Preface

We take biginformefics Lo mean the emerging Held of seience growing from
the application of mathemarics, statistics, and inlormation technology, in-
cluding compuiers and the theory surrounding them, to the study and
:-1r|:-:|_x-:~'i:~' ol VI large biological, and [J:it'LiELLl&I“ly p;»:}h(‘-f.i{': data zet=. The
field has been fuelled by the increase in DNA data generation leading to the
massive dats sets already generated, and yet to be generated, in partienlar
Phes elaba Teomn the louman and other genome projocts.

Biinformalics does not aim to lay down lundoomental mathematiosl s
that govern biological systems parallel to those laid down in physics, Soel
laws, i they exist, are o long way from being determined [or hiologieal
systems. Tnstead, at this stage (he main atility of mathematics in the feld
iz in the creation of tools that investigators can use to analyze data. For
cxarnple, biologists need tools for finding penes in genomic DNA, ad Tor
estimating differences in how genes are expressed in different tissues, Sueh
Lools involve statiztical modeling of hiologieal systems, and it is our beliel
Chat there is a necd for & book that introduces probability, statistics, and
stochastic processes in the context of bioinformatics. We hope to G thal
need here.

The material in this text assumes little or no background in biclogy, The
basic notions of biology that one needs in order to understand the mate-
rial are outlined in Appendiz A, Some further details that are necessary Lo
understand particular applications are given in the context of those appli-
cations. The necessary backeground in mathematics is introduoetory eonrses
in calenlis and linear algebra, In order to be clear about notation and
terminology, as well as to organize several results that are needed in the



viii [*reface

text, o review of basic notions in mathematies is given in Appendix B, No
computer science knowledge is assuned and no programming s necessary
tor nnlerstand the material,

Why are probability and statistios so important in bioinformaties? Bicin-
fortmatios nvolves the analyvsis of blolopical data, Many chanee mechanizms
are involved o the creation of these data, most nportantly the many ran-
o processes inberent i biological evelution and the randomness inherond
in any sarmpling process, Stochastic process theory involves the description
al the evolution of random processes ocourring over time or space. Bio-
logieal evolution over cons has provided the ontcome of ene of the most
complex stochastic processes imasginable, and one that requires complex
stochiastic process theory for its deseriplion and analvsis.

Our ain is Lo give an introductory account of some of the probability
theory, statisties, and stochastic process theory appropriate fo compota-
rional baolooy amd bisinfermatics. This is not o *how-to” book, of which
there are several in the literature, Imt it aims to G110 a gap in the literature
o Ehe statistieal and probabilistic aspects of Bloinformatics. The Grst three
chapters in this bool: contain standard introductory material suitable for
any statistics cowrse. Our main aim in these chapters is to establish nota-
tion and to provide material oeeded in later chaplers, g0 as to make the
Lol more-or-less selfcontained. We have chosen to illustrale principles
by simple exanples, not necessarily having a biological relevance, sinee s
simple stikistical principle can often be obscured if it i placed in o compli-
cated biological context. We are well aware of Lhe possible shorteomings,
particularly those involving “relevance.” of this approach.

Despile the introdnetory aim of the introduetory chapters, we hove de-
paarted o Lhem somewhal from well-lrodden paths, foeossing on material of
interest in Bainformaties, for exanple the theory of the maximum of several
random variables, moment-generating lunetions, geomelrice random vari-
ables and their various penerslizalions, topether with information Lheoey
andl entropy, We have provided, in ,ijm[rr-!m]ix [¥, scane standam] mathemat-
ieal result= that are needed as backsround for these and other coneepls
clisemssed in this book,

This text is by wo means comprehensive, There are several books thal
cover some al the topies we consider al aomore salvaneed level, The reader
shonld approach this test in part as an inteodoetion and o means of assess-
g |‘I-Ihl.-'l|‘ll‘.‘.' interest inoand ability o poesoe this field hrecher. Thos we have
vl teied Lo cover a comprehensive st of Lopics, nor to cover those topies
cligsenssed in complete detail, No Dok can ever fulfill the task of providing
a complete introdoetion Lo this subject, sinee biainformatics is evolving
Lo gquiceklye Mo lewrn Chis subject as it evolves one st allimately turn 1o
Lhe literature of published artieles in journals. We hope that this bool will
prowvide o first stepping stone leading the eeader in that direction.

W also wizh Lo appeal to trained statisticians and to give them an
introduetion to bicinformatics. sinee their contribotions will be vital to the
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analyeiz of the biological data already at hand aod, more importand, (o
developing analyses for new forms of data that will arrive in the future.
Snch readers should be able to proceed to the later chapters of the book
clirectly.

The statistical procedures currently used in this subject are often ad
hovs, with different methods being used in different parts of the subject,
For this reason we have attempted a more formal presentation of stabisti-
-al methods, so as to give an account that does not encounter the problems
of an ad hoc approach. We have also tried to provide as many threads rn-
ning through the book as possible in order to overcome this problem and
to integrate the material, One such thread is provided by aspects of the
material on stochastic processes. BLAST (Basic Local Alignment Search
Tool) is one of the most freguently used algorithins in applicd statistics, one
BLAST search being made every few seconds on average by ‘hioinformat-
ics researchers around the world, However, the stochastic process theory
behind the statisticnl caleulations wsed in this alzorvithm is not widely un.
derstood. We approach this theory by starting with random walks, and
through these to sequential analysis theory and to Markow chains, and
ultimately 1o BLAST. This sequence also leads (o the theory of hidden
Markov models and to evolutionary analyses,

We have chosen this thread for three reasons. The first is that BLAST
theory is intrinsically important. The second, as just mentioned. is that this
|11'[H']ill‘-!-i w coberent thread to the often unconnected aspecis ol stochastie
process theory used in varions areas of bioinformatics. The final reason is
that, with the hunan genome data and the genomes of other importand
species complete, al least in frst draft, we wish to emphasize procedores
that lead to the analvsis of these data. The analysis of these data will
require new and curvently unpredictable statistical analvses, and in partie
ular, the theory lor the most recent and sophisticated versions of BLAST,
andl for its further developments, will reguire new advanced theory.

So far as more practical matters arve concerned, we are well aware of the
necd for precision in presenting any mathematically based topic. However,
wie are alsa aware of the perils of a too mathematically precise approach
to probability, perhaps through measure theory, | in an applied field. Car
approgch has tended 1o be less rather than more pedantic. and detailed
qualifications that intervupt the Aow and might annoy the reader have Deen
omitted. As one example, we assume throughout that all random variables
we consider hivve finite moments of all orders. This assumption enables us
o avidd many minor gqualifications to the analvsis we present. 5

So far as statistical theory is concerned, the focus in this book is on
I:n!f'n!‘.‘;:l'_:l"l'_:!l:: Fa bl Ul_ll_)U:;iL!kI, Lk I:.'l'.l.'.!.f.':f.!.'l'l'f."tl'.'f |H|H|Lil||| 'L'il]'i."!l.].ll"‘.?i.. h"i.l.!:l"! |;ﬂ?">|:':|un'ii1“::- ‘-'-'il‘il
DNA and protein sequences) diserete random variables are more relevant
to hioinformatics. However, some aspects of the theory of diserete random
variables are difficult, with no limiting distribution theory awailable for
the maximum of these random variables. In this ease progress s made



® Preface

by using theory from continuous random variables to provide bounds and
approximations. Thus continuous random mriables are also diseussed in
some detail in the early chapters.

The focus in this book is, as stated above, on probability, statf istics.
and stochastic processes. We do, however, discuss aspects al the impor-
tant algorithmic side of bioinformatics, especially when relevant to these
probabilistic topies. In particular, the dynamic programming algorithim is
introdieed because of its use in various probability applications, especially
i1 hicdden Markoy models. Several books are already available that are
devoted to aleorithmic aspects of the subject.

In & broad interpretation of the word “hioinformatics”™ there ave several
areas of the application of statistics to bicinformatics that we do not de-
velop, Thus we do not cover aspects of the statistical theory in genetics
associnted with disease finding and linkage analysis. This subject deserves
an entire book on its own, Nor do we discuss the inereasingly important
applications of bisinformatics in the stochastic theory of evolutionary pop-
nlation genetics. Again, each of these topies deserves a complete treatment
of 1ts oW,

This book is based on lectures piven to students in the two-semester
course in bioinformatics and computational biology at the University aof
Pennsylvania given each vear during the period 1995 2008, We are maost
ndehted to Elisabetta Manduchi, from PCBL/CBIL, who helped at every
stage in revising the material. We are also grateful to the late Cliris-
tian Overton for euidance, inspiration, and friendship. We thank all other
members of POBI/CBIL who supported us in this task and patienlly an-
swered many gquestions, in particular Brian Bronk, Junathan Schug, Chris
Stoeckert, Jonathan Crabtree, Angel Pizarro, Deborah Pinney, Shannon
MeWeeney, Joan Mazzarelli, and Eugene Buehler. Bl Smythe pointed
it an error in Section 5.4 of the first edition of this book which has heen
corrected in this edition. We thank Warren Gish for his help on BLAST,
and for letting us reproduce his BLAST printout examples, We thank Chris
Burge, Roger Day, Sandrine Dudoit, Terry Speed, Matt Werner, Alessandra
Callinari. Sam Sokolovski. Helen Murphy, Etienne Pardoux, Peter Petraitis,
Stéphane Robin, Mike Morley, Fthan Fingerman, Aaron Shaver, Mireille
Réenier, and Sue Wilson for their help. Finaily, we thank students in the
compitational biology courses we have tanght for their comments on the
material, which we have often incorporated into this book, Any errors or
omissions are. of course, our own responsibility. An archive of errata will
b taintained at http: //www. textbook-errata.org.
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