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COMPUTER REPRESENTATION OF MOLECULAR SURFACES 

Nelson L. Max 
Computer Graphics Group 

Lawrence Livermore National Laboratory 

Abstract 

This review article surveys recent work on computer representation of molecular 
surfaces. Several different algorithms are discussed for proc/cing vector or 
raster drawings of space-filling models formed as the union of spheres. Other 
smoother surfaces are also considered. 

1. INTRODUCTION 

Computer drawings have lony bten a useful loul in 
the understanding of the three dimensional struc
ture of molecules. Tne simplest a«o earnest 
were line drawings (see Levinthal L U I I with a 
line segment representing eacn Dono. To un
derstand the interaction of an enzyme with a sub
strate or inhibitor, or a orug or normone witn a 
receptor site, the location of the molecular sur
face is more important than the lucation of tue 
bonds. This paper will review various algorithms 
for representing these surfaces, euner as unions 
of spheres or as otner smoothed surfaces. 

I. UNIONS Of SPHERES 

The most familiar molecular moaeis art the LPK. 
space-filling moaeis i 2 j , inventeo by Pauling ana 
Corey ana improveu by Koltun. Here eacn atom is 
represented by a sphere of raoius equal to tne 
atom's Van oer w'aals raoius, aria a molecule is 
representee as tne union of its intersecting 
spheres. Since the preferrea contact distance 
between two non-bonoea atoms is the sum of their 
Van oer w'aais radii, the contact between two mol
ecules is well represented b, the contact between 
their space-filling models. The mooels consist 
of plastic truncatea-sphere parts, which can be 
fittea togetner with rotataole joints to form the 
union-of-spheres surfaces. Chemists are rawilar 
with the CPK color scheme, where each type ot 
atom has its own color code. 

In a computer picture, the spneres can oe ren
dered as line drawings, or as shaded raster 
Drawings. For line drawings, the circles where 
spheres intersect each otner must be exp'icitly 
taken into account. These circles will project 
into the picture as elliptical arcs. Smith ana 
buna [3j have expanded on an algorithm of Name 
[15] for line drawings of space-filling models. 

Figure 1. A space f i l l ing outline arawing ot 
5-fnethyl-5-etnyl-5,6-aihyaro-2(IHj-pyrmune, 
proauced by SPACEFIL algorithm of Smitn ana 
Guno, Reprinteo with permission from Li j . 
Journal ot Chemical Information and Computer 
•Science, copyright (I97il) American Chemical 
Society. 

Each circle is approximated by a polygon, „no the 
hidden surface calculation compares eacn polygon 
eoge with each sphere. Figures 1 and I were pro
duced by this system. 

Work performed under the auspices of the U.S. 
Department of Energy by the Lawrence Liveraore 
National Laboratory unaer contract No. 
W-740S-ENG-48. 
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Figure lb. i>u transparent base pairs of DM, 
witu aii opanue ethioiiiin ion Siippeo uelneen the 
center u.o. 

jliuufiaiiJiitr L U j r.cS oropo'it-o L^IIUIIILJ Hardware 
,-.iiii.n coulo r ap iu ly generate shaoint, it,*' raster 
segments precomuuteu and storeo on a ^ le l la i 
erne, su mat a niovit sequence code ue vieweo in 
reel t ime video. 

J. 01 UK ShOOTf. SliKFAcEi 

ipnert i aie oniy one '.v<y to VIsuailZt the iiiapfc 
of a molecular suiTace. Ine volume near tne 
corner at me circ le iinere two atoms intersect is 
not accessioie to another atom or mole-cole, whose 
sort ace nas a curvature ut u s own, ana cannot 
t i t into the corner. Langnuge, rernn, Kunu, 
ana Connolly • U j stuuy interactions oeueen rnu i -
ecolts ty Displaying tne surtaoe of the volume 
arouno or insice each molecule union couiu tit oc
cupied Dy a Disjoint proue such as a ivater mol
ecule. As cescribed in Connolly L l / j , this sur
face is bounded by pieces of Che spheres for each 
atom, pieces of toroidal f i l l e t s tangent to u o 
spheres near their intersection, ana pieces of 
the probe sphere where i t is tangent to three 
atom spheres. Dots are scattereo across this 
surface, with approximately constant oensity pel 
unit area. Once tne dots are precompuieo, such a 
surface can be rotatea, translated, ana cnppeo 
in real time, while being refreshed en a color, 
vector CAT with perspective ami cepth cueing. 
figures 16 and \'l were taken from this uispiay. 

Figure lt>. ]ne surface or a t i^ iuxiu molecule, 

fiyure I/, iection or me surfaces and stitr. 
figures lor trypsin inniL.it.or lnsertc-u m u 
trypsin, ciippea Lietifttcii tivO planes parallel ^ 
trie viewiriy screen. 

Uinnolij 's surfaees ore ..onliiiUeeSij Oi:-
terent iduie, lot dale aorupl Cfiunges ueU-.tu, pos
i t ive uiiu negative curvature. Limn has ni 'Ului 
a program to render minutely uHferentiaolc an
alytic surfaces which represent contours of 
electron oensity, A spherically syiwieu i c 
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Figure 7. A picture of tne heme group in 
Hemoglobin, taken from tne coior monitor of tiie 
AEbbl2. 

The strategy for raster pictures of unions of 
spheres aepenos on the raster hardware 
available. Host raster terminals contain a frame 
j u f f t r winch nas a memory location for the color 
i t eacn pixel , A color video screen is 
continue'l j rtiresiieu tro;;, tins frame buffer, 
while d computer can simultaneously aao to tne 
picture. toy such terminals also contain a 
local microprocessor whicn can write polygons 
into the memory anu f i l l them with color. 

One simple way to draw a molecule on sucn a 
system is to sort the spneres in oruer ot the 
ueptn ot tneir centers, and men paint them back 
to front into the frame buffer as t i l l ed Cir
cles. Of course, the spheres wi l l loon as i f 
tiiey never intersect, out the image wi l l give a 
goufi luea of the overall shape of thi loiecule. 

There are several ways to improve such 0 n image, 
one improvement was written Oy Pete Harris to 
JcWMStroie me AELi siir, a rrame buffer terminal 
having a routine in i ts microprocessor wnicn can 
draw a circle given us center, racius, oiiu 
color. l r r is the raoius in pixels of the 
projected spnere, concentric cirlces are urawn ot 
raoius r, r - i , r-2 , I , d, with tne outer 
one uarkest ano tne inner one l ightest. Tne 
spheres appear shaoeo, as i f illuminated Dy a 
light source Dehino tne viewer. In addition, )f 
2 is tne depth in pixels of the sphere, these 
circles can be thought to l ie in tne oeptn planes 
2, i-\, z-Z, ... z-r, respectively, forming a 
cone in space. Trie circles for a l l spneres are 
sorted in i, ano entered into the frame Duffer a 
plane at a time, from back to front. Then i t twu 
spheres intersect, their art of intersection wi l l 
appear in trie picture. However, since cones are 
useu instead of spheres, this arc w i l l l ie on a 
hyperbola msteao of an el l ipse, ano if the 
centers of the spheres he in different z planes, 

the hyperbola may terminate abruptly at the 
prof i le c irc le of the closer sphere. Figure 7 
was maoe by this algorithm. The method could be 
improved by using spheres instead of cones, out 
then the resulting concentric circles would not 
be evenly spaced in raoius, aiio special attention 
wduld be neeoea to make sure there were no pixels 
missed between tnem. 

Parr maae some of tne earliest color union-
of-spheres movies |J6j drawing tne concentric 
circles on a urum plotter (tigore 8 j , ana com
puting beforehand tne visible arcs of each 
c i rc le . A different color pen was used for each 
atom. After a l l atoms tor a sequence were arawn 
in a l l colors, they were repositioned by tne drum 
under a movie camera. A negative was usee for 
the movia, giving complementarily colorec spheres 
against a black background (figure g j . Parr has 
since added side l i t shading to this concentric 
c i rc le algohuim (figure 10j winch now runs with 
a frame buffer. 

Knowlton L?j has a second improvement to the 
frame buffer algorithm. Each spnere is rep
resented oy two discs; a Shaueu jibe in one plane 

Figure fi. Four atoms in a Dimolecular reaction, 
as drawn on a pen plotter. 

Figure 9. The negative of figure 7, as in the 
movie L16j. 



figure 10. The structure tit HF-Tl'Nb;, an organic 
metal at room temperature. 

Figure 11. k structure formea as the union of 
many snail spheres, as or awn oy the algorithm ot 
Knowlton L7j . 

and a sl ignt iy larger o iau ui^c in an-uner piant 
somewhat to the rear, Al l DISCS for a l l spheres 
are sorted in ueptn, arm then reiiuereo Oack to 
front. If a sphere is far in front of anoLner 

group ot spheres, i ts black aisc wn l outline i t 
against the spheres to i ts rear. However, if two 
spneres intersect in space, their shaaeu discs 
w i l l occlude each other's outline uiscs, anc 
their interiors w i l l merge. Assumt, as in ine 
previous method, that the uiscs nave concentric 
circles of increasing brightness, anu the 
painting rule retrains trow painting a darner 
shade over a lighter (a slight simplification of 
Knowlton's method). This ruie again gives a pic
ture equivalent to one foniieu from cents uisieao 
of spheres. The images are particularly ef
fective for shapes fonneo by the uniun of .ar^e 
numbers of small spheres, as in ngure h . 

nyure \Z. oacunai havuuoAih, iruin icdcnir.o 
Mus fur i';ij icCu ';<.r i l ruc lu ic , proudceo ol mt 
''.oUOhci Institutes Of health uSiriv, the proar',;iii 
of Porter , f , j . 

Another suocaro too i (or isSlcf it.ageb is me 
Ocptl ' l L t U l l t r u IL,ur 1 Llil i. ^ i.L-pt'i U u i t e " ^ u l i t a i h b 

a nieiuoiy ceil tor tilt utpm ai u i i . ' jS t t i pulhL, 
in oUuHiun tu one rui tnt culur'. int b / i t i tb 
netU not Lit bUi'ttO in iitpt.'i, LJUt ait rthotrcu out 
by one into me oeptn uuitfcr. At eacu i aster 
point, '.tit jeptn ot tnt new sputa ib ..uinpareo lu 
Lnfc current oeptu value in tht buitei, atiu it tne 
new sphere is cluser, the ueptn una cuioi valotb 
are botn upuateti. 

A variant union requires less memory is Ine l int 
butter algorithm. Mere, me .itptn auu coior in
formation iti only accumulated tor a scan nne at 
a time, iplieres which intersect the current scan 
line have a hurizoutal row of shaded pixels ren-



dered into the line buffer, using the depth com
parison as before. When all the spheres have 
been considered, the color information for the 
scan line can be sent to a simple frame buffer, 
or recorded onto film. For efficiency, the 
spheres should be preprocessed to determine which 
scan lines they intersect, ana organized for 
efficient retrieval when they become relevant. 
Porter L8j has written such a line buffer system 
which is currently being used at the National 
Institute of Health. He uses incremental methuas 
across a horizontal row of pixels to compute the 
aepth of a sphere, avoioing time consuming 
computations of square roots. Figure 12 was 
produceo by this algorithm. 

Knowlton and Cherry [8] have developed a hidden 
surface algorithm for chemical mooels, based on 
subuivision. Each sphere's image is divided into 
a list of regions bounded by arcs uf circles and 
by vertical line segments. To keep all arcs cir
cular, the elliptical intersection arcs are ap
proximated by circular arcs which pass through 
three points on the ellipse, when a sphere in
tersects or is hidden by another sphere, the re
gions in us list are removed, modified, or sub
divided to take this interaction into account, as 
in figure 13. when all possible interactions 
have processed, the regions remaining in the list 
of a sphere can be colored in. Max [ iOj has 
aoded shading ano highlights to the images as tne 
regions are rendered offline on a color film 
recorder. The regions have vertical sioes, so 
they are rendereo using vertical raster 
segments. The shading intensity function is ee-
fineo as a paraboloid of revolution, taking its 
maximum value at tne center of the sphere, and 
its minimum value on the sphere's profile cir
cle. The intensity along vertical raster seg
ments is then a quadratic polynomial, ana can be 
evaluated efficiently using forward differences, 
with two additions per pixel. Using a color 
look-up table to modify the values generated by 
tnis polynomial, any Shading function wmch is 
constant on concentric circles can be achieved. 

Recently, Max [Z] has modified the quaoratic 
shading algorithm to produce side lignting. 

Figure 14. Half ot the UsO subumts in tiie 
protein coat of the towatu bushy sunt virus. 
The large spheres are whole proteins, arm tne 
smaller spheres represent inuiviouai airinc 
acids, shadows are cast Uj a itqnt secret ajuue 
the vi a s . 

El l ip t ical highlights are rtnoereu at tut 
appropriate position tor specular ret lection. As 
in the PLUTO program mentioned utove, tut surtcce 
regions facing away from tne light source are 
oarkeneo. In addition, tne hidden surface 
algorithm may oe repeated irom the point or view 
of the l ight source, and the visiuie fraction uie 
highlight anu sphere areas useo to multiply tn t 
shading, giving diffuse cast shauows, as in 
figure 14. Transparency nas also been 
implemented as in figure lb, o> using multiple 
exposures through masus representing the opaque 
ana semi-transparent surfaces. Tne procedure ior 
the special effects optical printer is uescnueu 
in Blunuen ano l-iq/ L ] i j . 

Figure 13*. Initial 
subdivision of in atom. 

Figure 13b. Subdivision 
caused by intersecting atom. 

Figure 13c. Further 
subdivision caused by 
occluding atom. 



Figure 2. The same molecule as in figure 1, with 
gruat circles rotated around tne x and y axes to 
give curved cross Hatching. Reprinted with 
permission from |_3j, oorunal of ineiincal 
Information ana Computer Science, Copyright 
(19/SJ American Chemical Society. 

Figure 3. Six oase pairs of DM, witn hatcriing 
on portions of spheres facing awoy rrom l ight , <iS 
orawn by PLUTO. 

Motherwell nas written a program callea PLUTO 
[18], which, in addition to drawing the sphere 
outlines and intersection arcs, can adu hatching 
to tne parts of each sphere which fact awa> rroiii 
the light source, as in figure j . However, 
spheres ao not cast shadows on other spneres. 

Franklin [4 j has a more eff ic ient 'linear tirne a l 
gorithm for suppressing the hidaen arcs, hut at 
present i t is limiteo to non-intersecting 
spheres, herbison-Evans Lb.bJ has algorithms 
which work for el l ipsoids, ano c-an prouuce 
drawings (figure 6j as well as vector drawings 
(figures 4 ano 5). The shaoing is fauna for each 
raster element, or p ixel , by computing the normal 
vector at the appropriate point on the sphere, 
ana relating i t to the l ight source direction. 

Figure <t. The ion Cu(r<iO Ĵf," > prouuceo uy 
the aigoritmn of Kerinson-ti/sris u 5 j . 

Figurt :>. Four positions or a career, lomposeii 
or intersecting LillpsGluS w i l l tlie liloccn OILS 
reii'.&vea Oj trie algorithm of heruistm-tvans L o^, 

Figure 6. A raster drawing of the uancer, shaueo 
by the algorithm of herbi son-Evans i_6j. 
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Gaussian e lec t ron oensi ty is centered at each 
sphere, and the surface is tne contour wnere the 

j sum ot these dens i t ies takes un a spec i f i c 
[ value, fu r each p i x e l , the nearest point un tne 

surface is founu Dy Hewton i t e r a t i o n , ano wen 
the surface normal i s computet; Qy tak ing the 
grauient of tne ana ly t i c uensi ty f u n c t i o n , the 
normal vector is usee t o compute tne snauing 
i n t e n s i t y , ana the co lo r is assigned according to 
the nearest atom. Figure lb was mace in m i " . way. 

f igure ,b. >< uase pa i r of uhh, represented cs a 
.hui.ee L U M U L T surfaces f u r the eiecu-on u e n s i t j . 

V ' -L I ^ I " u-\i.\ Ihgb ut col.tool Mil'TaCts at'e f i u l l h e l j 
,.'"i m i u Oj x-v&j ,.r_,slo i iugi'upners, anu useo to 
; .1 , ,n .p. . l r i , 1 ' j j t i i ul large itn-cviio lecu ItS to 
ih".- ii . .s-uti"oi. dens i t i es , as reconstructed l rum 
. - I „ J u i f t i a c t ion Oatd. ihe e d i C IULL-O c l e d run 
ut -hs i i j ib lu f i loufcu in three perpendicular 
u o : o , lu give a n i r e mesh oage- l iKt so t i u ^ t 
.."t..'t t u t in terpo la ted density takes uii a v e -
. . I n . .a loe. oiiee Cufiiputeii, the vector^ in one 
. • .' • J L'C ic ta teu ih red! Llmt or presentee m 
..'.' ' L U , Jb utSLriueC. in ^ i j , 

.deb t L u h l O d ' i n g a iyO'"U" i ' i . ' J La ' , c I SO he a p p l i e d 

11 a s i i u u u t t i i i i e i iS i t j , r t ^ reSt i i leu as a sui;: ot 
, . i / : ' . i s i i density tdriellOhb u t n t e r e j ot th t atomic 

. ^ • ' L i , OS C I J L L I S S L U aUOVc. ihL' ' t S U l t i h U , V f c d u r 

esi. tnen represents the Same sorTace as i ' 1 

O I I I T I ' ^ ros ter linages, darty L\^jJ ha:> appileo 
SJCII sun does to niolecuiar in te rac t ions as in 
Figure i i . I f tne oens i t j aim contour values ere 
^nosei' l u oppruxiiiiate toe Van oet waais contact 
Sd^cLes, two soui sur'taees Cdi; Oe manipulated Lu 
i c s t i e together, i f insteau, tne contours are 
LiiuSen ot twice the Van aer n^ais rao ius , tne re 
su l t i ng voids in one- molecule represent spaces 
f. inc'i coulu oe occupleo ty another, as rep
resentee in 2eru raoiuS st icr . rutin, bor r j nas 
TCUI.C the u t t e r totv.iot easier t o understand, una 
manipulate. 

A l l of these surface renderings can now De per
formed rap io ly enough to produce movies, e i t h e r 
in real t ime, or Dy frame oy frame record ing. 
Several representat ive movies w i l l ue shown ut 
the meeting. 

gurt i i . Leucine j< oiici pheio, la lanine is in 
pie i i . j og iu t i i i , together w i th tne atoms in the 
mediate neighOorhoou ot the plieii, i r i n g . 

Lisc tanner 

This document was prepared as an account ot work 
sponsoreo Uj an agency ot the United States 
Government, hei tner tne Lni teu Slates bovernmeht 
hur trie Un i v t iS l l y ot u h l u r n l o nor any of t l l e i r 
employees, make any warranty, express or imp l ied , 
Oi assud.es any legal i i a D i l i t y or responsioi I i ty 
t o r the dtcuracy, cumpleteness, or usefulness uf 
oriy in format ion, apparatus, prouuet, or process 
o isc loseu, or represents t r ia l i t s jse would nut 
in f r inge p r i va te l y ouheu n g i l ls , kelerenee 
herein to any spec i f i c cowmen, la i prcoucts, 
process, oi servlLe by truoe name, I rauewaU, 
manufacturer, or utnerwise, uues not necessaniy 
cohSl l tu te uf hi.piy i t s eiiuurSemehl, 
reconmenciation, or favor ing u y tue un i teo States 
boveriiiiier.l or tne Ln i ve rs i l y ut c o i i t o r i n a . trie 
views anu upinions ut cutnors expresseo nerein GO 
not i i e c t S i o r i i j s to te or r e f l e c t those ot the 
Lniteo States Government inei 'eof, ana sha l l not 
06 usee t o r duver t i s lng or product endorsement. 
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