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Every computer science curriculum in the worl
d includes a course on data structures and algor
ithms. Data structures are that important; they i
mprove our quality of life and even save lives o
n a regular basis. Many multi-million and sever
al multi-billion dollar companies have been bui
[t around data structures. How can this be? If w
e stop to think about it, we realize that we inter
act with data structures constantly. Open a file:
File system data structures are used to locate th
e parts of that file on disk so they can be retriev

The contents of your file could be stored on any one of them.Loo
k up a contact on your phone: A data structure is used to look up
a phone number in your contact list based on partial information
even before you finish dialing/typing. This isn’t easy; your phone
may contain information about a lot of people—everyone you ha
ve ever contacted via phone or email—and your phone doesn’t h
ave a very fast processor or a lot of memory. Log in to your favour
ite social network: The network servers use your login informati
on to look up your account information. This isn’t easy; the most

In order to find the web pages containing your search terms. This isn’t easy; there are over 8.5 b
illion web pages on the Internet and each page contains a lot of potential search terms. Phone e
mergency services (9-1-1): The emergency services network looks up your phone number in a d

ata structure that maps phone numbers to addresses so that police cars, ambulances, or fire truc
ks can be sent there without delay. This is important; the person making the call may not be abl
e to provide the exact address they are calling from and a delay can mean the difference betwee
n life or death. The Need for Efficiency In the next section, we look at the operations supporte

d by the most commonly used data structures. Anyone with a bit of programming experience wi
Il see that these operations are not hard to implement correctly. We can store the data in an arr
ay or a linked list and each operation can be implemented by iterating over all the elements of t
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Every computer science curriculum in the world incl
udes a course on data structures and algorithms. D
ata structures are that important; they improve ou

r quality of life and even save lives on a regular basi
s Many multi-million and several multi-billion dolla
r companies have been built around data structures
How can this be? If we stop to think about it, we re

alize that we interact with data structures constantl
y. Open a file: File system data structures are used t
o locate the parts of that file on disk so they can be
retrieved. This isn't easy; disks contain hundreds of

The contents of your file could be stored on any one of them.Look up
a contact on your phone: A data structure is used to look up a phone
number in your contact list based on partial information even before y
ou finish dialing/typing. This isn’t easy; your phone may contain infor
mation about a lot of people—everyone you have ever contacted via p
hone or email—and your phone doesn’t have a very fast processor or a
lot of memory. Log in to your favourite social network: The network s
ervers use your login information to look up your account information
This isn’t easy; the most popular social networks have hundreds of mil

In order to find the web pages containing your search terms. This isn’t easy; there are over 8.5 billion w
eb pages on the Internet and each page contains a lot of potential search terms. Phone emergency serv
ices (9-1-1): The emergency services network looks up your phone number in a data structure that map
s phone numbers to addresses so that police cars, ambulances, or fire trucks can be sent there without d
elay. This is important; the person making the call may not be able to provide the exact address they ar
e calling from and a delay can mean the difference between life or death. The Need for Efficiency In th
e next section, we look at the operations supported by the most commonly used data structures. Anyon
e with a bit of programming experience will see that these operations are not hard to implement correc
tly. We can store the data in an array or a linked list and each operation can be implemented by iterati
ng over all the elements of the array or list and possibly adding or removing an element. Open sources s
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This kind of implementation is easy, but not v
ery efficient. Does this really matter? Comput
ers are becoming faster and faster. Maybe the
obvious implementation is good enough. Let’s
do some rough calculations to find out. Bigger
data sets: Now consider a company like Googl
e, that indexes over 8.5 billion web pages. By o
ur calculations, doing any kind of query over t
his data would take at least 8.5 seconds. We alr
eady know that this isn’t the case; web searche
s complete in much less than 8.5 seconds, and

At the time of writing, Google receives approximately 4,500 qu
eries per second, meaning that they would require at least 4,5
00 x 8.5 = 38,250 very fast servers just to keep up. The solution:
These examples tell us that the obvious implementations of dat
a structures do not scale well when the number of items, n, in t
he data structure and the number of operations, m, performed
on the data structure are both large. In these cases, the time (m
easured in, say, machine instructions) is roughly n x m. The sol
ution, of course, is to carefully organize data within the data str

Although it sounds impossible at first, we will see data structures where a search requires loo
king at only two items on average, independent of the number of items stored in the data stru
cture. In our billion instruction per second computer it takes only 0.000000002 seconds to se

arch in a data structure containing a billion items (or a trillion, or a quadrillion, or even a qui

ntillion items). We will also see implementations of data structures that keep the items in sor
ted order, where the number of items inspected during an operation grows very slowly as a fu
nction of the number of items in the data structure. For example, we can maintain a sorted se
t of one billion items while inspecting at most 60 items during any operation. In our billion i

nstruction per second computer, these operations take 0.00000006 seconds each. When discu
ssing data structures, it is important to understand the difference between a data structure’s i
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This kind of implementation is easy, but not very e
fficient. Does this really matter? Computers are be
coming faster and faster. Maybe the obvious imple
mentation is good enough. Let’s do some rough cal
culations to find out. Bigger data sets: Now consid

er a company like Google, that indexes over 8.5 bill
ion web pages. By our calculations, doing any kind
of query over this data would take at least 8.5 seco
nds. We already know that this isn’t the case; web

searches complete in much less than 8.5 seconds, a
nd they do much more complicated queries than ju

At the time of writing, Google receives approximately 4,500 queries p
er second, meaning that they would require at least 4,500 x 8.5 = 382
50 very fast servers just to keep up. The solution: These examples tel
[ us that the obvious implementations of data structures do not scale
well when the number of items, n, in the data structure and the num
ber of operations, m, performed on the data structure are both large.
In these cases, the time (measured in, say, machine instructions) is ro
ughly n x m. The solution, of course, is to carefully organize data wit
hin the data structure so that not every operation requires every data

Although it sounds impossible at first, we will see data structures where a search requires looking at o

nly two items on average, independent of the number of items stored in the data structure. In our billi

on instruction per second computer it takes only 0.000000002 secondsto search in a data structure co
ntaining a billion items (or a trillion, or a quadrillion, or even a quintillion items). We will also see imp
lementations of data structures that keep the items in sorted order, where the number of items inspect
ed during an operation grows very slowly as a function of the number of items in the data structure. F
or example, we can maintain a sorted set of one billion items while inspecting at most 60 items durin

g any operation. In our billion instruction per second computer, these operations take 0.00000006 sec
onds each. When discussing data structures, it is important to understand the difference between a da
ta structure’s interface and its implementation. An interface describes what a data structure does, whi
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An interface, sometimes also called an abstra
ct data type, defines the set of operations sup
ported by a data structure and the semantics,

or meaning, of those operations. An interface
tells us nothing about how the data structure

implements these operations; it only provides
a list of supported operations along with spec
ifications about what types of arguments eac

h operation accepts and the value returned by
each operation. A data structure implementat
ion, on the other hand, includes the internal r

Thus, there can be many implementations of a single interfac
e. For example, in Chapter 2, we will see implementations of t
he List interface using arrays and in Chapter 3 we will see im
plementations of the List interface using pointer-based data s
tructures. Each implements the same interface, List, but in di
fferent ways. Worst-case versus expected cost: Next, consider
the issue of fire insurance on our $120 000 home. By studying
hundreds of thousands of cases, insurance companies have de
termined that the expected amount of fire damage caused to a

Now it’s decision time. Should we pay the $15 worst-case monthly cost for fire insurance, o
r should we gamble and self-insure at an expected cost of $10 per month? Clearly, the $10 p
er month costs less in expectation, but we have to be able to accept the possibility that the a
ctual cost may be much higher. In the unlikely event that the entire house burns down, the
actual cost will be $120 000. These financial examples also offer insight into why we someti
mes settle for an amortized or expected running time over a worst-case running time. It is o
ften possible to get a lower expected or amortized running time than a worst-case running t
ime. At the very least, it is very often possible to get a much simpler data structure if one is
willing to settle for amortized or expected running times. The List, USet, and SSet interface
s described in Section 1.2 are influenced by the Java Collections Framework. These are esse
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An interface, sometimes also called an abstract d
ata type, defines the set of operations supported b
y a data structure and the semantics, or meaning
of those operations. An interface tells us nothing
about how the data structure implements these op
erations; it only provides a list of supported opera
tions along with specifications about what types o
f arguments each operation accepts and the value
returned by each operation. A data structure imp
lementation, on the other hand, includes the inter
nal representation of the data structure as well as

Thus, there can be many implementations of a single interface. For
example, in Chapter 2, we will see implementations of the List inter
face using arrays and in Chapter 3 we will see implementations of t
he List interface using pointer-based data structures. Each impleme
nts the same interface, List, but in different ways. Worst-case versus
expected cost: Next, consider the issue of fire insurance on our §120
000 home. By studying hundreds of thousands of cases, insurance ¢

ompanies have determined that the expected amount of fire damag
e caused to a home like ours is §10 per month. This is a very small

Now it’s decision time. Should we pay the §15 worst-case monthly cost for fire insurance, or should
we gamble and self-insure at an expected cost of $10 per month? Clearly, the $10 per month costs le
ss in expectation, but we have to be able to accept the possibility that the actual cost may be much h
igher. In the unlikely event that the entire house burns down, the actual cost will be $§120 000. Thes
e financial examples also offer insight into why we sometimes settle for an amortized or expected ru
nning time over a worst-case running time. It is often possible to get a lower expected or amortized r
unning time than a worst-case running time. At the very least, it is very often possible to get a much
simpler data structure if one is willing to settle for amortized or expected running times. The List U
Set, and SSet interfaces described in Section 1.2 are influenced by the Java Collections Framework [
54]. These are essentially simplified versions of the List, Set, Map, SortedSet, and SortedMap interf
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For more information on basic probability, e
specially as it relates to computer science, se
e the textbook by Ross . Another good refere
nce, which covers both asymptotic notation a
nd probability, is the textbook by Graham, K
nuth, and Patashnik. Readers wanting to bru
sh up on their Java programming can find ma
ny Java tutorials online. This exercise is desig
ned to help familiarize the reader withchoosi
ng the right data structure for the right probl
em. If implemented, the parts of this exercise

Solve the following problems by reading a text file one line at
a time and performing operations on each line in the appropr
iate data structure(s). Your implementations should be fast en
ough that even files containing a million lines can be process

ed in a few seconds. This file loads all content included in the
Open Logic Project. Editorial notes like this, if displayed, ind
icate that the file was compiled without any thought to how t
his material will be presented. It is thus not advisable to teac

h or study from a PDF that includes this comment. The Open

The Open Logic Project is also a work in progress. In an effort to stimulate collaboration a
nd improvemenent, material is included even if it is ony in draft form, is missing exercises
etc. A PDF produced for a course will exclude these sections. To find PDFs more suitable f
or reading, have a look at the sample courses available on the OLP website. The material i

n this part is a reasonably complete introduction to basic naive set theory. Unless students
can be assumed to have this background, it’s probably advisable to start a course with a rev
iew of this material, at least the part on sets, functions, and relations. This should ensure t
hat all students have the basic facility with mathematical notation required for any of the

other logical sections. NB: This part does not cover induction directly. The presentation h

ere would benefit from additional examples, especially,‘real life” examples of relations of i
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For more information on basic probability, espec
ially as it relates to computer science, see the text
book by Ross . Another good reference, which cov
ers both asymptotic notation and probability, is t
he textbook by Graham, Knuth, and Patashnik R
eaders wanting to brush up on their Java progra

mming can find many Java tutorials online. This
exercise is designed to help familiarize the reader
withchoosing the right data structure for the righ
t problem. If implemented, the parts of this exerc
ise should be done by making use of an implemen

Solve the following problems by reading a text file one line at a tim
e and performing operations on each line in the appropriate data s
tructure(s). Your implementations should be fast enough that even
files containing a million lines can be processed in a few seconds.
This file loads all content included in the Open Logic Project. Edit
orial notes like this, if displayed, indicate that the file was compile
d without any thought to how this material will be presented. It is t
hus not advisable to teach or study from a PDF that includes this c
omment. The Open Logic Project provides many mechanisms by w

The Open Logic Project is also a work in progress. In an effort to stimulate collaboration and impr
ovemenent, material is included even if it is ony in draft form, is missing exercises, etc. A PDF pro
duced for a course will exclude these sections. To find PDFs more suitable for reading, have a look
at the sample courses available on the OLP website. The material in this part is a reasonably comp
lete introduction to basic naive set theory. Unless students can be assumed to have this backgroun
d, it’s probably advisable to start a course with a review of this material, at least the part on sets fu
nctions, and relations. This should ensure that all students have the basic facility with mathematic
al notation required for any of the other logical sections. NB: This part does not cover induction d
irectly. The presentation here would benefit from additional examples, especially,“real life” examp
les of relations of interest to the audience.It is planned to expand this part to cover naive set theor
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In fact, almost every mathematical object ca
n be seen as a set of some kind. In logic, as i

n other parts of mathematics, sets and set th
eoretical talk is ubiquitous. So it will be imp
ortant to discuss what sets are, and introduc
e the notation necessary to talk about sets a

nd operations on sets in a standard way. Ope
n-source journalism formerly referred to the
standard journalistic techniques of news gat
hering and fact checking, reflecting open-so
urce intelligence a similar term used in milit

Now, open-source journalism commonly refers to forms of i
nnovative publishing of online journalism, rather than the s
ourcing of news stories by a professional journalist. In the 2
5 December 2006 issue of TIME magazine this is referred to
as user created content and listed alongside more traditional
open-source projects such as OpenSolaris and Linux. Weblo
gs, or blogs, are another significant platform for open-sourc
e culture. Blogs consist of periodic, reverse chronologically o
rdered posts, using a technology that makes webpages easily

Messageboards are another platform for open-source culture. Messageboards (also know
n as discussion boards or forums), are places online where people with similar interests ¢
an congregate and post messages for the community to read and respond to. Messageboar
ds sometimes have moderators who enforce community standards of etiquette such as ba
nning users who are spammers. Other common board features are private messages (whe
re users can send messages to one another) as well as chat (a way to have a real time conve
rsation online) and image uploading. Some messageboards use phpBB, which is a free op
en-source package. Where blogs are more about individual expression and tend to revolv
e around their authors, messageboards are about creating a conversation amongst its user
s where information can be shared freely and quickly. Messageboards are a way to remove
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In fact, almost every mathematical object can b
e seen as a set of some kind. In logic, as in other
parts of mathematics, sets and set theoretical ta
lk is ubiquitous. So it will be important to discus
s what sets are, and introduce the notation nece
ssary to talk about sets and operations on sets in
a standard way. Open-source journalism former
ly referred to the standard journalistic techniqu
es of news gathering and fact checking, reflectin
g open-source intelligence a similar term used in
military intelligence circles. OpenDocument is a

Now, open-source journalism commonly refers to forms of innova
tive publishing of online journalism, rather than the sourcing of n
ews stories by a professional journalist. In the 25 December 2006
issue of TIME magazine this is referred to as user created content
and listed alongside more traditional open-source projects such a
s OpenSolaris and Linux. Weblogs, or blogs, are another significa
nt platform for open-source culture. Blogs consist of periodic, rev
erse chronologically ordered posts, using a technology that makes
webpages easily updatable with no understanding of design, code,

Messageboards are another platform for open-source culture. Messageboards (also known as disc
ussion boards or forums), are places online where people with similar interests can congregate an
d post messages for the community to read and respond to. Messageboards sometimes have mod

erators who enforce community standards of etiquette such as banning users who are spammers.

Other common board features are private messages (where users can send messages to one anoth
er) as well as chat (a way to have a real time conversation online) and image uploading. Some me
ssageboards use phpBB, which is a free open-source package. Where blogs are more about indivi

dual expression and tend to revolve around their authors, messageboards are about creating a co
nversation amongst its users where information can be shared freely and quickly. Messageboards
are a way to remove intermediaries from everyday life—for instance, instead of relying on comm
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The principle of sharing pre-dates the open
-source movement; for example, the free sh
aring of information has been institutionali
zed in the scientific enterprise since at least
the 19th century. Open-source principles h
ave always been part of the scientific comm
unity. The sociologist Robert K. Merton des
cribed the four basic elements of the comm
unity—universalism (an international persp
ective), communalism (sharing information
) disinterestedness (removing one’s personal

These principles are, in part, complemented by US law’s fo
cus on protecting expression and method but not the ideas
themselves. There is also a tradition of publishing research
results to the scientific community instead of keeping all s
uch knowledge proprietary. One of the recent initiatives in
scientific publishing has been open access—the idea that r
esearch should be published in such a way that it is free an
d available to the public. There are currently many open ac
cess journals where the information is available free online,

This policy would provide a free, searchable resource of NIH-funded results to the publ

ic and with other international repositories six months after its initial publication. The
NIH’s move is an important one because there is significant amount of public funding i
n scientific research. Many of the questions have yet to be answered—the balancing of p
rofit vs. public access, and ensuring that desirable standards and incentives do not dimi
nish with a shift to open access. Farmavita. Net is a community of pharmaceuticals exec
utives that has recently proposed a new business model of open-source pharmaceutical

s. The project is targeted to development and sharing of know-how for manufacture of e
ssential and life-saving medicines. It is mainly dedicated to the countries with less deve
loped economies where local pharmaceutical research and development resources are in
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The principle of sharing pre-dates the open-sou
rce movement; for example, the free sharing of i
nformation has been institutionalized in the sc

ientific enterprise since at least the 19th centur
y Open-source principles have always been part
of the scientific community. The sociologist Rob
ert K. Merton described the four basic elements
of the community—universalism (an internatio
nal perspective), communalism (sharing inform

ation), disinterestedness (removing one’s person

al views from the scientific inquiry) and organiz

These principles are, in part, complemented by US law’s focus on
protecting expression and method but not the ideas themselves T
here is also a tradition of publishing research results to the scien
tific community instead of keeping all such knowledge proprieta
ry. One of the recent initiatives in scientific publishing has been
open access—the idea that research should be published in such
a way that it is free and available to the public. There are curren
tly many open access journals where the information is availabl
e free online, however most journals do charge a fee (either to use

This policy would provide a free, searchable resource of NIH-funded results to the public and wi
th other international repositories six months after its initial publication. The NIH’s move is an
important one because there is significant amount of public funding in scientific research. Man
y of the questions have yet to be answered—the balancing of profit vs. public access, and ensuri

ng that desirable standards and incentives do not diminish with a shift to open access. Farmavi
ta.Net is a community of pharmaceuticals executives that has recently proposed a new business

model of open-source pharmaceuticals.The project is targeted to development and sharing of kn
ow-how for manufacture of essential and life-saving medicines. It is mainly dedicated to the co

untries with less developed economies where local pharmaceutical research and development re
sources are insufficient for national needs. It will be limited to generic (off-patent) medicines wi
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The open-source movement has inspired i
ncreased transparency and liberty in biote
chnology research, for example by CAMBI
A. Even the research methodologies thems
elves can benefit from the application of o
pen-source principles. It has also given ris
e to the rapidly-expanding open-source ha
rdware movement. Open-source hardware i
s hardware whose initial specification, usu
ally in a software format, are published an
d made available to the public, enabling an

The open access movement is a movement that is similar i
n ideology to the open source movement. Members of this
movement maintain that academic material should be rea
dily available to provide help with “future research, assist

in teaching and aid in academic purposes.” The free cultu

re movement is a movement that seeks to achieve a cultur
e that engages in collective freedom via freedom of expres
sion, free public access to knowledge and information, ful
1 demonstration of creativity and innovation in various

The Zeitgeist Movement is an international social movement that advocates a transit
ion into a sustainable “resource-based economy” based on collaboration in which mon
etary incentives are replaced by commons-based ones with everyone having access to e
verything (from code to products) as in “open source everything”.While its activism an
d events are typically focused on media and education, TZM is a major supporter of o
pen source projects worldwide since they allow for uninhibited advancement of scienc
e and technology, independent of constraints posed by institutions of patenting and c
apitalist investment. The following are events and applications that have been develo
ped via the open source community, and echo the ideologies of the open source move
ment. Open Education Consortium — an organization composed of various colleges t
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The open-source movement has inspired incre
ased transparency and liberty in biotechnolog
y research, for example by CAMBIA. Even the
research methodologies themselves can benefit
from the application of open-source principle
s It has also given rise to the rapidly-expandin
g open-source hardware movement. Open-sour
ce hardware is hardware whose initial specific
ation, usually in a software format, are publis
hed and made available to the public, enablin
g anyone to copy, modify and redistribute the

The open access movement is a movement that is similar in ide
ology to the open source movement. Members of this movement
maintain that academic material should be readily available ¢
o provide help with “future research, assist in teaching and aid
in academic purposes.” The free culture movement is a moveme
nt that seeks to achieve a culture that engages in collective free
dom via freedom of expression, free public access to knowledge

and information, full demonstration of creativity and innovat

ion in various OpenDocument is an open document file format

The Zeitgeist Movement is an international social movement that advocates a transition int
o0 a sustainable “resource-based economy” based on collaboration in which monetary incenti
ves are replaced by commons-based ones with everyone having access to everything (from cod
e to products) as in “open source everything”While its activism and events are typically focus
ed on media and education, TZM is a major supporter of open source projects worldwide sinc
e they allow for uninhibited advancement of science and technology, independent of constrai
nts posed by institutions of patenting and capitalist investment. The following are events an
d applications that have been developed via the open source community, and echo the ideolo
gies of the open source movement. Open Education Consortium — an organization compose
d of various colleges that support open source and share some of their material online. This o
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