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“the intersection of art, 
science, philosophy, and 
technology” 

 

“Visualization offers a 
method for seeing the 

unseen.” 

 

“visual literacy  …  
means participation 
and makes those 
who have achieved 
it less passive 
observers.” 
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“[V]isual displays are distinctly involved … in the very ‘construction’ of scientific facts.” 
Michael Lynch. (1980).  

 
WORKSHOP OUTLINE 

 
In this workshop, I will focus on nine different kinds of mathematical analysis of visuals in biology: 

(1) Phenomenological 
(2) Topological 
(3) Geometric 
(4) Spatial Statistics 
(5) Networks 
(6) Iterative Generation 
(7) Fractal Measurement 
(8) Bioorthogonal Transforms 
(9) Models and Measurement 

In each case, I argue that visual representations are testable hypotheses, help us reason about biological 
causation, and help us communicate our inferences. For students to be empowered as scientific 
investigators, I argue that they need more visual tools than linear regression of an X-Y scatterplot of 
points or a histographic display of frequencies or compositions. 
 
We use many kinds of visuals that have a mathematical base. I have chosen examples that illustrate 
some principles that often get neglected and yet represent major themes in biological thinking. 
 

(1) Complexity and Cellular Automata: The one dimensional 
case (Wolfram’s rules) is used to represent patterns in textile cone 
seashells and the two dimensional case (Game of Life in three 
different topological spatial domains) is used to illustrate three 
philosophical points: (a) determinism is unequal to prediction (i.e., 
Laplace is wrong) because these systems are completely 
determined yet unpredictable; the future has to be computed; (b) 
complex patterns can emerge from simple rules; (c) disproof of 
structures that could not exist (Garden of Eden theorem, etc.) - 
uncoupling of complete knowledge of microlevel rules (John 
Horton Conway’s “the Game of Life”) from emergent 
macrobehavior (oscillators, gliders, etc.) – analogy of distinction of 
population genetics of microevolution and paleontological analysis 
of speciation and macroevolution. 
(2) Phylogenetic Trees as Hypotheses: Most publications on 
phylogeny publish individual trees from the Avogadro’s number of 
more possible topologies; however, is it informative? How do we 
test whether two sequences or taxa are evolutionarily 
distinguishable from two others?  We will draw upon two sources: 
the New Zealand molecular evolution community’s notion of split 
decomposition (EvolSeq and Split Decomposition in the Biological 
ESTEEM project) and the work of participant Sam Donovan 
(Baum, Smith, & Donovan, 2005; his “Tree Thinking Group 
website: (<http://www.lrdc.pitt.edu/donovan/index.html>). 
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(3) Image Analysis: Every image is full of quantitative data. 
Student’s digital camera’s (both stand alones and in their cell 
phones) are powerful scientific data acquisition instruments with  
tremendous technological power; yet little of that power is usually 
employed in classrooms, labs, and field work. Add digital video 
microscopy and freeware such as ImageJ 
(<http://rsbweb.nih.gov/ij/>) or commercial software for kinematic 
analysis such as Videopoint 
(<http://www.lsw.com/videopoint/vp/index.html>) and one is empowered 
for an enormous variety of scientific investigation. We will use 
two modules from our Microbes Count! (Jungck, Fass, and 
Stanley, 2003; copies are provided to you for this workshop) called 
“Modeling Growth” and “Valuing Variegated Variation” to 
illustrate natural growth environments of microbes and viruses 
offer an alternative to the laboratory culture of domesticated 
variation. 
(4) Fractal Measurement: To pick up on a variant of “the 
laboratory culture of domesticated variation,” we will use another 
module in our Microbes Count! (Jungck, Fass, and Stanley, 2003) 
called “Shaped to Survive” to illustrate the power of using Fractal 
Dimension (Stanley et al., 1989; (http://polymer.bu.edu/ogaf/; 
“Patterns in Nature”) to measure the “irregularity” or “roughness” 
of diffusion limited growth colonies of bacteria on hard substrates 
with minimal food. 
(5) Fractal Construction: Following in this fractal genre’ we 
will use a variant called graph grammar rewriting systems or 
Lindenmayer Systems (L-systems) (Algorithmic Beauty of Plants, 
Prusinkiewicz and Lindenmayer, 1996; available for free 
download: (<http://algorithmicbotany.org/papers/#abop>)) to engage 
students in understanding the power of a few genes and a few rules 
to generate self-similar realistic structures. By the simple use of a 
ruler, protractor, calipers, a spreadsheet in the Biological ESTEEM 
project, and our software “3D FractaL Tree”  (Khiripet et al. 
2005), students can make measurements from a branch of a tree 
and construct a rotating 3D tree image to compare whether these 
few measurements capture much of the total appearance of this 
phytoarchitecture. A similar approach will be quickly 
demonstrated for the construction of seashells. Similar approaches 
have also been employed for corals and sponges.  
(6) Network Analysis: Most of the important relationships in 
biology: parent-child, substrate-product, predator-prey, repressor-
operator, ancestor-descendent, and fertilized egg-differentiated 
cell, axon-dendrite synapses, etc. are illustrated as graphs: 
pedigrees, metabolic pathways, food webs, genetic control circuits 
and interactomes, phylogenetic trees, fate maps, neuronal 
networks, etc. Yet few biologists are familiar that graph theory 
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provides formal mathematical tools for the analysis of such 
measures as connectedness and diameter nor the presence of 
subgraphs with informative properties (maximal cliques, Eulerian 
circuits, Hamiltonian paths, minimal spanning trees, etc.) nor 
overall characteristics such as small world, random, or scale free. 
We have developed a spreadsheet front end to import or enter 
biological data for a graph visualization package and a set of 
measurement tools (BioGrapher, Viswanathan  et al. 2005) to 
provide a more general environment for students to realize that 
problems from molecular biology to genetics to developmental 
biology to neurobiology to ecology  to evolution all employ a 
common mathematical perspective. BioGrapher (Viswanathan 
2005) is an Excel front-end for the AT&T GraphViz graphical 
visualization package (<http://www.graphviz.org/>). BioGrapher is 
unique in that it (1) allows users to enter data in one of three ways: 
adjacency matrices, nodal lists, and Newick format for 
phylogenetic trees; (2) displays graphs in four different ways: 
radially, circularly, hierarchically, and in tree format; (3) properties 
of graphs such as diameter, connectedness, and average clustering 
can be computed and displayed histographically and as scatter 
plots; (4) data can be read from standard csv formatted databases. 
(7) Spatial Statistics and Graph Theoretical Analysis of 
Images: Anytime that irregular polygonal tessellations exist in 
biology or questions arise about data represented by a set of points 
distributed in space, hypotheses about aggregation, avoidance, 
relationships, and clustering  can be addressed. We have developed 
Ka-me’: Voronoi Image Analyzer (Khiripet, Kwanthan, and 
Jungck, 2007) to combine biology, graph theory, data structures, 
and spatial statistics into one highly visual, easy to use computer 
interface. This software could be used at the cellular level (cancer 
pathology), organism level (parastichies), and ecological level (tree 
canopies, fish territories, forest fire outbreaks, epidemiological 
spread) as well as in data mining and classification. 
(8) Bioorthogonal Transformations: Warping, Morphing, 
Morphometrics, Landmarks: D’Arcy Thompson (1917) illustrated that 
ontogeny and phylogeny (despite his own anti-Darwinism) could be 
understood by continuous transformations between one structure and 
another by stretching one gridded graph paper image (domain) onto 
another gridded graph paper image (range) in a one-to-one mapping of X-
Y points in one image to the other. We’ll illustrate a preliminary package 
(Koch, Panks, Arganbright, Chaavey, and Jungck) for this approach using 
matrix algebra and online freeware for doing the transforms without the 
mathematics. 
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(9) Molecular Visualization: I could not bring along a full three 
dimensional projection system; however, I refer you to the GeoWall 
Consortium (<http://geowall.geo.lsa.umich.edu/home.html>) and our GeoWall 
Stereovisualization Software Guide site (<http://epic.bu.edu/geowall>) to learn 
how you can build a portable 3D projection system for classroom use for 
under $5,000. Unfortunately, while Molecular Visualization has been an 
extremely popular use of computer graphics, it has not been often used by 
students as a tool for doing science. Too often students are entertained by 
zooming, rotating, and translating, but they often have no sense of why 3D 
visualization of proteins is so important to testing hypotheses in drug 
design or immunological receptor interaction. We have found that a small 
peptide, TrpCage, is a very helpful starter for engaging students in 
structural bioinformatics (BioQUEST’s BEDROCK Problem Spaces 
(Bioinformatics Education Dissemination: Reaching Out, Connecting, and 
Knitting-together) – see Tim Herman, Rama Viswanathan, Tia Johnson.  
Graham Walker, HHMI Professor at MIT along with BioQUESTer Ivica 
Ceraj and colleagues have developed a new viewer: StarBiochem which 
allows beginning students to explore three dimensional visualizations of 
proteins with a user-friendlly interface and to make quantitative 
measurements. Also, Paul R. McCreary, a mathematician from Evergreen 
State College (<http://academic.evergreen.edu/m/mccrearp/>), has developed a 
plug-in for viewing proteins in hyperbolic space (flying through 
molecules) on a microcomputer and understanding holes in space better as 
well as a different viewing perspective. 

All of the software that will be demonstrated is freely available through the BioQUEST Curriculum 
Consortium (http://www.bioquest.org) or a number of other sites with whom we have wonderful success 
in using their tools and that have been maintained for a long time in the public domain. The notions of 
Creative Commons licenses, copyleft, open access, open source, and open science will be discussed in 
this context.  
 ------------- 
“What are the advantages for nonartists in 
developing their visual acuity and expressive 
potential?  The first and crucial value lies in 
development of criteria that extend beyond natural 
response and personal or conditioned tastes and 
preferences.  Only those who are visually 
sophisticated can rise above fashion and fad to 
make their own choices and judgment of what is 
appropriate and aesthetically pleasing.  At a slightly 
higher level of involvement,   In effect, visual 
literacy precludes the “Emperor’s clothes” 
syndrome and makes of judgment a higher action 
than acceptance (or rejection) of a visual statement 
based on intuition alone.  Visual literacy means 
increased visual intelligence.”  
   
 Donis A. Donis, (1973. 
 
“Barbara Stafford is at the forefront of a growing 
movement that calls for the humanities to confront 
the brain’s material realities. In Echo Objects she 
argues that humanists should seize upon the 
exciting neuroscientific discoveries that are 
illuminating the underpinnings of cultural objects. In 
turn, she contends, brain scientists could enrich 
their investigations of mental activity by 
incorporating phenomenological considerations — 
particularly the intricate ways that images focus 
intentional behavior and allow us to feel thought. 

 
    This, then, is a book for both sides of the aisle, a 
stunningly broad exploration of how complex 
images — or patterns that compress space and 
time — make visible the invisible ordering of human 
consciousness. Stafford demonstrates, for 
example, how the compound formats of emblems, 
symbols, collage, and electronic media reveal the 
brain’s grappling to construct mental objects that 
are redoubled by prior associations. On the other 
hand, she compellingly shows that findings in 
evolutionary biology and the neurosciences are 
providing profound opportunities for understanding 
aesthetic conundrums as old and deep-seated as 
the human urge to imitate, the mapping of inner 
space, and the role of narrative and nonnarrative 
representation. 
 
    As precise in her discussions of firing neurons as 
she is about the coordinating dynamics of image 
making, Stafford locates these major 
transdisciplinary issues at the intersection of art, 
science, philosophy, and technology. Ultimately, 
she makes an impassioned plea for a common 
purpose — for the acknowledgement that, at the 
most basic level, these separate projects belong to 
a single investigation.” 
 

Dust  jacket, Echo Objects (2007) 

 
Visualization is a method of computing. It 
transforms the symbolic into the geometric, 
enabling researchers to observe their simulations 
and computations. Visualization offers a method for 
seeing the unseen.  It enriches the process of 
scientific discovery and fosters profound and 
unexpected insights.  In many fields it is already 
revolutionizing the way scientists do science.”
  B. McCormick, T. 
DeFanti, and M. Brown. (1987).  
 
“Images of natural phenomena hold a particular 
fascination for us, if they show objects and events 
outside our normal range of perceptions or 
experience. … But we all share a special 
fascination for the mysterious and extraordinary 
phenomena that our senses are not normally 
capable of showing us. … However, the simple 
notion that an image of something will tell us all, or 
nearly all that we need to know about it is far from 
true, since the fundamental nature of an image is 
that it is dependent on the object being observed, 
the wavelength of the radiation being used to make 
the observation, and the technology being used to 
collect and display the observed data. 

Robert  S. Wolff and Larry Yaeger. (1993).  
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