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MODULE SUMMARY
In mathematics and computer science, graph theory is being used widely to solve different
types of real life problems. One of the uses of graph theory is in forensics to solve crimes
using fingerprints recovered from the crime scene. In this module the basics of graph theory
and fingerprints analysis are discussed as well as the use of graph theory in analyzing the
fingerprints. Specific class activities are suggested to be performed that will help students
become familiar with the use of graph theory in real life problems.

TARGET AUDIENCE:
This module is an interdisciplinary. It is written for undergraduate students and can be used in
any freshman/sophomore level course that is a general education mathematics course,
computer science course, or a course that allows the instructor to include additional topics.
Note that this module could be expanded and used in some upper level math classes.

PREREQUISITES:
No prerequisites are necessary for this module.

TOPICS:
The topics in this module include introduction to Graph Theory and Forensics,
Characterization and Analysis of Fingerprints, Class Projects that allow students to develop
algorithms that associate a graph to a fingerprint, classify a fingerprint and match a fingerprint
from a database, Evaluation, Assessment, and Class Schedule.
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GOALS:
The goals of this module are to introduce basic concepts of graph theory and use them in
fingerprint analysis. In addition, the module allows students to develop matching algorithm –
for identifying given fingerprint from a pre-assigned fingerprint database. Furthermore, the
module is intended to develop critical and logical thinking skills through discovery and
investigation. Moreover, the module is designed to show students that math is fun, interesting,
and useful.

ANTICIPATED NUMBER OF MEETINGS:
This module will require at least six class periods. The first two class periods will introduce
some concepts and applications of graph theory (Sections 1 and 2). The next class period will
cover introduction to forensic science, in particular fingerprint analysis (Sections 3). Section 4
offers projects that allow students to draw connection to graph theory. This section requires
two class periods. The last class period will cover Section 5 that discusses various matching
algorithms and uses graph isomorphism to construct matching algorithm that will allow
students to match the “recovered” fingerprint with a fingerprint from the database.

LEARNING OUTCOMES:
After completing this module the students will be able to:
 Comprehend the basic concepts of graph theory.
 Define forensics and be familiar with different types of forensics.
 Characterize and analyze fingerprints.
 Apply graph theory to analyze fingerprints.
 Develop algorithm that assign a graph to a fingerprint.
 Develop algorithm for matching given fingerprint with a fingerprint from pre-assigned
fingerprint database.
 Improve their critical and logical thinking as well as writing skills.

NOTE TO INSTRUCTOR:
-

-

The module is based on having a database of fingerprints generated using the software
SFinGe (Synthetic Fingerprint Generator)
(http://biolab.csr.unibo.it/research.asp?organize=Activities&select=&selObj=12&path
Subj=111||12&)
If using different software to generate fingerprint images, the instructor might want to
consider modifying the algorithms based on the available database.
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-

-

The algorithms are designed to detect all ridge characteristics. If there are too many
ridge characteristics, the instructor might consider modifying the algorithms to do the
matching using subgraphs, not necessarily the whole graph structure.
The module can be extended to cover more concepts in graph theory. In that case, the
instructor might want to implement them in the algorithms by requiring more
classifications or different types of classifications of fingerprints.

OTHER DIMACS MODULES RELATED TO THIS MODULE:
This module might be used in conjunction with other modules prepared by the other
participants of Reconnect 2014.

ACKNOWLEDGEMENT AND DISCLAIMER:
The authors would like to thank Dr. Midge Cozzens for her valuable suggestions and support.
This module was developed as a part of workshop titled Reconnect 2014 Workshop:
Forensics held at Mass Maritime Academy, Buzzard Bay, Massachusetts from June 1 – 7,
2014 organized by Command, Control, and Interoperability Center for Advanced Data
Analysis (CCICADA), Department of Homeland Security (DHS) and Center for Discrete
Mathematics and Theoretical Computer Science (DIMACS) and funded by National Science
Foundation (NSF), for educational purpose only. This module cannot be reproduced and sold
for business without authors’ permission.
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1.0 INTRODUCTION
The evolution of law enforcement has benefited greatly from the many extraordinary
advances in the field of forensic science—the application of scientific processes to solve legal
problems most notably within the context of the criminal justice system. Be it the longestablished use of fingerprint analysis, the examination of tool or bullet markings, chemical
analyses, or the more recent, extraordinary advances that have been made in DNA
technology, forensic science has been and continues to be one of the most valued and
productive resources available to law enforcement and indeed to the justice system as a whole
[1].
The analysis and identification of fingerprints depends on three levels of detail. Level 1 detail
is the overall pattern of the fingerprint. Fingerprints may have a loop pattern where the ridges
enter and exit on the same side, an arch pattern where the ridge enters on one side and exits on
the other, and a whorl pattern where the ridges form a more circular pattern. These patterns
are rooted in embryonic development and the positioning of an embryonic structure known as
a volar pad. The size, shape, and point of regression of the volar pad play a role in
determining the ridge count, and overall pattern of the fingerprint. During embryonic
development, it is the primary and secondary ridge endings of the epidermis that help give
rise to the patterns of a fingerprint. Level 2 details is the minutiae in the fingerprint, the
bifurcations, ridge endings, and islands. The minutiae arises due to the manner in which the
fingerprint forms. The pattern begins growing around the nail bed, below the delta, and at the
core of the fingerprint. Minutiae arise when these three segments come together and create
one larger pattern. Level 3 detail is the pores and sweat glands that may be seen in a high
quality fingerprint. These details arise due to the glands that travel up through the cell layers
from the body. Altogether, the formation of the level of detail found in fingerprints is deeply
rooted in embryonic and fetal development. Understanding the method by which the
fingerprints are formed in nature provides insight on how fingerprints could be generated
synthetically through mathematical modeling [2].
Throughout this module we will be using some specific vocabulary to describe fingerprints.
All the definitions and illustrations will be discussed in Section 3.2.3.
Current module aligns with goal of the Department of Homeland Security (DHS). It is
expected that introducing the module to undergraduate students in any introductory courses in
general education mathematics course, computer science course, or a course that allows the
instructor to include additional topics will increase the awareness of the students towards the
DHS’s goal and hence increase their awareness about forensics using fingerprints and graph
theory.
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2.0 GRAPH THEORY
2.1 History
The birth of graph theory is associated with the Swiss mathematician Leonard Euler who
wrote the first paper related to graphs in 1736. He began his paper discussing the famous
Königsberg Bridge Problem:
“The city of Königsberg (now Kaliningrad) was located on the banks (A, D) and on
two islands (B, C) of the river Pregel in East Prussia. These four regions were linked
by seven bridges (see Figure 2). On Sundays the citizens of Königsberg would
promenade around town, as is usual in German cities. The citizens wondered whether
it is possible to plan this promenade in such a manner that, they could leave home,
cross every river bridge exactly once, and return home.” [3, page 434]

Figure 1: The City of Königsberg [4]
Exercise 1: Represent the parts of the city with points. In addition, represent the bridges
connecting the parts of the city with segments (you can use curves to accomplish this). How
many points and how many segments do you have on your diagram?
Answer: One possible graph diagram is given in figure below.
Number of points = 4 (number of parts of the city).
Number of segments = 7 (number of bridges).

Exercise 2: Start with a point (part of the city) of your choice in the diagram above. Can you
traverse every segment in the diagram only once and come back to the point you started with?
(You might want to use color pencil for this exercise.)
If you can – show how you can do that. If not – explain why that cannot be achieved.
Page 2
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Answer: Answers may vary. Let students brainstorm ideas. See the answer of the next
question for explanation.
Euler showed that no matter at which point (part of the city) one begins, cannot traverse every
bridge and come back to the starting point without retracing one’s steps.
Question: Can you explain why this happens?
Answer: In order to traverse every segment in the diagram, each vertex needs to have even
number of segments coming out of it (since if one enters a vertex through one segment, then
needs to depart the vertex through a different one).

2.2 Graphs
Exercise 3: Draw at least 6 points. Connect some pairs of points with line segments (you can
use curves to accomplish this). Compare the figure you draw with your peers’ ones.
Answer: Answers may vary. One possible diagram is given in the Figure below.

The diagrams that you draw in Exercises 1 and 3, are drawings of objects that are called
graphs.
A graph Γ=(V(Γ), E(Γ)) is a mathematical object (structure) consisting of two sets
- V(Γ) - vertex set (finite nonempty set), and
- E(Γ) - edge set (set of ordered pairs of vertices - note that E(Γ) can be an empty set, in
which case the graph is called a null graph).
Let Γ be a given graph with
V(Γ) ={𝑣1 , 𝑣2 , … , 𝑣𝑛 } and E(Γ) ={𝑒1 , 𝑒2 , … , 𝑒𝑘 } (where 𝑒𝑖 = {𝑣𝑖1 , 𝑣𝑖2 }, 𝑣𝑖𝑠 ∈ V(Γ)).
The elements of the vertex set (e.g. 𝑣1 , 𝑣2 , … , 𝑣𝑛 ) of the graph Γ are called vertices and the
elements of the edge set (e.g. 𝑒1 , 𝑒2 , … , 𝑒𝑘 ) are called edges.
The edge 𝑒 = {𝑣𝑖 , 𝑣𝑗 } connects the vertices 𝑣𝑖 and 𝑣𝑗 , and the vertices 𝑣𝑖 , 𝑣𝑗 are said to be
adjacent to one another.
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The edge 𝑒 = {𝑣𝑖 , 𝑣𝑗 } is incident to each of the vertices 𝑣𝑖 and 𝑣𝑗 , and each of 𝑣𝑖 and 𝑣𝑗 is
incident to 𝑒 = {𝑣𝑖 , 𝑣𝑗 }.
Two edges incident to the same vertex are called adjacent edges. A vertex incident to no
edges is called isolated.
An edge that has endpoints that are same point, is called a loop.
Usually graphs are represented by diagrams like the ones you draw above:
- each vertex is represented with a solid dot, and
- each edge between two vertices is represented by a curve (not necessarily line
segment) connecting the corresponding vertex dots.
Exercise 4: The diagrams below are graph diagrams. For each of them determine the set of
vertices, the set of edges, identify isolated vertices (if any), and identity edges that are loops
(if any).

a) Γ 1

b) Γ 2

c) Γ 3

d) Γ 4

Answer:
a) V(Γ 1)={D, E, F, G, H, I, M, N}
E(Γ 1)={{D,E}, {D,E}, {D,E}, {E,F}, {F,G}, {F,G}, {F,G}, {G,D}, {M,N}, {H,I},
{H,I}}
No isolated vertices.
No loops.
b) V(Γ 2)={A, B, C, D, E, F, G, H}
E(Γ 2)={{A,B}, {B,C}, {C,D}, {D,E}, {E,F}, {F,A}, {G,G}}
H is an isolated vertex.
The edge {G,G} is a loop.
c) V(Γ 3)={a, b, c, d}
E(Γ 3)={{a,b}, {b,c}, {c,d}, {d,a}}
No isolated vertices.
No loops.
d) V(Γ 4)={a1, a2, a3, a4}
E(Γ 4)={{a1,a2}, {a1,a3}, {a2,a3}, {a2,a4}, {a3,a4}}
No isolated vertices.
No loops.
Exercise 5: The graph Γ is given with
a) V(Γ) ={1, 2, 3, 4, 5}, E(Γ) = ∅
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b) V(Γ) ={1, 2, 3, 4, 5}, E(Γ) ={{1, 2}, {1, 3},{1, 4}, {1, 5}, {2, 3}, {2, 4}, {2, 5},
{3, 4}, {3, 5}, {4, 5}}
c) V(Γ) ={1, 2, 3, 4, 5, 6}, E(Γ) ={{1, 2}, {1, 3}, {2, 3}, {4, 6}}
d) V(Γ) ={P, Q, R, S, T, U}, E(Γ) ={{P, Q}, {P, R}, {Q, R}, {S, U}}
Identify the vertices and edges of each graph. Find examples of adjacent edges and isolated
vertices.
Then, draw the corresponding graph diagrams.
Answer: Answers may vary.
a) No edges.
1, 2, 3, 4, and 5 are all isolated
vertices.
b) No isolated vertices.
The edges {1,2} and {2,3} are
examples of adjacent edges.

c) 5 is an isolated vertex.
Example of adjacent edges:
{1,2} and {1,3}.

d) T is an isolated vertex.
Example of adjacent edges:
{Q,R} and {R,P}.

Remark: The graph discussed in Example 5b has a special name – the complete graph on 5
vertices, denoted 𝐾5 .
In general, complete graph on n vertices, 𝐾𝑛 , is a graph having vertex set {1, 2, …, n} and
edge set containing all possible edges.
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Exercise 6: Draw the complete graphs 𝐾1 , 𝐾2 , 𝐾3 , and 𝐾4 .
Answer:
𝐾1 :
𝐾3 :

𝐾2 :
𝐾4 :

The number of edges incident at a vertex v is called the degree of v, denoted deg(v).
In a graph, the vertices are of two types: even vertices (whose degree is an even number) and
odd vertices (whose degree is odd number).
Exercise 7: Find the degree of each vertex in the graphs in Exercises 4a and 5d. Then
determine which of the vertices are even or odd.
Answer:
4a. deg(D)=deg(E)=deg(F)=deg(G)=4
deg(H)=deg(I)=2
deg(M)=deg(N)=1
Even vertices: D, E, F, G, H, I.
Odd vertices: M, N.
5d. deg(Q)=deg(P)=deg(R)=2
deg(S)=deg(U)=1
deg(T)=0
Even vertices: Q, P, R, T.
Odd vertices: S, U.
2.3 Complements and Subgraphs
Exercise 8: Construct a graph that has the same vertex set as the graph in Example 5c and
edge set containing all edges not included in the edge set of the graph in Example 5c.
Answer:

The graph you just constructed is called complement of the graph in Example 5c.
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If Γ is a graph, then the complement of Γ, denoted Γ̅, is a graph having the same vertex set as
Γ, but the edge set of Γ̅ consists of all two-element subsets of the vertex set which have not
already been included in the edge set of Γ.
Question: What is the complement of Γ̅ (denoted Γ̿)?
Answer: Γ.
Question: What type of graph is the graph whose vertex set is the vertex set of a given graph
Γ=(V(Γ), E(Γ)), and whose edge set contains the edges of the graphs Γ and Γ̅?
Answer: Complete graph on |Γ| vertices.
A graph H is a subgraph of a graph Γ if the vertex set of H is a subset of the vertex set of Γ
and the edge set of H is a subset of the edge set of Γ.
Exercise 9: Find at least 5 subgraphs of the graph in Example 5c.
Answer: Answers may vary. One possible answer is given below.

Subgraph 1

Subgraph 2

Subgraph 3

Subgraph 4

Subgraph 5

2.4 Weighted Graphs
A graph that has labels on the vertices or edges is called a labeled graph.
Numbers can be assigned as labels to the edges of a labeled graph in order to enable them to
be used in application problems. Such an assignment is called the weight of the edges. In
applications, the weight may be a measure of the length of a route, the number of directed
flights between cities, driving distance among cities, etc.
A weighted graph is a special labeled graph with numerical labels (weights) on the edges.
Exercise 10: Which of the graph diagrams below are labeled graphs, weighted graphs, or not
labeled graphs? Explain.
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d)

Answer: Labeled graphs are the graphs in a, b, and c, since they have labels on the vertices
and/or edges.
Weighted graph is the graph in b, since it has numerical labels on the edges.
The graph in d is not a labeled graph, since it does not have labels neither on the vertices nor
the edges.
Example 11: Label the graph in Exercise 1. Then make your labeled graph weighted graph.
Answer: Answers will vary. One possible answer is given below.

Labeled graph

Weighted graph

2.5 Connected Graphs
Let a graph Γ=(V(Γ), E(Γ)) be given. A sequence of m edges of the form
𝑒1 , 𝑒2 , . . . , 𝑒𝑚
(where 𝑒1 ={𝑣1 , 𝑣2 }, 𝑒2 ={𝑣2 , 𝑣3 }, …, 𝑒𝑚 ={𝑣𝑚 , 𝑣𝑚+1 }) is called a walk of length m. This
walk joins the vertices 𝑣1 and 𝑣𝑚+1 . It is usually denoted as
𝑣1 − 𝑣2 − 𝑣3 − ⋯ − 𝑣𝑚+1
(1)
The walk (1) is called closed if 𝑣1 = 𝑣𝑚+1 . The walk (1) is open if 𝑣1 ≠𝑣𝑚+1 .
Note that a walk may have repeated edges. If a walk has distinct edges, then it is called a trail.
If a trail has distinct vertices (except, possibly, 𝑣1 =𝑣𝑚+1 ), then it is called a path.
A closed path is called a cycle.
Remark: For the question in Exercise 2 we can now say that there does not exist a cycle that
contains all vertices of the graph.
Exercise 12: Consider the graph in Exercise 10a.
a) Find (if possible) a walk (that is not a trail), a trail (that is not a path), and a path from
vertex C to vertex F.
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b) Find (if possible) a walk (that is not a trail), a trail (that is not a path), and a path from
vertex A to vertex A.
c) Are the walks (if you found ones) in a) and b) open or closed?
Answer:
a) A walk that is not a trail: C – B – E – D – C – B – A – F (note that the edge b is
repeated).
A trail that is not a path: C – B – E – D – C – E – F (note that the vertex E is repeated).
A path: C – B – E – F.
b) A walk that is not a trail: A – B – C – E – B – A (note that the edge a is repeated).
A trail that is not a path: A – E – B – C – E – F – A (note that the vertex E is repeated).
A path: A – B – E – A.
c) Open walks: a) and b).
Closed walk: c).
Exercise 13: Compare the graph diagrams below. What do you notice? Explain.

a)
b)
Answer: Students should notice that each two vertices in the graph in a) can be joined by a
walk, but that is not the case with the graph in b). Also, they should observe that the graph in
a) consists of one ‘piece,’ but the graph in b) consists of 3 ‘pieces.’
A graph Γ is connected if for each pair of vertices a and b, there is a walk joining a and b
(equivalently a path joining a and b). Otherwise, Γ is disconnected.
Question: Are the graphs in Exercise 13 connected or disconnected?
Answer: The graph in 13a is connected and the graph in 13b is disconnected.
Exercise 14: Find (if possible) a path between the vertex J and the vertex E of the graph in
13b. Explain.
Answer: A path between the vertex J and the vertex E does not exists since the vertices I and
J are not connected with no other vertices in the graph.
If a graph Γ is disconnected it has at least two maximal connected subgraphs. A maximal
connected subgraph of Γ is a subgraph that is connected and is not contained in any other
connected subgraph of Γ. The connected components of a graph Γ are its maximal connected
subgraphs.
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A component of a graph is trivial if it has no edges; otherwise it is nontrivial.
Remark: Components are pairwise disjoint; no two share a vertex nor are connected with an
edge.
Question: How many components does the graph in Exercise 13b have? Explain.
Answer: It has 3 components: one trivial component consisting of the vertex K, and two
nontrivial components that are maximal connected subgraphs.
Exercise 15: Determine if the graphs in Exercise 4 are connected or disconnected. For the
graphs that are disconnected (if any) determine the number of connected components.
Answer: The graphs 4a and 4b are disconnected, but the graphs in 4c and 4d are connected.
The graphs in 4a and 4b have 3 components each.

2.6 Graph Coloring
A graph coloring is a type of graph labeling that assigns a color to vertices or edges. A graph
has been properly colored if
- a color has been assigned to each vertex such that no adjacent vertices have same
color, i.e. if each edge has two differently colored endpoints (proper vertex coloring)
- a color has been assigned to each edge such that no adjacent edges have same color
(proper edge coloring).
A proper vertex (edge) coloring that uses at most k colors is called k-(edge) coloring.
A graph Γ is k-colorable if a k-coloring can be assigned to its vertices. The smallest number k
such that Γ is k-colorable is called its chromatic number, denoted 𝜒(Γ).
Remark: Graphs that have loops are not colorable.
Example 16: The examples below demonstrate
a) vertex coloring
b) proper vertex coloring, and

c) proper edge coloring.

Exercise 17: Color the graphs below using
a) proper vertex coloring (then find the associated chromatic number)
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b) proper edge coloring (using minimum number of colors).

Γ1

Γ2

Γ3

Answer:
a)

𝜒 (Γ 1) =5

𝜒 (Γ 2) =4

𝜒 (Γ 3)=3

b)

2.7 Applications
Graphs are used in various settings. (For more info on applications please refer to [5, Pages 36])
Example 18:
a) Acquaintance relations: Does every set of six people contain three mutual
acquaintances or three mutual strangers?
b) Job assignments: Can m jobs be filled with qualified people if n people applied for
these jobs, but not all the applicants are qualified for all jobs?
c) Scheduling: A various committee meetings need to be scheduled into designated
weekly time periods, such that no two committees can be schedule to the same time if
they have a common member. How many different time periods are needed?
d) Maps: A map is a partition of the plane into connected regions. Can we color the
regions of every map using at most four colors so that neighboring regions have
different colors?
e) Routes in road network: How to find the shortest route (either in terms of distance or
time) from x to y?
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3.0 FORENSICS
3.1 History
Forensic science is the scientific method of gathering and examining information about the
past, which is then used in a court of law [6]. The word forensics comes from the Latin
forēnsis, meaning "of or before the forum" [7]. In Roman times, a criminal charge meant
presenting the case before a group of public individuals in the forum. Both the person accused
of the crime and the accuser would give speeches based on their sides of the story. The case
would be decided in favor of the individual with the best argument and delivery. This origin is
the source of the two modern usages of the word forensics – as a form of legal evidence and
as a category of public presentation. In modern use, the term forensics in the place of forensic
science can be considered correct, as the term forensics is effectively a synonym for legal or
related to courts. However, the term is now so closely associated with the scientific field that
many dictionaries include the meaning that equates the word forensics with forensic science.
The ancient world lacked standardized forensics practices, which aided criminals in escaping
punishment. Criminal investigations and trials heavily relied on forced confessions and
witness testimony. However, ancient sources do contain several accounts of techniques that
foreshadow concepts in forensic science that were developed centuries later [8].
For instance, Archimedes (287–212 BC) invented a method for determining the volume of an
object with an irregular shape. According to Vitruvius, a votive crown for a temple had been
made for King Hiero II, who had supplied the pure gold to be used, and Archimedes was
asked to determine whether some silver had been substituted by the dishonest goldsmith [9].
Archimedes had to solve the problem without damaging the crown, so he could not melt it
down into a regularly shaped body in order to calculate its density. Instead he used the law of
displacement to prove that the goldsmith had taken some of the gold and substituted silver
instead.
In 16th-century Europe, medical practitioners in army and university settings began to gather
information on the cause and manner of death. Ambroise Paré, a French army surgeon,
systematically studied the effects of violent death on internal organs [10, 11]. Two Italian
surgeons, Fortunato Fidelis and Paolo Zacchia, laid the foundation of modern pathology by
studying changes that occurred in the structure of the body as the result of disease [12]. In the
late 18th century, writings on these topics began to appear. These included A Treatise on
Forensic Medicine and Public Health by the French physician Francois Immanuele Fodéré
[13] and The Complete System of Police Medicine by the German medical expert Johann
Peter Frank [14].

3.2 Fingerprint Analysis
Sir William Herschel was one of the first to advocate the use of fingerprinting in the
identification of criminal suspects. While working for the Indian Civil Service, he began to
use thumbprints (Figure 6a) on documents as a security measure to prevent the then-rampant
repudiation of signatures in 1858 [15].
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In 1877 at Hooghly (near Calcutta), he instituted the use of fingerprints on contracts and
deeds, and he registered government pensioners' fingerprints to prevent the collection of
money by relatives after a pensioner's death [16]. Herschel also fingerprinted prisoners upon
sentencing to prevent various frauds that were attempted in order to avoid serving a prison
sentence.
In 1880, Dr. Henry Faulds, a Scottish surgeon in a Tokyo hospital, published his first paper on
the subject in the scientific journal Nature, discussing the usefulness of fingerprints for
identification and proposing a method to record them with printing ink. He established their
first classification and was also the first to identify fingerprints left on a vial [17]. Returning
to the UK in 1886, he offered the concept to the Metropolitan Police in London, but it was
dismissed at that time [18].
Faulds wrote to Charles Darwin with a description of his method, but, too old and ill to work
on it, Darwin gave the information to his cousin, Francis Galton, who was interested in
anthropology. Having been thus inspired to study fingerprints for ten years, Galton published
a detailed statistical model of fingerprint analysis and identification and encouraged its use in
forensic science in his book Finger Prints. He had calculated that the chance of a "false
positive" (two different individuals having the same fingerprints) was about 1 in 64 billion
[19].
Juan Vucetich, an Argentine chief police officer, created the first method of recording the
fingerprints of individuals on file. In 1892, after studying Galton's pattern types, Vucetich set
up the world's first fingerprint bureau. In that same year, Francisca Rojas of Necochea was
found in a house with neck injuries whilst her two sons were found dead with their throats cut.
Rojas accused a neighbor, but despite brutal interrogation, this neighbor would not confess to
the crimes. Inspector Alvarez, a colleague of Vucetich, went to the scene and found a bloody
thumb mark on a door. When it was compared with Rojas' prints, it was found to be identical
with her right thumb. She then confessed to the murder of her sons.

Figure 2b: Women clerical employees of
Figure 2a: Fingerprints taken by William
Herschel 1859-60.
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A Fingerprint Bureau was established in Calcutta (Kolkata), India, in 1897, after the Council
of the Governor General approved a committee report that fingerprints should be used for the
classification of criminal records. Working in the Calcutta Anthropometric Bureau, before it
became the Fingerprint Bureau, were Azizul Haque and Hem Chandra Bose. Haque and Bose
were Indian fingerprint experts who have been credited with the primary development of a
fingerprint classification system eventually named after their supervisor, Sir Edward Richard
Henry [20, 21]. The Henry Classification System, co-devised by Haque and Bose, was
accepted in England and Wales when the first United Kingdom Fingerprint Bureau was
founded in Scotland Yard, the Metropolitan Police headquarters, London, in 1901. Sir Edward
Richard Henry subsequently achieved improvements in dactyloscopy.
In the United States, Dr. Henry P. DeForrest used fingerprinting in the New York Civil
Service in 1902, and by 1906, New York City Police Department Deputy Commissioner
Joseph A. Faurot, an expert in the Bertillon system and a fingerprint advocate at Police
Headquarters, introduced the fingerprinting of criminals to the United States.

3.2.1 Why Use Fingerprints?
Fingerprints are the patterns on the inside and the tips of fingers. The ridges of skin, also
known as friction ridges, together with the valleys between them form unique patterns on the
fingers. Fingerprint analysis is a biometric technique comparing scanned image of prints with
a database of fingerprints. Uniqueness of prints, and the fact that they do not change during a
person's life, form the basis for fingerprint analysis. The uniqueness of the prints is
determined by the minute changes in local environment during fetal development; therefore,
the identical twins undistinguishable by DNA analysis can be differentiated with fingerprint
analysis. Although the fingerprint pattern remains the same, growth accounts for an
enlargement of the patterns. Additionally, accidents or some diseases may alter fingerprint
patterns.
Notes about the ridges, loops, and spirals of fingerprints were first made in 1686 by Marcello
Malpighi. However, it was not until 1880 that fingerprints were recognized as a means of
personal identification by Henry Faulds, who also identified a first ever fingerprint. The first
book about fingerprints was published in 1888 by Sir Francis Galton, and was titled simply
Fingerprints. Galton established the first classification system for fingerprints and was the
first to assert that no two prints are the same, or that the odds of two prints being identical
were about 1 in 64 billion. Later, the Henry Classification System was developed in 1901 by
Sir Edward Henry, and today forms the basis for print recognition in most English speaking
countries. This system categorized the ridge patterns into three groups: loops, whorls, and
arches.
Fingerprinting was soon introduced in prisons, army and widely used for identification by law
enforcement. The Federal Bureau of Investigation collection has millions of fingerprint cards
and consists of approximately 70 million fingerprints. Although the main use of prints
remains in forensic science and law enforcement, new uses of fingerprints have been
developed.

Page 14

Karim & Vasilevska

Fingerprint and Graph Theory Module

Reconnect 2014

Presence of pores on the surface of the ridges of the fingers results in the accumulation of
perspiration on the fingertips. This moisture remains on the surface of the object a person
touches, leaving prints. Depending on the surface touched, prints can be visible to the naked
eye (e.g. metal, glass or plastic) or invisible (paper, cardboard or timber). Prints left on nonporous surfaces such as metal can be visualized with powders and lifted with tape. In contrast,
the prints on porous objects require special lighting, such as lasers or x-rays.
There are two major methods of the identification of fingerprints—comparison of lifted prints
and live scanning. The first method is mainly used in forensics, while the second is used for
authentication purposes (in security applications) and is also slowly becoming a method for
identification at some police stations.
3.2.2 Characterization
Ridges present on the fingers are classified based on the patterns they form. The most
important features are ridge endings and bifurcations (separation of a ridge into two). These
features are called minutiae and form the basis for further classification and identification.
Based on the forms created by the minutiae (loops, whorls, etc.) fingerprints are further subclassified into many more distinct patterns, as discussed in Introduction.
Modern fingerprint analysis uses computer algorithms to determine the similarity between a
print and images stored in a database. Analysis is usually performed on multiple levels. First,
the algorithms are compared to the prints on the coarse level to identify a type of a print, and
then subsequently to identify more and more details until a match is found. The computer
analysis of prints compares ridges, bifurcations and their relative location. Fingerprint
analysis software and scanners identify a set number of similarity points, this number being
determined by the software used, typically up to 90 points are compared. After identification
of a set number of features, a template of the scanned print is formed and this is subsequently
compared to the templates stored in the computer to determine if the print has a match.
Although limiting the characteristics to be compared speeds up the matching process, it can
also affect the accuracy if inadequate numbers are compared. Accuracy also depends on the
application for which the fingerprint analysis is used.
Scanners have comparison algorithms and a number of recognizable characteristics
programmed in, together with the prints of the users (enrolment) to provide the templates for
comparison. The FBI fingerprint system is over 98% accurate, while the authentication
systems accept only 97% of authorized users. Among some of the reasons for the rejection
are: scars, calluses, cracks, dirt, or excess fingernail length.
Two types of fingerprint scanners are normally used, optical scanners and capacitance
scanners. Optical scanners identify the print using light; depending on the brightness of the
reflected light, optical scanners depict ridges as dark and valleys as light. Capacitance
scanners determine the print by using an electrical current. Valleys and ridges on the fingers
produce different voltage output, allowing for discrimination between them.
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3.2.3 Basic Pattern Types and Ridge Characteristics
Ridge - A path of raised skin on the pad of a finger (see below for basic ridge characteristic)
Core - The approximate center of a fingerprint.
Delta - A reference point on a fingerprint which, together with the core, is used to orient a
fingerprint.
Minutia - A characteristic singularity in the ridge pattern of a finger.
Minutia type - A classification of minutiae. The most common types are bifurcations and
ridge endings.
Minutia direction - A vector that characterizes the minutia's orientation.
 Pattern types and sub-pattern types [22]
Arch (A) (no delta)

Core

No Delta
Figure 3a: Arch
Sub-pattern types:


Plain Arch (PA) (no core and no delta)



Tented Arch (TA) (“peaked” in the center with what appears to be a core)
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Loop (L) (have one core, one delta)

Core

Figure 3b: Loop
Sub-pattern types:


Radial Loop (RL) (slant toward the radial (thumb) side of the hand)



Ulnar Loop (UL) (slant toward the ulna (pinky finger) side of the hand)

Whorl (W) (two or more deltas)

Plain

Central Pocket
Delta

Double Loop
Core

Figure 3c: Whorl

Sub-pattern types:


Plain Whorl (PW)



Central Pocket Whorl (CPW)
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Double Loop (DL)
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Reconnect 2014

 Ridge Characterization [22]
Ridge Dot (RD)– an isolated ridge unit whose length approximates its width
Bifurcation Ridge (BR) – the point at which one friction ridge divides into two
friction ridges (double bifurcation, opposed bifurcation)
Trifurcation Ridge (TR) – the point at which one friction ridge divides into three
friction ridges
Ridge Ending (RE) – A single friction ridge that terminates within the friction
ridge structure.
Ridge Crossing (RC) – A point where two ridge units intersect.
Enclosures (Lakes) (E)– A single friction ridge that bifurcates and rejoins after a
short course and continues as a single friction ridge.
Short Ridges (Islands) (SR) – Friction ridges of varying lengths.
Spurs (Hooks) (S) – A bifurcation with one short ridge branching off a longer
ridge.
Bridges (B) – A connecting friction ridge between parallel running ridges,
generally right angles.

4.0 CLASS PROJECT: ASSOCIATING
CLASSIFYING FINGERPRINTS

A

GRAPH

WITH A

FINGERPRINT

AND

4.1 Class Activity
For this activity you will need:
- Fingerprint ink OR a number 2 pencil
- Index card (if using number 2 pencil)
- The fingerprint card provided below
- Clear wide scotch tape (if using number 2 pencil)
- Wet sanitary wipes (towels).
Exercise 19: Create your own set of prints as follows [23]:
1. Rub your finger (each at a time) firmly on the fingerprint ink (or lead smudge large
enough to cover a fingertip, obtained by rubbing the number 2 pencil on the index
card).
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2. Cover your finger from the tip to the first knuckle and from one side to the other side.
3. Once your finger is sufficiently covered, place your fingerprints in the appropriate
boxes on the fingerprint card.
4. Locate the spot for the finger you are fingerprinting on the fingerprint card.
5. Place one edge of your finger in the box, press firmly and roll your finger to the
opposite edge (nail to nail). Do NOT roll it back again; otherwise the print will be
smudged.
6. Be sure to keep your finger parallel to the table to get as much of your print as
possible onto the card.
7. If you are using number 2 pencil, place a piece of scotch tape over the print to protect
it from damage.
8. Repeat this process for each finger until you have a complete set of fingerprint
impressions.

Fingerprint Card

Name:_____________________________
RT

RI

RM

RR

RL

LT

LI

LM

LR

LL

Right
Hand

Left
Hand

Answer: This exercise may need more practice, but every student should be able to finish it
and have at least one good fingerprint.
Exercise 20: Examine your prints
1. Identify the pattern for each of your fingers: whorl, arch, loop
2. Identify the sub-pattern category for each print: whorl (plain, central pocket,
double loop, accidental); arch (plain, tented); loop (radial, ulnar)
3. Select the best (clearest) of the 10 prints.
a. Identify 6-8 ridge characteristics on it.
b. Do you think the ridge characteristics you found in part a) are sufficient
to identify your print from a database of prints? Explain.
Answer: Answers will vary. Refer the students to the above listed patterns and ridge
characteristics.
4.2 Algorithm 1: Associating a Weighted and Colored Graph with a Fingerprint
This algorithm assigns a weighted and colored graph to a given fingerprint.
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Step 1: Identify ALL ridge characteristics in the fingerprint (they should cover as much of the
print as possible).
Step 2: Associate a vertex to each of the ridge characteristics in Step 1. Use different color for
different types of ridge characteristics (for example: green for Bifurcation (B), red for Ridge
Ending (RE), yellow for Ridge Crossing (RC), blue for Double Bifurcation (DB), etc.).
Step 3: Draw an edge between any two vertices that lie on a “connected ridge flow.”
Step 4: Associate a weight to each edge that represent the length of the edge measured in
centimeters.
Step 5: Associate a pair of numbers (m, n) to each vertex in Step 2 as follows:
Step 5a: First component m = the corresponding abbreviation of the ridge
characteristic associated with the vertex (see the ridge characteristics table in Section
3.2.3)
Step 5b: Second component n = the degree of the vertex.
Example 21: The example below illustrates application of this algorithm in constructing
colored and weighted graph associated with the given fingerprint.

a)
b)
c)
Exercise 22: Use your best fingerprint from Exercise 20, and assign a graph to it using
Algorithm 1.
Answer: Answers will vary.
Exercise 23: Your teacher will provide to each of you a few fingerprints. To each of them
assign a colored and weighted graph using Algorithm 1.
Answer: Answers will vary depends on the fingerprints provided.
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4.3 Algorithm 2: Classification of a Fingerprint
This algorithm classifies each fingerprint using three levels of classification.
Step 1: Determine if the fingerprint has a core. If yes, go to Step 3. If no, go to Step 2.
Step 2: Classify the fingerprint as Plain Arch (PA) and go to Step 8.
Step 3: Determine if the fingerprint has a delta. If yes, go to Step 8. If not, go to Step 4.
Step 4: Classify the fingerprint as Tented Arch (TA) and go to Step 8.
Step 5: Determine the number of deltas. If only one delta, go to Step 6. If more than two
deltas, go to Step 7.
Step 6: Classify the fingerprint as Radial Loop (RL) or Ulnar Loop (UL), and go to Step 8.
Step 7: Classify the fingerprint as Whorls (Plain Whorls (PW), Central Pocket Whorls (CPW),
Double Loop Whorl (DLW), or Accidental Whorls (AW)) and go to Step 8.
Step 8: Count the number of different ridge characteristics (i.e. how many colors were used to
color the vertices of the associated graph).
Step 9: Level-One Classification: Classify the fingerprint as (Pattern Type (PT), Sub-Pattern
Type (SPT), # of Ridge Characteristics (RC))
where PT can be Arch (A), Loop (L), or Whorls (W).
Step 10: Count the number of connected components (CC), total number of vertices (V), and
total number of edges (E), of the associated graph.
Step 11: Level-Two Classification: Classify the fingerprint as (CC, V, E).
Step 12: Find the ridge characteristic associated to each vertex (mi, i = 1, 2, …).
Step 13: Find the vertex degree of each vertex (ni, i = 1, 2, …) and the weight of the edges
incident with each vertex (Ri, i=1, 2, …, ni) in the associated graph.
Step 14: Level-Three Classification: Classify each vertex in the associated graph as
(m, n, R1, R2, …, Rn).
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Example 24: The classification for the fingerprint from Example 21 is given bellow.
Pattern Type (PT): ___________A__________________________
Sub-Pattern Type (SPT): _______TA________________________
# of different types of Ridge Characteristics (RC): ______5______
# of Connected Components (CC): _________5________________
Number of vertices (V): ____________11____________________
Number of Edges (E): ___________6________________________
Characterize each vertex by label:
(m, n, R1, R2, …, Rn)
where Ri=weight of the edges incident with the vertex, listed in
increasing order
Associated classification:
1. (A, TA, 4)
2. (5, 10, 5)
3. (DB, 1, 0.5)
(B, 2, 0.5, 1.1)
(RC, 2, 1.1, 2.2)

(B, 2, 0.8, 2.2)
(RE, 1, 0.8)
(RE, 1, 0.7)

(B, 1, 0.7)
(RE, 0)
(B,0)

(B,0)
(S,1,0.2)

Exercise 25: Use the fingerprints from the database (that your teacher will provide for you).
1. Associate a colored and weighted graph to each fingerprint using Algorithm 1.
2. Produce classification of each fingerprint by filling the fingerprint card below.
Pattern Type (PT): ________________________________
Sub-Pattern Type (SPT): ___________________________
# of different types of Ridge Characteristics (RC): _______
# of Connected Components (CC): ___________________
Number of vertices (V): ____________________________
Number of Edges (E): _____________________________
Characterize each vertex by label:
(m, n, R1, R2, …, Rn)
where Ri=weight of the edges incident with the vertex,
listed in increasing order
Associated classification:
1. (PT, SPT, RC)
2. (CC, V, E)
3. (m, n, R1, R2, …, Rn), for each vertex.

Answer: Answers will vary depends on the fingerprints from the database provided.
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4.4 Class Project: Associating a Graph with a Recovered Fingerprint
During his first year at Hogwarts, Harry Potter received the Invisible Cloak as a Christmas
present from headmaster Albus Dumbledore. Shortly after that, someone stole the Cloak from
him. Harry was devastated, so he asked his friends Ron and Hermione to help him find who
stole the Cloak and get the Cloak back. Hermione convinced them to tell Dumbledore about
the crime. Dumbledore was not happy with their determination to do their own investigation,
but he granted his approval under one condition: they could not use any magic – they were
allowed to use just what was available to the muggle world.
Harry, Ron, and Hermione started the investigation and fortunately – they recovered a few
fingerprints at the crime scene. After comparing the fingerprints with Harry’s, they noticed
that just one of them did not match Harry’s fingerprint, so they were hoping that the recovered
fingerprint would lead them to the person who stole the Cloak. But, how could they do that
without using magic?
After several hours spent at the Library, Hermione finally found the Algorithm 1. She shared
with Harry and Ron what she found out and they used the algorithm to assign a colored and
weighted graph to the recovered fingerprint.
Exercise 26: Reproduce the assigned graph of the “recovered” fingerprint from the “crime
scene” (provided by your teacher) that Hermione, Ron, and Harry obtained by applying
Algorithm 1.
Then fill a fingerprint card (as the one in Exercise 24) that will associate the required
classification for the fingerprint.
Answer: Answer will depend on the fingerprint provided to students.

5.0 MATCHING ALGORITHMS
5.1 Fingerprint Analysis Method/Procedure
There are several approaches/algorithms to fingerprint matching. Some examples are given
below:


Chandraskkaran & B. Thuraisingham presented a FMA based on tree comparison
using ratios of relational distances at the International Conference on Availability,
Reliability and Security (IEEE-ARES’07). According to the authors, it “requires no
explicit alignment of the two to-be compared fingerprint images and also tolerates
distortions caused by spurious minutiae points.” It is also capable of comparing and
matching images from two different types of sensors.



Bebis, T. Deaconu, & M. Geogiopoulos presented an indexing –based approach to
fingerprint identification. Assuming N minutiae per fingerprint, it considers only
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O(N) minutiae triangles during indexing recognition. This led to significant memory
savings and improved recognition time. Proceedings of International Conference on
Intelligence, Information and Systems (IEEE-ICIIS’99).
In order to match the fingerprints with the fingerprints from the database, the fingerprint
classification systems discussed in section 3.2.3 will be used.

5.2 Graph Isomorphism
If A and B are sets, then a one-to-one correspondence between A and B is a rule that
- associates to each element of A a unique element of B, and
- associates to each element of B a unique element of A.
Remark: The one-to-one correspondence is a function that is injective and onto (i.e. bijective
function).
Exercise 27: Determine if the functions below are one-to-one correspondence. Explain.
1. f: {1, 2, 3, 4, 5} →{a, 2a, 3a, 4a, 5a, 6a, 7a} defined by
f(n)=na, for all n ∈{1, 2, 3, 4, 5}
2. F: ℕ → ℕ, defined by F(n)=n for all n ∈ ℕ.
3. G: {a, b, c, d, e, f, g, h}→{10, 100, 1000, 10000} defined by:
G(a)=10, G(b)=100, G(c)=1000, G(d)=10000
G(e)=10, G(f)=100, G(g)=1000, G(h)=10000
Answer: The function in 1. is not a one-to-one correspondence since 7a is not associated with
an element from the set {1, 2, 3, 4, 5}.
The function in 2. is a one-to-one correspondence since each element of ℕ is associated to a
unique element of ℕ and vice versa.
The function in 3. is not a one-to-one correspondence since G(a)=10=G(e), i.e., the element
10 does not have a unique element associated to him.
Question: Compare the graphs from Exercises 5c and 5d. What do you notice?
Answer: Students should be able to observe the graphs look ‘the same’ and have various
explanations what they mean by ‘same.’ One observation is that one-to-one correspondence
can be assigned between the two graphs. One possible one-to-one correspondence is provided
below:
G: Γ5c→ Γ5d, given by G(1)=Q, G(2)=P, G(3)=R, G(4)=S, G(5)=T, G(6)=U.
The graphs explored in Exercises 5c and 5d are called isomorphic.
Two graphs Γ and Γ′ are isomorphic, denoted Γ ≅ Γ′ , if there exists one-to-one
correspondence between their vertex sets, such that whenever two vertices are adjacent in
either graph, the corresponding vertices are adjacent in the other graph.
Such a one-to-one correspondence is called an isomorphism.
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Remark: An isomorphism is a special one-to-one correspondence that not only associates
vertices with vertices but also, edges with edges.
Exercise 28: Find an isomorphism between the graphs in Exercises 5c and 5d.
Answer: One possible isomorphism is provided below:
G: Γ5c→ Γ5d, given by G(1)=Q, G(2)=P, G(3)=R, G(4)=S, G(5)=T, G(6)=U.
Question: Is the isomorphism you found above unique? Compare with the isomorphisms that
your peers found.
Answer: No, there are more than one isomorphism that can be assigned between the two
graphs.
Question: Are graphs in Exercises 5b and 5c isomorphic? Explain.
Answer: No, because there is no one-to-one correspondence between the two graphs (note
that each vertex in 5b is incident with 4 edges, but no vertex in 5c is incident with 4 edges).
Exercise 29: Determine if the graphs given below are isomorphic. Explain.

a)
b)
Answer: Yes. One possible isomorphism is provided below:
G: Γa→ Γb, given by G(I)=I, where I is any of the vertices {A, B, C, D, E, F}.

The graph on the right above is a plane graph.
Two edges on a graph diagram can intersect in a non-vertex point. A graph which can be
drawn in such a way that the edges have no intersections or common points except at the
vertices is called a plane graph.
A graph is planar if it is isomorphic to a graph that has been drawn in a plane without edgecrossing. The graph in Exercise 29a is a planar graph since it is isomorphic to the plane graph
in Exercise 29b.
Otherwise a graph is non-planar.
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Question: Is the graph you draw in Example 1 a planar or non-planar? What do you think
about the graph 𝐾5 from Exercise 5b?
Answer: For the first question answers may vary.
The graph 𝐾5 is a non-planar graph.
5.3 Class Project: Matching a Recovered Fingerprint with a Fingerprint from a
Database
Harry, Ron, and Hermione decided to ask Dumbledore for help again. Now that they had the
recovered fingerprint, they needed help in obtaining the fingerprints of all Hogwarts students
in order to do the matching. Dumbledore agreed to provide the database with all fingerprints,
but he decided to keep the names of the students confidential. He asked Hermione to bring the
results to him (if they find a match) so he could handle the situation. So Harry, Ron, and
Hermione searched the Library again – but now for a matching algorithm that would allow
them to match the recovered fingerprint with the one from the obtained database. They were
hoping that they would have a match and get the Cloak back. After two days of research they
finally found the matching algorithm below.

Algorithm 3: Matching a Recovered Fingerprint with a Fingerprint from a Database
This algorithm will allow you to match the recovered fingerprint from the crime to a
fingerprint from a database.
Remark: When two graphs can be matched in such a way that all characteristics (connections,
colors, and weights) are identical, the two graphs are said to be isomorphic.
Step 1: Choose the set of fingerprints from a database (if any) corresponding to the first-level
classification of the recovered fingerprint from the crime scene.
Step 2: Among the chosen set of fingerprints from Step 1, choose the ones (if any) that match
the second-level classification of the recovered fingerprint.
Step 3: From the set of fingerprints from Step 2, choose the fingerprint (if any) that has same
third-level classification as the recovered fingerprint. That is the matching fingerprint (if any).

Exercise 30: Your teacher will provide you with a database of fingerprints (the same that
Harry, Ron and Hermione used). Use the Algorithm 3 to match the recovered fingerprint to a
fingerprint from the database and discover who stole Harry’s Cloak.
Answer: The answer will vary depending on the database provided.
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5.4 Class Activity
Form groups of 3-4 students. Discuss the following:
1. How effective is the matching algorithm provided? Explain.
2. What would you change to make it better?
3. How would you improve it? (Brainstorm new ideas.)

6.0 EVALUATION AND ASSESSMENT


Evaluation
- Two quizzes will be given to assess the knowledge from Sections 2.0 and 3.0.
- Each of the class projects will be evaluated.



Assessment
The overall assessment of the project will be based on
- the above evaluations of the quizzes and projects
- pre- and post-survey given to students in class about this particular module.

7.0 CLASS SCHEDULE
Days 1 and 2. Cover Section 2.0 on Graph Theory.
Students understand basic concepts in graph theory – including graphs, subgraphs,
complements, weighted graphs, and graph coloring. In addition they learn about
various applications of graph theory to real life problems.
On Day 2 students will take a quiz on the material related to graph theory.
Day 3. Cover Section 3.0 on Forensics.
Students understand the definition and concepts of forensics, fingerprints, types of
fingerprints, and their characteristics. Students will take a quiz on the material related
to forensics, and be given an opportunity to analyze some fingerprints.
Days 4 and 5. Cover Section 4.0.
Students are working on the class projects and activities, applying the materials
learned in previous sections. They make their own fingerprint card, as well as apply
Algorithms 1 and 2, in assigning weighted and colored graphs to fingerprints and
classifying fingerprints.
Day 6. Cover Section 5.0 on Graph Isomorphism.
Students learn about graph isomorphism and apply Algorithm 3 to match the
recovered fingerprint with a fingerprint from a database.
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8.0 CONCLUSION
As the students become more familiar with forensics, fingerprint, the use of fingerprints in
crime scene analysis, and the use of graph theory in analyzing fingerprints, they are expected
to be further interested in the topic and may consider pursuing a career in forensic science.

9.0 REFERENCES
[1]

http://www.policechiefmagazine.org/magazine/index.cfm?fuseaction=display_arch&
article_id=1319, Forensic Science: A Fundamental Perspective, by Julian Fantino,
accessed December 14, 2014.
[2] https://encrypted.google.com/search?q=use+of+math+in+fingerprint+analysis&ie=utf8&oe=utf-8&aq=t, Mathematical Modeling: Fingerprint Analysis by John Huppenthal,
Elizabeth Lee, and Shelby Proft
[3] R. A. Brualdi, “Introduction to Combinatorics,” Fourth Edition, Pearson Education, Inc.
2004.
[4] "Königsberg bridges" by Bogdan Giuşcă - Public domain (PD), based on the image.
Licensed under CC BY-SA 3.0 via Wikimedia Commons http://commons.wikimedia.org/wiki/File:Konigsberg_bridges.png#mediaviewer/File:Ko
nigsberg_bridges.png
[5] R. J. Trudeau, “Introduction to Graph Theory,” Dover Publications, Inc. 1993.
[6] "Forensics". TheFreeDictionary.com.
[7] Shorter Oxford English Dictionary (6th ed.), Oxford University Press, 2007, ISBN 9780-19-920687-2
[8] Schafer, Elizabeth D. (2008). "Ancient science and forensics". In Ayn Embar-seddon,
Allan D. Pass (eds.). Forensic Science. Salem Press. p. 40. ISBN 978-1-58765-423-7.
[9] Vitruvius. "De Architectura, Book IX, paragraphs 9–12, text in English and Latin".
University of Chicago. Retrieved 2007-08-30
[10] Kelly, Jack. Gunpowder: Alchemy, Bombards, and Pyrotechnics: The History of the
Explosive .... New York: Basic Books. p. 79. ISBN 0465037186.
[11] Porter, Roy; Lorraine Daston; Katharine Park. The Cambridge History of Science:
Volume 3, Early Modern Science. p. 805.
[12] Suter, Patricia; Russell D. Earnest; Corinne P. Earnest. The Hanging of Susanna Cox:
The True Story of Pennsylvania's Most Notorious Infanticide and the Legend that Kept it
Alive. Mechanicsberg: Stackpole Books. p. 20.
[13] Madea, Burkhard. Handbook of Forensic Medicine. Sussex: Wiley Blackwell. p. 10.
ISBN 9780470979990.
[14] Lindemann, Mary. Medicine and Society in Early Modern Europe. Cambridge:
University of Cambridge. p. 135. ISBN 0521412544
[15] Herschel, William J (1916). The Origin of Finger-Printing. Oxford University Press.
ISBN 978-1-104-66225-7.
[16] Herschel, William James (November 25, 1880). "Skin furrows of the hand". Nature 23
(578): 76. Bibcode:1880Natur..23...76H. doi:10.1038/023076b0.
[17] Faulds, Henry (October 28, 1880). "On the skin-furrows of the hand". Nature 22 (574):
605. Bibcode:1880Natur..22..605F. doi:10.1038/022605a0.

Page 28

Karim & Vasilevska

Fingerprint and Graph Theory Module

Reconnect 2014

[18] Reid, Donald L. (2003). "Dr. Henry Faulds - Beith Commemorative Society". Journal of
Forensic Identification 53 (2). See also this on-line article on Henry Faulds: Tredoux,
Gavan (December 2003). "Henry Faulds: the Invention of a Fingerprinter". galton.org.
[19] Galton, Francis (1892). "Finger Prints". London: MacMillan and Co.
[20] Tewari, RK; Ravikumar, KV (2000). "History and development of forensic science in
India". J. Postgrad Med (46): 303–308.
[21] Sodhi, J.S.; Kaur, asjeed (2005). "The forgotten Indian pioneers of finger print science".
Current Science 88 (1): 185–191.
[22] E. Fiorini, “Reconnect 2014: Forensics,” Presentation given at Reconnect 2014.
[23] CrIME Teacher Version (High School Module)

Page 29

