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Abstract. T o d a y scientists can create, with the aid of a 
persona l computer three-dimensional (3D) representa t ions 
of objects — a specific da ta base , conta in ing not only the 
space coordina tes and colours of all po in ts of an object, 
bu t also al lowing it to be examined from a bird 's-eye poin t 
of view. The da ta base reveals the characterist ic features of 
the object as a whole and allows them to be named . 
Examples of 3D representa t ions are given and the 
principles of their creat ion and viewing are discussed. 

" F r a n k l y speaking, I don ' t like to listen to 
news repor t s on the radio . . . M y globe is much 
m o r e convenient. . . If you look closely, you will see 
the details as w e l l . . . " 

M a r g a r i t a bent over the globe and the square 
of land expanded, became infused with m a n y 
colours and turned into something like a relief 
m a p . 

Mikha i l Bu lgakov The Master and Margarita 

1. Introduction 
With the aid of a persona l computer it is n o w possible to 
create three-dimensional (3D) representa t ions (copies) of 
objects. Such copies can then be inspected from different 
po in t s of view and different distances with the help of any 
of the k n o w n m e t h o d s of individual and collective viewing 
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of stereo images, as well as by means of s t andard m o d e r n 
m e t h o d s of 3D visualisation. 

To construct a 3D compute r copy one can use the 
results of var ious physical measurements or p h o t o g r a p h s of 
the object. 

A persona l compute r allows the expert to use his deep 
knowledge of 3D objects in his area of research (the men ta l 
representa t ion of the object, which is extremely difficult to 
formalise) for in terpret ing the results of measurements or 
for reconst ruct ing the usua l flat ' copy ' of an object — its 
pho tog raph i c image (optical, electronic, x-ray, infrared). 
The 2D image is in essence a greatly dis torted copy, 
compressed in one direction — in depth , and its recon
struct ion results in the creat ion of a t rue 3D image of 
an object. 

The 3D object can be a set of poin ts , lines, or surfaces in 
space; lines and surfaces themselves also consist of poin ts . 
The po in t s are coloured; in m o d e r n persona l compute r s the 
colour of a po in t is characterised by the intensity of red, 
green, and blue colours ( R G B ) , which for each of the 
colours can t ake on an integer number from 0 to 255. 

After a 3D object has been created in the computer , the 
quest ion arises h o w to examine it. 

N o doub t 'glass-like' media (such as aerogel or other 
t r ansparen t substances) will soon become available for the 
visualisation of 3D models , with the possibili ty to address 
any given poin t of the vo lume and insert at this po in t a 
colour with a un ique value of the R G B palet te . But flat 
image carriers (paper, pho tog raph i c film, flat screen) will 
remain the most commonly used media and in m a n y cases 
the mos t convenient ones. 

In some cases for the adequa te percept ion of vo lume 
it is sufficient to r ep roduce one of the s tandard flat images 
of the 3D object. As an example one can give here the 
schematic image of the Universe (in other words , the 
Metaga laxy) as a set of ' layers ' of cubes of var ious 
colours , such tha t the colour of a cube is equivalent to 
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the average vo lume density of galaxies (in a given cube), as 
shown in Fig. 5. However , such a flat image cannot be used 
to represent the da ta for the space posi t ions of all galaxies 
const i tu t ing the Universe ; here we need a stereo image, such 
as is shown in Fig. 6. 

N o w a d a y s the simplest way to look at a 3D compute r 
copy of an object is to p roduce stereo slides (or some other 
form of stereo representa t ion) of the copy and then use one 
of the devices for individual or collective viewing of the 
stereo image. 

2. Stereo images and stereoscopic vision 
The word 's tereoscopic ' derives from the Greek stereo 
(solid) and scopos (watcher) . A stereo image or a stereo 
pair consists of two images of the same subject. W h e n the 
stereo image is viewed with a s tereoscope (and after some 
pract ice wi thout any device), the depth of image one 
perceives is the same as if one viewed the real subject itself. 

A n y form of p h o t o g r a p h i c process, subject to the laws 
of refraction of light (electronic beams , x-rays, etc), creates 
in the photosensi t ive mater ia l a severely distorted, s trongly 
compressed in depth ' copy ' of a 3D object. Hence the 
p rob lem has arisen h o w to fix and see an undis tor ted copy 
of a por t ion of the three-dimensional world . One way of 
solving this p rob lem is to use stereo images: stereo 
p h o t o g r a p h y , stereoscopic m i c r o p h o t o g r a p h y with scan
ning electron microscopes , etc (ho lography is essentially 
a var iant of s tereoscopy and solves the same prob lem: h o w 
to see an image fixed in a photosensi t ive layer as the t rue 
copy of a real object or scene [8]). 

It is not difficult to p roduce a single stereo pair . F o r 
example, to construct the stereo image of a t r ansparen t cone 
one needs only a sheet of stiff white paper (say, 
9.5 cm x 7.0 cm) and d r aw on it two circles a r o u n d a 
coin, with the centres of the circles placed 6 cm apar t 
and 2.5 cm above the lower edge of the paper . Let us n o w 
d raw two po in t s displaced, respectively, 1 m m to the right 
and 1 m m to the left from the centres of the left and right 
circles (so tha t the distance between these po in ts is 5.8 cm). 
Then viewing the sheet in a s t andard stereoscope we can see 
a t r ansparen t cone: r o u n d edge of the base of the cone and 
(nearer to us) the apex of the cone. If the paper used for the 
stereo pic ture is opaque , then it mus t be viewed in scattered 
light, pene t ra t ing t h rough a slit into the stereoscope; to view 
the stereo pic ture in t ransmi t ted light it mus t be d rawn on a 
t r ansparen t foil or pa rchmen t . 

If, instead, we move these two po in t s further apar t so 
tha t the distance between them is n o w 6.2 cm, we see a 
t r ansparen t cone with the apex remote from us. 

M a n y people can fuse a stereo pair wi thou t the use of a 
stereoscope. 

Let us n o w construct some m o r e simple stereo pictures, 
which can be viewed in a s t andard stereoscope. F o r 
example, we shall see a segment inclined in depth if we 
jo int the apexes of the cones in the previous example in the 
right and left halves of the stereo image with one of the ends 
(the upper , for example ) of the vertical diameter of the 
circles. A t runca ted pyramid can be constructed by 
displacing a small square inside a large one to the left in 
one half of the s tereogram and to the right in the other hal f 
of the s tereogram. W e perceive a rectangular b o x resting in 
the hor izon ta l p lane if we displace the squares represent ing 

Figure 1. Retinal disparity. 

the rear side of the b o x with respect to those represent ing 
the front side. Finally, let us construct a number of 
segments inclined in space in such a way tha t the end of 
one segment coincides with the beginning of the next one. In 
this way one can build b roken line in space and even tie it 
into a kno t . 

W h a t is stereoscopic vision? If a person looks at a 
small object A in front of him, we say tha t the observer 
'fixates the object ' . The rays going from A th rough the lens 
of the eye focus on the ret ina in regions Ai and A 2 (Fig. 1). 
In the observer ' s mind the two images 'fuse' into one 
percept . The angle between the 'viewing axes ' A — Ax 

and A — A 2 (angle of convergence ) and the difference 
between the pos i t ions of the images Aj and A 2 relative to 
the centres of the re t inas of the left and right eyes (retinal 
dispari ty) are the measures by which the observer judges his 
dis tance from object A. 

The rays from a second object B focus on the ret ina in 
regions Bj and B 2 ; the angle of convergence and the ret inal 
dispari ty have different values, and the observer perceives 
object B as being at a different distance t han object A. If the 
observer perceives objects A and B as belonging to one 
subject, this gives rise to a na tu ra l sensation of the depth of 
this subject. 

Studies of the vision of m a n and of animals have shown 
tha t for the percept ion of depth two p h e n o m e n a are 
impor tan t : a c c o m m o d a t i o n and vergence. 

A c c o m m o d a t i o n of the eye is its " a d a p t a t i o n to clear 
vision of subjects at var ious distances; with the aid of eye 
muscles the shape of the lens is changed so tha t the image of 
the subject on the ret ina becomes s h a r p " [9]. 

"Viewing of near objects forces the eye to a c c o m m o d a t e 
to a greater extent t han is nessesary for fixating poin ts tha t 
are m o r e remote . The difference in the muscular effort 
required for the a c c o m m o d a t i o n of the eye allows us to see 
and judge the distance to var ious objects also by monocu la r 
vision. However , the est imate of distance derived from 
monocu la r vision is very imperfect and limited. W h e n the 
target is further away than 6 - 8 m the eye does no t 
a c c o m m o d a t e any more . Therefore the ability to see and 
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to evaluate accurately the distance of subjects and their 
pa r t s is based mainly on binocular vision. 

" In addi t ion to accommoda t ion , cues to b inocular depth 
percept ion are provided by convergence movemen t s and the 
discrepancy of images on the two ret inas . Convergence 
movemen t s are eye movemen t s tha t b r ing together the 
visual axes of b o t h eyes on the fixated object. Because 
the eyes are spaced some distance apar t (about 60 m m ) , 
they see the object from slightly different po in t s of view, 
which gives rise to the discrepancy of the images on the 
r e t i n a s " [9]. 

However , "convergence and a c c o m m o d a t i o n do no t 
p lay a main role in stereoscopic vision. This is d e m o n 
strated by the wel l -known Her ing experiment involving 
judg ing the distance of a d ropp ing ball . T h r o u g h a pipe, 
which hides from us the whole su r round ing scene, we fixate 
with b o t h eyes some target , for example a chalk bal l 
suspended on a thread . The experimenter then d rops 
ano ther white bal l so tha t it passes ahead or behind the 
fixated poin t . Since we view this binocular ly , we have no 
difficulty in deciding whether the bal l has passed ahead of 
or behind the fixated target . But the t ime of passage of the 
bal l t h rough our field of view is less t han the t ime required 
for a c c o m m o d a t i o n or vergence movements . Hence , we can 
judge distance wi thout either of these c u e s " [9]. 

One of the main factors in stereopsis is the ret inal 
dispari ty of the images received by the two eyes. "However , 
no t every kind of ret inal dispari ty entails the impression of 
three-dimensional i ty of an object. If the dispari ty is too 
great or if the target p roduces in one eye an image on the 
left-hand side of the ret ina and in the other eye an image on 
the r igh t -hand side of the ret ina, then we see the target as 
double . Let us t ake two needles and place them abou t 15 cm 
apar t , one behind the other . Let us fixate the nearer needle, 
located at poin t c (Fig. 2), then the m o r e r emote needle 
(placed at po in t a), will be seen as double , at po in t s a' and 
a". If we fixate the m o r e remote needle (again placed at 
po in t c), the nearer needle (placed at po in t b) will p roduce 
two images, at W and b " . As can be seen from Fig . 2, in 
b o t h cases the image of the needle tha t is no t fixated falls on 
different halves of the ret inas. Conversely, if the dispari ty is 
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Figure 2. Experiment with two needles. 

no t too great or it is uni la tera l (so tha t the dispari ty po in ts 
in the re t inas of b o t h eyes are in the r igh t -hand sides of the 
re t inas or their left-hand sides), then doubl ing of the image 
is absent . Ins tead one gets an impression of a th i rd 
dimension, i.e. tha t the object is nearer or farther t han 
the fixed point . The degree and the direction of the 
perceived distance of the object depend in this case on 
the so-called b inocular p a r a l l a x " [9]. 

The b inocular para l lax p of a visible po in t A is equal to 
the angle AXAA2 (see Fig. 1), and for small p 1) 

where d is the spacing between the pupi ls of the eyes and / 
is the distance to poin t A. The relative b inocular para l lax 
dp of two po in t s A and B is 

dl 
dp = djj , (2) 

where dl is the difference between the distances to A and B. 
" I f the difference between the angles, m a d e in b o t h eyes by 
fixation lines and the direction from a given (not fixated) 
po in t t h rough the n o d a l po in t of the eye p roduces an angle 
in the t empora l half of the ret ina, we see the given poin t as 
located closer t han the fixated poin t . If this difference gives 
an angle in the nasa l half of the ret ina, this poin t appears 
to be further away than the fixated p o i n t " [9]. 

As in the case of other senses of m a n (for example, 
touch , hear ing, etc. ), there is a threshold in stereo vision. 
To distinguish the spacing of two poin ts , the difference in 
their depth must be greater t han the threshold . The 
threshold for b inocular para l lax equals 5 - 1 0 arc seconds. 

This threshold defines a limiting distance, the so-called 
rad ius of stereoscopic vision, above which the eye is no 
longer capable of recognising differences in relief. Acco rd 
ing to formula (1), the rad ius of stereoscopic vision for 
different people varies in the range 1 -1 .5 k m . 

3. Stereoscopes 
The stereoscope appears to have been invented a r o u n d 
1830, before the appearance of the first ' daguer ro types ' 
(1839). " I n the first stereoscopes, before the invention of 
p h o t o g r a p h y , only drawings of geometr ic bodies and 
simple perspective drawings were p l a c e d " [10]. A descr ip
t ion of the var ious types of stereoscopes used in the pas t 
can be found, for example, in Re f [1]. 

In Russ ia at the beginning of this century high qual i ty 
s t e reopho tographs were p roduced (in par t icular , for geog
r aphy and zoology tex tbooks) , which were usual ly viewed 
th rough so-called stereo lorgnettes . 

T o d a y there is a range of commercial ly available 
stereoscopes, b o t h in Russ ia and ab road . Stereoscopes 
are used to view colour stereo slides, p roduced by 
s t e reopho tography of landscapes, cities, archi tectural 
m o n u m e n t s , fairy tale toy models , models of technical 
devices, etc. 

Stereoscopy is also used in var ious fields of science (see 
list of appl icat ions in Section 8). 

The stereoscope is constructed so tha t each eye sees only 
one pic ture of the pair . If these pictures cor respond to wha t 
each eye can see when viewing a real object, then the 
observer has the impression of seeing a real object, extended 
in depth . 



892 A A Vedenov 

A B 

Figure 3. Wheatstone stereoscope. 

" T h e first s tereoscope was invented by Whea t s t one in 
1833. It consists of two mir rors placed at right angles to 
each other (Fig. 3). In front of one of the mi r ro r s is placed a 
pic ture of the object in a project ion seen by the left eye, and 
in front of the other mi r ror a pic ture of the object in a 
project ion seen by the right eye. The first picture , reflected 
by the mir ror , is visible by the left eye of the observer, the 
second by the right eye. By moving the pictures in front of 
the mi r rors it is possible to adjust their posi t ion so tha t their 
centres fall on the cor responding pa r t s of the re t inas in the 
two eyes. In this case the uni la tera l dispari ty of the other 
pa r t s of the pictures gives the impression of relief. In the 
p lane A — B we then see a single, stereoscopic image of the 
object. 

Ano the r s tereoscope tha t is qui te widespread is the 
Brewster s tereoscope (Fig. 4). Two pictures cor responding 
to the project ions of the object received by the left and the 
right eye, are placed in ab and ocp. W h e n viewed by bo th 
eyes t h rough lenses P, they give a stereoscopic image in the 
p lane A - B " [9]. 

The stereo lorgnet te consists of spectacles with lenses of 
approximate ly + 6 dioptre , i.e. focal length abou t 16 cm, 
fixed to a handle . By tu rn ing the lens m o u n t i n g a round the 
poin t at which it is fixed to the hand le it is possible to 
change the distance between the centres of the lenses, 
choosing the most convenient one for each viewer. 

Still in the pas t century, He lmhol t z designed a tele-
stereoscope for topograph ica l and mil i tary purposes : " A 
device for determining which distant objects are ahead of 
others . Two mi r ro r s are located in the front pa r t of the eye 
pieces...; in one line with the mir rors , to the right and to the 
left of them, two further mi r ro r s are placed tha t reflect the 
images of the objects to the first mi r rors . Each eye receives 
an image of the distant object. If the ruler, at the ends of 
which the m o r e r emote mi rors are fixed, is 1-1.5 m long, 
then it is possible to judge , for example, which hi l l top, seen 

A 

Figure 4. Brewster stereoscope. 

a longside others , is nearer to the o b s e rv e r " [10]. In this case, 
however , " the depth relief becomes magnified and this can 
lead to a disrupt ion of the image of subjects close to the 
observer ' s eyes" [10]. 

"I t would be possible to extend the rad ius of our 
stereoscopic vision and in general to improve sharpness 
of the relief and resolut ion of the image by increasing the 
relative b inocular para l lax for the po in t s of the object tha t 
we wan t to distinguish stereoscopically. Accord ing to 
equat ion (2), by increasing the distance between pupi ls 
d, we also increase dp. This is, in fact, wha t the He lmhol t z 
teleostereoscope d o e s " [9]. 

"Wi th an increase of the distance B between the 
objectives of the ins t rument , the rad ius [of our stereoscopic 
vision] increases as the rat io of B to the distance between 
the eyes d. The rat io B/d is called the relative plasticity of 
the device. If the device also magnifies by a factor w, then 
b o t h the b inocular para l lax threshold (10 arc seconds) and 
the to ta l plasticity of the device increase by the factor w " . 
Usual ly , in the focal p lane of stereoscopic range meters 
there are "s tereoscopic p h o t o g r a p h s of a series of vertical 
l a n d m a r k s located at fixed distances from the observer. 
Viewing th rough such a range meter we have the impression 
tha t the l a n d m a r k s extend in depth , and this allows us to 
est imate the distance of po in t s in the observed landscape 
from the posi t ion of the nearest cal ibrated l a n d m a r k " [11]. 
At present such devices, which are n o w called hyperscopes , 
are used for the s tudy of percept ion of three-dimensional 
space by m a n . 

" T h e increase in the effective distance between eyes 
increases the ret inal dispari ty of images formed on the 
re t inas and the difference in convergence angles, when you 
look from one object to ano ther at a different distance. 
Suppose you look at A th rough the hyperscope while B is 
also in view. The new dispari ty of separa t ion between the 
images of the two objects on the re t inas forces you to 
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perceive greater depth between them. Y o u also perceive 
greater depth because the difference in convergence angles is 
n o w greater . 

" T h e hyperscope also alters the apparen t height and 
width of nea rby objects. In n o r m a l vision you are 
accus tomed to a certain relat ion between the size of an 
object ' s image on the ret ina and the object ' s distance as 
implied by the convergence of the eyes when you look at it. 
Seen th rough the hyperscope an object looks smaller 
because the angle of convergence required to see it t h rough 
the mi r rors is larger than no rma l . 

" M a n y other familiar objects t ake on a s t range 
appearance t h rough the hyperscope. F o r example, a 
pe r son ' s face looks thinner and seems to have a p rominen t 
nose. All the objects immediately re tu rn to their n o r m a l 
appearance if you close one eye while still looking t h rough 
the ins t rument with the other one. Because you are no 
longer able to compare ret inal dispari ty or convergence 
angles between the eyes, you are left with only the pictor ial 
cues abou t d e p t h " [6]. 

These effects seen when real objects and scenes are 
viewed in a hyperscope, can also be seen in a stereoscope, 
when viewing a stereo pair t aken so tha t the distance 
between the s tereocamera objectives is greater t han the 
distance between the eyes. 

If the s tereogram of an object is b lack-and-whi te or 
gray-scale half tone, then to perceive the effect of vo lume 
one can colour one half red, and the other hal f green and 
view the result ing anaglyph th rough r e d - g r e e n spectacles. 
Ins tead of a computer or a T V screen, one can use a white 
paper screen and project on to it the r e d - g r e e n image. Such 
a r e d - g r e e n anaglyph can also be pr in ted on white paper . 
In all such cases r e d - g r e e n spectacles are necessary. 

Ano the r way is to a l ternate the left (green) and right 
(red) halves of a stereo pair on the screen of a compute r and 
look at them th rough r e d - g r e e n glasses. 

One can combine the use of polar isa t ion filters when 
project ing the two halves of a stereo image with the use of 
cor responding polar isa t ion filters in spectacles. This 
me thod makes it possible to view in full colour stereo 
images of any size, 'hanging in air ' , by project ing the stereo 
image on a special screen tha t re ta ins polar isa t ion in the 
reflected light. 

A m o d e r n device for viewing colour stereo images tha t 
ho lds p romise for the future incorpora tes l iquid-crystal (LC) 
stereo spectacles, control led by a persona l computer . Here , 
the a l ternat ing appearance of the left and right halves of the 
stereo image on the computer screen is synchronised with the 
opening and closing of left and right shut ters in LC stereo 
spectacles (Yu V Devya tk in et al., Mic rocosm, Moscow) . 

A n y spectacles ( r e d - g r e e n , polarised, or L C ) m a k e 
possible the collective viewing of stereo slides or stereo 
movies. 

A compar i son of 3D technologies, such as ho lograph ic 
s tereograms, varifocal mir rors , stereo pairs , and a l te rna t 
ing pa i rs for displaying car tographic da ta is presented in 
Ref. [4]. 

4. Stereo postcards, integral photography, 
and holography 
Viewing of 3D images of objects wi thout the use of 
stereoscopes has been under considerat ion from the 
beginning of this century. The techniques pu t forward 

include integral p h o t o g r a p h y , lens raster images, ho log
raphy , and other m e t h o d s [1, 2]. 

F r o m recent results one should single out the applied 
work carried out at the Yaros lavl Pedagogical Ins t i tu te 
(G V Zhus , S V Turundaev ) and the Illinois Ins t i tu te of 
Technology ( 'phsco lograms ' of Helen Sandor) . 

C o m p u t e r ho log rams are being studied in the M E D I A 
L a b o r a t o r y of the Massachuse t t s Ins t i tu te of Technology 
(S A Benton) , the M o s c o w Inst i tu te of P rob lems of Transfer 
of In format ion (A Yaroslavski i et al), and the Univers i ty of 
A l a b a m a (J Caulfield). 

5. Photostereo algorithm 
H o w does one construct a stereo image? Suppose we view a 
paral lepiped a long its hor izon ta l axis Oz, the paral lepiped 
lying in the hor izonta l p lane Oxz, ro ta ted a r o u n d the 
vertical axis Oy, and its nearest vertex coord ina tes are 0, 0, 
0. Suppose tha t the image generated on the ret ina of each 
eye is the same as in a p h o t o camera placed at tha t eye. 
Then the coordina tes of project ions of the vertex x,y,z in 
the focal p lane , i.e. on the ret inas of the left and right eyes, 
are 

I-z/L 9 

x + d 

1 - z/L 

=yR =y\ =F Y . , (3) 
1 - z/L 

where L is the distacce from poin t 0, 0, 0 to the middle of 
the line jo in ing the eyes, F is the focal length of the camera , 
and d is the distance between the pupi ls . Therefore the 
stereo image of po in t x , y, z is a pair of po in t s on the screen 
with the coordina tes (wL , v) and (w R , v) 

UL = X 0 -\- R -\- mx L , 

uR = XQ — R + mxR , 

v = Y 0 - m y l 9 (4) 

where X 0 , 7 0 are the coordina tes of the centre of the screen, 
R is the distance between the left and right halves of the 
stereo pair , and m is the magnif icat ion factor. 

By changing pa ramete r R one can choose the mos t 
comfor table condi t ions for viewing the image. 

6. Finding the space coordinates 
There is a n u m b e r of physical m e t h o d s for determining the 
space coordina tes of different objects: r adar , sonar , and 
lidar measurements ; acoustic, x-ray, and seismic me thods ; 
t o m o g r a p h y , interference p h o t o g r a p h y , etc. 

Of par t icular interest is the de terminat ion of space 
coordina tes from a single p h o t o g r a p h of the object, with 
account t aken of the expert ' s knowledge of the na tu re of the 
object, its proper t ies , and its features. 

Suppose tha t we can approx ima te an object shown in an 
o rd inary p h o t o g r a p h with a k n o w n three-dimensional b o d y 
(spherical ball , paral lepiped, pyramid , etc) or with a 
combina t ion of such bodies . Then by measur ing the 
dimensions of the project ions of these bodies on the 
p h o t o g r a p h we can find the depth of the object and of 
its par t s . T a k e as an example a simple bui lding (see, e.g., 
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Ref. [7]), whose form can be approx imated by a p a r a l 
lepiped. Let the observer view the bui lding from the g round . 
W e need to measure (with a mouse , for example) the 
dimensions of the project ion, on the compute r screen, of 
the paral lepiped approx ima t ing the bui lding. F o r simplicity 
let us assume tha t the distance / (of the observer from the 
bui lding) is much greater t han the dimensions of the 
bui lding; then for the depth Z i , z 2 ° f the side walls of 
the bui lding we obta in the equat ions : 

y\ = yo; yi = yo 
i 

i + z2 

Hence for dyi 
dyi = Zi_ 

d^2 = Z2 

yo 1 

'•yi — yo a n d dy2 =y2 — yo w e have 

(5) 

(6) 

Because the paral lepiped is rec tangular 

x\ z2 ' 

F r o m E q n s (5) and (6) we have 

Zi _ d y i 

z2 dy2 

wherefrom we can find the depth of the sides of the 
bui lding: 

dyi 
X\X2 

d } ^ 
dyx

 9 

and the distance of the observer from the bui lding: 

yo 
dyx 

7 . Examples 
7.1a The Universe 
The CfA cata logue [5] conta ins abou t 50 000 galaxies 
shown in Fig. 5 as a s t andard image of two paral lepipeds , 
each cut into 5 hor izonta l layers (layers 1 - 5 and 6 - 1 0 in 
Table 1). Posit ive and negative decl inat ions (—90 to + 9 0 
degrees) and lat i tudes (0 h 00 m i n - 2 4 h 00 min) are 
p lo t ted a long the hor izon ta l axes of the paral lepipeds , 
and the velocity (Doppler red shift) or distance on the 
vertical axis. The layers are divided into cubes, and the 
average density of galaxies in each cube is shown as a gray 
colour on a 16-grade scale. 

The coordina tes of the layers (in k m s _ 1 ) and the to ta l 
number of galaxies in each layer are listed in Table 1. 

Since the intensity of light from very distant galaxies, 
measured by a device on Ea r th , d rops be low the ins t rument 
threshold, an apparen t 'edge of the Universe ' can be seen. 
The dark , curved b a n d s seen at near ly the same declination 

AT 

Figure 5. The Universe, (a) The near 5 layers; (b) the distant 5 
layers. 

and la t t i tude in all layers, are par t ly due to light absorp t ion 
of lack or observat ions in the Mi lky Way . 

7.1b 1/8 of the Universe (Fig. 6) 
Approx imate ly 1/8 of the Universe is shown as a 
s tereogram of near ly 5 000 galaxies, represented as 
identical black poin ts . Negat ive decl inat ion ( 0 - 9 0 
degrees) is p lot ted a long the vertical axis of the p a r a l 
lepiped, velocity (Doppler red shift) or dis tance a long the 
hor izonta l axis, directed away from the observer, and 
longi tude (12 h 33 min - 16 h 59 min) a long the second 
hor izonta l axis of the paral lepiped. 

7.2 Screw instability plasma (Fig. 7) 
This is a 3D reconst ruct ion of one of the first p h o t o g r a p h s 
of screw instabili ty of the p lasma toro id with electric 
current in the external magnet ic field. Such instabilities 
have delayed by 30 years the design of the rmonuc lear 
fusion reac tors with magnet ic field confinements . 

7.3 H o t plasma in the fusion reactor model (Fig. 8) 
A schematic d iagram of the s t ructure of the magnet ic 
surface, confining the hot tes t region of p lasma in T-10 
instal lat ion, an exper imental mode l of a the rmonuc lear 

Table 1. 

km s 10 30 50 70 100 150 200 300 400 500 900 

Layer 10 

Number of galaxies 20951 1258 4573 5246 5044 5491 5786 3144 2859 1084 737 1510 
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Figure 6. 1/8 of the Universe. 

Figure 7. Screw instability of plasma. 

z 
1 Fl: 

| 3 a # fee; s s # 

Figure 8. Hot plasma in an experimental model of a thermonuclear fusion reactor. 

fusion reactor with magnet ic field confinement. It is 
assumed tha t in a full-size the rmonuc lear fusion reactor 
the shape of the ho t p lasma will be the same. 

7.4 Clay (Fig. 9) 
The montmor i l lon i te swelling clay consists of m a n y paral lel 
a luminium silicate lamellae abou t 10 A thick (with 
t ransverse d imensions of the order of 1 um), separated 
by water layers of equal dimensions. 

Each lamella consists of two layers of S i - 0 t e t rahedra 
(Si in the centre of the t e t rahedron , O in its vertices) 

interspersed by one or two (in different minerals) A l - 0 
oc tahedron layers (Al in the centre, O in the vertices of the 
oc tahedon) . The b o t t o m par t of the vertices lamella is 
shown schematically in Fig. 9. H y d r o g e n b o n d s extend 
d o w n w a r d s from the layer of the t e t rahedra t owards the 
layers of water . 

The app rox ima te equali ty of the dimension of the 
hexagona l s t ructure (in the p lane of the S i - 0 layer) and 
the dimension of the per iodic s t ructure of ice-1 (in the p lane 
of the water layer, paral lel to the S i - 0 layer) is the main 
cause of the capacity of the clay to swell. The second 
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necessary condi t ion for swelling is the existence in the 
na tu r a l clay minerals of M g 2 + impuri t ies (subst i tut ing 
for A l 3 + ) or A l 3 + impuri t ies (subst i tut ing for S i 4 + ) . These 
impuri t ies create a negative electric charge in the lamella, 
which leads to the appearance of 1-, 2- and 3-valent 
c a t i o n s — N a , Ca, and F e — in the water layer between 
the lamellae. 

The thickness of the water layer is governed by the 
ba lance between the van der Waa l s forces, electrostatic 
forces, and osmot ic pressure. It depends on salt concen
t ra t ion in water and ranges from 0 to 100 A. Al te rna t ing 
layers of a luminium silicate and water form lamellar 
s t ructures up to a fraction of a micrometer thick. 

7.5 Antigen - antibody contact (Fig. 10) 
H o w does an antigen b ind to an an t ibody? The mechanism 
of their interact ion has been discussed in scientific 
l i terature for m a n y years . In 1986 molecular s t ructure 
da ta for an a n t i g e n - a n t i b o d y complex were publ ished for 
the first t ime: the ant igen was the pro te in lysozyme (Lys), 
and the an t ibody in this case was one of b lood 
immunoglobul ins , n a m e d F a b . 

The analysis of the set of amino acids in the area of 
contact of these two macromolecules has shown tha t the 
area of contact is a near ly flat irregular closed curve, a ' r ing ' 
with a diameter of 30 A and a ' th ickness ' of 5 A. The po in t s 
represent the centres of segments jo in ing a t o m s of the 
ca rbon chain of the antigen Lys to a t o m s of the ca rbon 
chain of the an t ibody F a b , spaced no t m o r e t han 6 A apar t . 

Thus , here the area of contact of the two macromolecules is 
a line in space, no t a ' hand-and-g love ' contact (two adjacent 
closely fitting surfaces) or an 'uneven stone - p l ane ' ( three-
poin t ) contact . 

7.6 The tobacco mosaic virus 
The tobacco mosaic virus ( T M V ) is, historically, the first 
virus tha t has been discovered, and one of the first viruses 
whose molecular s t ructure has been fully established. It 
consists of a helical prote in tube (external diameter 180 A, 
in ternal diameter 40 A, length 3000 A) and of R N A , 
w o u n d helically over the inner surface of the tube . The 
prote in tube consists of 2130 identical prote in molecules 
(Fig. 11), stacked in a r igh t -handed helix (49 pro te in 
molecules per three windings of the helix) with a pi tch of 
23 A (Fig. 12). 

In vi t ro, at different values of p H and ionic s trength, 
other aggregates occur instead of the tube: a long helical 
aggregate; an aggregate with 52 ra ther t han 49 subuni ts in 
three tu rns ; a prote in disk with 34 subuni ts , or a helix with 
38 subuni ts with a little over two tu rns ; disks and aggregates 
of disks; and mixtures of small ol igomers. 

The T M V virus is, as any other virus, a purely physical 
object (at least outs ide of the cell of the p lan t in which it 
reproduces) . F r o m the physical poin t of view T M V is a 
giant molecule with a definite a r rangement of a t o m s in 
space. The study of the s t ructure of T M V , of its mot ion , 
passage t h rough var ious microscopic barr iers , b inding to 
surfaces, degrada t ion , etc., is a subject tha t belongs to 

Figure 10. Line of an t igen-an t ibody contact. 



Computer generated three-dimensional representations of objects 897 

Figure 11. The T M V protein. 

| 

Figure 12. Part of the helical protein tube of TMV. 

convent ional fields of physics. The same is t rue of p rob lems 
relat ing to the observat ion and diagnostics of the type and 
concent ra t ion of the virus and of its filtration. 

7.7 3 D reconstruction of a quasicrystal specimen (Fig. 13) 
The star t ing mater ia l for the reconst ruct ion was the 
p h o t o g r a p h by A n P a n g Tsai , Akihisa Inoue , and 
Tsuyoshi M a s u m o t o (Tohoku Universi ty) from the article 
by P W Stephens and A I G o l d m a n : " T h e s t ructure of 
quas ic rys ta l s" [Scientific American 264 (4) (1991)]. 

7.8 'Sir Isaac Newton' (grey-scale version) (Fig. 14) 
The reconst ruct ion is based on the por t ra i t by Godfrey 
Kneller [Scientific American 244 122 (1981)] and a 
p h o t o g r a p h of a bas-relief, p resumably by J Wedgwood , 

d rawn from S I Vavi lov 's b iog raphy of Isaac N e w t o n 
publ ished in M o s c o w in 1945. 

8. Reconstruction of a 3D scene from a stereo 
image 
So far we have discussed the const ruct ion of stereo images. 
There is, however , also the inverse p rob lem: analysis of a 
digitised stereo pair leading to the reconst ruct ion of the 3D 
object or scene represented by it. 

In scientific work the simplest (next to convent ional 
p h o t o g r a p h y ) me thod of fixing informat ion abou t an object 
under s tudy is to m a k e s imultaneously two p h o t o g r a p h s 
from different posi t ions , in par t icular to t ake a s t e reopho to -
graph of the object. 

Figure 13. 3D reconstruction of quasicrystal sample. 
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Figure 14. Stereo portrait 'Sir Isaac Newton ' (grey scale version). 

This me thod has for a lomg t ime been used in var ious 
areas of scientific research, such as: 

mater ia ls science; 
biology; 
medical science; 
fluid mechanics , par t icular ly the s tudy of explosion; 
cr iminology and its appl icat ions; 
archi tecture; 
ma themat ics ; 
an th ropo logy ; 
cosmology; 
geography; 
educat ion. 
Recons t ruc t ion of the 3D scene by stereo image analysis 

is also needed for the solut ion of a number of applied 
p rob lems: r emote de terminat ion of the relief of the E a r t h 
(or other planets) and of the b o t t o m of the sea, a u t o n o m o u s 
navigat ion of moving robo t s , etc. 

The main idea behind all m e t h o d s used for solving this 
p rob lem consists of finding cor responding (homologous) 
po in t s on the left and right halves of the stereo image and 
measur ing the distance between these po in ts to define the 
local depth of the poin t in quest ion. 

F o r the solut ion of this task, var ious a lgor i thms have 
been pu t forward in the pas t decade: hierarchical M a r r -
Poggio and Gr imson a lgor i thms, m u t u a l amplification of 
equal - dispari ty po in ts (the P razdny a lgor i thm), a number 
of neura l net a lgor i thms, ' form from s h a d o w ' and 'form 
from tex ture ' a lgor i thms, and fractal a lgor i thms. 

However , the p rob lem is very complex and at the 
present t ime would appear to be far from solution, because 
for the unde r s t and ing of a scene represented in a stereo 
image one needs in the compute r m e m o r y an eno rmous 
a m o u n t of informat ion from very different fields. W i t h o u t 
such knowledge, analysis of an arb i t ra ry stereo pair m a y be 
beyond our capacity. 

This does not , of course, exclude the feasibility of 
creat ing a system of effective stereo image analysis for a 
limited subject area. This can be, for example, the analysis 
of relief, or the analysis of bui ldings or s tructures, belonging 
to definite (a pr ior i k n o w n ) categories. 

In a number of cases for the reconst ruct ion of the 3D 
s t ructure of the object or a scene one needs only a limited 
number of h o m o l o g o u s poin ts . In this case a compromise is 
possible: the work is divided between m a n and computer . 
The m a n finds (working, for example, with a 'mouse ' ) a 
number of impor t an t pai rs of h o m o l o g o u s poin ts in a stereo 
pair on the compute r screen, reducing the whole p rob lem to 
a number of simple tasks .The remain ing work is done by 
the computer . Ano the r way is to divide manua l ly the entire 
object or scene into pa r t s and then to reconstruct the spatial 
posi t ions of po in t s in these pa r t s automat ica l ly with the aid 
of one of the aforement ioned a lgor i thms (a similar m e t h o d 
has been used for the solut ion of the ' t raveling salesman 
p r o b l e m ' [12]). As an example one can quote the recons t ruc
t ion of the carbon skeleton of the lisozyme molecule from 
its publ ished stereo image [3]. 

Wi th a scanner it is possible to input into a compute r 
stereo images publ ished in scientific periodicals and m o n o 
graphs (for example stereo images of var ious microwor ld 
objects [13]) and then create 3D representa t ions of these 
objects. 

9. Conclusions 
A computer -genera ted three-dimensional representa t ion of 
an object is a 'da ta b a s e ' which no t only conta ins full space 
coordina tes and brightnesses (or colours) of all po in t s of an 
object, bu t also makes it possible to look at a complex 
object from a 'b i rd 's-eye ' poin t of view, and identify some 
features of the object as a whole . 
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As an old Chinese proverb says, "one pic ture is wor th 
ten t housand words"[14] . 

After creat ion in the compute r of a 3D image of an 
object, it is possible to ro ta te it, zoom in and out , change 
the scale and colour, carry out different ' f i l t rat ion' ope ra 
t ions, and perform other t rans format ions . 

The ability to visualise invisible objects, such as 
t empera tu re fields, intensities of radioact ive or neu t ron 
rad ia t ion (in na tu re and in industry) , etc., as th ree-
dimensional images holds great p romise for the future. 

In conclusion I would like to express m y gra t i tude to 
scientists wi thout whose help this article could no t have 
appeared . Files of a tomic coordina tes of the L y s - F a b 
complex were kindly provided by Y u P Lysov (Engelhardt 
Molecular Biology Inst i tute , Moscow) , the p h o t o g r a p h of 
the p lasma toro id and the results of measurements of the 
3D s t ructure of ho t p lasma by K A R a z u m o v a (Russian 
Research Cent re ' K u r c h a t o v Inst i tu te ' , Moscow) , the red-
shift ca ta logue with commen t s by V S Avedisova (As t ro -
physical Inst i tute , Moscow) , and informat ion abou t the 
work at the Illinois Ins t i tu te of Technology by A A 
F i lyukov (Inst i tute of Appl ied Mathemat i c s , Moscow) . 
To all of them I am sincerely thankful . 

References 
1. Valyus N A Stereoskopiya (Stereoscopy) (Moscow: Fizmatgiz, 

1962) 
2. Okoshi T "Three-dimensional images" Proc. IEEE 68 (5) 5 

(1980) 
3. Vedenov A A Matematika Stereoizobrazhenii (Mathematics of 

Stereo Images) (Moscow: Znanie, 1991) 
4. Hodges L F , McAllister D F Proc. SPIE Int. Soc. Opt. Eng. 

761 146 (1987) 
5. Huchra J P, Geller M J, Clemens C M, Tokarz S P, Michel A 

The CfA Redshift Catalogue (Version Feb. 1992) 
6. Walker J Sci. Am. 255 (5) 124 (1986) 
7. G Hatje (Ed.) Encyclopaedia of Modern Architecture (London: 

Thames and Hudson, 1975) 
8. Unterseher F et al. Holographic Handbook (Berkeley, CA: Ross 

Books, 1982) 
9. Kravkov S "Stereoskopiya" (Stereoscopy), in Tekhnicheskaya 

Entsiklopediya (Technical Encyclopedia) (Moscow: Sovetskaya 
Entsiklopediya, 1927-1933) 

10. Brockhaus F A, Efron I A Entsiklopediya (Encyclopedia) 
(St. Petersburg, 1901) 

11. Agafonov S "Da l ' nomery" (Range meters), in Tekhnicheskaya 
Entsiklopediya (Technical Encyclopedia) (Moscow: Sovetskaya 
Entsiklopediya, 1927-1933) 

12. Lawler E L, Lenstra J K, Rinnooy Kan A H G, Shmoys D B 
(Eds) The Traveling Salesman Problem: A Guided Tour of 
Combinational Optimisation (New York: John Wiley, 1984) 

13. Totrov M, Abagyan R Structural Biology 1 (4) 259 (1994); 
Rodgers D W, Harrison S C Structure 1 (4) 227 (1993) 

14. Malkiel EGA Random Walk down Wall-Street 
(New York: Nor ton , 1973) 


