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1. Graph Theoretic Terminology, Concepts, and Notation   
1.1  Points and Lines  
The core concepts of graph theory are points (also called nodes or vertices) and lines 
(also called arcs or edges), diagrammatically represented as Figures 1a, 1b, 1c, and 
1d. 
  A   B  A   A  B  A    B 
        
      B    
     Figure 1a  Figure 1b    Figure 1c      Figure 1d 
We use the terms point and line deliberately to connect the concepts of graph theory 
to those of Euclidean geometry, to suggest that graphs and graph theory are 
geometric objects.  
There is an important difference between the two though. The lines in Figures 1a-d 
are distinct lines in Euclidean geometry, but not so in graph theory. In the latter, the 
line represents the relation of connectedness, so the shape of the physical line on 
paper, its orientation, and its length are irrelevant. The differences in the physical 
notation do not reflect any theoretical distinction.  
The mathematical objects, lines, in these figures can be used to represent any 
relation between two entities. For instance, if the line in Figure 1a represents the 
sibling relation, we interpret this figure to mean that A and B are siblings. If it 
represents the friendship relation, we interpret it to mean that A and B are friends. 
If it represents the relation of marriage, we can interpret it to mean that A and B 
are married.   

1.2  Atomic and Complex Lines, and Length of Lines   
The dots in Figures 1a-d are intended to represent the end points of a line segment. 
To see the significance of this notation in graph theory, consider the following 
figures.  
      A      B        A       B C  A B C       D 
  Figure 2a     Figure 2b     Figure 2c 
In Figure 2c, there exist 6 lines: AD, AC, AB, BD, BC, and CD. We can refer to AD, 
BD, and AC as complex lines, while AB, BC, and CD are atomic lines. A line is 
atomic iff it is not composed of other lines, and complex otherwise.  
The length of AD is three units, while the lengths of AC and BD are two units. The 
lengths of AB, BC, and CD are one unit.  
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What this means is that the physical length of a pencil- or pen-mark on a piece of 
paper does not constitute the length of a line in graph theoretic geometry. That is, 
the length of the graph theoretic line AB is 1 unit in Figures 1a-d. What matters is 
the number of vertices which we have chosen to call points. Every line segment in 
Euclidean geometry has infinitely many points. However, in graph theoretic 
geometry, the length of a line/path cannot be defined as the number of points in the 
line, but in terms of the number of vertices between a pair of points/nodes. 

1.3  Directed and Undirected Lines 
If A is B’s sibling, then B is necessarily A’s sibling. If A is B’s friend, then B is 
necessarily A’s friend. These relations are symmetric. Relations can also be 
asymmetric, which means that the relation need not work in both directions. For 
instance, if A loves B, it is not necessary that B loves A, even though it does not rule 
out that possibility. Similarly, if A has heard of B, it is not necessary that B has 
heard of A. Then, there are antisymmetric relations. If A is older than B, it cannot 
be the case that B is older than A. If A precedes B, it cannot be the case that B 
precedes A.  
To indicate that the relation expressed by a line is asymmetric, we use an 
arrowhead, as in Figure 3. 
      A      B 
          Figure 3 
The diagram in Figure 3 can be used to represent (i) A loves B, (ii) A hates B, and 
(iii) A is older than B, but not (iv) A and B are siblings. If it is the case that B 
loves/hates A as well, we need to use a separate arrow like the red arrow in Figure 
4a, or a double-headed arrow as in Figure 4b.  
 
      A      B 
       Figure 4a  Figure 4b 

A line with an arrow is directed, so a graph with directed lines is a directed 
graph, as in Figures 3, 4a, and 4b. In contrast, a line without an arrowhead is 
undirected. Notice that the distinction between directed and undirected lines is not 
part of Euclidean geometry, even though directed lines are used in physics to 
represent rays and velocity, both of which have directionality.  

1.4  Cyclic and Acyclic Graphs  
A graph in which a path can return to itself is called a cyclic graph. When a path 
returns to its origin, it is called a cycle. A graph in which this is not possible is 
called an acyclic graph. While the graph in Figure 5a is an Undirected Cyclic 
Graph, that in Figure 5b is an Undirected Acyclic Graph (UAG).  
 
 
 
    

   Figure 5a         Figure 5b      
Likewise, the graph in Figure 6a is a Directed Cyclic Graph, while that in Figure 6b 
is a Directed Acyclic Graph (DAG).  
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Figure 6a   Figure 6b 
An Acyclic Graph, whether Undirected or Directed, is called a Tree in graph theory. 
The graphs in Figures 5b and 6b are trees.  

1.5  Vertices, Cycles, Circles, and Polygons 
In Section 1.1, we briefly commented on the distinction between the concepts of point 
and line in Euclidean and graph theoretic geometries. Given the concept of cycle in 
the latter, it might be useful to pause and take a careful look at the distinctions 
between the two geometries in terms of a few other concepts.  
We began Section 1 by pointing out that the terms point and vertex are synonymous 
in graph theory, and every atomic line has exactly two vertices. Thus, in the graph in 
Figure 1a, points A and B are both vertices. 
  A   B  Figure 1a  
 
In Euclidean geometry, a vertex is formed when two lines join (or intersect) at a 
point, thereby creating an angle between them. Thus, while AB in Figure 1a 
constitutes a straight line segment in Euclidean geometry, points A and B do not 
constitute vertices.  
 
  A   B  C   D    
            E 
  C 

Figure 7a   Figure 7b 
 
In the graphs in Figures 7a and 7b, B and D constitute vertices in Euclidean 
geometry; B with an acute angle and D with an obtuse angle.  
In contrast, the concept of the orientation of a line, and consequently of rotation (and 
of angle as a measure of the rotation of one line with respect to another, at a vertex), 
does not exist in graph theoretic geometry. Thus, while Figures 7a and 7b are 
distinct in Euclidean geometry, they are isomorphic (the same) in graph theoretic 
geometry. (Extending Euclid’s concept of congruence, we may say that they are 
congruent.)  
Likewise, the distinction between straight lines and curved lines has also been 
abstracted out in graph theoretic geometry. As a result, Figures 1a-d are congruent.   
Given the above, it should not be surprising that there is no distinction between 
circles and polygons in graph theoretic geometry. Consider the following figures: 
 
 
  Figure 8a     Figure 8b        Figure 8c        Figure 8d        Figure 8e 
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In graph theoretic geometry, Figures 8a and 8c are congruent; and Figures 8b, 8d, 
and 8e are congruent. In contrast, 8c and 8d are not congruent.  
Finally, notice that the grahs in Figures (6a) and (6b) are both trees, unlike those in 
(8a-d). It is not the visual appearance of the diagrams that matters, but the 
information they convey.  

1.6  Paths, Ancestors, and Parents  
Another graph theoretic concept that is important for mathematizing scientific 
theories is that of ‘path’. Consider the graph in Figure 7, in which the points are 
labelled A, B, C, and D.  
 
   A   C  D 
 
      B 
    Figure 7 
There is a path from X to Y iff there is a way of starting with X and ending with Y. 
In Figure 7, one can start from A, go to B, then go to C and then to D. So there is a 
path from A to D. There is also a path from A to B, from A to C, from B to C, from B 
to D, and so on. (If the lines are undirected, there would be a path not only from A to 
D, but also from D to A.) 
Notice that path AD is composed of paths AB, BC, and CD. A path that is composed 
of other paths is a complex path, while a path that is not composed of other paths is 
an atomic path. In Figure 7, AD, AC, and BD are complex paths; while AB, BC, and 
CD are atomic paths.  
Another way of distinguishing between atomic and complex paths is to say that a 
path from X to Y is an atomic path iff there is a path from X to Y and there is no 
point/node/vertex between X and Y.   
X is an ancestor of Y iff there is a directed path from X to Y. In Figure 7,  

A is an ancestor of B,  
C is an ancestor of D, and  
B is an ancestor of C. 

X is a parent of Y if there is a directed atomic path from X to Y. In the graph in 
Figure 7, A is a parent of B, B is a parent of C, and C is a parent of D. A is an 
ancestor of C and D, but not a parent of either C or D.  
X is an ultimate ancestor of Y iff X is an ancestor of Y and Y has no other 
ancestors. In the graph in Figure 7, A is an ultimate ancestor of B, C, and D. B is an 
ancestor of C and D, but not an ultimate ancestor.  
A directed tree is rooted iff every point in it has exactly one ultimate ancestor. The 
graph in Figure 7 is a rooted tree. The graph in Figure 6b has ultimate ancestors, 
but it is not a rooted tree because it contains points which have more than one 
ultimate ancestor.  

 

 



 
 
 

5 

 

2. Applications: Language Sciences and Life Sciences  
2.1 Compositionality, Ordering, and Correspondence     
Consider the English word sixty. It is composed of the letters s, i, x, t, and y. We 
may express this idea in graph theoretic notation as in Figures 8a or 8b, among 
others. 
          LTR x    LTR i 
   WRD         (WRD = Word; LTR = Letter) 
        WRD      
           LTR t 
  LTR  LTR  LTR  LTR  LTR  LTR s LTR y 
    s    i    x    t    y 
    Figure 8a     Figure 8b  
Even though the two diagrams appear drastically different visually, the 
representations carry exactly the same information, that of compositionality. They 
are isomorophic/congruent.  
Figure 8b has been presented deliberately to emphasise that Figure 8a does not 
carry any information about the order in which the letters appear, but only 
information about compositionality. To represent the information about order, we 
need to add: the letter s precedes the letter i, the letter i precedes the letter x, the 
letter x precedes the letter t, and the letter t precedes the letter y. This can be 
expressed in terms of the graph theoretic notation in Figure 9: 
    s  i  x  t  y      
  LTR      LTR.   LTR   LTR   LTR.  

     Figure 9 
Notice that, like the graphs in Figures 8a and 8b, the graph in Figure 9 is a tree. 
While the trees in Figures 8a and 8b are branching trees, the one in Figure 9 is a 
non-branching tree.  
We may combine the information in Figures 8 and 9, and represent is as in Figure 
10:  
     WRD 
 
 
    s        i    x    t    y      
  LTR      LTR.   LTR   LTR   LTR.  

     Figure 10 
In this figure, the slanting lines from WRD to LTR represent the compositionality 
relation, while the horizontal lines from LTR to LTR represent the ordering 
relation. Although this distinction is not important in pure mathematics, it is 
important in the applied mathematics that we call science.  
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2.2 Dimensions of Structure    
In Section 2.1, we looked at the dimension of writing, in which words are composed 
of letters. Let us now take a look at the dimension of pronunciation, in which 
words are composed of sounds.  
The English word sixty is pronounced as /siksti/. It is composed of six sounds. 
Linguists refer to these distinctive units of pronunciation as phonemes, using the 
term grapheme to refer to distinctive units of writing (letters). Along the dimension 
of pronunciation (called phonology in linguistics), we may represent the 
compositionality of sixty as follows:  
     WRD       (WRD = Word; PME = Phoneme) 
 
 
    s        i    k  s     t  i      
  PME       PME  PME      PME  PME      PME 

    Figure 11 
Now, consider the correspondences between graphemes and phonemes, taught to 
students in early education under the subject called phonics. 
     s i x t y 
 Graphemes        
    
 Phonemes   
     s i   k  s t i   
      Figure 12       
In Figure 12, the undirected vertical lines represent the correspondence relation 
between the dimensions of phonology and graphemics. We will use the term 
association lines to refer to such lines that express correspondence between two 
different dimensions of representation.  

Exercise 1: Words, Graphemes, and Phonemes    
Draw tree diagrams representing the structures of the English words quick and 
cities in terms of the relations of compositionality and order along the dimensions of 
phonology and graphemics. Also draw the correspondence relations between the two 
dimensions of representation.  

Exercise 2: Internal and External Structure: Compositionality, Adjacency, and 
Correspondence  
Consider the following statements about the anatomical structure of the human body 
in terms of the organs along the dimension of external anatomy.  

External anatomy 
The body is composed of the head, the torso, two arms, and two legs.  

Next, consider the corresponding statements about the anatomical structure of the 
human body in terms of the organs along the dimension of internal anatomy.  

Internal anatomy 
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The human body is composed of the skull, the vertebrae, the collar bones, the 
rib cage, the pelvis, two arms, and two legs. 

Draw tree diagrams representing the structure of the human body along the 
dimensions of external and internal anatomies, indicating the relations of 
compositionality and adjacency*. Also draw the correspondence relations between the 
two dimensions of representation.   
*X and Y are adjacent iff there is an atomic path connecting X and Y.  

2.3 Levels of Organisation, Units, and Sub-Units  
In the preceding section, we said that along the dimension of graphemics,  

a word is composed of graphemes;  
and along the dimension of phonology,  

a word is composed of phonemes.    
Words, graphemes, and phonemes are units of language structure. This is similar to 
saying that fundamental particles, atoms, molecules, cells, organs, organisms, and 
species are units of the physical and biological organisation of nature.  
Are there subunits of words larger than phonemes? The answer is yes. Consider the 
words sits, cities, and cigarettes.  

The word sits is composed of one syllable; the word cities is composed of two 
syllables (ci – ties); and the word cigarettes is composed of three syllables (ci – 
ga- rettes) 
The syllable /sits/ in sits is composed of four phonemes (/s, i, t, s/);  
the syllable /si/ in cities and cigarettes composed of two phonemes (/s, i/);  
the syllable /tis/ in cities is composed of three sounds (/t, i, z/);  
the syllable /g@/ in cigarettes is composed of two sounds (/g, @/) 
the syllable /rets/ in cigarettes is composed of four phonemes (/r, e, t, s/) 

The representation of the structure of cities in terms of the graph theoretic notation 
is given in Figure 13:  
   Phonological Structure of cities       WORD   
    
   
   Figure 13           SYLLABLE 
 
                  PHONEME 
         s    i  t i z    
Word, syllable, and phoneme are units of phonological organisation. Syllable is a 
subunit of word, and phoneme is a subunit of syllable.  

Exercise 3: Correspondences between Phonology and Morphology    
The word unhappily is composed of un-, happy, and -ly. The word taxi drivers is 
composed of taxi, drive, -er, and -s. Linguists use the word morpheme to refer to such 
word parts. The study of word internal structure in terms of morphemes is called 
morphology.   
Notice that the word cities is composed of two morphemes, city and -es. The word 
boys is also composed of two morphemes, boy and -s. This example shows that there 
is no one-to-one correspondence between structure along the dimension of phonology 
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and structure along the dimension of morphology: city has two syllables but only one 
morpheme, while boys has one syllable but two morphemes.  
In Figure 12, we expressed the correspondence between phonology and graphology 
using vertical association lines. Do the same to express the correspondence between 
the phonological and morphological structures of cities and boys. But this time, use 
horizontal arrows to express ordering relations, and slanting arrows to express 
compositionality.  

Exercise 4  
Let us take a look at the units and subunits of the internal and external anatomy of 
the human body. In Exercise 2, we use the units body and organ to denote both the 
external organ and internal organ. Draw arrows to express the compositionality of 
the body in terms of external organs (head, torso, arms, legs) and then draw arrows 
to express the compositionality of the skeleton (skull, shoulder bone, pelvis, etc.). 
Then draw association lines to express the correspondence between the internal and 
external organs.  

Exercise 5  
Consider the compositionality of the external organs of the body. The arm is 
composed of the upper arm, lower arm, and hand. The hand is composed of the palm 
and fingers. Each finger has three subunits. Similar remarks apply to the internal 
structure as well: the units of the internal structure of the human body include 
internal organs, cells, biomolecules, inorganic molecules, atoms, and fundamental 
particles.  
What we see here is the idea that the body has a hierarchical structure: a non-atomic 
unit is composed of subunits, and each complex sub-unit is composed of further sub-
units.  
Using graph theoretic geometry, construct a diagrammatic model of the external and 
internal structure of the human body that expresses the ideas pointed to in the two 
paragraphs above.  

2.4 Categories and Subcategories  
Some of the words in all languages denote entities that occupy space, and have 
volume, and mass weight. Let us use the term concrete to refer to such entities. 
Thus, the entities denoted by the words stone, mouse, baby, planet, marble, water, 
and sand are concrete entities. In contrast, words like animacy, love, truth, and 
gravity denote non-concrete entities.  
Among concrete entities are animate entities and inanimate entities. Whales, ants, 
mice, butterflies, worms, and children are animate entities; while stones, rivers, 
water, ice, steam, toothpaste, and salt are inanimate entities.  
Some of the inanimate entities are human, while others are non-human. Women, 
men, children, boys, doctors, engineers, politicians, and criminals are humans; while 
cows, elephants, mango trees, mushrooms, and amoebae are non-human.  
The italicized words given above refer to categories of entities in the world we live 
in. Of these, concrete and non-concrete are subcategories of entities, animate and 
inanimate are subcategories of concrete, while human and non-human are sub-
categories of animate.  
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Exercise 6 
‘X is a subcategory of Y’ is a relation that can be represented as a line in graph 
theoretic geometry. Do we use a directed or undirected line to represent this 
relation?  

Exercise 7 
Represent the relations among the concepts of entity, concrete, non-concrete, 
animate, inanimate, human, and non-human as a graph. Is this a directed or 
undirected graph? Is this a cyclic or acyclic graph?  

Exercise 8 
Humans can be female or non-female, adult or non-adult, parent or non-parent. 
Include these categories in your graph. Is this a directed or undirected graph? Is this 
a cyclic or acyclic graph?  

Exercise 9 
Now include unicellular and multicellular, prokaryotic and eukaryotic, animal and 
plant, vertebrate and invertebrate, mammal and non-mammal, primate and non-
primate in your graph.  

Exercise 10 
Compare the graph in Exercise 9 with the graph called ‘Tree of Life’ in biology 
textbooks. Comment on the graph theoretic differences between the two.  

Exercise 11 
Which of the two graphs in Exercise 10 should we adopt in a theory of biological 
classification? Present an argument to defend your choice.  

Exercise 12 
The lines in the graphs that you have constructed in Exercises 9-11 express the 
relation ‘X is a subcategory of Y’. Draw a graph in which the lines represent the 
relation ‘X is an ancestor of Y’. Is the structure of the ancestry graph different from 
the structure of the classificatory (i.e., subcategory) graph? Present an argument to 
defend your answer.  

Exercise 13 
Consider the concepts of particle, atom, inorganic molecule, biomolecule, cell, organ, 
and organism. Construct a graph to express the relations among these concepts. Do 
the lines in this graph represent the relation ‘X is a subunit of Y’ or ‘X is a 
subcategory of Y’?  

Exercise 14 
Represent the statement “A water molecule is composed of two atoms of Hydrogen 
and one atom of Oxygen” using graph theoretic notation. Do the lines in this graph 
represent the relation ‘X is a subcategory of Y’ or ‘X is a subunit of Y’?  

Exercise 15 
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Consider the concepts of domain, kingdom, phylum, class, order, family, genus, and 
species (See https://en.wikipedia.org/wiki/Order_(biology)). Do the lines in the graph 
that shows the relationships among these concepts represent the relation ‘X is a 
subunit of Y’, ‘X is a subcategory of Y’, or ‘X is an ancestor of Y’?  

Exercise 16 
Do the lines in the graph called ‘Tree of Life’ given in biology textbooks represent ‘X 
is a subcategory of Y’ ( = Y is a supracategory of X) or ‘X is an ancestor of Y’ ( = Y is a 
descendant of X)?  

Exercise 17 
Take the English sentence “These disgusting sexists love eating unripe bananas.” 
Suppose we unpack the structure of this sentence as follows: 

These disgusting sexists love eating unripe bananas is composed of These 
disgusting sexists and love eating unripe bananas.    
These disgusting sexists is composed of These and disgusting sexists. 
disgusting sexists is composed of disgusting and sexists. 
disgusting is composed of disgust and ing. 
sexists is composed of sexist and s. 
sexist is composed of sex and ist. 

Provide similar statements to unpack the structure of love eating unripe bananas.  

Exercise 18 
Represent the structure of These disgusting sexists love eating unripe bananas in 
Exercise 17 in terms of a graph. Is this a directed graph or an undirected graph? Is 
this a cyclic graph or an acyclic graph?  
Exercise 19 
For each point (node/vertex) in the graph in Exercise 18, specify whether it is a 
morpheme, word, phrase, or sentence.  
Exercise 20  
For as many points as you can in the graph in Exercise 19, specify whether it is a 
noun, verb, adjective, adverb, demonstrative, article, adjective, preposition, or 
conjunction. Include these specifications in your graph. (Note: It doesn’t matter if 
you can’t think of such specifications for some of the points).  
Exercise 21 
Along a different dimension, the structure of the sentence These disgusting sexists 
love eating unripe bananas can be unpacked as follows: 

These disgusting sexists love eating unripe bananas is a clause.  
It is composed of These disgusting sexists, love, and eating unripe bananas.  
These horrible sexists is the subject of the clause, love is the predicate of the 
clause, and eating unripe bananas is the object of the clause. 
Eating unripe bananas is a clause.  
Eating unripe bananas is composed of a subject (not overtly expressed), a 
predicate (eating), and an object (unripe bananas). 

Represent the information given above as a graph.  
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3. Mathematizing Theories of Process 

3.1 Why Mathematize?  
Representing relations between groups of entities, groups of concepts, or groups of 
events involves ‘mathematization’ of these relations – arriving at an abstract form 
that captures the ‘essence’ of that relationship, while ignoring the specifics. It is this 
that allows us to think of the graphs in Figures 14a and 14b as expressing the same 
relation, that of category-subcategory. By defining and creating the abstract 
mathematical entity ‘crow’, we can apply mathematics related to category theory and 
set theory to the real-word entity ‘crows’. 
      Letters     Birds 

        
   
         Vowels  Non-vowels  Crows    Non-crows  

 Figure 14a       Figure 14b 
We also use the term ‘mathematize’ to refer to the use of mathematics to express an 
observational report, observational generalisation, or theory. When we make the 
observational report that Zeno has many cats, we are using ordinary English to 
formulate the proposition that we seek to express, but when we report that Zeno has 
fifty eight cats, we are using integers as part of the study of numbers to express our 
observational report. When we say that Zeno is very tall, we are not mathematizing, 
but when we say that Zeno is 2.6 meters tall, we are stating (and mathematizing) 
the report in terms of rational numbers and the decimal system of numerals.  
In addition to allowing us to more precise (2.6 meters tall is more precise than ‘very 
tall’), mathematizing observational reports in this manner allows us to make 
calculations (calculations being a special case of computation related to quantitative 
as opposed to categorial statements). The use of rational numbers in observational 
reports allows us to engage in inductive reasoning from a sample, and make 
observational generalisations like “The average height of adult Indian males is 163.7 
cm.”   
In math education, mathematization has come to be an important learning outcome, not only 
in stating observational reports and computing observational generalisations, but also in 
applying existing theories to solving problems and make predictions. This is the sense in 
which Freudenthal 1971 talks about horizontal and vertical mathematization. (Freudenthal, 
H. (1971) “Geometry Between the Devil and 
the Deep Sea” Educational Studies in Mathematics, 3, pp.413-435.) 

In the preceding sections, we outlined yet another function of mathematization, 
namely the construction of a scientific theory. For example, Newton drew upon 
number theory, Euclidean geometry, algebra, and calculus to formulate his famous 
laws of motion and gravity. And Einstein replaced Euclidean geometry with 
Riemannian geometry in his theory of Relativity. Such mathematizations go way 
beyond the mathematization that Archimedes and Galileo used in the formulation of 
the law of the lever and the law of the pendulum, using Euclidean geometry.  



 
 
 

12 

We have illustrated the strategy of constructing categorial theories of structure in 
life sciences and in language sciences, using graph theory as a branch of discrete 
mathematics, using the concepts of points and atomic lines with unit length. In the 
following sections, we will go beyond theories of structure to investigate the 
challenges of using points and lines in graph theory to represent the 
transdisciplinary concepts of entities and relations; to using points and lines to 
represent the trans-disciplinary concepts of change, correlation, and causation; and 
finally to mathematizing scientific theories of process.  

3.2  Representing Process and Change   
Process and change are closely related concepts. Examples of processes include 
motion, growth, lengthening, and increase of temperature. These processes involve a 
quantitative increase or decrease along a continuous parameter, without a change of 
state. We may represent these using an arrow without dots at the beginning or end.  

Figure a   
Notice that this is not a directed arc, because there are no vertices/nodes here. The 
arrow that we are using is from a different part of mathematics, the study of vectors. 
Suppose the arrow in Figure 15a represents an increase in temperature. There is no 
categorial change here. What happens if we put a dot in the arrow, as in Figure 15b?  

Figure 15b   
The dot in this diagram can be interpreted as a distinctive state, what physicists call 
phase transition. This may represent either the transition from the solid state to the 
liquid state (e.g., from ice to water) or from the liquid state to the gas state (e.g., 
from water to steam). In between the states of solid and liquid, or of liquid and gas, 
the temperature keeps increasing (or decreasing) without any categorial change. 
This means that we can use the arrow with dots (as in graph theory) to represent 
categorial changes, and the arrow without dots (in vector analysis) to represent 
quantitative changes without categorial changes, as in the case of change of location 
(motion/translation), change of orientation (rotation), change of size (scaling), change 
of shape (deformation), and so on. This is important for both life sciences and 
language sciences.  
Unlike the non-categorial changes studied as part of mechanics in the physical 
sciences, chemical changes are categorial changes. Macro-evolution, that is 
speciation as an evolutionary change from one species to another, is a classic 
example of change of category. Figure 16 represents species A branching into species 
A and species B, such that species B did not exist prior to the branching (emergence).  

Figure 16 A  A  Evolutionary Change  
     B  

What has been called microevolution in textbooks involves a change in the frequency 
of a given allele, without involving a change of category, as in Figure 15a. An 
assumption made in the modern synthesis is that non-categorial changes of this kind 
are the only mechanisms underlying categorial changes in evolution. This 
assumption, as far as we can tell, remains to be rationally justified.  
Turning to language sciences, notice that almost all ‘changes’ (differences) studied in 
theories of language structure (phonology, morphology, syntax, semantics) are 
categorial changes/transformations (or differences). Here are a few examples: 

a) /t/ ~ /s/ alterntion illustrated in president~presidency, emergent~emergence, etc. 
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b) presence and absence of /n/ illustrated in hymn~hymnal, solemn~solemnity, etc.  
c) active~passive alternation illustrated in John insulted Bill~Bill was insulted by 
John  
d) cleft~noncleft alternation illustrated in John insulted Bill~It was John who 
insulted Bill. 
e) Affixation illustrated in ripe~unripe   

In contrast, the lengthening of the vowel in bit~bid and the nasalization of vowels in 
bid~bin are non-categorial. 

3.3  Representing Correlation   

Correlations can be non-categorial, such as the correlation between the length of a 
pendulum and the its period in Galileo’s law; or categorial, such as the correlation 
between the presence of a beak and the presence of feathers in animals. They can 
also be directed or undirected. When we say there is a a correlation between smoking 
and cancer, we are stating an undirected correlation. But when we say:  

If species has a beak, it has two legs. 
We are stating a directed correlation in which X (two legs) depends on Y (beak), but 
not the other way around. Thus, if the statement above is true, the statement given 
below need not be true: 

If species has two legs, it has a beak. 
Undirected correlations are represented by lines without arrow heads, but directed 
correlations are represented by lines with arrow heads, as in the case of the if-then 
conditional in propositional calculus. In the language sciences, phrase structure 
rules, ‘transformational rules’, and phonological rules are statements of directed 
correlations expressed in the arrow notation. In contrast, correspondence constraints 
are expressed as non-directed relations.  

3.4  Representing Causation    
While  

In the population of school students, those who have greater body weight have 
higher scores in mathematics tests. 

is a statement of correlation between body weight and math scores;  
Increase in body weight makes school students score higher in mathematics 
tests.  

is a statement of the causal relation between body weight and math scores.  
We may represent X causes Y as  

 X   Y 
In this figure, X is a cause and Y is its effect. 
As pointed out in Section 3.3, a correlation can be directed or undirected, but a 
causal relation is necessarily directed.  

 


