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CALCOMF PLOTTING OF X-RAY POLE FIGURES 

Gordon R. Love 

INTRODUCTION 

A qiiite general problem faced by the experimentalist is the publi- 
cation of intrinsically three-dimensional plots of data in but two 

dimensions. 

ways. 

of constant-parameter cross sections of the data. Projections range 

from the sirrrple "three views" of the machine drawing through isometric 

to trimetric projections and ultimately to the pairs of drawings which, 

viewed in stereo, produce an excellent illusion of three dimensionality. 

An unfortunate corollary of these projection schemes is that any part of 

the three-dimensional figure which is not coplanar with the observation 

plane is more or less badly distorted by projection. Both distances and 

angles may be affected. Recovery of experimental data in quantitative 

f o r m  from these drawings is made difficult by the very manipulations 

which make observation of qualitative features easier and, furthermore, 

these drawings are hard to produce. Because it is relatively easier to 

construct constant-parameter cross sections and because these do not 

introduce ambiguity in recovering quantitative data, the latter approach 

has been preferred by scientists. 

A solution to this problem may be approached in two principal 

One may try either various kinds of projections or various kinds 

One may distinguish t w o  variants of the constant-parameter plots. 

Drawings of the dependent variable versus one of the independent 

variables for various constant values of the other variable 

[U(X,Y) vs X at Y = Y,, Y,, etc.] will be called "parametric" plots. 

Drawings of the loci of pairs of independent variables giving constant 

values of the dependent variable [Y vs X such that U(X,Y) = U,, U,, etc.] 

we call "contour" plots. Perhaps the most common of these latter are 

contour maps that show lines of constant elevation above sea level. 

Constant values of independent variables may be relatively easy to 

maintain in the laboratory, and therefore parametric graphs are produced 

with a minimum of data processing. Only by coincidence do they clearly 
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revea l  s i g n i f i c a n t  t rends  i n  experimental data .  Contour p l o t s  almost 

i nev i t ab ly  requi re  in t e rpo la t ion  i n  tine s e t  of experimental measurements 

and hence da ta  redueti-on, but  they f requent ly  a r e  the  bes t  poss ib l e  

compromise between c l a r i t y ,  accuracy, and convenience. 

In  se l ec t ed  cases ,  e spec ia l ly  when t h e  independent va r i ab le s  d isp lay  

soiiie na tu ra l  symmetry whi.ch i s  not  Cartesian,  it might be des i r ab le  t o  

combine contour p l o t t i n g  w i t h  some form of conformal mapping i n  order  t o  

preserve a facsimj.le of the  experimental symmetry i n  the  reported da ta .  

A s  an archetype f o r  t h i s  c l a s s  o f  da ta  represenbations,  we c i t e  t'ne x-ray 

po le  f igure .  

Typically,  a po le  f i g u r e  f o r  a po lyc rys t a l l i ne  s o l i d  i.s determined 

by examining the  r e f l e c t e d  x-ray i n t e n s i t y  f o r  a s e l ec t ed  c r y s t a l l o -  

graphic  plane as a funct ion of angular pos i t i on .  I n  i d e a l  p re sen ta t ion  

format, t'nen, da t a  on x-ray r e f l e c t i o n  i n t e n s i t y  might be presented i.n 

a quasispherical. f i g u r e  i.n which t h e  var ious sphere r a d i i  correspond. t o  

r e f l e c t e d  i n t e n s i t y  and the, angular pos i t i ons  of t he  r a d i i  represent  the  

angles of  the  observations.  I n  more p r a c t i c a l  terms, the  angular 

coordinates  of a given observati.on may be reduced t o  coord.inates i n  a 

p lane  by use of t he  conventional s tereographic  p ro jec t ion  and the  var ia -  

t i o n  i n  i n t e n s i t y  may be represented i n  the  Cartesian space by drawing 

se l ec t ed  i s o - i n t e n s i t y  contours.  

To guarantee adequate determination of t he  angular v a r i a t i o n  of 

x-ray i n t e n s i t y ,  t h a t  i s ,  t o  assure  that no peaks a r e  missed, a l a rge  

ilumber of ind iv idua l  observations are made. Usually i n t e n s i t y  measure- 

ments a r e  made continuously along a s e t  of r e l a t i v e l y  c lose ly  spaced 

pa ths  and the pos i t i ons  along t h a t  patin of p re se l ec t ed  values of inten-  

s i t y  a r e  recorded. However, automatic conversion of the  d i g i t a l  da t a  

i s  not  continuous bu-L y ie lds  numerical da t a  taken a t  in teyvals ;  t h e  raw 

da ta  f o r  po le- f igure  construct ion a r e  recorded as an a r r ay  of d i s c r e t e  

po in t s .  Typically,  over 900 such data po in t s  a r e  incorporated i n t o  a 

s ing le  f igu re .  

The c rudes t  poss ib l e  way t o  l o c a t e  a l i n e  of  constant  i n t e n s i t y  i n  

such da ta  i s  t o  note t h a t  it musi pass between, and only between, po in t s  

of higher  i n t e n s i t y  than it on one hand and po in t s  of lower i n t e n s i t y  

than lit on the  o ther .  Because of t he  l a rge  numher of  da ta  po in t s  
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incorporated in a single pole figure, this criterion and "eyeball inter- 

polation" have been used for decades to construct pole figures of 

satisfactory accuracy. Even so, the construction of pole figures is 

time-consuming and deadly boring and, therefore, a fit problem to reduce 

to machine-processing methods. A secondary advantage of machine data 
processing in this case is that the machine is able to do considerably 

more careful interpolation among the d-ata should it ever be required or 

warranted. 

The problem of machine construction of x-ray pole figures is in 

reality two problems. First, it is necessary to enter and/or generate 

within the machine a very large number of single items of data. Typi- 

cal ly ,  the x- and y-coordinates of each of over 900 points in a stereo- 

graphic projection of the data must be calculated and the value of 

intensity at each point must be read from input. Also included in this 

step should be provisions for adjusting the observations, specifically 

for background intensity corrections, normalizing the observations to a 

multiple of the equivalent reflection from a random s a r l c ,  scaling the 

output to a convenient size for examination and/or publication, etc. 

Second, the machine must construct pole figures summarizing the input 

data in a form useful to the user; in particular it must draw contours 

that approximate as well as possible actual lines of constant reflected 

x-ray intensity in conventional stereographic projection. Depending on 

the scale of the drawing, the accuracy of the data, and the whim of the 

programmer, it might be advisable to construct a relatively large number 

of iso-intensity contours, rotate the constructed figures about refer- 

ence axes, change the labeling of maxima and minima, and otherwise modify 

the output. 

The program to be described here is, I feel, an adequate solution 
to the problem outlined above. It is, in addition, capable of accepting 

data in a large variety of input formats; that is, a large number of 

geometries of the data-taking procedure or a large number of possible 

paths through the experimental space. Tfiile it does not produce contours 

continuous in first derivative and therefore it might offerid the purist, 

it at least does not permit intersection of lines of different intensity 



o r  any s imi l a r  offences aga ins t  the  necessary p rope r t i e s  of contour 

curves. Furthermore, i t  operates  with an absolute  minimum of auxil..ary 

con t ro l  cards ,  can r ead i ly  be adapted t o  automatic data- taking equipment, 

and i s  r e l a t i . ve ly  economical of  computer time. 

I s h a l l  discuss  the  subrou-Lines i n  roughly the  order  i n  which they 

a r e  used by t h e  program and i n  ba re ly  s u f f i c i e n t  d e t a i l  to make the  

Fortran l i s t i n g s ,  included as appendices, readable.  Systematic optimiza- 

ti.on has not been attempted; c a r e f u l  es t imates  of computation time a r e  

not ava i l ab le ;  the  s p e c i f i c  language used throughout i s  Fortran 63; but  

t h e r e  a r e  no known i-ncompatibi l i t ies  with Fortran I V .  The program has 

run i n  t h i s  l abora to ry  f a r  po le  f igu re  construct ion using t h e  CDC 1604 

and the  Calcomp p l o t t e r  f o r  zpproximately one year without inc ident .  To 

i l l .us t ra- te  var ious f ea tu res  of  t h e  program, se l ec t ed  computer-drawn p l o t s  

a r e  included l a - t e r  i n  t h i s  rej?ort. 

Program POLE 

The main program of the  package f o r  drawing x-ray pole  f igu res  i s  

TOLE. It has Lwo s i g n i f i c a n t  funct ions:  i t ;  converts the  angular posi-  

Lions of each da ta  po in t  from coord-inates on a hemisphere t o  x- and 

y-displacements i n  a p lane  by t h e  trigonometry of the  s tereographic  

p ro jec t ion ;  it a l s o  a c t s  a s  a c l ea r ing  house and t r a f f i c  cop among the  

ot'ner subprograms of t he  package. Several  opt ions a r e  avail-able t o  the  

use r  of  t he  program, and these a r e  r e f l e c t e d  i n  t h e  mult ipl . ic i ty  of 

poss ib l e  pa ths  through t h i s  program. Though we defer  de t a i l ed  descr ip-  

t i on  o f  the  opt ions,  we can i d e n t i f y  them as: 

(2) choice of  eit'rier t h e  Normal Di-rection or t he  Rolling Direc t ion  a s  

pr incipal .  reference d i r ec t ion ,  (3)  a numerical dump of t h e  da t a  i n  pole  

f igu re  format, and ( 4 )  va r i ab le  number of i-so-intensi-ty contour l i n e s  

A s ing le  punched.-card inpiit record i s  read by POLE statement 90, whi.ch 

con-taiiis a 32-character t i t l e  i n  columns 4-35 and four  in t ege r  constants  

NDm, KTYPE, N 4 ,  and IK(7). IT NDEX, columns 1-3, i s  negative,  t h e  

prog:ram ends normally. Zero o r  p o s i t i v e  v a h e s  of NDEX imply furt'ner 

data ,  and each completion of' t he  e n t i r e  program re turns  t o  statement 90, 

allowing opt ion (1~). If KTYPE, columns 34-45, i s  zero o r  negative,  t he  

(1) mul t ip le  data. sets, 
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data to be entered subsequently will be assumed to be taken with the 

Rolling Direction as axis of rotation ("R.D.-data"). 

random intensity will be calculated in the program. 

than zero, the data is assumed to be taken with the Noma1 Direction as 

rotation axis ("N.D.-data") and the value of KTYPE will be used for 

random intensity. If N4, columns 4-6-55, is zero or negative, a numerical 

dump of the input data w i l l  not be made; if positive, option (3) will be 

exercised. Finally, the number of iso-intensity contours, up to ten, 

to be plotted is entered in IK(7). 

In this case, the 

If KTYPE is greater 

Common arrays are established which ultimately will contain the 

values of observed intensity, the x- and y-coordinates of each observa- 

tion, and a number of internally necessary integers. 

calls upon subroutine INPUT to read the set of intensity data and to 

generate the two angles which describe the location of each datum. 

INPUT returns to POLE only sufficient data for one plot. Typically this 

is just half of all data,, and it is assumed that these data are from the 

"Front Side" of the hemispherical figure, The program calls uyon POLECAT 

to construct a semicircular field of radius RO inches and then calculates 

the projection of the data onto the plane of the plot. 

The program then 

Two different sets of trigonometric relations are necessary to 

project the data onto the plane of the plot because the origin of coordi- 

nates in the spherical coordinate system depends on whether. the data are 

taken represent R.D.-data or N.D.-data. 

at which both angular coordinates are zero is the rolling direction; in 

the latter case, that point is the normal direction. Since, in either 

case, we prefer the plotted figure to present the rolling direction as 

the "North Pole" of a semicircle centered on the normal direction, two 

separate conversions are required. The relations are: 

In the former case, the point 

(1) for R.D.-data: 

X = RO-COS a-sin @-A 

Y = RO*COS 0.A 

where 

A (1 - sin @.sin a)/(sin2 a.cos2 6 + cos2 a) . 
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( 2 )  f o r  N.D.-data: 

x = ROStan ( @ / 2 ) . c o s  a 

y = RO-tan ( Q / a ) . s i n  a . 
I n  e i t h e r  case,  Q represents  the  p o l a r  angle measured from the  

reference directrion, 0: i s  the  azimuth angle measured clockwise from the  

d. i rect ion labe led  Trmsverse  Direct ion i n  t h e  p l o t s ,  and RO i s  the  

diame-ter of t h e  f i g u r e  desired.  

I f  an all-number dump of the  experimental da ta  i s  requested, 

option ( 3 ) ,  it i s  made i n  PLOT. I n  t'nis case,  as i n  a l l  cases  i n  which 

t'ne p l o t t i n g  subroutines a r e  appl ied sys temat ica l ly  t o  the  da ta  a r rays ,  

a spec ia l ized  scanning loop i s  used. The loop forces  t h e  p l o t t i n g  

rout ine  t o  examine increas ing  values  of I f o r  odd-numbered values  of J 

and decreasing values of I f o r  even-numbered values  of  J. This scanning 

procedure el iminates  long t r ave r ses  o f  the  f i g u r e  with the pen i n  the  

"up" pos i t i on  s ince  it always considers  adjacent  po in t s  i n  the  da t a  

a r r ay .  

The balance of  the  program i n s e r t s  t i t l e s  on the  f igu res ,  l a b e l s  

t he  da ta  "Front Side" and "Back Side" appropriately,  reexamines the  input  

l i s t  f o r  mult iple  da ta  s e t s ,  times i t s e l f  using ICLOCKF, and records the 

t o t a l  machine time p e r  p l o t .  The c e n t r a l  va r i ab le  t o  co r rec t  sequenching 

of t he  subroutines and execution of t he  I.abel.ing s t eps  i.s IK(4) .  

surnrnai-y of t h e  va r i ab le  names used i n  PT,OT, wi th  b r i e f  d e f i n i t i o n s  of 

t h e i r  €unction, i s  given together  with the Fortran l i s t i n g  of t he  fu1.l 

program i n  Appendix A.  

A 

Subroutine INF'U'T 

This subrout-ine reads the  r a w  values of r e f l e c t e d  i n t e n s i t y ,  s t o r e s  

t'nern i n  a r rays  j ~ n  the  machine f o r  use by the ot'ner subroutines,  and 

generates  from a u x i l i a r y  input  information the  p a i r s  of coordinates  t h a t  

l o c a t e  each i n t e n s i t y  observa.tion i n  t e r m  of t he  experimental coordinate 

system. The r e l a t ionsh ips  t h a t  a r e  es tab l i shed  wi th in  the  computer among 

the  da t a  e n t r i e s ,  - that  i s ,  among both t h e  p o s i t i o n  and i n t e n s i t y  var jab les ,  

a r e  c r u c l a l  f o r  t'ne subsequent success of t he  program. They meri t  

c a r e f u l  study here .  
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The simplest form of parametric data taking, in concept, is based 

on taking each of the variables within the experimenter's control (in 

this case the position variables) and treating them as independent 

variables. One may then select a number of values of each variable 

arranged in some serial order such that X > Xi, etc., and observe 
the dependent variable, the intensity, for every vallle of Y at each 

value of Xi. 
and there is an observation (data point) at every point U 

array. This data-taking scheme is very common in practice and has a 

number of properties that make it convenient f o r  subsequent data 

processing. The two most important properties are: (1) the subscripts 

of each data point serve to link it directly and unambiguously with the 

independent variables for which it was determined; and (2) points which 

are stored in adjacent locations, that is, have subscripts differing by 

unity, are points which are "adjacent" in the experimental space, that 

is, have incremental differences in one or the other of the independent 

parameters. Both these properties are necessary to the construction of 

x-ray pole figures using the techniques of this program. However, the 

form of data taking which has been found most convenient in this labora- 

tory does not allow completely independent selection of the two-position 

parameters and is not therefore directly compatible with the simple 

scheme for data storage outlined above. 

i-tl 

These coordinates define a natural rectangular data array, 

within that 

3 -  

i,j 

The pole-figure goniometers in use in this laboratory are designed 

for scanning of reflected intensity while both angular position variables, 

a and @, are varied continuously. The position variables are therefore 

no longer truly independent of one another and it is not possible to 

construct storage arrays in the computer in the fashion described above. 

However, if a value of intensity is recorded at constant intervals of 

time (since the rate of change of both position variables is constant) 

then there are sufficient regularities in the data-taking process to 

permit simple, useful storage of the data. 

schematics which help to illustrate how this is done. Figure I shows in 

stereographic projection how data are taken for N.D.-data. From arbi- 

trary starting points (usual-ly 0 = 0, a = 0 and 180" but here taken to 

be @ = 30°, a = 30 and. 210" for clearer illustmtion) the scanner proceeds 

- 
Figures 1 through 3 are 
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ORNL-DWG 67-9437 
R.D. 

I 

a=2 TT T.D.- 
u=o 4 

Fi.g. 1. 

ORNL-DWG 67-9438 
R.D. 

a=m 
I = I M A X  
- 

Fie;. 2. Schemat,i c 'Typical oC Data Taken Cor Conventional Textures.  
"Front  Side" shown b o l d ;  "Rack Side," d o t t e d .  
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Fig. 3. Schematic Typical of Data Storage in Computer Memory. The 
numerical values chosen f o r  IO( i ), and IW correspond t o  those that wou1.d 
apply for either the Fig. 1 or 2 data-taking schemes. 

along one or more (here two) shallow spiral paths and records single 

data observations at regular intervals of time. In this schematic, data 

are recorded at 5" intervals in a and 0.2" intervals in 9; the total 

increase in 6 is 7.2" per circuit and, as there are two scans, the 

separation of the traces in the @-direction is 3.6". Figure 2 shows 

the same data-taking procedure as it might appear for R.D. data. To 

emphasize that the differences between Figs. 1 and 2 are merely matters 

of the choice of projection and location of the point 6 = 0, we care- 

fully preserve in both figures the number of traces, their starting 

points, and the relative position of successive data points on each 

trace. 

The point to be made by comparison of the two figures is that, 

from the point of view of data storage and handling, they are basically 

identical. A given "row" of data, the string of data for 0 < cy < n, 



contains a constant number of single observations. Further, if we 

define a "column" as the sub-set of points having approximately the same 

value of a (in our  schematic, identical values of a ) ,  then the "columns" 
in each array are also of identical length. 

subscript I to the position of an observation counting from left to 

right along one "row," and the subscript J to "column" position from top 

to bottom (or from t~ = 0 to increasing @), we may construe-t in computer 
memory rectangular arrays, shown schematically in Fig. 3, in which 

there is a one-for-one correspondence between each storage location and 

each individual datum. For a single pole figure drawing, it is necessary 

to construct three such arrays in machine memory - one containing inten- 
sity values and two others containing each of the position values. The 

method of storing data in the arrays preserves the property of "adjacency" 

among the experimental data; a single pair of subscripts, I and J, 

identifies in each array exactly the corresponding three variables which 

define a single observation. We have therefore preserved both the 

consistency of subscripting and the "adjacency" of data storage which 

are so useful in subsequently constructing the pole figure. 

In fact, if we assign the 

- 
I 

In the next several paragraphs we describe in consid~erab1.e detail 

the decision-making steps involved in defining the limits of .the arrays 

in machine memory, the techniques for avoiding storage of multiple data 

entries 9.n single locations, and. the unit logical steps of data entry. 

A test of the adequacy of our solutions to these problems is given by 

the later figures and. the average machine time spent in data entry. 

This will be discussed la,ter. 

The storage arrays are defined using the following auxiliary infor- 

mation read from punched cards: ADEC, the a-increment between successive 

points; UDEC, the @-increment; NTRACES, the number of scans made by the 

x-ray camera; KMAX, the total number of data points to be used from 

a single scan; and NYRACES values of A W H O ( K )  and PHiO(K), the a- and 

0-coordi-nates on the first points on each of the traces. The integer 

width of a single plot, that is, the maximum value of i sinbscript, is 

IMAX = fi/ADEC , 
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except t h a t  i f  t h i s  d iv is ion  i s  exact and i f  t he  t r a c e s  begin 

i n t e g r a l  mult iple  of ADEC it i s  necessary t o  increase IMAX by 

r e t a i n  a l l  the  data. The m a x i m u m  value of t h e  J subscr ipt  i s  

a t  an 

one t o  

JMAX = (NTRACES * KMAX)/(~ * IMAX) . 
Notice t h a t  doing in teger  a r i thmet ic  i n  t h i s  way t runca tes  t h e  a r rays  

a c t u a l l y  used f o r  p l o t t i n g  t o  the  l a r g e s t  ava i lab le  rectangular  a r ray ;  

i f  the  f i n a l  po in ts  of an ind iv idua l  t r a c e  do not  end j u s t  a t  t he  

s t a r t i n g  p o i n t  of  a t race ,  they a r e  s tored  cor rec t ly ,  but  will not be 

r e c a l l e d  by t h e  p l o t t i n g  program. This l o s s  of da ta  appeared a small 

p r i c e  t o  pay for  the  programming s impl ic i ty  it introduced. 

For each of the  NTRACES values of ALDHO(K) an appropriate  value of 

the  s t a r t i n g  poin t  f o r  the  I - subscr ip t  i s  ca lcu la ted  according t o  

Beyond t h e i r  obvious use as the  f i r s t  subscr ip t  of a s t r i n g  of  s tored  

da ta  values,  these  in tegers  have an a d d i t i o n a l  c r i t i c a , l  function. Each 

time that, t he  e q e r i m e n t a l  t r a c e  passes  one of these values of 1 it i s  

"eclipsed" by another t r ace ,  t h a t  i s  another t r a c e  (possibly i tse1.f)  now 

l i e s  between it and. t he  "North P o l e J "  the  poin t  @ = 0. 

t o  consider t he  J-subscript  t o  ind ica te  the  number of t r a c e s  l'south'l of 

t h e  p o i n t  

encountered, it i s  necessary t o  increment J t o  ge t  the s tored  values 

"out of the  way" of the values t o  be s tored  f o r  the  o ther  t r a c e ,  

i s  shown i n  schematic i n  Fig. 3. We ha-ve re ta ined  the  geometry of po in t  

loca t ion  and separat ion shown i n  Figs.  l and 2, and we intend each symbol 

of Fig. 3 t o  ind ica t e  t h a t  a da ta  value from t h a t  t r ace  would be entered 

i n t o  t h a t  locatj-on of the  rectangular  a r ray .  

We have agreed 

= 0; therefore  each time one of t h e  p o i n t s  I = I O ( K )  i s  

This 

In  the  simplest  case of a s ing le  s p i r a l  scan, the  working of t h i s  

so r t ing  process i s  t r i v i a l l y  obvious. The da ta  a r e  read i n  successively 

f o r  one complete c i r c u i t  of' the  sam-pling hemisphere and J i s  he ld  con- 

s t a n t  while I i s  incremented by one between each poin t .  Af te r  one 

c i r c u i t ,  when I becomes again equal t o  I O ( 1 )  ( there  i s  only one value 

of I O ) ,  J i s  incremented by one and another c i r c u i t  of  t he  f igure  i s  

s tored  i n  the  next row of the  two-dimensional array.  It may not be so 
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obvious, but  it i s  a l s o  t r u e  t h a t  any number of in te rpenet ra t ing  scans 

can be handled with no add i t iona l  l o g i c a l  complications. O f  course, i f  

the  p i t c h  of t h e  s p i r a l  scan i s  very high, the  method becomes l o g i c a l l y  

cumbersome; f o r  t h i s  reason the  storage a r rays  f o r  ALSlfO and I O  a r e  

equipped t o  accommodate no more than t e n  separate  t r aces .  

The unit operation of da ta  en t ry  i s  then as follows: All of  t he  

i n t e n s i t y  data, for a s ing le  t r a c e  (KMAX 5 1500 e n t r i e s )  a r e  read. from 

input i n t o  temporary s torage i n  GUT. ALPHA and PHI a r e  s e t  i n i t i a l l y  

equal t o  ALPHO(K) and PHIO(K); f o r  t he  Kth t r ace ,  I i s  s e t  t o  I O ( K )  and 

J t o  l (an exception i s  discussed below). 

with n and 2n, respect ively,  t o  determine t h e  quadrant of t he  sphere 

i n t o  which t h e  da ta  f a l l ,  "Front Side" o r  "Back Side," as i l l u s t r a t e d  i n  

Fig.  2, and -the appropriate  s torage a r rays  a r e  selected.  A s ing le  value 

of i n t e n s i t y  i s  read i n t o  i.ts a r r ay  and, immediately, the  appropriate  

values of ALPHA and PHI al-e s tored  i n  t h e i r  a r rays  accord-ing t o  

The value of AIPHA i s  compared 

FR(1,J) = ALPHA , 
FZ(I,J) = PHI , 
FU(1,J) = GUT(K)  . 

Then I i s  incremented by one, ALPHA by ADEC, PHI by BWEC, K by one ( t o  

s e l e c t  t h e  next va r i ab le  i n  t h e  buffered inpu t ) ,  I i s  compared with each 

of t he  I O ( K )  i n  t u rn  t o  deteymine whether J should be incremented and 

the  above procedure i s  repeated f r o m  t h e  po in t  of comparison of A T S H A  

with 'II and 2%. 

There a re  o ther  complications which have been passed over for 

exposi t ional  s impl ic i ty .  The I - subscr ip t  increases  from 1 t o  IMAX twice 

during a complete revolut ton;  once as the  t r a c e  crosses  the  "Front Side" 

a r ray ,  again as it crosses  the "Back Side." So t h a t  t h e  beginnj-ng po in t s  

of t h e  severa l  t r aces  a r e  co r rec t ly  iden t i f i ed ,  it i s  necessary tha t  an 

addi t iona l  i n t ege r  var iab lz ,  I C ,  be used f o r  comparison w i t h  the  10(K). 

The range of I C  i.s j u s t  twice t h a t  of 1. Similar ly ,  although ALPHA may 

have a l l  values from 0. t o  2n, the  p l o t s  of da ta  represent ing t h e  "Back 

Side" a r e  " r igh t  handed" only f o r  values of a between 0. and n. There- 

fore e n t r i e s  i n  t h e  ''Back Side" ar rays  a r e  

BR(1,J) = A P H A  - n; BZ(I,J) = PHI; BU(I,J) = mT(K) . 
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Data taken at cx = 0. and 71 properly exist in both the "Back Side" - 
and "Front Side" arrays. When this situation arises, the program expands 

the array storage to accommodate the repeated variable (the last entry 

in any row of the front side array becomes the first entry in the back 

side array, etc.). The details of this replication operation are best 

revealed directly in the Fortran listing of this subroutine, Appendix B; 

the critical statements are those defining JB and JC together with the 

four statements beginning at statement No. 14. A word of caution here: 
The decision to expand the array capacity is based on the first trace 

alone. 

the arrays will be expanded and the last entry of each row will be 

duplicated whether or not it coincides with an edge of tine plot. So 

long as the density of data observations is high, this will introduce 

only small distortions in the plots. 

If any point on that trace coincides with a limit af the figure, 

- 

The two other tasks performed by this subroutine are backgound 

correction and normalization of intensity. 

setting 28 off the Bragg peak and either making an additional spiral  

scan or by sampling background at several values o f a  and 0 .  In either 

event, the background correction is made by simple subtraction of that 

observed background intensity nearest the particular data point and the 

background varies sufficiently slowly that this introduces only trivial 

errors. In practice in this laboratory the background intensity varies 

so slowly that it has proved to be more convenient to enter it in 

modified fashion; on one or more punched cards, containing up to eight 

pairs of numbers, are entered fixed-point numbers representing the baclr- 

ground correction and integers representing the maximum subscript in the 

input array, GUT, which has that value. The array GUT, filled with KMAX 
values of background intensity, is then used term-by-term to make the 

background subtraction. 

tion may be read. 

Background is measiired by 

Up to 64 different values of background correc- 

Normalization of intensity is performed in two different ways 

depending on the data-acquisition method. 

spherical samples, where data are presumably available from an entire 

hemisphere, the random intensity is determined by elementary numerical 

integration of U sin 0 d0 using the trapezoidal rule and the available 

For textures determined from 
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(background corrected) input data. 

to a ~nultiple of this random intensity. For sheet textures, since data 

are not available for an entire hemisphere, an external normalization 

constant must be supplied via KTWE in PLOT. Typically, this is deter- 

mined from measurements on a powder sample in the same x-ray geometry 

but, where this value is n o t  available, we cornmonly enter a dummy value 

such that, the final plots are in arbitrary units from 0. to 10. 

Then each data point is normalized 

In Appendix B, along with its Fortran listing, we list the variable 

names used in INPUT together with their physical significance as defined 

in this text. 

Subroutine POLECAT 

This subroutine performs three simple functions. It constructs the 

semicircular field. on which the plot is to be drawn and labels it with 

the directions which are reference direction on the x-rayed sample. It 

also locates and labels relative maxima in the numerical inpu-t data as 

adjusted and normalized by INPUT. Finally, it reads the values of inten- 

sity for which iso-intensity contours are to be constructed. and calls 

SKETCH to do the pl-otting. A quirk of the identification of the local 

maxima has proved to be useful and deserves some additional explanation. 

T o  avoid discriminating against local maxima defined by multiple 

data points, points which are at least equal to all their neighbors are 

tentatively defined a s  maxima. Thts means that large-area local minima 

containirig at least one point equal to all of its nearest neighbors will 

also be identified as "maxima. '' 
we count the number of equal nearest neighbors of each maximum and, 

where there are any, we label only a few of a.11 the identical points. 

The decision to label. a given maximum is also based on the ratio of that 

maximum to the first iso-intensity value entered; only if that maxfmum 

is greater than 1./2 U I S O ( 1 )  will it be recorded. As for the preceding 

segments tne correlation between variable names in this subroutine and 

physical parameters of the pl.otti.ng package is given, together with the 

Fortran listing, in Appendix C. 

In determining the maxima, therefore, 
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Subroutine SKETCH 

The problem of constructing a set of iso-intensity contours through- 

Happily, it simplified out the whole set of observed data is formidable. 

to the problem of constructing the set of contours passing among a sub- 

set of only three data points and the corollary problem of choosing those 

three points in a consistent sequence that finally covers the whole set 

of observed data. 

simplified by the necessary properties of iso-value lines; they are 

continuous and do not branch. 

The'logical steps in this process are considerably 

Consider the "triangle" defined by three pairs of subscripts, I and 

such that each of its three corners represents a combination of J, 

U. .(x,Y), xij, and yij. 
such that U at one is larger than, and U at the other is smaller than 
the value of UISO corresponding to a given iso-intensity line, then the 

line must pass between those points, Further, if the line enters the 

triangle along one side then it must exit through one of the other two 

sides; equivalently, if one pair of points "brackets" an iso-value line, 

then one and only one other pair also "brackets" the line. 

since we use a finite sampling interval, there might exist pairs of 
points between which the true iso-value line passes twice and which 

therefore lie both to the same side of the contour. 

are ignored, that is, a plotted iso-value line passes but once between 

two points. This constitutes a limit to the resolution of the plotting 

technique that is more serious than the accuracy and reproducibility of 

the plotter pen position, for example. 

Two simple functions are used in conjunction with this subroutine. 

If any two corners of the "triangle" have values 
=J 

Obviously, 

Such circumstances 

The first of these, BFWE, asks whether the third of its three arguments 
is intermediate in magnitude between the first two of its arguments and 

returns BRACE = 1 if the answer is affirmative and BRACE = 0 if negative. 

This function is used, with two adjacent values of U and the value of 

UISO, the contour value, as arguments, to determine whether the contour 

passes between the points. 

linear interpolation in terms of one of the position variables to make 

an estimate of the value of that variable f o r  which the intensity U 

ij 

The second function, GLTESS, does simple 
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equals U I S O .  Granted t h a t  t he  i n t e n s i t i e s  a t  two corners  of the  t r i a n g l e  

a r e  found t o  bracket  a contour l i n e ,  BRACE = 1, GUESS i s  c a l l e d  twice t o  

i n t e r p o l a t e  between the  known values  of tine p o s i t i o n  var iab les  and thus 

t o  determine the  x- and y-coordinates of t he  p o i n t  through which the  

contour passes .  

When such a po in t  i s  i d e n t i f i e d  and located,  t h e  pen of t he  p l o t t e r  

i s  moved t o  t h a t  po in t ,  pen up. 

conceptual t r i a n g l e  i s  examined, i n  turn ,  and when t h e  po in t  a t  which 

t h e  contour leaves the  t r i a n g l e  i s  i d e n t i f i e d  and located,  the  pen of 

Then each of t h e  o the r  s ides  of t he  

t h e  p l o t t e r  i s  moved t o  t h a t  po in t ,  pen down. Thi.s i s  the  u n i t  process 

of drawing t h e  f u l l  contour p l o t .  Note t h a t  i f  t he  iso-value l i n e  does 

not pass  through e i t h e r  of t h e  f i rs t  two s ides  examined, i t  i s  not  neces- 

s a ry  t o  examine the  t h i r d  s ide .  Further ,  note  that  i f  the  contour does 

not  pass  through the  f i r s t  s ide  examined but  does pass  through the  second, 

it i s  not necessary t o  c a l l  BRACE t o  v e r i f y  t h a t  it passes  through the  

t h i r d ,  e t c .  Each segment of contour l i n e  i s  constructed as an i -solated 

s t r a i g h t  l i n e .  These l i n e s  j o i n  t o  wi th in  t h e  accuracy of the  p l o t t e r ,  

an accuracy of approximately 0.005 in . ,  when the  appropriate  adjacent 

t r i a n g l e  i s  examined. 

A s e t  of four t r i a n g l e s  i s  constructed i n  the  machi-ne a t  each po in t  

i n  t h e  a r r a y  considered by t h e  subroutine.  A schematic representa t ion  

of these  t r i a n g l e s  i s  given i n  Fig. 4 which i s  a l s o  the  def in ing  f i g u r e  

f o r  t he  var iab les .  For a given value of t h e  subscr ip ts  I and J, def ining 

a given s torage  po in t  f o r  each of t he  p o s i t i o n  var iab les  and the  inten-  

s i t y  va r i ab le  wi th in  machine memory, w e  def ine  a "box" by the  followi.ng 

r e l a t ions :  

The po in t  ( 5 )  i s  t h e  mean of t he  €irs t  four  po in t s .  Note t h a t  t h i s  i s  

a r e l a t i o n  among subsc r ip t s  and, i n  f a c t ,  a t  each po in t  of the ''box" 

the re  e x i s t  defined values f o r  each of t he  i n t e n s i t y  and p o s i t i o n  va r i -  

ab les  necessary to make the  plot. The system of  numbering t r i a n g l e s  
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U(1)-2.8 
ORNL-DWG 67-40902 

U(2)=4.4 

(4)=(I,J+I) 
U(4)=2.9 VIS+= 3.25 

Fig. 4. Schematic of Minimum Logical Unit, "BOX," for which Plot 
can be Constructed. Numerical values chosen for illustration only. 
Detailed explanation in text. 

and points illustrated in Fig. 4 makes it possible to examine the compo- 

nent triangles in systematic fashion. Rather than attempt to decipher 

the numbering system, merely note that each triangle is examined. in 

clockwise order about the common center point, point ( 5 ) ,  and each side 

of each triangle is examined in counterclockwise order beginning at the 

side opposite point (5). 

The sequence of calculations which produces a plot is best described 

by example referring to Fig. A.  

first examined, values for U(1 ... 5 ) ,  R(1 ... 5 ) ,  and Z(l ... 5) are copied 

out of the storage arrays and calculated as indicated above. It is at 

this point that the care exercised in subroutine INPUT to get physically 

adjacent points into adjacent storage locations bears fruit; because the 

first four of these points are physically adjacent, the fifth point is 

intermediate in value between the first four in a fashion that allows us 

artificially to increase the apparent resolution of the plots. 

f o r  plotting purposes, we double the number of usable data points. 

program then examines the "triangle" defined by point (5) and each of 

the outside edges of the "box," in turn, in the sequence define? by the 

Roman numerals. 

When the "box" corresponding to 1,J is 

In effect, 

The 
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For the  values of i n t e n s i t y  and UISO indica ted  on the  f igu re  the  

sequence of ca l cu la t ions  i s  as follows. Subroutine BRClCE f inds  t h a t  

po in t s  (1) and ( 2 )  bracket  t he  iso-value l i n e  and, by l i n e a r  in te rpola-  

t i o n  usi.ng GUESS, t h a t  the  contour should pass  through a poin t  0.282 

of t h e  d is tance  between R(1) and R ( 2 )  (measured i n  the  x-d i rec t ion)  and 

0.282 of t h e  d is tance  between Z(1) and Z ( 2 )  (measured i n  the  y-d i rec t ion) .  

The pen i s  l i f t e d .  from the  paper, wherever it i s ,  and moved t o  t h e  

appropriate  x- and y- locat ions,  pen up. BRACE next f inds  t h a t  t he  

po in t s  (I)  and ( 5 )  bracket  t he  contour value and GUESS ca l cu la t e s  t h a t  

t he  contour l i n e  should pass  0.728 of t he  d is tance  between the  appropriate  

values of-' R and Z .  

down. 

def in i t i on ,  t he  contour cannot pass  through t h a t  s ide .  En-tering 

t r i a n g l e  11, BRACE examines the  p a i r s  of po in t s  ( 2 )  t o  (3) and. ( 2 )  t o  ( 5 )  

without f ind ing  a p a i r  that bracket  the  contour; it i s  not necessary t o  

examtne the  p a i r  (3)  to (5 ) .  

po in t s  (3) t o  ( 4 )  bracket  the  contour and GUESS d i r e c t s  the pen t o  a 

po in t  0.875 of the  d is tance  from ( 4 )  t o  (3)  i n  each of t he  pos i t i on  

coordinates.  I n  t h i s  case the  pen moves i n  the  up pos i t i on ,  a s  ind ica ted  

by t h e  dot ted l i n e .  

between the  p a i r  of po in t s  (3)  and (5), GUESS i s  c a l l e d  immediately t o  

intei-polate between po in t s  ( 4 )  t o  ( 5 )  s ince  t h e  contours must, pass  

through t h a t  s ide .  Again t h e  pen moves t o  t h a t  po in t  pen down. Despite 

the  f a c t  t h a t  both ends of t he  segment i n  t r i a n g l e  IV have been previous ly  

iden t i f i ed ,  the  si.de (1) t o  ( 4 )  i s  checked by BRACE t o  v e r i f y  t h a t  t he  

contour does not pass  through t h a t  s ide ;  the  s ide  ( 4 )  to (5 )  i s  checked 

and the  pen moved t o  the  appropriate  po in t ,  pen up ( i n  t h i s  case no 

motion) and the  s ide  (1) t o  ( 5 )  i s  used, with GUESS t o  f i x  Lhe coordinates  

t o  which -the pen next proceeds, pen down. 

The pen moves t o  t h a t  po in t  i n  a s t r a i g h t  l i n e ,  pen 

It is  not  necessary t o  examine the  s ide  ( 2 )  t o  ( 5 )  because, by 

I n  t r i a n g l e  111, BRACE v e r i f i e s  t h a t  the  

I 

Once BRACE f inds  t h a t  t h e  contour does not pass  

These four  t r i a n g l e s  a r e  examined agai-n for each of tine contour 

values used i n  the  program and appropriate  l i n e  segments a r e  construc-Led. 

Only a f t e r  a l l  poss ib l e  contour l i n e s  have been constructed f o r  t h i s  

"box" does the  a t t e n t i o n  of t he  prograrx s h i f t  t o  a new value of I and J. 
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Table 1. Auxiliary Inputs to Program POLE 

Card 1: 

Columns 1-3 NDM, an integer 
Columns 4-35 RUN, a Hollereith string, the title of the plot 
Columns 36-45 KTYPE, an integer 
Columns 46-55 N4, an integer 
cohmns 56-65 IK(~), an integer 

These integers described in text, Subroutine POLE 
Card 2: Format, five 10-column entries in order; 

ADEC, the a-decrement between entries 
BDEC, the @-decrement between entries 
NTRACES, the integer number of traces 
KMAX, the integer number of points to be used per trace 
ALEPH, the diameter in centimeters of the plot to be drawn 

Card 3: Format, eight 10-column entries by pairs: 

AI9HO and PHIO, the initial points on the TRACES traces 

The Data: taken in this listing from auxiliary magnetic tape 
which, in turn, was constructed from an on-line 
Talley punched-paper recorder 

Card 4 :  Format, sixteen 5-colm.n entries by pairs: 

BKG and LK, an observed background correction and the maximum 
scan value for which i.t is applicable 

Card 5: Format, eight lC)-colurrm entries: 

UISO, the value of intensity for which a contour is to be 

Note: Cards 3, 4, and 5 may represent more than a single card, 

Auxiliary subroutines required from the computer library: 

ICLOCKF, references a 1000-cycle clock to time program execution 
PLOT, PLOTS, NUMBER, and SYMBOL, the set of subroutines which 

SINF, COSF, TANF, the trigonometric subroutines used in performing 

constructed 

- 
as necessary 

generate instructions f o r  the Calcomp plotter 

the stereographic projection 
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CONCLUSIONS 

A Fortran 63 program has been written which satisfactorily converts 
x-ray reflected intensity data from a serial string of numerical values 

to a contour map, in stereographic projection, of intensity as a function 

of angular coordinates relative to the specimen. 

The principal goals of tho program were minimization of the number 

of auxiliary inputs and construction of high-resolution working figures; 

both these goals have been satisfactorily met. 

A multitude of possible input foiinats can be used, but all are 

expected to be simply related to one or more helical scans during which 

both variables change simultaneously. Both pole figures having the 

origin of coordina,tes at the rolling direction and textures in which the 

origin is the normal direction are acceptable inputs. 

The general. features of map drawi.ng, location of points bracketing 

a given value and linear intezqolation to approximate its exact positi-on, 

should be applicable to a wide variety of data-processing problems. 
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APPENDIX A. PROGIIAM POLE" 
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APPENDIX A (continued) 

a 
Correspondence l i s t :  

Program Called 
Variable i n  Text 

A U 

PHI Y o r  Q* 

TElETA x o r  a* 

E 

RUN t i t l e  

KTYPE KTYP E 

Signif icance 

I n t e n s i t y  of x-ray r e f l e c t i o n  

y-axis p o s i t i o n  of observation 

x-axis p o s i t i o n  of  observat ion 

Array f o r  communicating constants  

Hollereit'n t i t l e  of 32 charac te rs  

See t e x t  

between sub rout ine  s 

* 
The same ar rays  a r e  used, i n i t i a l l y ,  f o r  t he  coordinates 

of  a, s i ng le  datum i n  the  sphe r i ca l  coordinate system appropriate  
t o  t h e  data- taking system and, f i n a l l y ,  f o r  t he  coordinates of  
t h a t  same datum i n  t h e  Cartesian system appropriate  to  making 
the  p l o t .  
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APPENDIX B ( continued) 

40 
4 1  

I 3  
4 2  

15 
I S  
23 
1 0  
17 
12 
I I  
20 
1 4  

16 

29 
19 

I i i o  
22 

8 2  
I O 3  

H I  

7 I1 

43 
2 4  
25 

4 4  
2 7  
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b 

9 
Correspondence 1j.st; 

Name i n  
Program 

FlJ 

BU 

FR 

BR 

FZ 

sz 
AW H$ 

PHI# 

14 
GUT 

Name i n  
Text 

U "Front Side" 

U "Back Sid-e" 

a "Front Side" 

a "Back Side" 

@ "Front Side" 

@ "Back Side" 

AEH$ 

PHI# 

16 
GUT 

AISHA. ALPHA 

PHI PHI 

APLEPH RO 

Signif icance 

I n t e n s i t y  observed for 0 5 ix 5 +80 

Intensity observed for 180 5 Q! i 360 

a-coordinate  of  observa,tion 

Same 

@-coordinate of  observation 

Same 

a-coordinate  of f i rs t  po in t  i n  a t r a c e  

@-coordinate of  f i r s t  po in t  i n  a t r a c e  

I - subscr ip t  of f i r s t  p o i n t  i n  a t r a c e  

Temporary s torage loca t ion  f o r  input  

I n i t i a l l y ,  t h e  a-coordinate of an 

da ta  

observation s tored,  as generated, i n  
FR o r  BR 

I n i t i a l l y ,  t h e  @-coordinate of an 
observation s tored  i n  FZ or BZ 

Diameter of p l o t s ,  i n  cent imeters  
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27 

28 
33 
23 
34 
45 
36 

38 

4 0  
59 

2 4  
20 
15 

50 

a 

a Correspondence list: 

Name in Name in 
Program Text 

U U 
X X 

Y Y 
IK IK 

IC 

JC 

VIS# urs6 

Significance 

Observed x-ray intensity 

x-coordinate of datum 

y-coordinate of datum 

Dummy array for intercommunication of 
integers among subroutines 

Array established to "remember" loca- 
tions of identical intensity maxima, 
I- subscript 

Same as IC, but for J-subscript 

Value of intensity for which contour is 
de si red 
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a Correspondence list: 

Name in Name in 
Program Text 

A U 
B X 

D Y 
U U 

R 
Z 

X 

Y 

R 

Z 

Significance 

Intensity of x-ray reflection 

x-coordinate of datum 

y-coordinate of datum 

The subset of intensity data corre- 
sponding to a particular "box" as 
described In the text 

As f o r  U, the x-coordinate 

As for U, the y-coordinate 

Actual x-coordinate of pen position 

Actual y-coordinate of pen position 

during plotting 

during plotting 
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