F T 2  
X I ( I )  # 0.0 
M M # M -  l 
RMAX # R ( I ) 
DO 1 2 0 0  N # I r  MM 
I F  ( A B S F (  Z ( N )  - Z ( N + I ) )  - . 0 0 0 1  ) 1 0 1 0  r  1 0 1 0  r 1 0 4 0  

1 0 1 0  I F  ( R ( N + I )  - R ( N )  ) l n 2 t l  r 1 0 2 0  r  1 0 3 0  
1 0 2 0  A K ( N )  # - ( 1.OE 2 0  ) 

GO TO 1 0 3 5  
I 0 3 0  A K I N )  # 1.0 E 2 0  
1 0 3 5  F ( N )  # 1.0 E 2 0  

X I ( N + I )  # . X l ( N )  + A B S F (  R ( N + l )  - R ( N )  ) 

GO TO 1 2 0 0  
1 0 4 0  A K ( N )  # ( R ( N + I )  - R ( N )  ) / ( ' Z ( N + I )  - Z ( N )  

I F  ( A B S F (  A K ( N )  ) - . 0 0 0 1  1 0 5 0  r 1 0 5 0  9 1 1 0 0  
1 0 5 0  A K ( N )  # 0.0 
l l 0 0  F ( N )  # S Q R T F (  1.0 + A K ( N ) * * Z  ) 

X I  ( N + I )  # X I ( N )  + ( Z ( N + l  - Z ( N )  I * F ( N )  
1 2 0 0  RMAX # M A X l F  ( R ( N + I )  r  RMAX ) 

ZMAX # Z (  M )  
RETURN 
END 

* L A B E L  

C D E V E L P  
S U B R O U T I N E  D E V E L P  
DIMENSION R ( I O O O ) ~ Z ( I O O O ) ~ A K ( ~ ~ ~ ~ ) ~ F ( I O O O ) ~ X I ~ I O O O ~ ~ T I T L E ( I ~ ) ~  

I R O ( I O O ) ~ Z O ( I ~ ~ ) ~ A L P H A O (  I O O ) ~ C O N S ~ I O O ~ ~ W ~ O O ~ D ~ O O ) ~ H I C ~ O O ~  
2 R T ~ l 0 0 ) r Z T ( I O O ) r N ~ ( I O O ) , D T H E T A ( I O ~ O ~ r F L N G ~ H ~ l O O O ~  

D11.1ENSIOIJ R I ( ~ ~ ~ I ~ R Z ( I U U I ~ P H ~ ~ ~ L J U ) ~ X C ~ ~ U O )  
COMMON M~R~ZrAKrF~XIrNOGEODrROrZOrALPHAOrCONSrWrDrTHICKrNCrRTrZTr 

I S M A X ~ R M A X ~ Z M A X ~ T H M A X ~ J J ~ T I T L E I P I I D T H E T A ~ F L N G T H ~ T S U M ~ F L S U M ~ N H I G H ~  
2 NLOW r D I S T R T  r  ACVNCE r  S H A F T 1  r  SHAFT2.  

COMMON A A  ,BR ,CC ,DE'L ,DELRHO,NSTART 
COMMON L L L  r R H C M I N  r  FR r  T M I N  
COMM3N R I  r  R 2  r  P H I  r  XC 
S H I F T 1  # 0 .0  
M I  # M -  I 
DO 2 0 0  N # I r  M I  
I F  ( A K ( N )  ) 10 9, 4 0  r 7 0  

I 0  FOK # - F ( N )  / A K ( N )  
R I ( N 1  # R ( N + I )  * FOK 



R 2 ( N )  # R ( N )  * FOK 
P H I ( N 1  # 360.0 / FOK 
XC(N1 # X I ( N )  + R Z ( N )  
I F  ( A K ( N )  - A K ( N - I 1  - .000001 ) 3 0  r  3 0  r  2 0  

2 0  C A L L ' S H I F T  ( N 9 SHIFT2 1 
S H I F T I  . #  SHIFTI + SHIFT2 

3 0  XC(N)  # ' X C ( N )  + SHIFT1 
GO TO 2 0 0  

4 0  R 2 ( N )  # 2-17 .* P I  * R ( N ) .  
' I F  ( A K ( N - I )  ) . 5 0  r..6I7 r  6 0  

5 0 ' C A L L  S H I F T ' (  N .  r  SHIFT2 ) 

SHIFT1 # S H I F T I  + SHIFT2 
6 0  XC(N)  # X I ( N )  + SHIFT1 

R I ( N )  # X I ( N + I )  + SHIFT1 
GO TO 2 0 0  

7 0  FOK # F ( N )  / AK(N1 
R I  ( N )  # R ( N )  * FOK 
R 2 ( N )  # R ( N + I )  * FOK 
P H I ( N )  # 36n.0 '1  FOK 
XC(N1 # X I ( N )  - R I ( N )  
I F  ( N  - I ) 100  9 100 r  8 0  

8 0  I F  ( A K ( N )  - A K ( N - I 1  - .000001 100 r  100 9 9 0  
9 0  CALL SHIFT ( N  r  SHIFTZ 1 

SHIFT1 # S H I F T I  + SHIFT2 
1 9 0  XC(N) # . X C ( N )  + SHIFT1 
2 0 0  CONTINUE 

Ei T I T L E ( 7 )  # 2 4 2 5 6 5 2 5 4 3 4 6  
B T I T L E ( 8 )  # 4 7 2 5 2 4 6 0 6 2 6 4  
0 T I T L E ( 9 )  # 5 1 2 6 2 1 2 3 2 5 6 0 .  
B T I T L E ( I O ) #  4 7 4 3 4 6 6 3 5 3 6 0  

CALL SETUP ( T I T L E  
CALL PLOT ( 0.0 r  0.0 r  I  r  2  1 
DO 3 0 0  N # 1 9 M I  
I F  ( A K ( N )  ) 2 2 0  r  2 5 0  r  2 6 0  

' 2 2 0 - C A L L  CIRCLE ( X C ( N )  9 0.0 r  R 2 ( N )  r  180.0 r  - P H I ( N )  r  - 1  1  
I F  ( R I ( N )  - .000001 2 4 0  r  2 4 0  9 2 3 0  

2 3 0  CALL CIRCLE ( X C ( N )  r  0.0 r  R I ( N )  r  180.0 - P H I ( N )  ~ ' P H I ( N )  r  I 1  
2 4 0  GO TO 3 0 0  
2 5 0  CALL' PLOT ( X C ( N )  r  !J.n r  I  9 2  1 

CALL PLOT ( .  X$(N) 9 RZ(N1 r  1 r  I  1 
CALL PLOT ( R I  ( N )  r  R2(h i )  r  1 r  1 1 
CALL PLCT ( R I ( N )  r .0 . f l . r  1 r  I )  
GO TO 300  

2 6 0  I F  ( R I  ( N )  - . ~ 0 0 0 0 0 1  1 2 8 0  r  280  r  2 7 0  
2 7 0  CALL CIRCLE ( X C ( N )  r  0.0 r  R I ( N 1  r  0.0 r  P H I ( N )  r  - I  . )  

2 8 0  CALL CIRCLE ( X C ( N )  r  0.0 r  R 2 ( N )  r  P H I ( N 1  r  - PHI(N) r  .I ) 

3 0 0  CONTINUE 
CALL PLOT ( 0.0 r  0.0 r  I  r  I  1 
CALL F I N I S H  ( 3 0  r  T I T L E  1 
END F I L E  8  
RETURN 
END . 

*LABEL 



CDELTHA COMPUTE DELTA THETAS FOR GEODESIC I 
SUBROUTINE DELTHA ( I 
DIMENSION R ~ I O O O ) ~ Z ~ I O O O ) ~ A K ~ ~ ~ ~ ~ ) ~ F ~ ~ ~ ~ ~ ) ~ X I ~ ~ ~ ~ ~ ~ ~ T I T L E ~ ~ ~ ) ~  

IRO(  1 0 0 )  rZO(  1 0 0 )  ~ A L P H A O (  1 0 0 ) r ~ O b ! S (  1 0 0 ) r W (  1 0 0 )  r ~ ( ' l 0 0 )  .THICK( 1 0 0 ) ~  
2 R T ( I O O ) r Z T (  I ~ O ) , N C ( I ~ O ) ~ D T H E T A ( I ~ ~ ~ ) ~ F L N G T H ( I O O O )  

COMMON M ~ R ~ Z ~ A K ~ F ~ X I ~ N O G E O D ~ R O ~ Z O ~ A L P H A O ~ C O N S ~ W ~ D ~ T H I C K ~ N C ~ R T ~ Z T ~  
I S M A X ~ H M A X ~ Z M A X ~ T H M A X ~ J J ~ T I T L E ~ P I ~ ' D T H E T A ~ F L N C , T H ~ T S U M ~ F L S U M ~ N H I G H ~  
2  NLOW r D ISTRT r  ADVNCE 9 S t lAFT l  9 SHAFT2 

CONV # 180.P / P I  
C C N S I I )  # R O L I )  % SINF ( ALPHAO(1)  / CONV 
DO 2 0  N # 2 r M  
I F  ( Z O L I )  - Z ( N )  4 0  t 3 0  r  2 0  

2 0  CONTINUE 
3 0  I F  ( ALPHAO(1)  - .90.0 3 8  r  3 3  r  38  
3 3  I F  ( A K ( N )  4 0  t 4D 9 38 
3 8 N # N +  I  
4 0  NSTART # N - I 

' I F  ( C O N S ( 1 ) - R ( 1 )  1 1 5 0  r  4 5  9 4 5  
4 5  J # NSTART + I 
5 0 J # J - I  

I F  ( R ( J I  - CONS(1 )  6 0  t 6 0  r  50  
6 0  NLOW # J 

I F  ( CONS(1 )  - R ( M )  1 5 0  r  7 0  r  7 0  
7 0  J # NSTART 
8 0 J # J + I  

I F  ( R ( J )  - CONS(1 )  ) 9 0  t 9 0  9 8 0  
9 0  NHIGH # J - I 

FOK # F ( N L 0 W )  / AK(NL0W) 
N L I  # NLOW + I 
TERM # ( R ( N L I )  / CONS(1 )  ) * * 2  - 1.0 
I F  ( TERM ) 9 2  t 9 2  r 9 5  

9 2  ASEC2 # 0.0 
GO TO, 9 8  

9 5  ASEC2 # ATANF ( SQRTF ( TERM 
9 8  DBETA # ASECZ 

DTHETA(NL0W) # FOK * DBETA * CONV 
FLNGTH,(NLOW) # R ( N L I )  * FOK * S I N F (  DBETA ) 

NHI  # NHIGH - I 
I F  ( NHI  - N L I  ) 135 r  100  r  100  

100  DO 130  N # N L I  r  N H I  
I F  ( A K ( N )  120  9 110  r  120  

I I O  DBETA#CONSlI)*(L(N+I)-Z(N)) / ( R ( N ) * S Q R T F ( R ( N ) * * t  - C O N S ( I ) * * Z ) )  
DTHETA(N)  # DBETA * CONV 
FLNGTH(N1 # S Q R T F ( (  Z ( N + I ) - Z ( N ) ) * * 2  + ( R ( f i ) * D B E T A ) * * Z  ) 

GO TO 130  
1 2 0  FOK # ABSF( F ( N )  / A K ( N )  ) 

ASECl # ASEC2 
TERM # ( R ( N + I )  / CONS(1 )  1 9 9 2  - 1.0 
I F  ( T E R M  122 t 122 t 125 

122. ASEC2 # 0.0 
GO TO 126 

125 ASECZ # ATANF ( SQRTF I TFRM ) ) 

126 DBETA # ABSF ( ASEC2 - ASECl 
D T H E t A ( N )  # FOK * .DB€TA * CONV 
RN2 # R ( N )  * FOK 



R N 3  # R ( N + l )  * FOK 
TERM # RN2**2 + RN3**2 - 2.0 * RN2 * RN3 * COSF ( DBETA 
I F  TERM ) 1 2 7  r 1 2 7  r 1 2 9  

1 2 7  F L N G T H ( N 1  # fl.fl 
GO TO 1 3 0  

1 2 9  F L N G T H I N )  # SQRTF I TERM ) 

1 3 0  CONTINUE 
1 3 5  CONTINUE 

FOK # ABSF  ( F ( N H 1 G H )  / AKCNHIGH)  
DBETA # ABSF 1 ASECZ 
D T H E T A ( N H I G H 1  # FOK * DBETA * CONV 
FLNGTH(NH1GHk  # FOK * R I N H I G H )  * S I N F  I D B E T A )  
TSUM # n.rl 
FLSUM # r).n 
00 1 4 0  N # NLOW r NH IGH 
TSUM # TSUM + D T H E T A ( N 1  

140 FLSUM # FLSUM + F L N G T H I N )  
TSUM # 2.0 * TSUM 
FLSUM # 2.0 * FLSUM 
GO TO 1 6 0  

15C C O N S ( 1 )  # M A X l F  I R I I )  r R I M )  ) 

A L P H A O ( 1 )  # A T A N F I  C O N S l I ) /  SQRTF I  R O ( I ) * * 2  - C O N S ( I l * * 2 )  ) * CONV 
WRITE OUTPUT TAPE 6 r 8 0 0 0  r I r ALPHAO( I) 

8 0 0 0  FORMAT ( 33HO TURN-AROUND R A D I U S  FOR GEODESIC 9 1 3  r 5 6 H  I S  L E S S  T 
I H A N  R I I )  OR R I M )  - STARTING ANGLE CHANGED TO r F10 .6  1 

GO TO 4 5  
1 6 0  CONTINUE 

RE TURN 
END 

* L A B E L  

CNOCIRC COMPUTE NUMBER OF C I R C U I T S  TO G I Y E  THICKNESS ' 

SUBROUTINE NOCIRC ( I r KK r L A  
C 
C I I S  GEODESIC NUMBER 
C KK  I S  OPTION I N  DETERMINING NUMBER OF C I R C U I T S  PER PATTERN 
C L A  I S  O P T I O N  TO ADJUST STARTING ANGLE OR D ISTORT GEODESIC 
C 

DIMENSION R I I ~ ~ ~ ) ~ Z I I ~ ~ ~ ) ~ A K ( I O O O ) ~ F ( ~ ~ ~ ~ ) ~ X I I I ~ ~ O ~ ~ T I T L E I  1 2 ) ~  
I R O ( I O O ~ ~ Z O ~ I O O ) ~ A L P H A ~ ( I O O ~ ~ C O N S ~ I O O ) ~ W ~ ~ ~ ~ D ~ ~ ~ ~ T H I ~ K ~ ~ ~ ~ ) ~  
2 R T I I o O )  ~ Z T ~ I O O ) ~ N C ~ I O O ~ ~ D T H E T A ~ I O O O ) , F L N G T H ~  1 0 0 0 )  

COMMON M ~ R ~ Z ~ A K ~ F ~ X I , N O G E O D ~ R O I Z O I A L ~ H A ~ ~ C O N S ~ W , D ~ T H I C K ~ N C , R T , Z T ,  
I S M A X , R M A X ~ Z M A X , T H M A X ~ J J ~ T I T L E ~ P I ~ D T H E T A ~ F L N G T H ~ T S U M ~ F L S , U M ~ N H I G H ~  
2 NLOW r D I S T R T  r ADVNCE r SHAFT1 r SHAFT2  

PGLASS ' #  1.0 
I F  1 D l 1 1  ) 1 0  9 1 0  r 2 0  

1 0  DII) A+ .on1 
WRITE OUTPUT TAPE 6 , 1 4 0 0  9 I . . 

1 4 0 0  FORMAT I 35HO DIAMETER OF ROVING FOR GEODESIC r I 3  r 2 3 H  NOT G I V E  
I N  - .00 1 USED 

2 0  I F  ( W ( I )  3 0  r 3 0  r 4 0  
3 0  W I I )  # . I  

WRITE OUTPUT TAPE 6 , 1 4 1 0  r I 
1 4 1 0  FORMAT ( 32HO WIDTH OF R o V I N G ' F O R  GEODESIC r I 3  r 2 1 H  NOT G I V E N  



1 -  - 1  USED ) 

4 0  I F  ( T H I C K ( I 1  4 2  r  4 2  r 4 8  
4 2  T H I C K ( 1 )  # 2.0 * D ( 1 )  

WRITE OUTPUT TAPE 6 9 1 4 1 5 ,  I 
1 4 1 5  FORMAT(32HO DESIRED THICKNESS FOR GEODESIC r  13,  2 9 H  NOT S P E C I F I E D  

I r  2  D ( I 1  USED 
4 8  I F  ( Z O ( I )  ) 5f l  9 5 0  r 1 2 0  
5 0 1 F  ( R O ( I )  6 0  9 6 0  r  7 0  . 
6 0  WRITE OCTPUT TAPE 69 1 4 2 0  9 I 

1 4 2 0  FUKMAT 1 46HO STARTING S T A T I O N  NOT S P E C I F I E D  FOR GEODESIC r  I 3  r  
I 16H CANNOT COMPUTE 
GO TO 5 0 0  

7 0 D 0  8 0  N # 2 r M  
I F  ( R O ( I )  - R ( N )  9 0  r 8 5  r 8 0  

8 0  CONTINUE 
WRITE OUTPUT TAPE 6 9 1 4 3 0  r  I 

1 4 3 0  FORMAT ( 72HO WITH ZO NOT G I V E N  r  COULD NOT DETERMINE STARTING SE 
I C T I O N  FOR G E ~ D E S I C  r  I 3  r  IOH  U S I N G  RO I 
GO TO 5 0 0  

8 5  N # N+1 
YO NSTART # N - 1 

I F  ( A K ( N S T A R T )  I 1 0 0  r  1 1 0 r  1 0 0  
1 0 0  Z O ( 1 )  # ( R O ( 1 )  - R ( N S T A R T )  I / A K t N S T A R T )  + Z ( N S T A R T )  

GO TO 1 6 0  
1 1 0  Z O ( I 1  # Z I N S T A R T )  

GO TO 1 6 0  
1 2 0  DO 1 3 0  N # 2  9 M 

I F  ( Z O ( I 1  - Z ( N )  1 4 0 9  135 ,  1 3 0  
1 3 0  CONTINUE 

WRIT€ OUTPUT TAPE 6 r 1 4 4 n r I  
1 4 4 0  FORMAT ( 6 3 H 0  US ING ZO r  COULD NOT DETERMINE STARTING SECT ION FOR 

I GEODESIC r  I 3  
GO TO 5 0 0  

1 3 5  N I N  + I 
1 4 0  NSTART # N - I 

I F  ( R O ( 1 )  ) 1 5 0  9 1 5 0  9 1 6 0  
1 5 0  R O ( 1 1  # A K ( N S T A R T )  + ( Z O ( 1 )  - Z ~ N S T A R T )  ) + R ( N S T A R T )  
1 6 0  CONTINUE 

I F (  Z T ( I 1  170  r  1 7 0  r  2 4 0  
1 7 0  I F (  R T (  I )  ) 1 8 0  r 1 8 0  r  1 9 0  
1 8 0  WRITE OUTPUT TAPE 6  , 1 4 5 0  r  I 

143U  ~ U H M A ' ~ ( ~ I H C I ( R ~ ~ Z T )  NOT G I V E N  FOR GEODESIC r  I 3  r 1 3 H  ( R O r Z O )  USED 
1 8 5  R T ( 1 )  # R O ( 1 )  

Z T ( 1 )  # Z O ( 1 )  
NTH # NSTART 
GO TO 2 8 0  

1 9 0  DO 2 0 0  N # 2  r  M 
I F  ( R T ( I )  - R ( N )  ) 2 1 0 1  2 0 5 ,  2 0 0  

2 0 0  CONTINUE 
WRITE OUTPUT TAPE 6  r  1 4 6 0  r  I 

1 4 6 0  FORMAT ( 83HU W I i H  L I  N O I  GIVEN r  COULD NOT DETERMINE SECTION TO C 
IOMPUTF THICKNESS FOR GEODESIC 9 I 3  r  3 9 H  USING RT r SO [RO,LO)  US 
2R> FOR ( R T r Z T l  ) 

GO ?0 1 8 5  
2 0 5  N # N + I  



2 1 0  NTH # N - I 
I F  ( A K I N T H )  2 2 0  r 2 3 0  r  2 2 0  

2 2 0  Z T I I )  # ( R T I I )  - R ( N T H )  / A K I N T H )  + Z I N T H )  
GO TO 2 8 0  

2 3 0  Z T I I )  # Z I N T H )  
GO TO 2 8 0  

2 4 0  DO 2 5 0  N # 2 9  M 
I F  ( Z T ( 1 )  - Z ( N )  1 2 6 0  r  2 5 5 9  2 5 0  

2 5 0  C O N T I ~ ~ U E  
WRITE  OUTPUT TAPE 6 r 1 4 7 q  r  I 

1 4 7 0  FORMAT ( 80HO U S I N G  G I V E N  ZT r COULD NOT DETERMINE SECTION TO COMP 
l U T E  TH ICKNESS FOR G E O D E S I C r I 3 r 2 8 H  SO ( R O r Z O )  USED FOR ( R T r Z T )  ) 

GO TO 1 8 5  
2 5 5 N # N + I  + 
2 6 0  NTH # N - I 

I F  ( R T I I )  ) 2 7 0  r  2 7 0  r 2 8 0  
2 7 0  R T ( 1 )  # A K I N T H )  * ( Z T I I )  - Z I N T H )  ) + R ( N T H )  
2 8 0  CONTINUE 
2 9 0  C O N S ( 1 )  C R O ( 1 )  * S I N F  1 A L P H A O l I )  * P I  180.0 

C A L L  PERCOV 1 R T I  I )  r  NTH r  I r PERCNT r  HANGL 
I F  1 PERCNT 3 0 0  r 3 0 0  r  3 1 0  

3 0 0  R T I I )  # C O N S I I )  
ZTII) # n.n 
WRITE OUTPUT TAPE 6 , 1 4 8 0 9  I 

1 4 8 0  FORMAT 1 4 2 H 0  COVERAGE AT I R T r Z T )  I S  ZERO FOR GEODESIC r  I 3  r 3 8 H  
I r  TURNAROUND POINT USED FOR ( R I r Z T )  ) 

GO TO 1 6 0  
3 1 0  I F  ( KK 3 2 0  r 3 2 0  r 3 3 0  
3 2 0  B # T H I C K ( 1 )  / ( D ( I )  * PERCNT ) * PGLASS 

GO TO 3 4 0  
3 3 0  B # 2.0 PERCNT 
3 4 0  NB # B + .5  

C A L L  DELTHA 1 I 
NLOW # NLOW 
NHIGH # N H I G H  
RVN # TSUM / 36fl.n 
INTGR RVN 
FRACT # RVN - F L O A T F I  INTGR 1 
A # B * FRACT 
NA # A + .5 
I F  1 NA 3 5 0  r 3 5 0  r  3 6 0  

3 5 0  NA # I 
GO TO 3 8 8  

3 6 0  I F  1 NA - NB 3 8 0  r 3 7 0  r  3 7 5  
3 7 0  NA # NR - I 

GO TO 3 8 8  
3 7 5  INTGR # INTGR + 1 

NA # NA - NB 
3 8 0  C A L L  NOFACT 1 NA r NB ) 

3 8 8  CONTINUE 
EPS # . ooooo I 
I F  1 L A  ) 3 8 2  r 3 8 2  r 3 9 0  

3 8 2  CONTINUE 
NAA # NB * INTGR + NA 
C A L L  ADJUST 1 I r NAA r  NB r RVN r  EPS r  L L  ) 



I F  ( L L  3 8 4  r  3 8 4  9 3 9 0  
3 8 4  C A L L  PERCOV ( R T ( I )  9 NTH r I r PERCNT r  HANGL ) 

D I S T R T  # 1.0 
GO TO 4 2 0  

3 9 0  RVN2 # FLOATF(  INTGR ) + FLOATF(  NA / FLOATF ( NB ) 

D I S T R T  # RVNZ / RVN 
DO 4 1 0  N # NLOW r NH1GI.I 

. I t 10  D T H E T A I N )  fY D T H E T A I N )  9 D I S T R T  
TSlJM # TSIIM * DI.STRT 

4 2 0  AN # T H I C K ( 1 )  / ( D ( I )  * PERCNT * PGLASS 
NOPATN # AN / F L O A T F I  NB ) + - 5  
NCPERP # N B  
NC(  I )  # NCPERP * NOPATN 
THNESS # FLOATF I N C ( 1 )  1 * D I I )  * PERCNT / PGLASS 
ZLOW # ( C O N S ( 1 )  - R ( N L 0 W )  ) / AKINLOW) + Z(NLOW) 
Z H I G H  # (  C O N S I I )  - R ( N H I G H 1 )  / A K ( N H I G H 1  + Z ( N H I G H 1  
WRITE OUTPUT TAPE 6 , 1 4 9 0  9 1 ,  N c ( 1 1  ~ N O P A T N  NcPERP I N T G R *  

I N A r  N B r  THNESS r  C O N S ( 1 )  r ZLOW r Z H I G H  
1 4 9 0  FORMAT ( IOOHO NO. OF NO. OF CIRC. PER R A T I O  OF 

I INTEGERS THICKNESS TURNAROUND STAT IONS / l O 6 H  GEODESIC C I  
2RCUITS  PATTERNS ,PATTERN N + A / B A T ( R T r Z T ) R A  
3 D I U S  LOWER Z UPPER IHO r .  1 4 9  6 1 1 0  r 4F10.6  ) 

WRITE OUTPUT TAPE 6 r 1 5 0 0 r  DISTRT 
1 5 0 0  FORMAT ( 23HO D ISTORTION FACTOR # r F10 .6  

WRITE OUTPUT TAPE 6 9 1 5 1 0 r ( N r D T H ~ T A ( N l r  F L N G T H ( N ) r  N# NL'OWrNHIGH ) 

1 5 1 0  FORMAT ( 39HoSECTION DELTA THETA F I L A M E N T  LENGTH / I I H  r  I 4  r 
1 2F16.6  ) ) 
WRITE OUTPUT TAPE 6 , 1 5 2 0  9 TSUM t FLSUM 

1 5 2 0  FORMAT I BHOCIRCUIT r  F13.6 9 F16.6 / I H 0  ) - 
5 0 0  CONTINUE 

RETURN 
END 

*LABEL  

CGEOPLT PLOT GEODESIC ON DEVELOPED SURFACE 
SUBROUTINE GEOPLT ( I r NUM 
DIMENSION R ~ I ~ ~ ~ ) ~ Z ~ I O O O ) ~ A K ( I ~ O O ~ ~ F ( I O O O ) ~ X I ( I O O O ~ ~ T I T L E ( ~ ~ ) ~  
I R O ( I O O ) ~ Z O ~ I O O ) ~ A L P H A O ( I O O ) ~ C O N S ~ I O O ~ ~ W ~ I ~ ~ ~ ~ D ~ ~ ~ ~ ~ ~ T H I ~ K ~ ~ ~ ~ ~ ~  
~ R T ( I O O ) * Z T ( I O O ) ~ N C ( I O O ) ~ D T H E T A I I O O O ) ~ F L N G T H I I O O O )  

DIMENSICM R l ( l 0 0  9 R 2 ( 1 0 0  + P k I I l I O C  I r X C ( l 0 0  
COMMON M 9 R r Z r A K r F 9 X l  rNOGEODrROrZO,ALPHAO~CONS,W~@tTHICKrNCrRTrZTr 

I S M A X ~ R M A X ~ Z M A X ~ T H M A X , J J ~ T I T L E ~ P I , D T H E ~ A ~ F L N G T H ~ T S U M ~ F L S U M ~ N H I G H ~  
2 NLOW r D I S T R T  r  ADVNCE r  SHAFT1 t SHAFT.2 

COMMON AA t R B  rCC r  DEL r  DELRHO r NSTART 
COMMON L L L  RHOMIN r  FR r  T M I N  
COMMON R I  r  R2 , P H I  r  XC 
KOUNT # 0 
CONV # P I  / 180.0 
T H F T . ~  # 0.0 
WRITE OUTPUT TAPE O r 4 0 1 0  9 I 

4 0  10 FORMAT I 2 8 H  DEVELOPED PLOT OF GEODEbIC 9 I 3  r 5HS  
READ I N P U T  TAPE 13140207 ( T I T L E I K )  r K # 7 9 1 2  1 

4 0 2 0  FORMAT ( 6 A 6  
C A L L  SETUP ( TITLE ) 



DO 10 N # , I  r M 
IF ( RMAX - R I N )  - .000001 1 20 r 20 r 10 

10 CONTINUE 
' 20 NSTART # N 

. ZZ # Z ( NSTA.RT) 
UPDOWN # 1.0 

30 I F  ( A K ( N 1  1  40 ? 420, 70 
40 AKK # -1.0 

I F  ( UPDOWN 1 50 r 50 60 
50 RR # R I  ( N )  . 

GO TO 100 
60 RR # R 2 ( N )  

GO TO 100 
70 AKK # 1.0 ' .  

I F  ( UPDOWN. 1  80 r 80 90 
80 RR # R 2 1 N )  

GO TO 100 
90 RR # R I I N )  * 

.loo AOF # ABSF ( A K ( N ;  F ( N )  1 -  
BETA # AOF * THETA 
XO # AKK * RR * COSF ( BE.TA * CONV 1 
YO # RR * S I N F  ( BETA * CONV ) 

I F  ( AKK 1 110 110. r 160 
110 I F  ( N - NHIGH. 130 r 170 9 170- 
130 I F  ( UPDOWN 1 140 14C v 150, 
140 RE # R 2 ( N ) , -  

GO TO 21n 
150 RE # R I  ( N ) .  

GO TO '210 
160 I F  ( N  - NLOW ) 170 170 * 180 
170 RE # RR 

BETAZ # e E T A  + 2.0 * AOF * DTHETA(N)  
GO TO 220 

180 I F  ( UPDOWN ) 190 190 200 
190 RE # R I ( N 1  

GO TO 21 0 . . 

200 RE # R 2 ( N )  
210 BETAZ # BETA + AOF * DTHETA(N1  
-220 CONTINUE . . 

XD *# AKK * RE * COSF ( BETAZ * CONV ) 

.YD # RE * S I N F  ( R E T A Z . *  CONV 1 
I F  ( BETAZ - P H I ( N )  1  230 r 360 360 

. 230 XORE # . X O . + . X C I N )  . 
XDRE # X D . + X C ( N )  ' . .  . 
C A L L  'PLOT ( X O R E '  , Y O .  I , 2 .  

C A L L  ' P L O T  ( XDRE , YD , I , I 1 
THETA # BETAZ / AOF - 
I F  ( A K K  ) 240 290 9 290 

240 I F  1 N - NHIGH 1 250 r 270 r 270 
250 I F  ( UPDOWN 280 r 2809 260 
2630 ZZ # Z ( N + I )  

N # N + I  
GO TO: 340' 

270 UPDOWN # - 1 a0 
28fl ZZ # Z ( N 1  



N # N -  I 
GO TO 3 4 0  

2 9 0  I F  ( N - NLOW .) 3 2 0  r  3 2 0  r 3 0 0  
3 0 0  I F  ( UPDOWN ) 3 1 Q  9 3 1 0  9 3 3 n  
3 1 0  ZZ # Z ( N )  

N # N - I  
GO TO 3 4 0  

3 2 0  UPDOWN # I .n 
3 3 0  ZZ # Z ( N + I )  

N # N + I  
3 4 0  CONTINUE 

I F  ( ZZ - ~ ( N S T A R T )  1 3 0  r 3 5 0  r 3 0  
3 5 0  KOUNT # KOUNT + I 

I F  ( K O U N T -  2  * N U M  ) 3 0  r 5 1 0  r 5 1 0  
3 6 0  A l  # S I N F  ( P H I ( N )  Q CONV 

B I  # - A K K * C O S F  ( PH I (N )  * C O N V  
I F  ( ABSF ( XO - XD ) - .0001  3 7 0  r 3 7 0  r 3 8 0  

3 7 0  A2 # 1.0 
R2 0.0 
D2 # XO 
GO TO 390  

3 8 0  SLPE # ( YD - YO ) / ( XD - XO ) 

A2 # - SLPE 
B2  # 1.0 
0 2  # YO - SLPE 3 XO 

3 9 0  DENOM # A l  * R2 - A2 * R I  
I F  ( ABSF ( DENOM ) - .oOf l l  4 1 0  r  4 1 0  r  4 0 0  

4 0 0 x 1  # ( - 0 1  " 0 2  ) / D F N O M  
Y I  # A 1 * D2 / DENOM 
XORE # XO + X C ( N )  
X IRE # X I  + X C ( N )  
CALL PLOT ( XORE r YO r  I 9 2 ) 

CALL PLOT ( ' X I R E  r , Y I  r I r  I 1 
XO # AKK 3 SQRTF ( X I * Q 2  + Y I * Q 2  ) 

Y O  0.0 
BETAZ '# BETAZ - PHI  ( N )  
GO TO 2 2 0  

4 1 0  WRITE OUTPUT TAPE 6 r  4 0 0 0  r  N , A K ( N ) ~ A I ~ B I ~ A ~ ~ R ~ , D ~ ~ P H I ( N ) ~ X O ~ Y O ,  
I XDr YD 

4 0 0 0  FORMAT ( 6OHl  L I N E  CONNECTING ( X O r Y O )  AND ( X D r Y D )  I S  PARALLEL TO L 
I I N E  2 IHO r I 3  9 l l F 1 0 , 4  ) 

b 0  1'0 5 l a  
4 2 0  I F  ( UPDOWN 1 4 3 0  9 4 3 0  4 4 0  
4 3 0  XO # R I ( N )  

XD # X C ( N )  
ZZ # Z ( N )  
N N # N - I  
GO TO 4 5 n  

4 4 0  XO # X C ( N )  
X D # R I ( N )  ' 

Z Z  # Z ( N + I  1 
N N # N + I  

4 5 0  YO # THETA Q R ( N )  * CONV 
YD # YO + R ( N )  * DTHETA(N1 Q CONV 
SLPE # ( YD - YO ) / ( XD - X3 ) 



4 6 0  CONTINUE 
I F  ( YD - . R 2 ( N )  4 8 0  9 4 8 9  , 479 

4 7 0  Y I  # R 2 ( N )  
X I  # ( S L P E  * XO + Y I  - YO / SLPE 
C A L L  PLOT  ( XO , YO 9 I  , 2 ) 

C A L L  P L O T  I X I  , Y I  9 I ,  I )  
xo # X I  
y o  0.0 
Y D  # YD - R Z ( N 1  
GO TO 4 6 0  

4 8 0  C A L L  PLOT  ( XO 9 YO ., I 9 2  ) 

C A L L  PLOT  ( XD 9 YD 9 I I ,I,. . . .  
THETA # YD / ( R ( N )  * G O N V ' ) '  
I F  ( Z Z  - L ( N S T A R T )  s 5 0 0  . ,  4 9 0  ., 50 .0 -  . . 

4 9 0  KOUNT # KOUNT + I r z , .  . . . . 
I F  ( KOUNT - 2 * NUM ) 5 0 0 . ~ 9  5 1 b  5 1 0  

5 0 0  N # NN . . . . . . 
GO TO 3 0  

5 I 0  'CONTINUE 
C A L L  F I N I S H  ( 3 0 , T I T L E  
END F I L E  8 
RETURN 
END . . . 

" LABEL  

CD I VSUR D I V I D E  UP SURFACE , 

SUBROUTINE D IVSUR ( STEP 
D I M E N S I O N  R ( I ~ ~ ~ ) ~ ~ ( I O O O ) ~ A K ( I ~ ~ [ ! ~ ~ F ~ I ~ O ~ ~ ~ X I ~ I O O ~ T I T L E I ~ ) ,  

I R O (  1 0 0 )  , Z O , ( I O O ) ~ A L P H A O (  1 0 0 ) ~ C O N S ( 1 0 0 ) ~ ; W (  1 0 0 ) , D (  1 0 0 ) t T ~ 1 c K . ( . l o O ) ,  
2 R T ( I O O )  ~ Z T ( ~ ~ ~ I ~ N C ( I O O ) ~ D T H E T A ( I O O O ) , F L N G T H ( I O O ~ )  

DIMENSION H A N G L E ( I O O ) ~ T H N E S S ( I O ~ ) '  
COMMON M,R,Z,AKIF~XI , N O G E O D ~ R O , Z O ~ A L P W A O , C ~ ' I \ I ~ ~ , W , D ~ T H I ~ C K , N ~ ~ R T , ~ T ~  

I S M A X ~ R M A X ~ Z M A X , T H M A X , J J , T I T L E , P I ~ D T H E T A , F L N G T ~ ~ , T S U M ~ F L S U M ~ N H I G H ,  
2 NLOW D I S T R T  9 ADVNCE 9 SHAFT1 SHAFT2  

THMAX 0.0 
J # O  

. . s # 0.0. 
MMI # M - I 
DO . I 0 0  N # I MMI . . 
I F  ( A K ( N I  ) 5 r 5 0  v 5 ;. . 

5 S # X I  ( N l  
.AKOFN # A K ( N )  / F ( N )  
RPX # R ( N )  - AKOFN * X I ( N )  . . 
ZPX # Z ( N )  - X I  ( N )  / F ( N 1  

l O J # J + I  
', . 

RR # RPX + AKOFN * S . 
ZZ  # Z P X  + S / F ( N )  

15 SUMTH # o.0 
DO 2 0  I # I 9 NOGEOD 
C A L L  PERCOV ( RR r N r I r PERCNT HANGL ) 

HANGLE( I) # HANGL 
T H N E S S ( 1 )  # FLOATF  ( N C ( 1 )  ) * D L 1 1  * PERCNT 
SUMTH # SUMTH + THNESS( I ) 

2 0  CONTINUE 



THMAX # MAXIF  ( THMAX r SUMTH 
R F I N A L  # RR +'SUMTH / F ( N )  
Z F I N A L  # ZZ - SUMTH * AKOFN 
WRITE TAPE I r  S 9 RR r ZZ r  ( HANGLE(1 )  r  I # I r  NOGEOD 9 

I ( T H N E S S ( 1 )  r  I # I r  NOGEOD ) r  SUMTH r RFINAL r Z F I N A L  
I F  ( . S  - X I ( N + I )  + STEP 1 7 5  r 3 0  * 3 0  

2 5  S # S + STEP 
GO TO 10 

3 0  IF ( s - X I ( N + I )  + . O O O O O I  3 5  r Inn l o o  
55  S # X I  ( N + I )  

RR # R ( N + I )  
ZZ # Z ( N + I  1 
J # J + I  
GO TO 15 

5 0 J # J +  1 
S # X I ( N 1  
RR # R ( N )  
ZZ # Z ( N )  
SUMTH # 0.0 
DO 8 0  I # I r NOGEOD 
CALL PERCOV ( RR r N r  I r PERCNT r HANGL ) 

HANGLE( I) # HANGL 
THNESS( I )  #J D ( I I  a PERCNT * FLOATF ( N C ( I )  
SUMTH # SUMTH + THNESS(1)  

8 0  CONTINUE 
THMAX # MAXIF ( THMAX r SUMTH 
R F I N A L  # RR + SUMTH 
Z F 1 N A L . g  ZZ 
J 2  # I 
WRITE TAPE I r  S r  RR r ZZ r ( HANGLE(1 )  r  I # I  r  NOGEOD r 

I ( T H N E S S t I ) ,  I # I r  NPGEOD r SUMTH 9 R F I N A L  r Z F I N A L  
IF ( J Z - 2  ) 9 5  ,  no, inn 

9 5  S # X I ( N + I  I 
J # ; l + l  
ZZ # Z ( N + l )  
Z F I N A L  # ZZ 
J2 # 2 
GO TO 9 0  

100  CONTINUE 
JJ # J 
SMAX # S 
 NU FILE i 
RETURN 
END 

"LABEL 

CRZPLOT PLOT R AND Z VERSUS S 
SUBROUTINE RZPLOT ( XO r YO r X L  r  YL ) 

DIMENSION R ( ~ ~ ~ ~ ) ~ Z ( I ~ ~ ~ ) ~ A ~ ( ~ ~ ~ O O ) ~ F ( I O O O ) , X ~ ( ~ O ~ O ~ ~ T T T L E (  1 7 ) .  
I R O t  IOD)  r Z O (  IUU) rALPHAo[  l . 0 ~ )  rC3NS(  I 0 0 1  rW( lC.0) ,D( 1 ~ 0 )  ,THICK( l 0 0 ) r  
~ R T ( I ~ ~ ) ~ Z T ~ ~ ~ ~ ~ ) ~ N C ( I ~ ~ ) , D T H E T A ( ~ O ~ ~ ~ ) ~ F L N G T H ( I U O O )  

DIMENSION X A X ( I 2 )  A ( 1 2 1  r Y ( 2 1 0 )  
COMMON M ~ R ~ Z ~ A K ~ F ~ X I ~ N O G E O D ~ R O ~ Z O ~ A L P H A O ~ C O N S , W ~ D ~ T H I C K ~ N C ~ R T ~ Z T ~  

I S M A X ~ R M A X ~ Z M A X ~ T H M A X ~ J J ~ T I T L E ~ P I ~ C T H E T A ~ F L N G T H ~ T S U K ~ F L S U M ~ N H I G H ~  



2 NLOW , D I S T R T  r  ADVNCE r  S H A ~ T I  , , 'SHAFT2 
B T I T L E ( 7 )  # 6 0 6 0 6 0 6 0 5 1 6 1  
B T I T L E ( 8 )  # 5 1 4 4 2 1 6 7 6 0 6 O  
B T I T L E ( 9 )  # 2 1 4 5 2 4 6 0 7 1 6 1  . . . 
B  T I T L E (  I D ) #  7 1 4 4 2 1 6 7 6 0 6 n  . . t . 
B T I T L E (  1 1 ) #  5 3 6 0 6 0 6 0 6 0 6 0  
B XAX(  I # 6 0 6 0 6 0 6 0 6 2 6  1 
B XAX ( 2  ) # 6 2 4 4 2  1 6 7 6 9 6 0  
B X A X ( 3 )  # 5 3 6 0 6 0 6 0 6 F 6 0  . 

D I V X  # 10.13 / X L  
D I V Y  # 10.0 / YL  
CALL  SETUP ( T I T L E  ) 

C A L L  A X P L O T ' (  X O r Y O r X L  r  Y L  r D I V X r D I V Y r  . I r . l , '  5 - r 5 , 5 0 r ~ ~ ~  r  
I T I T L E ( 7 )  

I N K  # 2 
DO 3  N # I  * M  
Y I  # R ( N )  * Y L  / RMAX + YO 
S I  # X I  ( N )  * XL / SMAX + XO 
CALL  PLOT  ( S I  r  Y I  r  I r  I N K  ) 

I N K  # I 
3  CONTINUE 

I N K  # 2  
DO 4  N # I r M  

' Y I  # Z ( N )  * Y L  / ZMAX + YO 
S I  # X,I ( N )  * XL / SMAX + XO . . 
CALL  PLOT  ( S I  r  Y I  r  I r I N K  ) 

I N K  # I 
4  CONTINUE 

WRITE OUTPUT  TAP^ 0 r 4 0 1 0 r  X A X ( 2 )  r  SMAX 
4 0 1 0  FORMAT ( A6  r  I H #  r  F8.4 r  I H B  

READ.1NPUT TAPE 0 r 4 0 2 0 r  ( A ( K ) r  K . W  1 9 3  ) . 
4 0 2 0  FORMAT ( 3 A 6  . . . , 

XX # X L .  / 4.0 + xo 
Y Y # Y L + . 5  + Y O  . . 
CALL  LETTER ( XX r  YY r 5 0  , 5 2  r  A  1. 
WRITE OUTPUT TAPE 0 r 4 0 1 0 r  T I T L E ( 8 ) r  RMAX 
REAP I N P U T  T A P E ' f l r 4 0 2 0 r  ( A ( K )  r  K #  I r  3  ) 

Y Y # Y L + . 3  + Y O  
C A L L  LETTER ( X X r  YY'r 5 0  r  . 5 2  r  A  
WRITE OUTPUT TAPE O r 4 0 1 0  r  T ITLE( IO )  r  ZMAX 

- READ ' INPUT  TAPE 8 r 4 0 2 0 r (  A ( K )  r  K  # I  r  3 
YY # Y L  + .I + YO 
C A L L . L E T T E R  ( X X r  Y Y r  50 ,  5 2  r A  
YY # YO + Y L  + 2.0 
CAL'L LETTFR ( XOr  Y Y r  50 ,  5 2  r T I T L E  1,  
C A L L  F I N I S H  ( 30 ,  T I T L E  

. END F T L E  8 
RETURN 
END 

"LABEL  
.. . . . 

CANGLPL PLOT  H E L I X  ANGLE VERSUS S 
, SUBR,OUTINE ANGLPL ( XO r- YO r XL r  Y L  ) 

D I M E N S I O N  R (  1 0 0 0 ) r Z ( 1 0 0 0 )  ~ A K (  I O C l f l ) r F (  I O 0 0 ) r . X I  ( I O ~ ' ~ . ; ~ T I T L E (  121,  



~ R O ~ I O O ) ~ ~ O ~ ~ ~ ~ ) ~ A L P H A O ~ I O ~ ) ~ C O N S ( I ~ ~ ) , W I ~ ~ @  I o O ) ~ T H I C K ( ~ O ~ ) ~  
~ R T ( I O O ) , Z T ( I ~ O ) , N C ( ~ O O ) ~ D T H E T A ( ~ ~ ~ ~ ) ~ F L N G T H ( ~ O O O )  

D I M E N S I O N  X A X ( I 2 )  9 A ( 1 2 )  Y ( 2 1 0 )  
COMMON M , R , Z , A K , F , X I , N O G E O D ~ R O , Z O , A L P H A O , C O N S , W ~ D ~ T H ~ C K ~ N C ~ R T ~ Z T ~  

I S M A X , R M A X I Z M A X , T H M ~ X , J J , T I T L E , P I I D T H E T A ~ F L N G T H ~ T S U M ~ F L S U M ~ N H I G H ~  
2  NLOW 9 DISTRT ADVNCE 9 SHAFTI 9  SHAFT^ 

D T I T L E ( 7 )  # 6 0 3 0 2 5 4 3 3 1 6 7  
R T I T L E ( 8 1  # 6 0 2  1 4 5 2 7 4 3 2 5  
B T I T L E (  9 )  # 5 3 6 ~ 1 6 n 6 0 6 0 6 n '  
B X A X ( I )  # 6 0 6 0 6 0 6 0 6 2 6 1  
B XAX ( 2  # 6 2 4 4 2  1 6 7 6 0 6 0  
B XAX ( 3 # 5 3 6 0 6 0 6 0 6 0 6 0  

D I V X  # I n . 0  / XL 
D I V Y  # 9.0 / YL 
C A L L  SETUP ( T I T L E  
C A L L  AXPLOT ( XO,YOPXLIYLIDIVX,DIVY,.I ~ 1 0 . 0  3 5 9  3  9 5 0  r XAX 9 

I T I T L E ( 7 ) '  
DO 2 0  I # 1 , NOGEOD 
I N K  # 2  
REWIND I 
DO 2 0  J # I r JJ 
I 2 # 1 + 2  
R E A D T A P E  I , S , ( Y ( K )  , K # I I 2  
I F  ( Y ( I 2 )  2 0  9 2 0  9 5 

5 Y I  # Y (  1 2 )  * YL / 90.0 + YO 
S I  # S  * XL / SMAX + XO 
C A L L  PLOT ( S I  , Y I  I ,  I N K )  
I N K  # I 

2 0  CONTINUE 
WRITE OUTPUT TAPE 0  r 4 0 1 0  X A X ( 2 )  r  SMAX 

4 0 1 0  FORMAT ( A 6  , 1H# , F8.4 , I H B  
READ I N P U T  TAPE 0 , 4 0 2 0 ,  ( A ( K ) ,  K  # 1 9 3  

4 0 2 0  FORMAT ( 3 A 6  
XX # xo + X L  / 4.n 
YY # YO + Y L  + .I 
CALL  L E T T E R  ( XX r YY 5 0  9 5 2  r A 1 
YY # YO + Y L  + 2.0 
C A L L  L E T T E R  ( XO , YY , 5 n 9  5 2  , T I T L E  ) 

C A L L  F INISH' (  317, T ITLE 
END F I L E  8 
REWIND I 
RETURN 
END 

" L A B E L  

CTHPLOT P L O T  THICKNESS VS S FOR GEODESIC I 
SUBROUTINE THPLOT ( I  , xo , Y O  , XL , Y L  ) 

D I M E N S I O N  R(1000),Z(1000),AK(10@0)rF~1000),XI(I'OOO)rTITLE(12)~ 
I R O ( I O O ) ~ Z O ( I O O ) , A L P H A O ~ I O ~ ~ ~ C O N S ~ I ~ O ) , W ~ ~ O ~ ~ ~ D ~ ~ O O ~ ~ T H I C K ~ ~ O O ~ ~  
2 R T ( l n O ) r Z T (  I ~ O ) , N C ( I ~ O ) ~ D T H E T A ( ~ ~ ~ O ) , F L N G ~ H ~ I O O O I  

D I M E N S I O N  X A X ( 1 2 )  r  A (  1 2 )  9 8 ( 1 2 )  Y . ( 2 1 0 ) .  
COMMON M ~ R I Z ~ A K ~ F , X I , N O G E O D ~ R O ~ Z O , A L P H A O ~ C C ) N S ~ W ~ D ~ T H I C K ~ N C ~ R T ~ Z T ~  

I S M A X I R M A X , Z M A X ~ T H M A X , J J , T I T L E  , P I  ~ D T H ' E T A ~ F L N G T H , T S U I ~ * F L S U P ~ ~ N H I G H Y  
2  NLOW , D I S T R T  , ADVNCE r SHAFT1 , S H A F T 2  



B X A X ( I )  # 6 0 6 0 6 0 6 2 6 0 6 1  
B X A x ( 2 )  # 6 0 6 2 4 4 2 1 6 7 6 0  
R X A X ( 3 )  # 5 3 6 n 6 0 6 0 6 0 6 D  
B , T I T L E ( 7 )  # 6 0 6 0 6 3 6 0 6 1 6 f l  
B T I T L E ( 8 )  # 6 3 4 4 2 1 6 7 6 0 2 6  
B T I T L E ( 9 )  # 4 6 5 1 6 7 2 7 2 5 4 6  
B T I T L E ( I 0 )  # 2 4 2 5 6 2 3 1 2 3 6 0  

. . DIVX # 1o.n X L  
D I V Y  # 10.0 Y L  
XLD  # I 

. . 
. . 

Y L D  # 0 1  
NX # 5  
NY # 5  
I 1  # 5 0  
WRITE OUTPUT TAPE 0 ~ 1 0 1 5  r  X A X ( 2 )  r SMAX 

1 0 1 5  FORMAT ( A6  r  I H #  'i F8.4 r  1HB ) 

READ I N P U T  TAPE 0 ,10209  ( A ( K )  9 K  # I 9 3  1 
1 0 2 0  FORMAT ( 3 A 6  ) 

WRITE OUTPIJT TAP.€ 0 1  11-125, THMAY. . . 
1 0 2 5  FORMAT ( ZOHMAXIMUM THICKNESS # rF9 .6  r  I H B  ) 

READ I N P U T  TAPE f l r 1 0 3 0 r  ( B ( K )  r K  # I r  5  ) 

1 0 3 0  FORMAT ( 5 A 6  I 
5 0  WRITE OUTPUT TAPE 0 9  101-15 r  I 

1 0 0 5  FORMAT ( I 2  9 I H B  ) 

READ 1,NPUT TAPE Q r 1 0 1 0 9  T I T L E ~ I I ) ,  
I d  l 0  FORMAT ( A 6  ) 

6 0  REWIND I 
C A L L  SETUP(  T I T L E  ) 

C A L L  AXPLDT ( X O ~ Y O , X L ~ Y L ~ D I V X I D I V Y ~ X L D ~ Y L D ~ N X ~ ~ I I ~ X A ' X P T I T L E ~ ~ ) )  
I N K  # 2  
DO 7I-I J # I r  JJ 
I 2  # I + NOGEOD + 2  
READ TAPE I t  S r  ( Y ( K )  r  K  # 1. r  I 2  ) 

S I  # 5  * X L  / SMAX + XO 
Y I  # Y (  1 2 )  x YL / THMAX + YO 
C A L L  PLOT ( S I r  Y I  r I r I N K  1 ' 

70 I N K  # I 
X X # X O  + X L / 4 . 0  , 

'YY # YO . +  YL  + . 3  
C A L L  LETTER ( X X r  YY r 5 P  r  5 2  r A  
YY # YO + YL. + . I 
C A L L  LETTER ( X X r  Y Y r  5 0  P 5 2  r  B 1 
Y Y #  Y O + Y L +  2.0 
C A L L  LETTER ( XO P YY r  5 0  r .  5 2  r  T ' I T L E  ) . 
C A L L  F I N I S H  ( 3 0  r T I T L E  I 

8 0  END F I L E  8  
REWIND I 
RE  TURN 
END 

"LABEL  

CSUMPLT PLOT SUM OF 'THICKNESS VERSUS s 
SU'BROUTINE SOMPLT ( XO 9 YO , X L  , YL ) 

D IMENSION R(IOOO)rZ(1000lrAK(100fl)rF(1000)rX1(100O)rTITLE(12)r 



I R O ( I O O ) ~ Z O ( I O O ) ~ A L ~ H A ~ ( I O O ) ~ C O N S ~ I O O ~ ~ W ~ O ~ D ~ O O ) ~ ~ H I C K ( ~ ~ ~ ) ~  
~ R T ( ~ ~ ~ ) ~ Z T ( I O O ) ~ N C ( ~ ~ ~ ~ ) ~ D T H E ~ A ( ~ O O O ~ ~ ~ F ~ N G T H ~ ~ O O O ~  

DIMENSION X A X ( 1 2 )  r A ( I . 2 )  3 B ( 1 2 )  r  Y ( 1 1 0 )  
COMMON M r R r Z r A K  r F r X  I , N O G E O D ~ R O ~ Z O ~ A L P H A O ~ C ~ N S ~ W ~ D ~ T H ~ ' C K ~ N C ~ R ~ ~ ~ ~ ~  

I S M A X ~ R M A X ~ Z M A X ~ T H M A X ~ ~ J ~ T I T L E ~ P I I D T H E T A ~ F L N G T H ~ T ~ U H ~ F L S U M ~ N H I G H ~  
2 NLOW r DISTRT r  AUVNCE r  S H A F r l  r  SHAFT2 

X A X l l )  # 6 0 6 0 6 0 6 2 6 0 6 1  
XAX (.2 ) # 6 0 6 2 4 4 2  167617 
XAX ( 3 )  # S :?b~ lb l~ lb ! l b l l 60  
T I T L E ( 7 )  # 6E61763606160 
T I T L E ( 8 )  # 6 3 4 4 2 1 6 7 6 0 2 6  
T I T L E ( 9 )  # 4 6 5 1 6 0 2 7 2 5 4 6  
T I T L E (  1 0 )  # ' , 2 4 2 5 6 2 3 1 2 3 5 0  

55 T I T L E ( I I )  # 6 0 6 2 6 4 4 4 5 3 6 0  
D IVX # 10.0 / XL 
D I V Y  # 10.0 / YL 
XLD # .I 
YLD # .I 
NX # 5  
NY # 5 
I 1  C 5 0  
WRITE OUTPUT TAPE O r 1 0 1 5  r  X A X ( 2 )  r  SMAX 

1015  FORMAT ( A6 9 I H #  r  F8.4 r  IHB  ) 

READ INPUT TAPE q 9 1 0 2 0 9  ( A ( K ) r  K  k 1;3 ) 

1 0 2 0  FORMAT ( 3 4 6  ) 

WRITE OUTPUT TAPE D r l f l 2 5 r  THMAX 
1 0 2 5  FORMAT ( ZnHMAXIMUM THICKNESS # rF9.6  .r IHB  

REAC INPUT TAPE n r 1 0 3 0 r  ( P ( K )  r  K  # I r  5  
1030  FORMAT ( 5A6 

REWIND I 
CALL SETUP( T I T L E  
CALL AXPLOT ( X O r Y O r X L r Y L r D I V X r D I V Y r X L D r Y L D r N X r N Y ? I I r X A X r T I T L E ( 7 ) )  
INK'  # 2  
DO . 7 0  J # I r  JJ 
I 2  # 2  * NOGEOD + 3  
READ TAPE I r  S r  ( Y ( K )  r K  # I r  I 2  ) 

SI. # S  * XL / SMAX +. XO 
Y I  # Y ( I 2 )  * YL / THMAX + YO 
CALL PLOT ( S I r  Y I  r  I r  I N K  ) 

7 0  I N K  # I 
XX # XU + XL / 4.0 
YY # YO + YL + .3 
CALL LETTER ( XXr  YY r  5 0  9 5 2  r A  
YY # YO + YL + .I 
CALL LETTER ( XX, YYr 5 0  r  5 2  r B 1 
YY # YO + YL + 2.0 
CALL LETTER ( XO r  YY r 5 0  , 52 r  T I T L E  1 
CALL F I N I S H  ( 30 r  T I T L E  
END F I L E  8 
REWIND I 
RETURN 
END 

* L A B ~ L  



CCNPLOT P L O T  OF FINAL C O N T O U R .  R ' V S  Z  
. SURRO.UTINE . CNPLOT ( XO YO XSCALE , YSCALE ) 

C  
c XSCALE IS  S C A L E  OF x I z 1  AXIS ( I. o FULL SCALE ; .5 HALF 

C YSCALE . I S  SCALE O F  Y  ( R  1  ' A X I S  SCALE, 2.0 DOUBLE* ETC. 1  
C  ' . . 

DIMENSION R ( ~ ~ ~ ~ ) ~ ~ ~ I O O O ) ~ A K ( I ~ ~ ~ ~ ) ~ F ( I ~ ~ ~ ~ ~ X I ~ I O O ~ T I T L E  I 2 ) . 9 .  
I R O ( I O O ) ~ ~ ~ ( ~ ~ ~ ) ~ A L P H A ~ ~ I O ~ ~ ~ C O N S ~ ~ O ~ ~ ~ I J ~ I ~ ~ ~ ~ D ~ I . ~ ~ ~ ~ T H I ~ K ~ I ~ ~ ~ ~  
2 R T (  1 0 0 1  r Z T (  1 0 0 1  9 N c I  1 0 0 1  S D T H E T P . ~  l o n o )  *FLNGTH(  I 0 0 0 1 .  ,. 

D I M E N S I O N  A'( 1 2 )  r  Y ( Z I O 1  9 X A X ( 1 2 )  9 Y A X ( I 2 )  . 
COMMON M,R,Z,AK,F,XI ,NOGEOD,RO,ZO,ALPHAO~CONS,W,,D~THICK,NC~,RT,ZT; 1 

lSMAX,RMAX,ZMAX,THFAX,JJITITLE,PI ,DTHETAiFLNGT.H,TSUM,ELSUM,PJHIGH* 
2  NLOW 9 D I S T R T  9'  ADVNCE 3 S H k F T I  SHAFT2 . . .  . 

B T I T L F ( 7 1  # 6 C 2 6 3 1 4 5 2 1 4 3  . . ,  
B  T I T L E ( 8  1  # 6 0 2 3 4 6 4 5 6 3 4 6  
B T I T L E 1 9 1  # 6 4 5 1 5 3 6 0 6 0 6 0  . 
e, X A X ( 0  # 6 0 6 0 7 1 5 3 6 0 6 0  
B Y A X ( I 1  # 6 0 6 0 5 1 5 3 6 0 6 0  

C A L L  SETUP ( TITLE ) 
. . .  

XL  # I ZMAX + THMAX + .I I * XSCALE 
YL  # ( RMAX + THMAX + . I 1  * YSCALE 
D I V X  # 1 / XSCALE 
D I V Y  # 1.0 YSCALE 
NX # D I V X  + a 9 9  
NY # D I V Y  + - 9 9  
C A L L  AXPLOT ( XO,YO,XL,YL,DIVX,DIVY,I.O,I.O, N X , N Y , ~ O , X A X , Y A X . )  

. I N K # 2  
DO 2 8 0  N  # l , M . . 
XX # Z ( N )  * XSCALE + X O '  
Y Y  # R ~ N )  9 YSCALE + Y O  
C A L L  PLOT  I XX , YY r  I , I N K  1  . . 
I N K  # I 

. 
2 8 0 ,  CONTINUE , . - .  

"REWIND I 
I N  I # 2  * NOGEOD + 4  
I N 2  # I N 1  + I . . 
I N K  # 2  
DO 3 0 0  J #  I ,  JJ . . 
R E A D T A P E  I ,  S  ( Y ( K )  9 . K  # 1. 3 I N 2  1  *. 

X X  # Y  ( I N 2  1  * XSCALE + XO ' 

YY # Y I I N I )  * YSCALE + YO 
C A L L  PLOT  ( XX r  YY t I 9 I N K  ) 

I N K  # I . 
3 0 0  CONTINUE . . I .  . 

XX # xo  + XL  / 4.0 
YY # YO + YL  + .3 
WRITE OUTPUT TAPE 0 , 1 0 0 0 ,  XSCALE YSCALE, 

1 0 0 0  FORMAT ( 9HZ  SCALE # 9 F7.4 9 I 2 H  R SCALE # t F7.4 r IHB  1 '  
REAC I N P U T  TAPE P 9 1 0 0 1 i  ( A 1 1 1  9 I # I 96 1  . 

l O D l  FORMAT ( 6 A 6  
C A L L  LETTER ( XX YY 9 ' 5 0 9  5 2  r A ) 

YY # y o  + Y L  + 2.0 
C A L L  LETTER ( XO 9 YY r 5 0  , 5 2  9 T I T L E .  1  
C A L L  F I N I S H  ( 3 0  9 T I T L E  1  
END F I L E  8 



REWIND I 
RETURN 
END 

*LABEL 

CpERCoV COMPUTE PERCENT COVERAGE AND H E L I X  ANGLE AT A STATION 
SUBROUTINE PERCOV I RR r N r I r PERCNT r HANCL ) 

DIMENSION R ( I ~ ~ ~ ) ~ ~ ( ~ O O ~ ) ~ A K ( ~ ~ ~ ~ ) ~ F ~ I O O O ~ ~ X ~ ~ I O O O ) ~ T I T L E I ~ ) ~  
IRO(  I O O ) r z O (  ~ ~ ~ ) ~ A L ~ H ~ ~ I ~ ~ ~ ~ ~ C O ~ S ( ~ O O I ~ W ~ I U U ) ~ D ( I U ~ ) ~ ~ H I C ~ ~ I O ~ ~ ~  
2 R T ( 1 0 0 ) r Z T (  I~fll,NC(l~fl)rDTHETA(I00~1rFLNGTH(1000) 

COMMON M ~ R ~ Z ~ A K ~ F ~ X I ~ N O G ~ O D ~ R O ~ Z O ~ A L P H A O ~ C O N S ~ W ~ D ~ T H I C K ~ ' N C ~ R T ~ Z T ~  
I S M A X ~ R M A X ~ Z M A X ~ T H M A X ~ J J I T I T L E , P I , D T H E T A ~ F L N G T H ~ T S U M ~ F L S U M ~ N H I G H ~  
2 NCOW. r D ISTRT r ADVNCE r SHAFT1 r SHAFT2 

I F  ( A K I N 1  1 6 0  r 162 r 6 0  
6 0  FOK # F ( N )  / ABSF ( A K ( N )  1 

W02 # W (  I) / 2.0 
RHO # FOK * RR 
I F  ( RR - CONS(1 )  1 140  r 130  9 100  

100  RMC # SQRTF ( ( R R - C O N S ( I ) ) *  (RR+CONS( I )  ) ) 

HANGL # ATANF ( C O N S ( I I  RMC ) " 180.0 P I  
S INA # CONS(1 )  / RR 
COSA # RMC / RR 
F I  # RHO * SINA + W02 
FAC # ( RHO + F 1  I * RHO - F I  ) 

I F  ( F A C  I I 2 0  r 120. . r  110  
110  Y2 # - COSA * F I  + S INA * SQRTF ( FAC 1 

X2 # COSA * Y2 / S l N A  + W02 S I N A  
DPHI2  # ATANF ( ARSF( Y2 1 / ( RHO + X2 ) 

F 2  # RHO * SINA - W02 
FACZ # RHO + F 2  I * ( RHO - F 2  1 
FACZ # MAXIF ( FACZ r 0.0 ) 

Y3 # -COSA * F 2  + S INA * SQRTF ( FACZ 1 
X3 # CO'SA * Y3 / S INA - W02 / S I N A  
DPHII # A T A N F  ( ~3 / ( RHO + x 3  
PERCNT # FOK * ( D P H I l  + DPHIZ ) P I  
GO TO 170  

120  F 3  # RHO * S I N A  - '402 
FAC3 # ( RHO + F 3  1 * ( RHO - F 3  ) 

FAC3 # MAXIF FAC3 r n.0 1 
Y3 # - 'COSA * F 3  + S INA * SQRTF ( FAC3 ) 

X3 # COSA * Y3 / S INA - W02 / S I N A  
D P H I I  # ATANF ( Y3 / ( RHO + X3 1 1 
Y2 # - COSA * F 3  - ~ I N A  * SQRTF ( FAC3 1 . 
X2 # COSA * Y2 / S INA - W02 / S I N A  
RHOX2 # RHO + X2 
I F  ( RHOX2 ) 122  r 122  9 126 

122  DPHI2  # ATANF ABSF( RHOX2 / Y2 1 1 
D P H I 2  # D P H I 2  + P I  / 2.0 
GO TO 128 

176 DPHTZ # ATANF ( ARSF(Y2)  / RHOX2 ) 

128 PERCNT # FOK * ( O P H I l  + D P H I 2  ( 2.0 * P I  
GO 'TO. 170.  

130  HANGL # 90.0 
GO TO 160  



0 

1 4 0  HANGL # 0.0 
RHOMIN # FOK * C O N S ( I I  - 1402 
I F ' (  RHO - RHOMIN 1 5 0  r  1 6 0  r . 1 6 0  

1 5 0  PERCNT # 0.0 
' GO TO 1 7 0  

1 6 0  RHOT # FOK * C O N S ( 1 )  
.F4;..# .RHoT - WO2. , . . . 
F,AC4 # ( '  RHO - F 4  *. ( '  RHO + F 4  ) 

I F  (. F A C 4  1 5 0  r 1 5 0  r  161 
1 6  1 Y I # ,SQRTF- ( F A C 4  l 

DPH'I I # ATANF .( Y I ' F+ ) , . 
: 5 

, PERCNT # FOK,* - 'DP,HI  I / P I  .: 

GO TO 1 7 0  ' 

1 6 2  1.F ( RR -. C O N S ( 1 )  ) 1 6 8  r  1'68 , . . I 6 4  
1 6 4  RMC # SQRTF ( (RR+CONS( I) ) * ( RR-CONS(I) ) ) 

HANGL # ATANF ( C O N S ( 1 )  RMC ) * 1 8 0 . 0 . /  P I ,  
PERCNT # W ( I )  / ( P I  * RMC 
GO TO 17f l  

1 6 8  HANGL # 0.0 . .  
PERCNT Ar 9.0 

1 7 0  CONTINUE 
RETURN 
END 

*LABEL  

CADJUST ADJUST STARTING H E L I X  ANGLE . 
SUBROUTINE ADJUST ( I, NA i Nl? r FRACT 7 EPS 7 L L  ) 

DIMENSION R(1000)r~(1000)r~K(1000)r~(1000)iXI(l000)r~,1TLE(12)r 
1 R 0 ( 1 0 0 ) ~ Z 0 ( 1 0 0 ) ~ n ~ P ~ ~ 0 ( 1 O o ~ ~ ~ O N S ~ 1 o o ~ ~ W . l o o ~ l o o T ~ 1 c K 1 0 0 ) ~  
2RT,1100)rZT(IO~)rNC(iO0)7DTHETA(10~I!)rFLNGTH~1000~) 

COMMON M I R ~ Z I A K ~ F , X I , N O G E O D ~ R O ~ Z O Y A L P H A O , C C N S Y W ~ D ~ T H I C K ~ N C ~ R T ~ Z T ~  
ISMAXIRMAX IZMAX~THMAX ,JJ .T ITLE , P I  tDTHETA ~ F L N G T H , T S U M ~ F L S U I ~ *  bIHIG,Hr 
2 NLOW r D I S T R T  r ADVNCE 9 SHAFT1 r  SHAFT2 

CONV # 180.0  / P I  
I T E R  # 0 
AZERO # A L P H A O C I )  
RZERO # R O ( I )  
ZZERO # Z O (  I )  
C # C O N S ( 1 )  
I F  ( A L P H A O ( 1 )  - 89.0 ) 3 0  9 3 0  r  2 0  

2 0  R O ( I )  # RMAX 
A L P H A O ( I 1  # ATANF(  C O N S ( I ) , /  SQRTF( R O ( I ) * * 2  - C O N S ( I ) * * 2 )  *CONV 
D O 2 2  N # 2 r M  
I F  ( R O ( 1 )  - R ( N )  2 4  7 2 4  r  22  

2 2  CONTINUE 
2 4  Z O ( 4 )  # Z ( N )  

- 3 0  FRC# FRACT 
R V  # F L O A T F (  NA ) / FLOATF ( NB)  + ADVNCE . .. 
AAZERO # A L P H A O ( 1 )  

4 0  CONTINUE 
D E L A I  R V  - FRC 
I F  ( A B S F (  D E L A )  - EPS 1 1 1 0  r l l q  r 5 0  

5 0  DTDA # 0.0 
CSQ # CONS( I) **2 



RCOS # R O ( 1 )  + COSF ( ALPHAO(1)  / CONV 
N L I  # NLOW + I 
NHI  # NHIGH - I 
SQ2 # 1.0 / SQRTF ( R ( N L I ) * + 2  - CSQ 
DTDA # DTDA - F(NL0W)  * RCOS * SQ2 / AK(NL0W) 
I F  ( N H L -  N L I  8 5  r  5 5  r 5 5  

5 5  DO 8 0  N # N L I  r NHI 
I F  ( A K ( N )  6 0  9 7 0  9 6 0  

6 0  SQI # SQ2 
SQ2 # 1.0 / SQRTF ( R ( N + l ) * * L  - C5Q ) 
DTDA # DTDA + F ( N )  + RCOS * ( - SQ2 + SQI 1 / AK(NI  
GO TO 8 0  

7 0  DTDA # DTOA + RCOS * R ( N 1  * ( Z ( N + I )  - Z ( N )  ) * ( SQ2 4 4 3  ) 

8 0  CONTINUE 
8 5  DTDA # DTDA + F(NH1GH) * RCOS * SQ2 / AK(NHIGH1 

DTDA # 2.0 * DTDA 
I F  ( ABSF( DTDA - .fll 1 1 4 0  r  140  9 9 0  

9 0  DALPHA # DELA* 360.0 DTDA 
ALPHAO(1)  # ALPHAO(1)  + DALPHA 
I F  ( ITER - 10 1 IOf l  r  1 5 0  r  I 5 0  

100  ITER # ITER + I 
C O N S ( 1 )  # R O ( I )  * S I N F  ( ALPHAO(1)  / CONV ) 

CALL DELTHA ( I 
NLOW # NLOW 
NHIGH # NHIGH 
FRC # TSUM / 360.0 
GO TO 4 0  

110  DALPHA # ALPHAO(1)  - AAZERO 
I F  ( ABSF ( DALPHA 1 - 5.0 120  r  130  r 130  

1 2 0  L L  # 0 
GO TO 170  

130  WRITE OUTPUT TAPE 6 r  100Q r DALPHA 
1000  FORMAT ( 20HO CHANGE I N  ALPHA r r F10.6 r  43H r TOO GREAT - GEOD 

I E S I C  DISTORTED INSTEAD 1 
GO TO 160  

140  WRITE OUTPUT TAPE 6 r l f l l f l  r DTDA 
1 0 1 0  FORMAT ( 22HQ D THETA / D ALPHA # r  F9.6 r 71H r LARGF CHANCE I N  

(ALPHA WOULD BE REQUIRED - GEODESIC DISTORTED INSTFAD 1 
GO TO 160 

150  WRITE OUTPUT TAPE 69  1020  
1020  FORMAT ( 7 1HO ALPHA D I D  NOT CONVERGE I N  10 ITERATIOFlS - GEODESIC 

IDISTORTED INSTEAD ) 

160  L L  # I 
C O N S ( 1 )  # C 
R O ( I )  # RZERO 
Z 0 (  1 )  # ZZERO 
ALPHAO(1)  # AZERO 
CALL DELTHA ( I 

17@ CONTINUE 
RETURN 
END 

*LABEL 

CNOFACT ALTERS FRACTION SO NO COMMON FACTORS 



SUBROUTINE NOFACT ( NUMER' ,  IDENOM ) 
1 0 0  JJJ # 0  
2 0 0  JJJ # JJJ + I 

M I  # IGCD ( NUYERr IDENOM 
IF ( M I  - I ) 3 0 0  9 3017 9 2 5 0  

2 5 0  GO TO ( I 2'9 3, 4 9  5  ) , JJJ 
1 IDENOM # IDENOM + 1 

GO TO 2 0 0  
2  IDENOM # IDENOM - 2 

GO TO 2 0 0  
3 I DENOM # IDENOM + I 

NUMER # NUMER + I 
GO TO 2 0 0  

4  NUMER # NUMER - 2 
GO TO 201-1 

5 NUMER # NUMER + 2  
IDENOM # IDENOM + I 
GO TO 1 0 0  

3 0 0  CONTINUE 
RETURN 
END 

FUNCTION IGCD(MM,NN) 
C PROGRAM AUTHOR M.ELSON9 CENTRAL DATA PROCESSINGr1 /1 . / 65  

M#MM 
N#NN 
I F ( M - N ) 2 , 2 ,  I 

I I # M  
M#N 
N# I 

' 2  IGCD#M 
. . . . 

IGCD l#XMODF(N ,M)  
, I F ( I G C D 1 ) 4 , 4 , 3  

3  N#M 
M# IGCD I 
GOT02 

4  RETURN 
END 

* L A B E L  , 

CSH I F T 
SUBROUTINE S H I F T  ( N  r  S H I F T 2  ) 

DIMENSION R ( I O O O ) ~ ~ ( ~ O O O ) ~ A K ( ~ ~ ~ ~ ) ~ F ( ~ ~ ~ ~ ) ~ X ~ ( ~ ~ ~ ~ ) ~ T I T L E ( I ~ ) ~  
I R ~ ( ~ ~ ~ I ~ ~ O ( ~ O O ) ~ A L P H A O ( ~ O O ) ~ C O N S ( I O O ) ~ W ~ ~ O O ~ ~ ~ ~ ~ ~ O O ~ ~ T H I C K ~ I ~ O ~ ~  
2 R T ( 1 0 0 ) r Z T ( I O O ) ~ N C ( l f l f l ) , D T H E T A ( I O f l ~ ) , F L N G T H ( I O O O )  

D IMENSION R l ( 1 0 0  ) r  R 2 ( 1 0 0  r  P H I ( 1 0 0  r  X C ( 1 0 0  
COMMON M , R , Z , A K ~ F ~ X ' I ~ N O G E O D ~ R O ~ Z ~ ~ A L P H A O ~ C O N S ~ W , D , T H I C K , N C , R T , Z T ,  

ISMAX~RMAX,ZMAX,THMAX~JJ,TITLE,PI~DTHETA,FLNGTH,TSUM~,~FLSUM,NHIGH, 
2  NLOW , D I S T R T  , ADVNCE 9 SHAFT1 r  SHAFT2  

COMMON AA ,Re rCC,DELrDELRHO,NSTART 
COMMON L L L  :, RHOMIN r  FR r T M I N  
COMMON R I  r  RZ 9 P H I  r  XC 
S H I F T 2  # 0.0 
I # N - I  

5  I F  ( A K ( 1 )  I n  r 6Q 9 1.0 



10 I F  ( P H I ( I ) - 9 0 . P  5 0  r  5 0  9 2 0  
2 0  I F  ( P H I ( 1 )  - 18n.n 3 0  9 4 f l  r  4 0  
3 0  S H I F T 2  # S H I F T 2  + R I ( 1 )  - R ~ ( I )  * COSF ( PHI(I) * P I  / 180.0 

GO TO 60  
4 0  S H I F T 2  # S H I F T 2  + R I ( 1 )  + R 2 ( I )  

GO TO 6 0 '  
50 S H I F T 2  # S H I F T 2  + R I ( 1 )  * I 1.0 - COSF ( P H I ( 1 )  * P I  / 180.0 ) 

G 0 I F  ( I  - N  70 r 8 0 r  8 0  
7 0 I # N  

GO TO 5  
8fl CONTINUE 

RETURN 
END 

*LABEL 

t 

CAXPLOT DRAW AXES FOR PLOTS 
-SUBROUTINE AXPLOT ( XOrYOrXLrYLrDIVXrDIVYrXLDiYLDrNXrNY,IIrXAXr 
1 YAX 

C  
C  XO r  YO I S .  THE ORIGIN  
C XL 9 YL I S  LENGTH OF AXES 
C  D I V X r D I V Y  I S  D I V I S I O N S  PER INCH 
C XLDr  YLD I S  LENGTH D I V I S I O N  REPRESENTS 
C  NX 9 NY I S  D I V I S I O N S  TO BE LAPELED ( I rEVERY D I V  r  2rEVERY OTHER) 
C I 1  I S  S I Z E  OF LETTERS 
C .XAX r  YAX I S  NAME OF AXES 
C 

DIMENSION X A X ( I 2 )  r  Y A X ( 1 2 )  
XXL # XL + xo 
YYL # YO + YL 
CALL PLOT 1 XO rYYL  r  I r  2 )  
CALL PLOT 1 XO r  YO r  I r  I )  
I X  # D I V X  * XL + - 0 5  
I Y  # D I V Y  * YL + .05 
YOFFI # YO + .04 
YOFF2 # YO - .04 
XOFFl # XO - .O4 
XOFF2 # XO + - 0 4  
DO 2 0  I # I r  I Y  
Y1 X I 
Y Y I  # Y I  / D I V Y  + YO 
CALL PLOT ( XOFFI i YYI  r 1 r  7 

2 0  CALL PLOT ( XOFF2 r  YY I  r  I r  I ) 

CALL PLOT ( XXLr  YO 9 I r  2 )  
CALL PLOT 1 XO r  YO r  I r  I )  
DO 10 1  # 1 9  I X  
X I  # I 
X X I  # X I  / D I V X  + XO 
CAI.1- PLOT ( X X I  YOFFI t I y 2 ) 

10 CALL PLOT 1 X X I  r  YOFF2 r  I r  I ) 

I F  ( 1 1  - 51 3 0  r  4 0  r 5 0  
3 0  S I L K  # .096 

GO TO 9 0  
4 0  S I Z E  # a192  



GO TO 9 0  . . :  
5 0  I F  ( I 1  - 53  60 r 7 0  r  8 0  
6 0  S I Z E  # i 3 @ 4  

GO TO 9 0  
7 0  S I Z E  # e768 

GO TO 9 0  
. 8 0  S I Z E  # 1-53.6 . 
9 0  CONTINUE 

YOFF # YOFF2 - S I Z E  - . I 
DO 100  I # NX r I X  r NX 
X I  # I 
X X I  # X I  / D I V X  
XXXI  # X I  * XLD 
WRITE OUTPUT TAPE O r l f l 0 0 r X X X I  

1 0 0 0  FORMAT ( F5.2 r IHB  ) 

READ INPUT TAPE P 9 1002.9 A 
1 0 0 2  FORMAT ( A6 ) 

X X I  # X X I  - 2.5 * S I Z E  + XO . 
1 0 0  CALL L.ETTER ( X X I  9 YOFF r I 1  r  5 2  r  A 

YOFF # YOFF - S I Z E  - .I 
XX # xo + XL / 4.0 
CALL LETTER ( XX r YOFF r I 1  r '  52' XAX . )  : 

. XOFF # XOFFl  - - 0 5  - 5.0 * S I Z E  . .  . 
DO l l O  I # NY r IY. r  NY. ' 3  

.YI  . #  I 
Y Y I  # YI DIVY + ' Y O  - S.IZE 2.'0 . 
Y Y Y I  # Y.1 * YLD 
WRITE OUTPUT TAPE 0 r I O C Q r  Y Y Y I  

. READ INPUT TAPE n r  1002 r  A . . 
1'10 CALL  LETTER ( XOFF r Y Y I  r  I 1  9 5 2  r  A ) 

XOFF # XOFF - S I Z E  - . I  
YY # YO + YL / 4.0 
CALL LETTER ( XOFF. r  YY r I 1  r  5 3  r  YAX 
RETURN 
END 

MAC l #MACRO/M 
3s M I S  THE NUMBER OF POINTS DEFIN ING.THE CONTOUR 

N#O 
X l ( l ) # O  

1 0 1 0 )  N#N+I  
I F ( p B S F ( Z ( N 1 - Z ( N + I  1 ) - . 0 0 0 0 0 I  1101 I , I O I ' I  r l . 0 1 8  

l O l  I ) .  I F ( R ( N + I  ) - R ( N ) )  I O I 2 r 1 0 1 2 ~ 1 0 1 3  





MAC 2  
3 3 

IF(1-M+I.I)I190~1070~1070 
L I # L I N E ! O ~ O ~ I O ~ O  . 
N#O 
N#N+ I . . 
1 ~ ( K ( N ) ) 1 2 2 0 r 1 2 4 0 ; 1 2 3 0  . 
P C ( N ) # P O I N T / X C ( N )  90 ! . '  L ~ ( N ) # L I N E / P C ( N ) , A T A N G L * ( I ~ O - P H I ( N ) )  . . 
C I ( N ) # C I R C L E / C E N T E R I P C ( N ) , R A D I U S ~ R I . ( N )  . . 

' . , . .. 
~ 2  ( N  )#CIRCLE/.CENTER,~C('N ,R.ADIuS,R~ 1 ~ )  ' . . . . 
JUMPT0/1250  

, . . .  . ,.. 
P C ( N ) # P O I N T / X C ( N )  90 . . ... 

a .  
< .  

L ~ ( N ) # L I N E / P C ( N ) Y A T A N G L ~ P H I ( N )  . . . . . 
C I ( N ) # C I R C L E / C E N T E R , P C ( N ) , R A D I U S , R I ( N )  . . .  . ..,. 
C2 (N)#CIRCLE/CENTER,PC(N , R A ~ I U S , R ~  ( NI 

, . . . '. . . ; .  
JUMPT0/1250 . ' , . _  
L ~ ( N ) # L I N E / P A R L E L ~ L I Y Y L A R G E ~ R ~ ( N )  . . : .% . L ~ ( N ~ # L I N E / ( P O ~ N T / X I ( N ) ~ O ~ ~ P E R P T O , L I  
L ~ ( N ) # L I N E / ( P O I N T / X ~ ( N ) Y O ) ~ P E R P T O , L I  . , .  ' I .  .. . 
IF(N-M+I.1)1210~1260~I260 . . , .. . 

TERMAC 

#MACRO/ M  . . 

M IS THE NUMBER OF POINTS DEFINING THE CONTOUR 
O # P O I N T / Q r t l  . . 

.STRT#POINT/OYIO 
TLON . 

. . 

FROMISTRT 
,GOTO/O . . .  
DRAFTION . . 

N#O 
N#N+ I . . : .  

. . . . 
I F ( P H 1  ( N ) - 1 8 0 )  2 f l 1 2 ~ 2 0 1 2 , 2 0 1 4  
I I # l  
JUMPT0/2016 ... . .. 
I I # 2  .- . 

. . . . I F ( K ( N ) ) 2 0 2 0 , 2 0 2 5 , 2 0 3 0  
GOBACK/C2(N) ,ONI I I I INTOF,LZ(N)  

' 
GORGT/LZ(N)  YONICI(N) 

' \ . . 
. , . < .  . T L O N ~ G O R G T / C I ( N ) ~ T O , I I . , I N T O F I L I  . . 

JUMPT0/204q . , .. 
. . .  ' 3 ... DNTCU? 

GODLTA/.I,OIO, . .. 
I N D I R V / - l  r0,O 

. . . .  ! GO/ON,L3(N)  
CUT 
GORGT/L3(N) ,ON,L2(N)  . . 
GORGT/L? (N)  , O N Y L ~ ( N )  
TLON,GORGT/L4(N),TO,LI 
JUMPT0/2040 
GOBACK/CI!N) , O N I I I , I N T O F ~ L ~ ( N )  
GORGT/LZ(N')  ,ON,C2(N) . . 
TLON,GORGT/C2(N),TO,II,INTOF,LI , 

IF(N-M+1.1)205Or2070~~2070 .. . 
I F ( A E S F ( X I ( N + I ) - X ~ ( N ) ) ; . O ~ ~ O O ~  ) 2 0 1 0 * 2 0 1 0 ~ 2 0 5 5  



G O T O / ( P O I N T / X l  ( N + t ) , O )  
N#N+ I 
I F ( P H I ( N ) - 1 8 0 )  2 0 5 7 , 2 0 5 7 , 2 0 5 9  
I I # l ' ,  
J U M P T 0 / 2 0 6 0  
1 1 # 2  
I F ( K ( N l l 2 0 h 2 ~ 2 0 6 4 ~ 2 0 6 6  
G O L F T / C Z ( N )  , O N , I I s I N T O F , L Z ( N )  
JUMPT0 /2022  
G O L F T / L 3 ( N )  ~ O N r C Z ~ N I  
J U M P T 0 / 2 0 2 7  
G O L F T / C I ( N )  ,ON,II,INTOFILZ(N) 
J U M P T 0 / 2 0 3 5  
GOTO/O 
DRAFT/OFF 
TERMAC 

#MACRO/RO,AZERO,PRIME,M,EPS 
RO IS THE RADIUS OF TYE STARTING S T A T I O N  
AZERO IS THE HELIX ANGLE A T  THE STARTING STATION 
PRIME I S  THE DESIRED .NUMBER OF C I R C U I T S  PER PATTERN ( A  P R I M E  NO. 
M  I S  THE NUMBER OF P O I N T S  D E F I N I N G  THE CONTOUR 
EPS I S  THE MAXIMUM ALLOWABLE D IFFERENCE EETWEEN REVOLUTIONS 
PER C I R C U I T  OBTAINED AND REVOLUTI.ONS PER C I R C U I T  DESIRED 
N#O 
N#N+ I 
I F  ( R ( N ) - R O  ) 3 0 1 2 , 3 0 1 8 r 3 0 1 5  
I F  ( N-M .)  3 0 1 0 , 3 3 5 5 , 3 3 5 5  ' 

NITN- I 
J # N  
PASS# I 
D E G # 1 8 0 / 3 . 1 4 1 5 9 2 7  
ALPHA#AZERO 
S I N A # S I N F ( A L P H A I  
COSA#COSF(ALPHAI  
CONS#RO*SINA 
IF(C0NS-R(013280~3040~3040 
I #J 
I # I -  I 
IF(R(I)-CONSl306Q*3Q6Or305n 
I F ( C 0 N S - R ( M 1  l 7 7 R O  * ? 0 7 0 r 3 0 7 0  / 
L # J  
L # L +  I 
IF(R(LI-CONS)309fl,309O~3980 
L # L -  I 
N #  I 
ASEC2#ATANF(SQRTF(  ( R ( N + I l / C O N S ) * * 2 - I ) )  
DRETA(NI#ASECZ 
D T H E T . A ( N ) # F ( N ) * D R E T A ( N ) / K ( N l  
F L N G T H ' ( N ) # R 2 ( N ) * S I N F ( O R E T A ( N ) l  
N#N+ I 
I F ( K ( N ) ) 3 1 2 0 ~ 3 1 1 0 s 3 1 2 U  
D T H E T A ( N ) # C O N S ~ ~ Z ( N + I ) - Z ( N ) ) + D C C / ( R ( N ) * S Q R T F ( K ~ N ) * * ~ - C ~ N S * * ~ ) )  
F L N G T H ( N ~ # S Q R T ~ ( ( Z ( N + I ) - Z ( N ~ ) * * ~ + ( R ( N ) * D T H E T A ( N ) / D E G ) * * ~ )  



JUMPT0/3100  . . 
, 3 1 2 0 )  I F ( N - L l 3 1 3 n * 3 1 4 ~ ~ 3 1 4 ~  
i3.1 3 0 )  ASEC'I'#ASEC2 . . . . 

A S E C ~ # A T A N F ( S Q R T F (  ( R ( N + I  I / c o N s ) * * ~ - I  ) I  
DBETA( N l # A E S F  (PSEC2-ASEC I.)  

.? a DTHETA(Nl#F(Nl*DBETA(N)/ABSF(K(Nll 
, ,  . F C N G T H ( N ) # S Q R T F ( R I ( N I * * ~ + R Z ( N I * * ~ - ~ * R I  ( N l * R 2 ( N l ~ * C ~ O S F ( D B E T A ( N l l l  

a ,  JUMPT0/3  . . .  . . .,. . !  . ' .- . . . 

3  I h0 I DBETA ( N )#ASECZ ..,. . . . .  . 
' D T H E T A ( N I # F ( N I ~ ( - A S E C Z I / K ( N I  

F L N G T H ( N I # R ~ ( N I * S I N F ( D B E T A ( N ) ~  
. . 

TSUM#O , .  . s .. . 
N # I - I  

3 1 5 0 )  N#N+I  
TSUM#TSUM+DTHETA(NI 
I F ( N - L 1 3 1 5 0 * 3 1 6 ~ ~ 3 1 6 0  

3 1 6 0 )  TSUM#Z*TSUM 
RVN#TSUM/360 
N#O . . . . 

. . 
.3 1 7 0 )  N#N+I  . . J . .  

I F ( R V N - N ] 3 1 8 ~ ~ 3 1 9 0 r 3 1 ~  . , :  
3  180.1 I NTGER.#N-I 1. 

FRACT#RVN-INTGER . . 
JUMPT0/3200  . . 

3  1 9 0  1 I NTGER#N 
FRACTUO 

3 2 0 0 1  N # l  
P'ARTN# 1 /PR IME , . 

3 2 1 0 )  N#N+I  
PARTN I #PARTN . 
PARTN#N/PRIME 
IF ('FRAcT-PARTN ) 3 2 3 0 * 3 2 6 0 * 3 2 2 n  

3 2 2 0 1  IF(N-PRIME+1)3210*3250*3250 ' 

3 2 3 0 )  IF (ABSF(FRACT-PARTN I-ABSF(FRACT-PARTNI 1 1 3 2 5 0 * 3 2 5 0 r 3 2 4 0  
3 2 4 0 )  N#N-I 

PARTN#PARTN I 
3 2 5 0 1  DEL#PARTN -FRACT 

I F ( A O S F ( D E L I - E P S ) ~ Z ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
3 2 6 0 1  DEL#O 
3 2 7 0 1  P R I N T / 3 * P A S S * D E L * N r P A R T N  *FRACT*INTGER*S.  

RVN*ALPHA*TSUM* CONS* L I I  . ' 

N # I -  I . . .  
3 2 7 2 )  N#N+I  

P R I N T / 3 * D B E T A ( N ) * D T H E T A ( N l  tFLNGTH(N1  
I F ( K - L l 3 2 7 2 r 3 3 8 0 * 3 3 8 0  . . .  . . 

3 2 8 0 )  PRIMT/O 
TITLES MINIMUM RADIUS I S  ,LESS THAN' R (  I I OR R ( M 1  

' . JUMPT0/3380  
3 2 9 0 )  . I F ( P A S S - 1 0 ) 3 2 9 5 * 3 2 9 5 , 3 3 6 0  
3 2 9 5  CSQ#CONS**2 . . . . 

RCOS#RO*COSA 
N# I 
SQ2#I/SQRTF(R(I+l)**2-CSQl 
SUM#O .: , . . 
suM#sUM-F ( I 1 * R C O S ~ S Q ~ / K  ( I I . . . 



3 3 7 0 )  P R I N T / O  
T I T L E S  CHANGE I N  ALPHA W I L L  NOT CHANGE T H E T A  
3 3 8 0 )  TERKAC 

#MACRO/TZERO,J,NUMBER 
TZERO I S  THE S T A R T I N G  V A L U E  OF T H E T A  
J I S . T H E  STARTING SECTION FOR THE P L O T  
NUMBER I S  THE NUMEER OF C I R C U I T S  TO B E  DRAWN 
N # J  
T H E T A l T Z E R O  
Z Z # Z ( J )  
R A D I A N # 3 . 1 4 1 5 9 2 7 / 1 8 0  
Z F L A G # O  
TLON , . 
I F ( K ( N 1 1 4 0 2 0 t 4 3 3 0 * 4 0 5 0  
KK#-  I 
IF(~BSF(ZZ-Z(N~)-.00OOOl)4030~4030~4040 
R F L A G # 2  
R R # R Z  ( fsl I 
J U M P T 0 / 4 0 8 n  
R F L A G #  I 
R R # R I  ( N )  
J U M P T 0 / 4 n 8 0  
K K #  I 
IF(ABSF(ZZ-Z(N+I))-.OO0OOl) 4 0 7 0 , 4 0 7 0 * 4 0 f 0  
R  F L A G #  I 
R R # R I  ( N )  
J U M P T 0 / 4 0 8 0  
R F L A G # 2  
RR#RZ ( N )  
B t ' l  A # K K * K (  N ) * T H E T A / F (  N )  
X O # K K * R R * C O S F ( B E T A )  



. . 
I ~ F ( N - ~ + . 1 ) 4 1 2 0 ~ 4 ~ 0 0 t 4 I 0 0  
RE#RR 
BETAZ#BETA+2*DBETA( .N)  
J U M P T 0 / 4 1 6 0  
I F ( N - I - .  1 ) 4 1 0 0 ~ 4 1 0 0 ~ 4 I 2 0  

n .. I F ( R F L A G - I . 5 ) 4 1 3 1 - ! * 4 1 3 0 , 4 I 4 0  . . .  

R E # R Z ( N )  
J U M P T 0 / 4  1 5 0  
RE#R I ( N )  
R E T A Z # B E T A + D B E T A ( N )  
X D # K K * R E * C O S F ( R E T A Z )  
Y D # R E * S I N F (  E E T A Z  ) 
IF(BETAZ-PHI(N))4220~4170~4I70 
A I # S I N F , ( P H I  ( N )  ) . 
B I C - K K * C O S F ( P H I ( N ) )  .. . . . . . 

I F ( A B S F ( X O - X D ) - . ~ O ~ ~ ~ ~ ~ ) ~ I ~ O ~ ~ I ~ O ~ ~ I ~ O  
A 2 #  l 
B 2 # 0  
D 2 # X O  
J U M P T 0 / 4 2 0 0 '  
S L P E  # ( Y D - Y O ) / ( X D - X O )  
A2#-SLPE 
82#  1 
D Z I Y O - S L P E  *XO' 
DENOMHA l * B 2 - A 2 * B  I . - ., . .  . 
I F  ( ABSF (DENOM) -.OOOOO I,) 4 4 2 0 9  4 4 2 0  9 4 2  1 0 .  . . . 
X I # - B I * D Z / D E N O M  
Y  I # A  I *DZ/DENOM 
XOREF#XO+XC ( N  1 
X I R E F # X I + X C ( N )  
G O T O / ( P O I N T / X O R E F 9 Y O )  ' 

D R A F T / O N  
. .  , .  . . G O T O / ( P O I N T / X I R E F ~ Y I )  

D R A F T / O F F  
XO#KK*SQRTF X I * * ~ + Y  i"+2 ) . ,  .. . 
Y o # n  
BETAZ#BETAZ-PHI ( N 

j .  J U M P T C / 4  1 6 0  
XOREF#XO+XC ( N  ) 
X D R E F # X D + X C ( N I  
G O T O / ( P O I N T / X O R E F  ,YO) 
DRAFT/ON . 
GOTO/  ( P O I N T / X D R E F  IYD)  
DRAFT/OFF 
T H E T A # K K * F ( N ) * B E T A Z / K ( N )  . . 
I F ( K K ) 4 2 3 0 , 4 2 3 0 * 4 2 7 0  
I F I N - L + . 1 ) 4 2 4 0 9 4 2 6 0 , 4 2 6 0  
I F ( R F L A G - I . 5 ) 4 2 6 0 9 4 2 6 0 , 4 2 5 0  
Z Z # Z  ( N+ I.) 
N # N +  I 
J U M P T 0 / 4 3 1 n  
Z Z # Z  1 N  ) 
NYN- I 



J U M P T 0 / 4 3 1 0  
IF(N-I-. I ) 4 3 n n 9 4 3 n o , 4 2 8 n  
I F ( R F L A G - I . 5 ) 4 3 0 0 . ~ 4 3 O O r 4 2 9 0  
Z Z # Z ( N )  , 

N#N- I 
J U M P T O 1 4 3  1 n 
Z Z # Z ( N + I  ) 

N#N+ I 
I F ( A B S F ( Z Z - ~ ( J ) ) - . O O C ) O O I ) ~ ~ ~ ~ , ~ ~ ~ O ~ ~ ~ ~ O  . ' ' . 
Z F L A G # Z F L A G + I  
IF (ZFLAG-~+NUMBER+.' . I  ) 4 0  1 0 , 4 0  1 0 , 4 4 3 0  ' 

IF(ABSF(ZZ-Z(N))-.OOOOOl)4340r4340~4350 
XO#X I ! N  ) .- . . .  . 
X D # X 2 ( N )  . 
Z z # Z  ( N +  I ) 
NN#N+ I 
J U M P T 0 / 4 3 6 0  
X O # X 2 ( N )  .:; 
X D # X I  ( N )  
Z Z # Z ( N )  
NN#N- I 
Y O # T H E T A * R A D I A N * R ( N )  . 
D Y # D T H E T A ( N ) * R ( N ) * R A D I A N  
YD#YO+DY . .. 
DENOMHXD-XO 
S L P E  #DY/DENOM 
l F ( Y D - R 2 ( N ) ) 4 3 9 0 , 4 3 8 0 9 4 3 8 0  
Y I # R 2 ( N )  
X I # ( S L P E  * X O + Y I - Y O ) / S L P E  
G O T O / ( P O I N T / X O , Y O )  , 

D R A F T / O N  
GOTO/(POINT/XI,YI) 
D R A F T / O F F  
XO#X I 
Y  O#O 
YD#YD-R2 ( N )  
J U M P T 0 / 4 3 7 0  
G O T O / ( P ~ I N T / X O , Y O )  
D R A F T / O N  
G O T O / ( P O I N T / X D I Y D )  
D R A F T I O F F  
T H E T A # Y D / ( R ( N ) * R A D I A N )  
IF(ABSF(ZZ-Z(J))-.OOOflOl)4400~440fl~4410 
Z F L A G # Z F L A G +  I 
I F ( Z F L A G - 2 * N U M B E R + . I ) 4 4 1 0 9 4 4 3 0  
N#NN 
J U M P T 0 / 4 0 1 0  
P R I N T / O  
L I N t  CONNECI ' ING POINTS I S  P A R A L L E L  TO L 2 ( N 1  
P R I N T / ~ ~ N I A I ~ ~ I , A ~ ~ ~ ~ , D ~ , P H I ( N ) ~ X O , Y O ~ X D ~ Y D ~ K ( N )  
TERMAC 
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