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Scientific visualization is an interdisciplinary branch of science according to 

Friendly (2008) "primarily concerned with the visualization of 
three-dimensional phenomena (architectural, 
meteorological, medical, biological, etc.), where the 
emphasis is on realistic renderings of volumes, surfaces, 
illumination sources, and so forth, perhaps with a dynamic 
(time) component". 

 
 

It is also considered a branch of computer science that is a subset of 

computer graphics. The purpose of scientific visualization is to graphically 

illustrate scientific data to enable scientists to understand, 
illustrate, and glean insight from their data. 

wikipedia.org 



• SciVis (data is „physical”) 

• InfoVis (data is „abstract”) 

 

„SciVis problems typically have an intrinsic spatio-temporal 
interpretation while InfoVis problems do not.”, D.H. Laidlaw 

 

„There are different audiences - SciVis is perhaps more heavily 

populated with people from the traditional graphics field, 

while InfoVis has a much stronger mix from the HCI (human 
computer interaction) community.”, M. Ward 



InfoVis representation of references cited in A. Šiber and R. Podgornik, Phys. Rev. E 79, 011919 (2009) 

Scopus application, References Visualizer 

• color coded 

• size coded 



Heliconius numata, f. silvana 

feeding from a Psiguria flower.  
(Photo: Mathieu Joron) 

Gross L (2006) 

Describing a (yellow) butterfly 
without an illustration / 
photograph 

Our language is not really 

suited to describe all the 

visual richness that we 

perceive. 



Color Pattern Diversity of H. numata, H. melpomene, and their Respective Co-Mimics 

Joron M, Papa R, Beltrán M, Chamberlain N, et al. (2006) 

How the photographs / illustrations become SciVis 



WHY ? 

• To reveal 

• To understand 

• To extract patterns 

• To induce thought / insight 

 

• To compress the information 

• To use as a map / tool / reminder 

• To communicate to others 

• To convey information 

 

 

EXPLORATION 

PRESENTATION 



publication 

modification ? 

calculation / measurement 
visualization 

SciVis is an important component of research 



• Undestanding by seeing 

• SciVis engages visual „machinery” which we 
put much confidence into (it was evolutionary 
perfected to give us detailed and reliable 
information)  

• InfoVis is an example of processing the 
nonvisual information through the visual 
machinery. 



Some examples of „visual thinking” 
by scientist 



Processing a non-visual information through the visual 
„hardware”; seeing is understanding 

J. C. Maxwell in 1874 created a plaster „sculpture” / model representing the relationship 

between the volume (x), entropy (y), and energy (z) of a water-like substance (inspired by 

Gibbs). 



• Feynman: "What I am really trying to do is bring birth to clarity, which is 

really a half-assedly thought-out-pictorial semi-vision thing. I would see the 
jiggle-jiggle-jiggle or the wiggle of the path. Even now when I talk about 

the influence functional, I see the coupling and I take this turn - like as if there 

was a big bag of stuff - and try to collect it in away and to push it. It's all 
visual. It's hard to explain” 

 

• Schweber: "In some ways you see the answer - ?"  

 

• Feynman: "The character of the answer, absolutely. An inspired method of 
picturing, I guess. Ordinarily I try to get the pictures clearer, but in the end the 
mathematics can take over and be more efficient in communicating the idea of 

the picture. In certain particular problems, that I have done, it was 
necessary to continue the development of the picture as the 
method before the mathematics could be really done.„ 

 

J. Gleick, "The Life and Science of Richard Feynman", Vintage Books (1992). 



Nikola Tesla first „saw” his motor in his mind: 

 

„ ... the idea came like a flash of lightning and in an instant the 
truth was revealed. I drew with a stick on the sand the diagrams 
shown six years later in my address before the American Institute of 
Electrical Engineers, and my companion understood them perfectly. 

The images I saw were wonderfully sharp and clear and 
had the solidity of metal and stone, so much that I told him: „See my 
motor here; watch me reverse it.”” 

 

Nikola Tesla, My Inventions, Školska knjiga (1987) 

 

 

Processing the information through the visual „hardware”, similar as 
when we calculate on graphics cards  



Remember and beware: 
  

Visualization and visual can be 

misleading and deceiving 







„Sometimes very small and subtle changes in a figure will 

have an enormous impact.”, Bill Casselman, Notices of 
AMS (2000) 

Remember: 
 
 

A lot of experiential, both visual and non-visual 

data involved in interpretation of visual 
stimuli – can be beneficial for SciVis but can also 
lead to unwanted interpretations of SciVis. 



A. Kitaoka, 2003. 



A. Kitaoka, 2004. 
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Remember:  
 

We are „seeing with the brain” – the things we 
see are not really the things that are out there. 

 

Always remember that the image will be 

processed, filtered through evolution, 
experience and possibly even culture. 



Some historical examples of SciVis: 

introducing „the saint” of SciVis 



Al-Biruni (973-1048), different phases of the moon, 
from Kitab al-Tafhim (in Persian). 



Al Idrisi, Tabula Rogeriana, 1154 



J. Kepler, Harmonices mundi (1619); Archimedean solids 



„Thomas Harriot noted only "strange spottednesse" in the waning of the crescent, but was 
ignorant to the cause. Galileo, due in part to his artistic training and the knowledge of 
chiaroscuro, had understood the patterns of light and shadow were in fact topological 
markers... Galileo was the first to deduce the cause of the uneven waning as light occlusion 
from lunar mountains and craters. In his study he also made topological charts, estimating 
the heights of the mountains.”  -- Wikipedia 

G. Galilei, 
Moon 
drawings 

(1610) 



Leonardo da Vinci (1452-1519) 





To see the essence, to 
see below the surface 



To „disassemble” the system in order to show its 
parts, their connectivity and interaction. 



To remove the 
parts of the system 
which get in the 
way of uncovering 
the essence. To 
choose a cross-

section of the 3D 

shape which shows 
its nature in the 
clearest possible 
manner. 



To show the same 
system from different 
viewpoints, so that its 
nature, essence 
becomes clear. 
 

To see clearly ! 



The plan / map of Imola 

To choose a viewpoint from which the nature of the system can be 
seen clearly. To pick a viewpoint not innate to a human. To pick a 
viewpoint of a bird, an angel. 



Leonardo is the „saint” of scientific illustration 



Leonardo is the „saint” of scientific illustration 

Topographic map 



Leonardo is the „saint” of scientific illustration 

 „Da Vinci supplied two views: a plane view and a “vacua” or empty view where he 
removed the sides to better reveal the complete structure of the polyhedron.  These 
“nets” of vertices and edges illustrate the artist’s graphic genius.” (F.J. Swetz) 



Remember:  
 

Always choose the visual representation 
which clearly shows what you want to say, 
even if it means blurring some other elements of 

„reality” (as Leonardo did with cutting / not 
showing whole polyhedral surface). 



triose phosphate isomerase, chain A, visualized with VMD  

selection and visualization of patterns, underlying order seen 

only in specific, cleverly chosen representation 



A. Šiber, A. Lošdorfer Božič 
and R. Podgornik, Phys. Chem. 
Chem. Phys. 14, 3697 (2012) 



The longest footnote I ever wrote (only half of it shown here): 



And now, let’s get a grip on something useful: 

  

From theory to practice 



Raster graphics 

A 2D table / list of color values of pixels – depends on the 

underlying pixel / resolution mesh – zoomable only to the point 
when the pixel mesh becomes visible 

A list of mathematical shapes (lines, arcs, polygons ...) 

with positions, which is represented in the pixel mesh of a screen 
of paper / printer when needed – zoomable without loss of 
information 

Vector graphics 

Povray 

postscript 



Crash course in postscript 



The POSTSCRIPT language is a programming language designed to convey a 

description of virtually any desired page to a printer. 
 
POSTSCRIPT programs are written entirely in printable ASCII characters. 
 

Drawing with POSTSCRIPT starts with constructing a path on an ideal drawing 

surface called the current page. A path is a set of straight lines and curves that 
define a region to be filled or represent a trajectory that is to be drawn on the 
current page. 
 

PS BlueBook 

In 1985, Adobe introduced the POSTSCRIPT page description language. It 

soon became extremely popular for the production of professional 
drawings. For high quality drawings intended for the inclusion in other 

documents, including academic books and journal articles, it quickly became the 
standard. 
 

A.G. Isaac, PostScript Drawing: An Economists’s Guide 





A. Šiber, Nanotechnology 17, 3598 (2006) 



A. Šiber, A. Lošdorfer Božič and R. Podgornik, 
Phys. Chem. Chem. Phys. 14, 3697 (2012) 



A. Šiber and R. Podgornik, Phys. Rev. E 78, 
05191 (2008) 



A. Heck, Learning PostScript by Doing 
(2005) 



In the POSTSCRIPT default coordinate system, the origin is in the lower left 
hand corner of the current page. As usual, x increases to the right and y 
increases upward. The units employed in this system are 1/72 inch long. 

(x=0, y=0) 

(x=595, y=842) 

A4: 210mm x 297mm = 595 pts x 842 pts 

A4 



%!PS-Adobe-2.0 
gsave 
1 setlinejoin 
1 setlinecap 
newpath 

grestore 
showpage 

300.000  404.057  moveto 
341.300  427.426  lineto 
stroke 
300.000  404.057  moveto 
277.817  440.893  lineto 
stroke 
 
... 

(x1, y1) moveto 

(x2, y2) lineto 

stroke 

Line starting with % is not 

interpretted (comment) 



(x1, y1) moveto 

(x2, y2) lineto 

stroke 



0.22  0.0  0.0 setrgbcolor 
300.0  283.1  moveto 
305.1  283.1  lineto 
stroke 

0.07  0.0  0.0 setrgbcolor 
423.8  235.6  moveto 
428.8  235.6  lineto 
stroke 
... 

large energy 

small energy 

R G B 



0.75  0.75  0.75 setrgbcolor 
274.5  312.1  moveto 
275.2  312.6  lineto 
276.2  312.0  lineto 
276.4  310.9  lineto 
275.7  310.5  lineto 
274.7  310.9  lineto 

fill 
0.81  0.81  0.81 setrgbcolor 
275.1  313.6  moveto 
275.9  314.1  lineto 
276.9  313.5  lineto 
277.0  312.5  lineto 
276.2  312.0 lineto 
275.2  312.6  lineto 

fill 
 
... 

moveto 

lineto 
lineto 

lineto 

lineto 

lineto 

fill 



Perspective: 3D represented in 2D (an evergreen) 

(x, y, z) (x’, y’) 

d z 

Albrecht Dürer 

x 

y 
z 



Dürer, Institutiones geometricae 

„Ray Tracing” 

„eye” 



x’ = x d / (z + d) 
y’ = y d / (z + d) 

d z 

direction of projection parallel to z-axis 



d 

d>>R d~R 

orthographic projection:  

x’ = x ≠ f(z) 
y’ = y ≠ f(z) 

size dependence on d 



Postscript paints over what it draws. 0.99 0.65 0.05 setrgbcolor 

292.6  231.2  2.4  0 360  arc fill 
0.98  0.63  0.09 setrgbcolor 

309.9   365.8  2.4 0 360  arc fill 

Using differently 

colored circles to make 

a 3D shape in postscript 
(color coded image). 

(x,y) 

start angle 

end angle 

radius 



3D coordinates 

perspective transformations 

color coding 

PS 
output 

21 MB postscript, 3.4 MB PDF 

(preordered, so that the farthest 
amino-acids (largest z) have the 

smallest indices i) 



Ray-traced 
image of a virus: 
 
Self-shadowing 
shows the grooves 
and the order and 
periodicity of the 
structure (even 
without the color 
code). 



Realistic picture ... is [the one] that captures many of the 

effects of light interacting with real physical objects. 

 

You should bear in mind that more realistic picture is not 
neccessarily a more desirable or useful one. If the 
ultimate goal of a picture is to convey information, 
then a picture that is free of complications of shadows and 
reflections may well be more successful than a tour de force of 
photographic realism. 

 

 
Foley, van Dam, Feiner and Hughes, „Computer Graphics: Principles and 

Practice” 2nd ed, 1997 



Crash course in POV-Ray 



Download it at: 

www.povray.org 
 

Read the extensive help to learn to use it: 



POV-Ray is a scene description language. The 
compilation of the code produces raster image. 



POV-Ray as an optical laboratory 

Marko Marelja, diploma work, University of Zagreb (2012) 

reflections 



Bruno Paun, diploma 
work, University of 
Zagreb (2011) caustic 



But one can use it differently ... 



POV-Ray as an artistic tool 

refractions 



Natural light, calculation of diffuse scattering (radiosity) 



Complex 3D objects (scattering media; fog, smoke ...); 
depth of field simulation (DOF; focal blur) 



Complex media (water) 



Complex objects (mathematical isosurfaces) 



Textures and more ! 



Mathematical shapes (equations) easily coded 



Simulation of „photons” (caustic in reflection and 
refraction) 



Easy integration with mesh 
modelers (kapitels here) 



Here is how YOU are likely to use it 

shapes 
based on 
formulas 







Simple virus SciVis 



DNA toroids 



Graphene cone viewed from above 



L-systems (fern) 



Vesicles (mesh visualization of Sakashita / Ziherl data) 



Mathematical compositions (vitraille) 



Collapse of structures (mesh colored according to energy) 



Lattices, clusters, nanoparticles ... 



Visualization of Moire pattern 





3D reconstructions based on 2D data (Sidneyia; below) 



Tobacco mosaic virus 



Spheres touching on a surface of a sphere; reflections 



POV-Ray as an image-processing tool 



Forward Ray Tracing 



wikipedia.org 

Backward (inverse) Ray Tracing 



Backward RayTracing ala Albrecht Dürer 



The image calculated by POV-Ray depends on: 

 

• The objects in the scene 

• The lights in the scene 

• The camera viewing the scene (position and 

type) 



POV-Ray’s coordinate system: 
(is a LEFT coordinate system) 

„up” 

„right” 

„in the screen” 

Notation for a 3D point / vector: 

<x, y, z> i.e. <0, 0.96, 10.4> 



camera { 
perspective 
location <0,0,-3>  
look_at  <0,1,9> 
angle 60 
}  

type of camera 

position of camera 

a point where the camera looks at 

from POV-Ray’s help 

Camera: 

viewing angle of a camera 



light_source {  
<1000,1000,-1000>, 
rgb <1,0.75,0>}  

Lights: 

position of (point)light 

color of light 

Many types of light sources: 

light_source {  
<1000,1000,-1000>, 
rgb <1,0.75,0> 
spotlight 
radius 30 
falloff 45 
point_at <0,0,0>}  

from POV-Ray’s help 



Objects: 

sphere { 

<1,3,4>, 
1 
} 
 

cone {  

<0,0,0>,  
2,  
<0,4,0>,  
1.5 
}   

3D center 

radius 

base point 

base radius 

cap point 

cap radius 

from POV-Ray’s help 



box { 
<0,0,0>, 
<1,1,1> 
}  

corner 1 

corner 2 

from POV-Ray’s help 

torus { 

4, 
1 
}  

major radius 

minor radius 



Transformations of objects: 

sphere {<0,0,0>, 1 

translate <3,5,7> 

} 

translate vector 

translate vector 

sphere {<0,0,0>, 1 

scale <1,1.5,1.2> 

} 

scale „vector” 
1 

1.5 1.2 



sphere {<2,0,0>, 1 

rotate <0,56,0> 

} 

rotate „vector”  
(rotate around y-axis by 45 deg) 

45 x 

y 



Object sufaces, colors, textures, finishes ... 

sphere {<0,0,0>, 1  

texture{ 

pigment { color rgb<0,0,1> } 

finish{ambient 0.0 diffuse 0.9} 

}  
}  

simple, one-color pigment 

sphere diffusely 
scatters 90 % of 
incoming light; does 
not „emit” any light 
(ambient 0.0) 

Much more complicated textures 
possible, including pigments with 
patterns, layered pigments / textures, ... 



difference 

union 

intersection 

Constructive Solid Geometry (CSG) 

union 



#local rad = 0.1;  
#local cube_color = <0.3,0.0,0>; 
 

difference{ 
 

merge{ 
cylinder{<0,0,0>,<1,0,0>, rad} 
cylinder{<0,0,1>,<1,0,1>, rad}  
cylinder{<0,1,0>,<1,1,0>, rad} 
cylinder{<0,1,1>,<1,1,1>, rad} 
cylinder{<0,0,0>,<0,1,0>, rad}  
cylinder{<0,0,1>,<0,1,1>, rad}  
cylinder{<1,0,0>,<1,1,0>, rad} 
cylinder{<1,0,1>,<1,1,1>, rad}  
cylinder{<0,0,0>,<0,0,1>, rad}  
cylinder{<1,0,0>,<1,0,1>, rad} 
cylinder{<0,1,0>,<0,1,1>, rad} 
cylinder{<1,1,0>,<1,1,1>, rad}  
 
... 

same as union but removes internal surfaces / edges 

here is how one defines variables in POV-Ray 

using the pre-defined variable as 
a cylinder radius 



... 
 
sphere{<0,0,0>,rad}  
sphere{<1,0,0>,rad} 
sphere{<1,1,0>,rad} 
sphere{<1,1,1>,rad}  
sphere{<0,1,0>,rad}   
sphere{<0,1,1>,rad} 
sphere{<0,0,1>,rad}  
sphere{<1,0,1>,rad}  
 
box{<0,-rad,0>,<1,1+rad,1>} 
box{<0,0,-rad>,<1,1,1+rad>}  
box{<-rad,0,0>,<1+rad,1,1>}       
 
texture{ pigment {color rgb cube_color}  

finish{ambient 0.0 diffuse 0.9 phong 0.75  

phong_size 30} 

}  // merge ends here 

 

adding spheres in 
cube corners 

adding three boxes 
(note that they are 
NOT cubes) 

phong in a finish statement 
gives a specific, plastic-like 

reflection glow to a 
material 



union{ 
sphere{<0,0,0>,0.12 translate<0.25,1+rad,0.2>} 
sphere{<0,0,0>,0.12 translate<0.25,1+rad,0.5>} 
sphere{<0,0,0>,0.12 translate<0.25,1+rad,0.8>} 
sphere{<0,0,0>,0.12 translate<0.75,1+rad,0.2>} 
sphere{<0,0,0>,0.12 translate<0.75,1+rad,0.5>} 
sphere{<0,0,0>,0.12 translate<0.75,1+rad,0.8>}   // 6 
 
sphere{<0,0,0>,0.12 translate<0.5,-rad,0.5>}     // 1 
 
sphere{<0,0,0>,0.12 translate<0.25,0.25,1+rad>} 
sphere{<0,0,0>,0.12 translate<0.25,0.75,1+rad>} 
sphere{<0,0,0>,0.12 translate<0.75,0.25,1+rad>} 
sphere{<0,0,0>,0.12 translate<0.75,0.75,1+rad>}   // 4 
 
...  
 
texture{ pigment {color rgb<1,1,1>}  
finish{ambient 0.0 diffuse 0.9} 

normal{crackle 1.0 scale 0.012} 

}  //union ends here 

} // difference ends here 

subtracting (difference) spheres 
for dice numbers (6 in this case, 
but making union of all of the 
numbers) 

different 
texture for 
the shapes 
to be 
subtracted 





#local rad = 0.03;  



camera { angle 42 location <0,2,-4> look_at <0,0,0>} 
light_source{ <0.0, 60.0, -100.0> color rgb<1,1,0.9>}  

#macro klupko (npts,rmin,rmax) //object macro 

 #local seeedx=seed(115); //random seed variable 

 #local i=0; // counter 

 sphere_sweep{ b_spline npts , // object  

 #while (i<npts)  

 #local x1=-1 + 2*rand(seeedx); // x1 in [-1,1] 

 #local y1=-1 + 2*rand(seeedx); // y1 in [-1,1] 
 #local z1=-1 + 2*rand(seeedx); // z1 in [-1,1] 
 #local rad=rmin+(rmax-rmin)*rand(seeedx); // rad in [rmin, rmax] 
 <x1,y1,z1>, rad // adding coordinates and radii to sphere_sweep  
 #local i=i+1; // increasing counter 

#end // end while 

tolerance 1.0e-1 // something like precision 
texture{pigment{color rgb<0.7,0.7,1.0>} // blueish object 
finish{phong 0.7 phong_size 40} }}  // plastic-like 
#end // end of macro 
klupko(50,0.02,0.1) // calling the macro 

Macros in POV-Ray 



Isosurface objects in POV-Ray 

# declare fn_wave = function{ 0.1 * sin(4*x + 5.5*z) + y };                             

  

isosurface{function{fn_wave(x,y,z)}  

contained_by {box{<-20,-0.78,-20>, <20,0.78,20>}} 
accuracy 0.001 
max_gradient 8                                                            

texture{pigment{color NavyBlue*0.7}  

finish{F_MetalA}} 

} 

#include "colors.inc" 
#include "textures.inc" 
#include "metals.inc" 

There are many POV-Ray libraries  containing pre-
defined colors, pigments, textures, finishes and 
similar. If you use some of this, you specify it with 
#include statement. 

Functions in POV-Ray 
(of (x,y,z)) 

Isosurface object is a 
2D manifold where a 
given function 
vanishes. 

pre-defined finish 

pre-defined color 



Images as functions 
#declare func = function {pigment{image_map {png "tst6.png"}}}  

func(0.9,0.1,0) 

loading png 
image into a 
POV-Ray 
function returns a (color) vector of a pixel 

located at 90 % of image width and 10 % 
of image height 

tst6.png 



 triangle{ 
< -0.0072,  6.73,  4.177>, 
< -0.503, 6.82,  3.403>, 
<  0.508,  6.87,  3.410> 

  pigment{color rgb <1,1,1>} } 

Triangle object (also element of mesh) 



 open(2, file=„shape_2w0c.inc", status="unknown") 
      write(2,*) '#macro shape(radp)’ 
      write(2,*) '#declare p_shape= union {‘ 
 
      do i=1, prbr 
       write(2,*) 'sphere{<',plus(i,1),',',plus(i,2),',',plus(i,3), '>,  radp }' 
      enddo 
 
      write(2,*) '}' 
      write(2,*) '#end' 

POV-Ray as output I 

shape declared in a macro 
shape is a union of spheres 

parameter of the 
macro is a radius of 
all spheres in a 
union 



POV-Ray as output II 
 open(25, file='stress.inc', status='unknown') 
       write(25,*) '#macro stress(a)' 
       write(25,*) 'union{' 
       do i=1, rfcs 
        tmp = fcolor(i) 
        call boja(tmp,v1,minc,maxc,power) 
        write(25,*) 'triangle{<',tniz(3*(nfaces(i,1)-1)+1),',',  
     &              tniz(3*(nfaces(i,1)-1)+2),',', 
     &              tniz(3*(nfaces(i,1)-1)+3),'>,<',  
     &              tniz(3*(nfaces(i,2)-1)+1),',',  
     &              tniz(3*(nfaces(i,2)-1)+2),',', 
     &              tniz(3*(nfaces(i,2)-1)+3),'>,<',  
     &              tniz(3*(nfaces(i,3)-1)+1),',',  
     &              tniz(3*(nfaces(i,3)-1)+2),',', 
     &              tniz(3*(nfaces(i,3)-1)+3),'>',  
     & ' pigment{color rgb', 
     & ' <',v1(1),',',v1(2),',',v1(3),'>} }'       
       enddo       
       write(25,*) '}' 
       write(25,*) '#end' 
       close(25)  

union of differently colored triangles 
looping over faces 

color of a face (previously calculated real number) 
converting a number to a RGB vector 

writing out a triangle 

coloring a triangle 





Radiosity in POV-Ray 
Cornell box simulation; http://www.graphics.cornell.edu/ 



Thank you for your attention ! 
 

You know that you’ve been raytracing too long 
when your friends are used to the fact that you 

will suddenly stop walking in order to look at 
objects and figure out how to do them as CSGs. 

 
Jeff Lee   


