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reduce to a minimum the number of conditional state- 
ments. The result would be the most efficient program 
of the type used for the particular job, wasting no 
computer space. This program is of course discarded 
at the end of the job. 

Objections may be raised because the Editor will 
need to be run on a large computer. However this 
means that a large centralized computer can be used 
to produce programs which would then fit into smaller 
local computers. These would then do the time con- 
suming work. The Editor should be capable of writing 
the program in any desired dialect of the language, 
and even of inserting machine coded sections in the 
few places where the gain is worth the trouble. In 
least-squares refinement the time consuming part is in 
setting up the matrix, then in its inversion. Machine 
coding the former for any computer should not be too 
difficult, and the latter should be locally available as 
a fast symmetric matrix inverter is an asset to any com- 
puting laboratory. 

The proposed system will thus not take all the work 
from the local computer, but will give much more work 
to it. This is in contrast to the X-ray 67 type of system 

which runs a job, however small, on a computer with 
great capacity. The Editor system therefore provides 
a means of using our computing facilities to the max- 
imum capacity with increased flexibility. The program- 
ming effort to develop this system would be very large 
indeed, but the system does merit much more thought 
and consideration than has been given to it. 
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A Simple Method for Drawing Molecules using a Digital Plotter 
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A simple fast method is described for producing three dimensional 'ball-and-stick' representations of 
molecules, using a digital plotter; any viewpoint at a reasonable distance away is suitable. 

Introduction 

The aim is to simplify the computing and drawing 
processes by reducing the picture to circles (represent- 
ing 'spherical' atoms), and bonds consisting of tapered 
bundles of straight lines. 

The method has to take into account two possible 
kinds of overlap in the picture; overlap of circles, and 
overlap of circles across bonds. Overlap of bonds 
across bonds is not taken into account, since they are 
drawn completely black; slight gaps could be left in 
a bond when it passes behind another; but the accuracy 
of the plotter (0.01") does not allow a neat enough 
split to be made. Clarity is not very much impaired 
by this omission. The bonds themselves present dif- 
ficulties in balancing plotter limitations (a pen step can 
only be made in one of eight directions) against a rea- 
sonably pleasant result. The bonds are given a forced 
taper, since perspective alone does not provide suf- 
ficient depth of view, unless a very close viewpoint is 
taken; in which case the sizes of the circles representing 

the atoms vary so much as to lose any meaning or 
identification purpose they may have. 

The taper was chosen on an arbitrary basis, subject 
to plotter considerations; no taper is provided 
on bonds between atoms whose distances from the 
viewer are similar (again an arbitrary distinction is 
made). 

The main data required for this method are: the 
angles between the coordinate axes (if not 90°), the 
viewpoint coordinates, and for each atom, a name (up 
to four characters), the coordinates and the radius of 
the sphere representing the atom and the names of all 
the other atoms connected to it. All coordinates are 
given in A. A facility is provided so that all atoms of 
one type, say those beginning with C, can be allotted 
the same radius without repeating this information for 
each atom individually. 

In the interests of simplicity, no labelling of the pic- 
ture is provided for, since a general label facility be- 
comes complicated when some atoms are partially or 
even wholly obscured. 
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D a t a  m a n i p u l a t i o n  

The  m a i n  da ta  consist  of  the names,  posi t ions ,  sizes 
and  connexions  to the a toms cons t i tu t ing  the molecule.  
The  names  are s tored in an  array,  and  the a toms are 
referred to in ternal ly  by number s  in the order  in which  
the names  appea r  in the list - the same as the order  
in which  the a t o m  da ta  is read. 

Fo r  any  par t icu la r  a tom,  its size, coord ina tes  and  
connec t ions  are all read in on  one card. I f  no  card  
wi th  the word  'S IZES '  was encounte red  before the 
a t o m  data ,  a radius is also looked  for ;  if  there  was 
such a card,  the correct  radius is found  f rom the SIZES 
list. The  SIZES card consists o f  a list:  a t o m  type,  
radius,  a t o m  type,  radius,  . . .  

Fo r  example ,  

SIZES C 0 .25 ,  N 0.5 

means  tha t  all a toms whose names  begin wi th  C are 
a l lo t ted  a radius  of  0-25 A, all those  beginning  wi th  
N, 0.5 A, and  so on. This  m e t h o d  is useful for  a naming  
system such as C1, C2, . . . ,  N1, N2 . . . .  ; bu t  since C13 
(for instance)  also begins wi th  a C, care has to be t a ken  
to  pu t  the  SIZES list in the correct  order,  wi th  C 
before  C1. 

W h e n  the name  of  a connec ted  a t o m  is encounte red ,  
it  is searched for  in  the list o f  names  compi led  so far ;  

if  it is in  the list, an  ent ry  is made  in  the appropr ia te  
place in a t r i angu la r  connex ion  mat r ix ;  i f  i t  is not ,  
t hen  the par t icu lar  a t o m  has no t  been me t  previously,  
and  no  entry is made.  A l t h o u g h  the m e t h o d  of  s ta t ing 
all the a toms  connec ted  to each one dupl icates  the  
in fo rma t ion ,  it simplifies the hand l ing  o f  this data ,  as 
does the use of  a connex ion  matr ix ,  mos t  o f  whose  
entries are b lank.  

I n f o r m a t i o n  as to the angles between the axes, the  
viewpoint ,  whether  wide or  n a r r o w  paper  is to  be used 
on  the p lo t t e r  and  the required scale fac tor  relat ive to 
1" to 1 ]k is also required.  

A n  example  of  the comple te  da ta  set for  cyc lohep tane  
(C7H14) is given in Table  1. This  da ta  is used in the  
three  Figures which  show the same molecule  f r om dif- 
ferent  viewpoints .  

Various  er ror  condi t ions ,  such as two a toms  wi th  
the same name ,  as well as syntax errors,  are tested for  
and  suitable er ror  messages are pr inted.  

The  next  stage is to make  a t r a n s f o r m a t i o n  f rom 
obl ique coord ina tes  to rec tangular  coordina tes ,  and  
then  to move  the or igin of  coord ina tes  to  the 'centre '  
o f  the molecule  which  is t aken  to be the  average o f  
the extreme points  in the x, y and  z direct ions.  The  
axes are then  ro ta ted  unt i l  the x axis passes t h r o u g h  
the v iewpoin t  chosen.  The  ro t a t i on  is still no t  unique ,  
however ,  and  it is made  so by conf ining the new y axis 
to  the old xy  plane.  

Angles 090 

Scale 1 "0 

Sizes C 0.3 

Table  1. Data specifications for  cycloheptane 

090 090 

H 0"2 

C1 0"0000 0"0000 0"0000 
HA1 - 0"6477 0.8989 - 0.0001 
HB1 - 0.6478 - 0.8988 - 0.0002 
C2 0-8461 0.0000 - 1.2783 
HA2 1.2961 1.0039 - 1"4092 
HB2 0.1855 -0"2036 -2.1443 
C3 1-9671 - 1.0453 - 1-2546 
HA3 1.5279 - 2-0354 - 1.0211 
HB3 2.4303 - 1.0957 - 2.2599 

C4 3.0568 - 0"7318 - 0.2229 
HA4 2.9035 - 1.3753 0.6658 
HB4 4"0451 - 0"9713 - 0-6628 
C5 3.0558 0.7350 0.2222 
HA5 4"0440 0'9760 0.6616 
HB5 2.9011 1-3784 - 0.6664 
C6 1.9662 1.0469 1.2545 
HA6 2.4299 1.0980 2.2595 
HB6 1-5254 2-0363 1.0212 
C7 0.8468 0.0000 1.2788 
HA7 0-1866 0.2024 2.1453 
HB7 1.2985 - 1.0034 1.4089 

View 025 000 000 
View 025 025 025 
View 000 025 000 

Angles between coordinate axes: assumed to be 
90 °, 90 o, 90 ° if this card is omitted. 

Scale factor, in inches per A: assumed to be 1 if 
this card is omitted. 

This card specifies radii of atom types, viz. all 
atoms beginning with C to have a radius of 
0.3 A, and all H to have 0.2 A radius 

C2 
C1 
C1 
C3 
C2 
C2 
CA 
C3 
C3 

C5 
C4 
C4 
C6 
C5 
C5 
C7 
C6 
C6 
C1 
C7 
C7 

C7 

C1 

C2 

C3 

C4 

C5 

C6 

HA1 

HA2 

HA3 

HA4 

HA5 

HA6 

HA7 

HB1 

HB2 

HB3 

HB4 

HB5 

HB6 

HB7 

These cards specify: 

(i) the name of an atom, 

(ii) the x,y,z coordinates (in A) of the 
atom, 

(iii) (not required or used here) the 
radius of the atom; if a SIZES 
card has been met a radius here 
will override the general specifica- 
tion, 

(iv) the names of all the other atoms 
connected to the atom. 

These cards specify the view-point of 
observation, with x,y,z coordinates in 
A. Any number of these can be in- 
cluded. 
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This method of rotation breaks down in the case 
where the viewer looks directly down the z axis of the 
rectangular frame, and considerable error occurs when 
the viewpoint is just off this axis. To avoid this, a test 
is made to see if the line from the viewpoint to the 
new origin, which is the proposed new x axis, is within 
45 o of the z axis; if it is, the rotation is modified so 
that the new z axis is confined to the old x z  plane 
instead of the y axis to the x y  plane. In either case, 
a conical projection is made onto the new y z  plane 
as picture-plane, so that we now have a set of plane 
coordinates of the atom centres, together with the atom 
'radii', which are also modified in the projection to 
take into account varying distance from the viewer, 
compared with the picture-plane. 

For oblique coordinates with conventional angles 
a, fl,  y between the axes (~ between y and z axes, e t c . ) ,  

a transformation is made to rectangular coordinates, 
keeping the same x axis, and confining the new y axis 
to the old x y  plane. 

x ' = x + y  cos ) ,+z cos fl,  
y '  = y  sin ~, + z[( cos ~ -  cos fl cos ~,)/sin 7], 
z ' =  zl/[ sin s f l - { (  cos e -  cos/? cos ?,)/sin ?}2]. 

For rotation of axes until the x axis passes through 
the viewpoint where x'~,y '~,z ,  are in rectangular coor- 
dinates, we use 

x " =  xv" x + y r .  y + z  v. 
c r  t 2 . t 2 . ' 2  [x v -fy~ -I-z~ ] ' 

F i g .  1. C y c l o h e p t a n e  m o l e c u l e  w i t h  d a t a  spec i f i ed  i n  T a b l e  1 
viewed from the point (25,0,0). 

• ! I . yp  y , ,=  - - Y v  " X + X v . 
. / r  t 2 , t 2 1  , 
VtX~ +Yv 1 

• r , , y t  " ' 2 .  t 2 " . Z ~  z "  = - x'~z'~ x - y~z~ . +tx~ + y ,  ) 
V[x7 + yg] V[x7 + + zo'2"j 

This is the case where the y"  axis is confined to the 
x ' y '  plane; the other case, with the z" axis confined 
to the x ' z '  plane, uses the above three equations, but 
with y '  and z' interchanged throughout. 

The coordinate limits of the projected 'picture' are 
now found and are tested to see if the proposed scale 
factor will allow the picture to fit on the plotter paper. 
If not, a suitable factor is calculated and a message 
is typed to enquire if the new factor will serve. If no 
reply is given within twenty seconds the new factor is 
assumed to be satisfactory. 

The distances of the atoms from the viewpoint are 
now arranged according to magnitude, using a very 
efficient method (Scowen, 1965). The numbers allotted 
to the atoms as the data was read in are also arranged 
at the same time. The arranged list is referred to as 
NODIST. 

Drawing the atoms 

Starting with the first read in, an atom is taken and 
the circle representing its plane image is examined for 
intersection with other atom 'circles'. This operation 
is greatly speeded up by, firstly, examining only an 
atom nearer to the viewer than the current one, that 
is earlier in the NODIST list and secondly, by making 
a coarse test involving only the circumscribed squares 
before any fine test is made on the distance between 
the centres of the circles representing the atoms• Thus, 
if the circumscribed squares (with sides parallel to the 
axes) do not intersect, no fine test is made. The squares 
test involves only simple inequalities on the circle 
centres and radii. 

There are four cases of intersection of a 'nearer'  
circle with the current one. If no intersection occurs, 
and the centre of each one is outside the other, then 
the 'nearer'  one is ignored, and the next one in the 
NODIST list is taken. If no intersection occurs, and 
the centre of one is inside the other, then either the 
nearer one appears to be inside the current one, in 
which case it has no effect on the boundary, or else 
it completely obscures the current one, when a message 
is printed pointing out the fact, the current atom is 
ignored, and the next one is taken. If intersection 
occurs, the centre and radius of the intersecting circle 
is put in a short list of 'intersecting circles'. 

When all the nearer atoms have been considered, 
and a list of intersecting circles, if any, has been made, 
the plotter pen is instructed to go to the appropriate 
position for drawing the circle to represent the current 
atom. 

The circle is drawn by moving the pen one step at 
a time, choosing the step direction, which is limited 
to one of eight possibilities, so that the required dis- 
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tance from the centre is maintained as closely as pos- 
sible; and also at each step, testing whether the pen 
will be taken within any of the intersecting circles if 
such exist. If the pen is already down and the next 
step takes it inside one of the intersecting circles, then 
it is raised and the fact that it is up is noted so that 
it is not raised again on subsequent steps. Similarly, 
if it is already up, and the next step takes it into a 
visible arc, it is lowered, and a note made. When there 
is more than one intersecting circle in the list at each 
new step a distance test is made on the domain of 
each one until either the list is exhausted or it is found 
that the next step trespasses inside a particular circle. 
This unsophisticated method is, in practice, very fast. 

When the circle is finished, the next atom in the list 
as read in is taken as the current one, and the above 
drawing procedure is repeated. 

Bonds 

After all the atom circles have been drawn, the bonds 
are dealt with: the connexions to be made are found 
from the triangular connexion matrix constructed 
when the atom data was read in. The ( n - 1 ) t h  row of 
the matrix indicates the connexions to the nth atom 
and has n - 1  locations, any of which can be 0 or 1, 
a 1 in the ith position indicating a bond to the ith atom. 

When any two atoms are to be joined, a test is first 
made to see which is further away so as to set up a 
suitable taper for the bond. If they are approximately 
equidistant from the viewer, no taper is provided. The 
limits of the bond-ends are defined, for the nearer atom, 
as the edge of the circle, and for the further atom, as 
the edge of an internal circle whose radius is determined 
by the atom radius and the angle at which the bond 
is sloped away from the viewer. Various examples are 
shown in the Figures, including cases in which bonds 
are nearly perpendicular to the line of vision. 

The bond line is now tested against other atoms 
possibly intersecting it; only atom circles which are 
'nearer' to the viewpoint than the further of the two 
to be connected can intersect with the bond so as to 
hide it. An intersecting circle is always assumed to 
obscure the bond; it could happen that an atom was 
nearer to the viewer than the further atom to be con- 
nected and intersected with the bond but did not 
obscure it; however, examination of this case shows 
a molecule containing such a bond to be rather un- 
likely. 

A coarse test is made first, using the rectangle with 
corners at the bond ends and sides parallel to the axes, 
and the square with sides parallel to the axes circum- 
scribing the atom-circle; a finer test is made if it is 
found that the square and the rectangle intersect. If 
the atom circle is found to intersect with the bond its 
centre and radius are put in a list similar to that used 
for the circle-drawing procedure. If the bond is found 
to be completely obscured by the atoms to be joined, 
it is ignored. 

The basic bond line is then drawn; tests being made 
at each plotter step for bond end-limits and intersec- 
tion with other atoms if any. 

A taper is introduced by drawing two more lines 
outside the basic bond, with the taper towards the 
'further' atom-circle. The amount of taper is deter- 
mined somewhat arbitrarily by the slope of the bond 
away from the viewer, in a similar way to the bond- 
end determination. 

? 

Fig. 2. As for Fig. 1 but with viewpoint (25,25,25). 

Fig.3. As for Fig. 1 but with viewpoint (0,25,0). 
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The bond 'framework' is then filled in with two more 
lines. The visible ends of the bond are improved slightly 
by letting the middle three lines forming it run over 
the determined end limit by one plotter step thus pro- 
viding an approximation to a cylindrical end to the 
bond where it cuts the spherical atom 'surface'. 

The next bond is then found from the connexion 
matrix and so on. Figs. 1 to 3 show completed diagrams 
of the molecule cycloheptane (C7H14) from different 
viewpoints. 

A program has been written in the symbolic pro- 
gramming language for the IBM 1620 Model II com- 
puter with 60K store using a 1627 Model II plotter 
(which operates at up to 200 steps per second with a 
step length of 0.01"). Since there is a fair amount of 
calculation to perform per step when drawing circles 
and bonds, the plotter does not work at full speed. 
However, an average molecule of 20 or 30 atoms, 
drawn 1" to 1 A takes about eight or nine minutes to 
draw, which is still a considerable saving on a day's 
manual labour. Note that computation time is equi- 
valent to between 3 and 4 seconds on an Atlas. It is 

intended to rewrite the program for the IBM 360/44. 
Flow diagrams can be obtained from the authors at 
the St. Andrews University Computing Laboratory. 

A fairly free format can be used for the atom data 
input and up ,to 200 atoms can be accommodated in 
one molecule. Several views can be drawn successively 
without reloading the atom data and stereoscopic pairs 
can be drawn by choosing suitable viewpoints. Any 
particular bond-line can be drawn as just a single-line 
(e.g. for 'connections' between molecules) by following 
a connected atom name (on the atom data cards) by 
an asterisk. 

We are indebted to several members of staff in St. 
Andrews and Dundee Universities, who provided real 
molecules for testing the program. 
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On the Application of the Symbolic Addition Procedure 
in Neutron Diffraction Structure Determination 

BY S. K. SIKKA* 

Atomic Energy Research Establishment, Harwell, England 

(Received 31 October 1968) 

The conditions have been examined for the application of the symbolic addition procedure for the eval- 
uation of signs of structure factors from neutron diffraction data for centrosymmetric crystals con- 
taining atoms with both positive and negative scattering factors. It is shown that this procedure can be 
used directly, without first deriving the squared structure factors, when the contribution of the negative 
scatterers to the total neutron scattering is less than 25%. Several examples of the use of this method 
are given. The results show that for Eh >-- 1.5, the signs of about 95% of the reflexions are determined 
correctly. 

1. Introduction 

It is well known that direct methods of solving the 
phase problem by the symbolic addition procedure 
(Karle & Karle, 1966) cannot generally be applied to 
neutron diffraction if the crystal under examination 
contains some negative scatterers of neutrons, such as 
hydrogen atoms, together with other positive scatterers. 
This is because the basic assumption for the use of 
direct methods, that the scattering density is always a 
positive quantity, is violated. To circumvent this dif- 
ficulty, Karle (1966) proposed the squared-structure 

* On leave from Nuclear Physics Division, Bhabha Atomic 
Research Centre, Trombay, Bombay 85, India. (Now returned.) 

approach. The squared structure is defined as one hav- 
ing atoms with scattering amplitudes equal to the 
square of the normal amplitudes, but situated at the 
original positions in the unit cell. Such a hypothetical 
crystal has positive neutron scattering density every- 
where and thus the phase problems can be solved by 
the symbolic addition procedure. The formula for cal- 
culating the magnitudes of squared structure factors 
from the observed neutron intensities was also given 
by Karle (1966). The success of this approach was de- 
monstrated by Ellison & Levy (1967), who used it to 
solve the structure of glycollic acid. Hamilton (1966) 
has pointed out that this approach does not utilize all 
the information in the data and also that the method 
is really not direct since one has still to use chemical 


