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Exact SJ(\:\V\& Matching.

Del) Stetg: ordered sk of chavacters from alphabet 1.

Def) Sibstring . Pis o substring of T i 41<k<IT], PenTog
Def) Peefic: Subsirig thet stacks ot the begiring of T
De‘\v} &H”Lx; 4 ends ok the end @QT

Exact MQJ@\“@ Given Pond T, find oll occucunces o P T,
= Nolely, conpare exery podfion urfl L hdls = Ocan) ine

(ne=[ P15 0:=(T])

Icheu * Toke a&vaw&o%e of Rw@g PQHEM@ n PancﬁT
> /- qu“t&\mi Query character 1® comgmeél o conctont 4 Limes
Deft] 7 fundions ¥2LTAISI, Z:(5:= longest sulskrlig from T nokefy preki
«f S= T TATXTTTAT

Z(S)= /HZH D241 Q|
> How can &8 help compute &he exock gtring motcinlng
> Defire . shving W=PET where $ & o oueter vot H S Conpute

Z(S), and return 0NY ECCULRNCES of PinT bosed on Z(R).



Obonkion) 7> | we oo hat

— A8 <im.

— IF T mil then Z(S) <M,

— For oM, Z() =t W P occurg tn T ot potiron 1~

Def) 7-box . Z-box T1= STT.. W Zi()—V] (nex prefi o)
b The vightnost 7-hox's ec\%e in oy pesiifion cevedly, Tiormadion |

CQN\PLQEQ Z—Ag@{r&wl 1 1= curvent index )(ﬂ,rﬁi:"\mcﬁce& of r”gh*vmos% THox
Tnitloltzaton
~0,0)<(0,0), 1 <2
— Compitte. Zo(S) diirectly.
—T{ (>0, upo\o\Jre Cl) qccord“m%\\%r
Taductions Za(8) ... Zu Q) ® Qow\‘su*eci) (1,0) 78 bosed on G-,
— Case 1) Udinformafe . ©<7 and nokhig was uealed
— (e D\SIV\?D\”W\(KH\JQ; TS0 Ehen e krow some dnarackers
= Be corefiul howerer, for Z-values spaning aitside e Z-box |

@) S=BBABRBBBARAXA
=7 10212 |4




Concretely, define o= r=it\ | the lageh of e remdig Z-kox

Detine 1i=1-I4, Hie nrclifvg postfion T Ebe prefix Z-box.

= We il use Z5(SY to compute /7(S),

= (ase 1) 4(8) <@Z LY < Z(8) (Zz(5) T contolined T Zhox)
Cae VYYD pL Zi(Rye B (entside fhe Zhor differs )
Cage 3> S =0 divedt THoR Lrom (F4)), upe\&v& L, 0)

Time CO“‘F\Q’C‘J% ~ 4 of daracter C@‘MPO&(T&DQ\S
— 4 pematches + & podehes
— TR - (every mokch proceeds ¢)
& Oqg) or et L only hoppens abter €he. gtk o~ Otx)

termmatione

- TTW\Q(Z—N%OYT‘%W\> =)= Olwen)

S{xxce C@mp\ex?r% - We o(\\é aeed, the tmediate (Pl values of T/

[ Tikedfong 5 RTchﬂ (no \Ja@o&”ld\gﬁ) Cemp\eﬂjré Hows up after 1-%o-1
L Mcm%—%o*i bakes OCkatkm) €ine for k queries o lenm
Next. €ine s How fo gk id of e factor k(uge preprocesting |)

Exact Srng. MaJVch\&IL Subf Treer

Tdea’ use preprocesting, fo abtuin a Flodble dodo. Sheucture



S ffer preprocetig, qertes will be constart Eine
Tifithion’, Al subdmgs are o ?(E{& of sove ulfix.

Nave Algo. enurerate. all suffves of T, fext 1 Pig 4eie prefix
Ls Trelficient, %umdmjﬂc Lme

IJQQ“%] it ang oo sufthes Sare o prefiy store only oncel

Del) Suffix Tree: Rosted directed tree. wikh o leaves, each

orfespondling fo a suffiy,

— Fwegy e&ae i< lateled by o (\OI\QMPJ(H subgring ot T

— A path to aleat spellt out o uiigie suffix

B Ouj(aorfv\a edges fron the wme nede cannek stk ofith €he
same. character Xy T= XYXYZ

— Each mon-cost inferior vertex w
hag ok least 2 ohild nodeg e
® a

Consbruchon: Add sulfixes from start 4o end, ane hﬁ one .

K Z
1 W X @

& & / Y*y% =T *Xyz_%‘ »d N »d \
® *g > () e oz e N
® & & ® ® ®



Observation) 1) Tree > Suffix & ‘rv'\‘ﬁolg 0.
2) Pths fo leaves s the complete, (i of suffiees.
2) Pt are “compact”; i Subfoes share prefies, ey shure oporert.
% Not ol ivigs hate a.volid Suffis, specifically 1 Findiest 77 <t
Subfix 7 18 0 Preﬁx of suffix j
RWE C@«\pleﬁjt%‘; OUTY (O ok leaves Mtree))
1tme C@W\PlQXTJ%Z O™ ((E?Q&R& chafacter except latk )
% There 12 o OCT) constrwefion; refer Gusfreld
= The sufffx tree. bl solve @xoct matdling and. LCAR LCR |

Exack Mm&dn"mai Traerse €he free i desired prefix is found.

Al leaes of T subtree are sulfives that have a. natelig prefix.
I £ 'mcr\na P Caflter {lfm“\\}ﬂ
Tine CQW\?\QXLJ(%Z \TTW\Q JWQ\IQCSU\% P\Jv \TTW\Q emmﬁrg Secureney

~ 4 char comparisne=O((P) = * of occurences n T
= Overal[ OCIPItk) where. k=% of occurerces of P T
5 For maﬂg~+o—i Searches, Suffix trees Cuns T OQT\%T{;\\R\*%—.B
Lo(gqg% Commop Focestors Find £he lowest common ancestor |
Runkine . Nanely, travess £he tree for OCITY) Eme..



L There Ts o conttant. £ine retrival structure for LCA T tre.
= Overall OCIT(41) where 93= #of qurries.
Lorﬁesjr Common Su\oS’rﬁﬂa » Defiire new shvtg 7:= SESR 4o
Drevent £he LGS spanfiing bokh S and e
L we wusk “heim down” lobels that s S and Sa and denote
Feom which String s cﬁa?mjrec}\ from !
= find H\Q“QXQQ‘PQ%JC” Vertey hek s o joint anvehor of bekh S,
> recursiely check § clitldrens hve diferent, odging (bokton-up)
> Time QU+ can be 8@\@&&&6@1 £o 0 Sriog S
X Co«wp\exl{é for cufb drees can be deceniin 9 due fo (arﬁe consfunx

Erack Mo&ckﬁmgﬂl,gmﬁﬁx AW%S

" Do we ceally need fo Store Ghe enfive W £ree

Deﬂ ]_Q)Qcoar@\ﬁcaﬂ Of&eﬂnél Ordeﬂ“g of QQPM&%T\(\ Y

s Ascune Lok delimiters (§) precede all alpi\ahe%.

Trtvion: Lek Q=31 13, the set of m&sd(\'(v% sk fixes with P
Clotm? any subfix 7 nok Tn QL must be \exIcO%mgK\m((% (qr&e;r thow o0

irallec Hnan oll sabfixes Ta Q).



Froot oF Clom: TF 7 T8 between e and g, H musk e W Q.
= HH POS%I be sets 0@ P(‘eﬁx vadehes will \:ﬁ C,mgj(grg(“,

DQH S“WX AVM&: A I11:= start posifin ot lexico. smallesk sulibix
How fo tuild £he auff avm&({

1) Mex%e ot (\Q%CM COMPATITNS Ocny ger onp > DQ\?Q«%M Eime
2) Use Subtx Treet OFS €he free i lexico. ondec] — O e space

A%Oﬂﬂ\w\} Eract mﬁch?m% weth Sl pﬂ\mél
~build the suftiv arrgy.
~ Binasy seaech Ehe array fo Pid G L and R window.
— coturn gll Wdices between | and R,
Runtime IC Binary Searﬂ £ ?[Cemmemlﬂm% b tween LK@!
= Qg Th1R) = DCk) = foral QU 4P +k)

Sfeﬁclupl T AT and ALRY share O\(D\“EFTX, we con g ore T
Fuen better: Gusheld propotes a O comparion scherme |

medﬁ\caLQ) runtine looks (ke OU%CM P 4k)

% Canwe construct suffiv aseays oithort seFfix treest



s \(eSJ KS %oﬂjd\m 20061 s ([trear, u{kt\a mﬂ&e&oﬁ %radixsarf !

Algcﬂjc\\m) Redix Soct s, sef o o shrige of \el\a’c\\ k>0 0k time
Ly Spet N the st charader, F\ﬁ flex nto birg, recurse onthem

= Naely, nodix ort gues OC e sdfix arcoys (o k=n).

Trhiton) What W we can sorfing orly e fiesk k charg of sufftsl
LIk o wstart, radix 2ot ol cun e OCK (T = Ocrl).

What T8 Eere are Fiest = consulk relts from Giryus () op
(Tvs(3) or - of (RINS(GHl) |

Nawe AHQMPH Soct -sufkbes via fadix Sorf. Giebreak by lodking
af the ledico. erder of the ok 3 subsegiert sutes, Tofuck,
teplace all suffies Gith lexico.onder of 3 subseguent suffixes.
Runve . Ocrp) since 1 Trenafion fakes Ocm e

Totuition) Didide & Copquer crenke 3 coprs of he skxing, starfing
From positions 1,2, and 3. Order fwo aut o thre USHA RAKSWE
radix sort, then e denjc\g\ sort &W\e(ae wikh Ehe rqv\cfm'(f% fived.

¥ Dotalls %0\“ KS e omtHed Tn Hiis note.



Sudfix Qmﬂ 0g o Fermutofion: F an Tverse Suffi Qm& As !
LKS Alyectchm cxclmau% wotfs o construck Ay fnstead of Ag

Burrowe —Wheeler Traneform

Motwwation) Eicient compression wth Tmleﬁab?l"t{\&

Nawe Compression; comt He & of mfea&ecﬂ chanacterg

S works wel with \o&b—en‘wo% rings, not so well with W\akr ones
LexTcoarth\Tcaﬂ Sot‘ﬂr\g 5 eﬁ(demlt) bk not Tvertible.
RWT® liek of characters £hak precedes €ach ot a SA.
Lihifon’. Strings ot e raftenns | i, Soe Sequenes are repeated)
L Thus, BWT 18 likely to corfoin ‘or% repeoted, charackers |

@3 ' s fikdy fo be preceded, widh 'Y, so epeated s are expecked

Conshruchion of BNT: Corcider He cydlic rotartons ot Q. Sovﬁﬂ%
Hese glelcﬂs a s arney W e gogerﬁe& conjca“\n“\ng BT

M)EW% (L) 2= rotodions of CTYR):= lex. serked (T¢ of TCR)

= e [k S wtich con be reconghructed
h L 'Fl(‘gk 2\(0\3’& CO‘UW\YIS O’g il (g\‘ A h\g\om L as mTJc(l:\S.

St R &TW\P% khe erdered, fist oF charaders and Ls bhe BIT,

(piner to $)



X USPH\% KS oﬁgoﬂjc&\W\, BWT can be constructed i Ocny.

Clawm: we an un avw\ﬂéuous\g cecofstruct S usng Qﬂ\% L (ed ).
T other words, BWT T8 tecfible.

KQ% Obs F and | are order - presertiing. |

Proot of Cltin? all fes are broken by Heic nedk pecmutoctions, whch
are exactly Che Strings thof end wtth fhat character! Then,

Sice Lhe SATs aﬂread% orted, appearance Tn | Ts arder-greserved |
o) ASBARBAR < ARASBIRE <> $RARBARA < RAFBARRA

Recensruction from L Ob\ﬁou&l% Friais $ and Ehe last char-
acker 1S T ddso €. Then, we can chase dawn s orecfing
charader, [ 117, Next, Fid e First excurence of LT3 T
F and let its Tndex bej. Chase down Ehe sext ane, L3,
Continue %vxo\“mg the irkh occurene of LTI W F 5. L1517
e text Precechf\% dharacter, ond u@o&e <.

E\Cﬁdem%l Lo find the o-th copy of charocter keep M, Lhe Tiest
o J;OV each character b Z Q)Jd\e + o% OCCUrRNCR o? |£e1 T
Steng LTI, = MELEr+CrrT T e indexor r T |



¥ There also ks o “forward c\ecocrw\% " Lot 1g Q%LTU adont.
b Tretuirfely, we chage down charocters n T instead of ¢

Quegmg_ RWT

The Recfect Motch Problem’ Ts BWT and wsetul for Ais?
Ls 3es, B\Iﬂ QOW\PQ&\% Mores khe Iv\—?omoﬁo(\ @J} fghe mﬁ& O\‘W‘&é f

Tdeq: Scan bhe query sking backwacds and uPc%Gre POIRLS
Sp R Ep £hot prints 1o the First 2 lask neteling cotofions T T,

Update Kilos® For o Query o \evﬂ&\ {, consulk M
- 39@6 Mre JEPCQ M rexkcer) -,
Then, ook o Y and | CEpl For £helr (Y\G\JYQMY\% OCCUr(ence
I = ogaln Using Mand OC, where OCCTe,i7t= & of
pccurrences oF chavackr ¢ o the Fesk T Eo&?ﬁou& oL
> SpleX) e Mrct + (e ST
Folc¥) & Mreas OCe  Eot0)T -
Why doss s work T OCC Tneresses on the Tterual Sp00) Eo()]
as loygag [ [11=C, Ehe text daracler ue are. chasing,



= -
SPQ'L\ = T

K

ll JC’
x/// .

E—
il A X i _-\ ( Pictortal Qegwe&eukajslon\ \
E{;LOO B

=Tlis solues halk of Ehe {)m&e“\i fe + o ocucrenes oft PnT,
S TH Ps et ootpt(Fe~ o) 1 Ep<Sp entpet NULL,

Clow: T X occurs i T, £hen X occursTnT T GEOL Belex),
Roal OCC e, EslxiT= OCC Lo, Sp0x)-11 (e neter occuws Bunlp, Fpl)
= Mre+ 0 e Bt < Miaar OCCTe3p(x)-1]
= Eo(eX) < SpeX).

Runfie: OUPD, bk sFil need $o find locaions of notehig
(olso OCC s very demanding 10 Spoce)

Loqcxlvﬂ\r\a MCLJYC}ES‘,, STW\Q\% return iATESP] T Ax[ EP']E
bk s defeode Bhe purpose oF nok %b(’lt\& Acl

Tdeas Only store some alues of Ar, Chen reaner ag neEssary.



S?q(ge, gmae ot fir s erenly Store o amoll Sraction (42%) of Ar
STF A T oot fond, consdt 3= MEe+ OCCC ) wfeh T
fhe dex oF X T T corresponds to Xe. Then, 1§ AcTj1 s
foud, refurn AT Sor Al Else, recurse on e,

= This Trtroduces a fine s <pace. fredetf on how much to store !

Nextt Ldea Awroﬁma‘xelg majtchin% gkr"u\g&‘,

Inexact SJWT(\% Mot d{\ﬁk(\g_

\J\Hr\a’{ qu@ﬂdﬂg Ercocs % Genetic Vartation

(vef Two &*@\8& " overal level of &Tm?\aﬂj%, which parts ave Sntlacs
Briciise Globhal Aligoment = Tnserting 9aps to enforce makching
- - - Devendank

Fuents: S\A\DS\:('\TKKFIOT\< /i \ i Tigertion (E 5) Oeleton (E) T Adestn
L Retweeq gTb\Tv\@sJ toseckion/delefon ts colled Tndels

Sco cig A\Téw\«\e(\lvi Total Score =D (score & aligned pair) 4 Tlscore of Tdel)
L ouiino ads Cre>Cy will have o Righer substitudion score T Ehot

Substttution &\QPPQAQ& %Qweﬂjtla (n olufion (assamption)



Score = Jog(FEESE ) where Rimeebled, Ui cnreleed

= ,00%(7; {ij where Pect= ¥m3,uew\deg of o %¢ both in o Same Tdex J
1Cquyclv— moxai\'\ﬂh FFOIBQB(“’HQS 0‘? @ O\ﬂd Cq

= 5CC,,Cs) o amount of expected Q—>Cy Mutodions

= Sere = 1 6 Ce Q) + ZQ!\C\Q,I SCD“Q <®

Todel SQO(‘U\% [ Theor > frest cwery Tndel mdepe(\clehjc{a (WsX%oE ndels)
ASSine — treat consecutive Tnddls as a glr%\e ST

(2:{)3 ( Wy t Ws (% of ndels Th Ehe 8QP\> where (U\] %l(gm) PRMMQ >>\\M8l

- Stre :d%m,ggc\)cg + (#gapt)xWs= %5@\)@\ wirre §Ce,~)=\s,
Qlobal q\%\\m&ﬁi Glvn shiings X and o, Ws, find moxéinal aQ%(\meWE_
s (e DP Jd\muah def Bﬂﬂ% QFEFOPrT&re gubgb‘alemsf

Clotmat-Er 5 s &he value of o?ﬁmoi &\I%“mmjc for XL (11, LG T Chen
\J5; can be derived %\:\\f\all% %}mmi\)u,; N, \/1-\,3.:% = ind Vg ¢

A\%ad&hm) N oedleman ~\Wussch: X 4,0 —>\Gm CIlenlyl=m)
Bose cnse’s VC0,01= 0, Tor 94140 Neg, 0= 200k, ) =1-Ws
\}60,331&1[]]6(1\5;&1):?\”3.



Recurgions VG con end ofith 4) (e, ymm 2) (e -) 3)(~,4837)
Then, we eed. Trforadion From i\\\(x-\)}l) NGy NG, -0 Yo
caleulste each possible \); seore, I

Toke the nax oF* {\lcl TG0 ) NGyt 6& A Nagnr6t- Jngg
—>F| Ehe mxm moRx, hen back track ponters C\DO\J{\!\ ot U(\\Oékﬁla)
Runtine s (\=OCN\3, totedl Ocer) e .

SPcmi 1% (\z@(m] (\cﬂ\ue.\\cr)\ Ocory 5 Qo) fRUSR QN Yo %r Ocny e,

L can adso do o cﬁo@@t\oﬂ ZT8~20\% Fill owt, wiich Ts {nm(\eﬁzaﬂel

\ariaions on SJW'(nS Majrch\ﬂtw\g\ L

1) K- bounded. Al NY\QI\JV allow of most & wismakchey (sulb Rindels)

ed'\&-clﬂ“te @ ﬂ\‘ N=Mm
ASSN\(\Q SCN,m)= { 1 © v#m DR Gap . Oh\)l@k}é&g, “\“W\ Sk

Tdeo: gm%wcx M £he relevant porflots or Ehe mabdx \J.

Border cellg gnore cells oudside Ghe zote.
MoweteC, a gx&h 0 Ehe zone can Sl have more
than k aligament. = T+ \enm <k, £race back.
Otheruice, there 18 no k- bounded cxha&mei\f(l@ relofTon ! )
Area(Zowe) = it — 1°Ct%w = kO K= Otmen=Ounvtie!




2) Afine Gap Pem“ai freok consecufive TodeR as sigle events

— Scote = 2 &) J“x?a—;\NS“P VNS

L N algor"\ﬂ(\m no (o\\aer aﬂDlTe& <ince we ttroduce &mcﬁe(\de&(‘
(\Ne ﬂ\hg\\& Want Jto go b&d: m\c\ %x ge\ﬂous Tndices now}
Notwe Mgﬂﬂjchm‘l Consiaes ol @%ﬁble consecudve. qeps —> Ocrdy

Moctriees

Tden” keep trock of' three @&&Tbﬂ'{lﬁgg\ for precediing seukong

Ma,50= best oligment of X£1:13, 46177 ending wikh X & Y5 match

TeGds= /r eding with % % gap

LyGE= s ending with gap % Yg

Vagy < maxiMay, TGy, Tyt

> LG@p=max > M@, Wa+Ws %Z few gap),
T<G,3)+ Ws Egg
LD WgwWs =2

= 1,(1,7) = Max M¢ 5-1) Jth%\l\\s %z ew gapl
T+ WgtWls %%
LGstls =8

- [ (]
= MG|3): mo\xi MCT"\)S—D’\" SCY'\)\ASB




T (T30 + 606,45) @ NG-L30 O 0k, 40
LIQ(H)}—\) + & 04,4

Buse (oses - Mooy=1400,0=T4(0,0V = @).

1:G,0)= WatT-Ws | TyG,002 MG,0) ore oot defined. C0<i<n)

T3(07)= Wet 5 Ws, T &M@]) are not defired . (0<7<m)

\lartatiols on Slvﬁng Maﬁhﬁn%ﬂ

1) Local A\Tg(\meﬁi a('%(\mex\)t o SUL)SJY\‘T(\%S o5 X and Y
L Find the Righest scoring oﬁ"\gmer\f, cons"lc\ev'in% oll Subs%cT'\as of X&Y
¥ mokes tee when Xand Y are ey Jickant or have ery Jihferent (@186\

Bicwise Lecal Atgnme(\%; oufpuks substrings & and 8, hatie soluion
s to enumendde all Ocar e pas of subsk&“as =) cunfine

Tikuiion: Tall sufires of ol prefixes € = 2ol Subsiings

= \gp = best ol"%nme\\)( score betueen o sufbix of XDl and Y TIng7

= best ocal a\”(a(\mev\’c'fs q\\\%\x%\/;ﬁ_ [ Switkh- Wodermon |



VG0t 00%Y) P I

Recorsion - T
6 (%~

T SRV R TN

V)= Mo RIS e

A7 Ll

NG, 50 4 W R

O (s sdected whet all aboie are \\e%cﬁﬂ\leﬁ

Bage (ot \co,0y =\(1,0)= \fco,1>= 0.
¥ Mter JquTna NT\%X 3_\]"\& Bock track il we Wit o O (wstark polY)

2) [ oeac Sponce Globol (\Kgnmeﬁrl How o recoer With m\\% e score?
Tdeat Recom\ - de\mo\%l| 106\\(\)?&, then rec\ws"we[% continue. . | iesch ber%]
V' % % n

> Howto find where % passRs at (= 5T \@E,ié::\?gﬁ
Tkuifions &3 *) \)(X[\;v\] XClimd) :\J(XUK“/A,\{U'.}*WV\] (XMt Cteenid)

Q&) C\aGY)
> T oker vends, 5= 00k \(X T3 YLy OO et
> Conpute W with XT1%1 and Y = lask row ges (g o
for he bottom hab?, find NWof X[ and YRoaling) y

> 7¥= Q‘Sg\&xi\f\tj) +\ i&ﬁ) poth puses Ehrough pdirt (%, 7
BT He et of He path, recursivly find snoller @dpdints url M ol



SPQCQ; Ocmm =0y (o Sovifg Qrtiire. Makvix )

Time". First Treradion =0 ) %
Second. Terudion — gy E[Er

S

Thied W=raion - O@_) E‘ga
- Eh Weradion 70( > == Q\\emu O((\N\f \ O({\w\l ,,
= Ne trode some consrunt mulfigficafive factor T fine to educe

SPQQQ FQC;ZWQW\QWE WC tom Ovuadmﬁq ‘o \TY\QO\(‘l°

Pk\(\@l@g@(\%

Deqﬁ) O%Q(\& 1N \MQ%MP& Jcree CQF\MW\% qnce&)rm&l Ve\&‘r Lo(\&‘(\ 9&

L eayes repreent extunt specier . hranching is o species diergence
P FEECR, 3 P &

b cooted tree il encade a flow of Gime' for wrtadions
hy, Trees™) = we el confider “splitfig and. not “golx\“mg” (ot dlways. )

E\W\Twﬁoﬂﬂi iSTcmoaom% 2) Aoesbral Relattons 3) Humaa Bvolution
4) Fydu¥on oiithin an Individual ( cancer metokions)

> Mo ttkelthood | Mo pursivony, ..

Two Ps\%ov&}\m 1) Ditonce-Rased. 2)Character —BCASQOL



Dictatce -Rased . Given apdicwire dissinlottty tade, lakel atree it
Elfch \Q%fd\s corres?oncl to the d"\ss"\wﬂloﬂk&
?O\FS’IMQ\%" Rased: Find o tree that roguilve Che miiimum 4 of Q\mpre N

7 Lo

DGH X’Tree T (T <Q mhe(e VXY containg all verfiees
Wit cleétree <9 ond £he label st X (7 ot cre-to-are e ento)

2X) rf—(TJtp): : >_%6) X=11 * o\%ree 2 vertex only Ts
2,4 3 -

ntroduced to put o labe] Lhere !
Deg}%%\o%ecﬁjﬂc e X’Tree where {13 o Eijeér’fon o YT

Theotem) [ Schroder ] Beny:={ all Imea,u”\\mie& utvooted Binary
P}\%‘o&e&ﬁﬁc frees oiitth 0 [eovesy Ehen (B T SUpRS equ\enﬁaﬂ,

Depr) Diesimt [aﬁj% MQP: funckion 55 XX =R .t Bl 1=0, &ngg(xq).
% DM s preudoneteic i it sfistles e trlangle Trequalit 4, and g
metrie 1 dxy=0 <> X=4.
> How can § be “Cepresenjrecl” by actree, and how do we find T2

= fhoke T with e&%e \weTé\Tlt WY St dmaW) ::92%‘“\4\1 @)

Def) Tree Metrics S on Y st 3T, 00E =R, sk SO0 =dr ©00,0CH)




b Whet s the necessany 0. sufficent cond®ion?
Det) 4 Point CondTion: Habie,de X, Sap +8Ce.d)y <

maxy 8o 41+ &by Cacr+ 8Cbdy h H:
* 49 wylles 1T, & (\om\%oﬁl"\*é and &S \D'setxéo ISVIGIS
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Backuard Teble s bile) =Plxw| Ze=k).

Bae (o b(B)=1 vkeS | Pzactlze)
Geerol Cose’ bt = Pt |76k = 3, Pl [ 2k, Zenh): O
Observe. thak (X I Z¢ | Zen) .~ ?@(h\:ﬂz’«ﬁm, This T &hen
Pt | ZeamI) POt | Zen= 1) = € ;0 - by, €41 .

~ be(®=2 €,0%) ble)Buy, £ b

Y lPCx)

Postertor Detoc%\&f, foe €21 L, lek 28 = VS“\O\XPCZJC- X\ -

s This has o pothologieal Tesue £hot 2. 2% may be an nelid sgpence!

\JTherty Decod“d\ai 900} T fo find 7% = g ma Pz lx)
Obgerve that Pzl %) =F(Z:L,><\:L] /F(X\:Q  buk the detom .
neveg d\m%eg‘ ~>Zn= M&W P zexe) & Qﬂ,\f\\lox%l‘(\

Z2)...Z-

— Le’k \)\A\'\ = N\O‘X F(Z\;c\ L= \< th) NQ ’\?L \!\H\QDP {’&bt
|

N5

5 T Bate Gosel Ve =P(Zek %) -0 2o Pzt
\!\i&) = ekCXJ °T\<.

S G(Q(\Q(‘Qh, C&SQ "\ LQ?\= WZ\\G\Zi W\Eg\%( \ﬁj(zl;m ,—Zt-\"‘ katz.g JX{'.QE




We can rewrite Ehe Wnner PmB 0s- EP(Z\ =1 ZE k X(t\)ﬁ)@t =] Y lz‘ w1, L

*olwort” VUit~

—-l$ Yo 4:\3_ Bb CQ(\Cl Lﬂ(!. U\\% (S HD(Z(“.Z{_\ l<)(\k-\ PECZ&QY&(Z{I [<>

T s 20,28 Pz 112t = Q0 - Q.
‘%]\J 1D =0, (% MK Ay k(&L . Keee Po\ﬁ%fs o YK fo back troce U

k€

AC celun |, 2% = 0500 (1) hen back trace o find opfinal path,

Pacameter Fstimaion

Want to ind G - O PQ(X‘-.L), bt €hi s et necessoﬂl%Lcm\fexl

Co 1% | ofert \oriohles ace kmw(\,(z\,,,,'ln,\e 3L.
Lok A= % of bronsifions foom shte k ko { i £he RSSO N
LQJQ Ek(U) = ‘%’G? emisslons o%\‘ O'C_f(; {‘mw\ shde ke S

P?G(X\ L) = ({P (X‘ R WiAR LHP @Ar L) [‘I" —W[ek(ﬁﬂ ] { T {1z, H—l

U; Qs ) } Stace Eiis 1§ mondone, we can talke o Q°8 n the argaX.
Ek(G)

(T MLE g 2 or: = &uo- 2425

Case2: Expectufion Movization . Oeerved RU X [aent R 7 .

—> ot symnetric on 5 p!!

Jo po=ELBO + KL (4 ] plzb)

ar’o\&mr\é

For diserete RV X, v 2= prob. mestures on £he same prob. Space.



Da\z) KL D\\rer%d\ce KLC)A v): “Z MG 108(1,(%\) (assume V=0 px)<0)
Ls K[_(}A\m} 0, od & =0 W JHEO=T0) Nx (same &isk)
— Sive KIL20), Qog PO > ELBQ) and e can opfiize s volue,

Def) Eidence Lover Bowd & ELRD 2211:‘%\*3[108( p(x| 7)1 KLz | pv)
= E UO&(FW 0 —ﬂo&(‘iy(x 7)) |+ ﬂog(aybq)

- Jlo% P 2 B Loy 0T~ Joy (0421} + fog 419

— ,008 oK) — Joﬂaﬂ)z E Uo%?ﬁfl Jog 9(x,2)) ] f\‘)
Buack to HMM, defined as: (618, ~ (8.10.) Z Q. We madiuize 0
qen b& &f = anguo Q(@l@@ .

Tdea® Dedise an temiige Cﬂ&omﬁ\m Bt Tinds 86, B, .. B where
fo0en) € 1. (X ) VT, Te mm\okq\\ck‘ca on el khOCDQ >EM‘,

Analyis ot ELRO bound, Let 3:=Tg,., the curent esfinade., ard p
s= Eg sone arh&mr% neasuce. [he Q?“&Eoi\&gﬁf@me%; (xe=Cxyy 0]

cv\ﬁv«

ﬁogﬁ)e(m ﬂog?emuﬁ > (616w ~Q(6(0m) where
B [y ®x,22)) = E[ bR Z) [y, B [= Q6184
Now, 1§ the RES 20, then ﬂo%@e(%\ > &O%Rgﬂ sofhxR.cal




Then, sur goal Tho Find G, = A4 Q6| Ouw), whieh safiafie
the condifton 1}, >R 64 .

L@““‘: e Bt QOF’\ %L’('Z“X‘M: (Baum- Welch)

= Upshats Ly HMM, Hs hog a closed. form, S0 we con do oRga cmokl%&ql ,
Recall Chok when /(=(7.,.. 22) s kncmn OJ é‘A— e (6)= %éﬁgm
From maxinizing KO&UPB(X Zh= T[Tﬂ T,E(G\;A’ e ™

I 73s wnknown, Hhe chonge 'S Bak now 7, A Be() deFex\cis on Z ( ‘

= Tolkiny <xpectafion of log, e hove. o, fice. digant expressian by vaftables!

[Zﬁz 17 loglt) + 2 A2 dog (09) +2 7 B, 7 Joycto) )

t[j/\ (2) Qoa (0| = Z&og(a MEHA: (Z)\x%] So‘\;mg e :
b= SIS, ) o) e s S
Then, ELA4(Z)[ %61 = ZEM{Z& AT X O = 2 P )

—Za“tﬂ 05 650 Blen) /B (), (dertuaffon T dkeussTon)

Pseucic)o%\g(\ nert | Guest Lecture b& Sa %ooeslno\aﬂ

De Bﬂfjt\ Gmﬁ\s; Congbructon % Pvcsfevﬁe&
5 Divected G\mg\\ , Alﬁ\ah& D= iA(Cl G(TE) —mjteée,r K>0 .



Each nede represents o char sauence of kgth K.

An edge s drawn between nades SE k- )-englly O\Je,r\la?él\h%.
e, 0—>b Twmpfis 0= XS Qb= S Y

o) T=TATT, K-, then AAA— AAT  full grogh:

AAT %%TJ
<C’A QA TAT_ATA it

Some. ?nger‘ﬂe& of U=DR&(T k)1 (‘E\T"\)
ij < O‘? (\OC&QS = \ZKK 92) L\cieavee=0&c&€8ree SR ) %o¥ q’aﬁ&= LE l\kﬂ‘

Cdoﬁwxg DRA! Let Sp=1 AAT, AAR TAA, ATAT Su={TTT, ATAS.
S\ y gl C U , Sl (\ S,_: iATA% N Lﬁ’\' \f\] ":S\U Sl. C_O[oﬁh‘(\% '(S MQ}N\‘QQ(‘S\(\’(E;

—’3A é\\’(—;\\ S < Qe
CA 1{\A ATA TT
T AAS

Censtrucfion o} ORG: Given o sef of Sequences,, extrack (e &Rv\ckﬁfm%
k-mers. 2. ARGAT, K=4 - FAAGR, AGATS, Then, Tolex\‘é\“?& g



k-vers §. annotate Ehem witkh s sqquence. orgin. Create directed «ec%es
et ik (K-1) over\CLPS

Ex) 3 \elgjd\ =10 Yepuences , K=5, - (L l<+ ) k-merg per SR UINCR
S AGCTTAGCTA. 6CTAG\G\CTAA c%f\cc

O l—0/—-71—+

T“Aé\c < CTTAG,

® ® ® ® ® \i /\\ @ ® ®
TAGGCCTAGLSBCTAGH CTAGCSTAGCT AGCT T>GTTASCTTACSTTACC

@\[’ @T'C@\J/Q

ARG —> GGCTA~GCTANS AGCTA
New sequences: CTAGGCT, Could ©hig hove or"t%”m*ed from o of 0,002

> Breok T upinto k~menvs:CT/3?(uCn,‘(A<?6c, A@A@C;CT,% Q! e naping.
AGCTTA®. This doss nat have. a mateh > Gamapped

TAGCTTA. D%® are both feasible madtehes — amkiguons napgg
AGCTTAC. @B, Trtersection & © > resolved. o iaue npgig,
Mesmof%'. =19  Times O(L) construckion, Otm) Guery

RN{\FSeoYex\QTw\% (Rewdo) QV%{\M‘S\I\'\: 1 E@eﬂmeﬁ a,,uau\f\@a?ng RNAs T cell Fop.
e want genes Erat €he RN As ransecbed. Jeom . Feon references o
the it of qene SRS, we can Construck o cdored. DB, (Kollitol, )



L‘Ba QY\%\N\% with DRE, w &%‘r o VeClor 0% coute of each SSIS
To resolue ankiigiitier, Use EM to esfinate r, abundance o) gene T,
Define a Sirary matex (o=t read v could be gere €5

RNA Seq

Singlitied Model” Lot Ti=ft, ;3 be €he seb of franscriots.

Let Re=Try,.—,rus be Ehe st of feads from o gl %cm\?le/cek\o
Assume: Single—ended, reods, error free wade, all trantedete are
known, and reads oglhated from e veference tronccrTptone.

Gioad: Find £he Jvm(\scr“\gjr From wiich rend @VT%TM&QCQ ]

> not alwage unambignously deteriined |

Rephrased Goalt Find ke feostble st of fronterpts

Soluklon 1 align reads sdind- franserfpromes ugng algortins L hairistics
— ex) STAR aﬁ?game& U\&TY\% subitx Lrees 9 aroyus

SelukTon?: Preudo a&”gnmew\; 0(\\% care about whekher o aﬂ“gt\s, not
where oﬂigq\gﬁ Co«\?&ﬂlﬁ UJY\& Mataix Y= (gQ with DRG

> e {ssuet Sone amiaunus seggenes dre ockaaly net ambiquous .




DB& does not raive covseaidive -ves to oppeac concecitve Tn ondect
> howaser, for subficently large k, Hne s anlikely.

Tor natix Y, dedine an epilivalence class for each &= 14T Ypes NS
bogeally, i €he rowg look 4he same, ey are %u\cﬁom\lé He e,

e

obundawe of £

ASS&W\I“% Lhat avead Ts generofed from a franseript €&l wap o leogln of €

ond s o cnall uitforny sampled seqment: o .

Umm\i%uou& Model o ¢ = % where Y= 4 of Gimes 4 Te oheerved.

- When resds are ambiguous, otk T o ach Xe rlevant. Bt £is T
oot optimal. — Use BM! Obsenved variabe e makeix Y khat doss nef
ot to o Sigle 1, and okt i matrix Z £hat hos o, “comnitied
Mopping" sit. each row has only one poegible t,

B Thifely, 1 we have o urch of one € T mdfiple ceads, we should

w@iahlc it more. when &Pﬁjvj{mg Toto Y. o
o T, f

CEtl) () /\ x&) A
Awbauous Medel xi. Lek Zid= B[ Zie [ Y, 8] =B Ze= | i, 6] = - !

T,
N é&l« Y

Then \ek (ﬁm o= ﬁZ—\c\tﬂ) [ D<L:N== N T M%JVEP (ogg rgating columnt)

E ttep (reu"\iiv\a fowd)

H % p@ﬂ\e&ﬁ\% TQSH%\%R




PO\(‘QN\QSYQHZQ& HT: CQOJR‘J\ ><\J.,. ,Xr\ ;@ TF@ )@G @ T\m Qq(\c}\_kd(fte&
@m@l‘ HDIS when e, (il H, s when HeB), (dherofie),

ex) con ?l"ktss Wiy X Bre(p). Het p=0S H.: P> 0.5, (bead profs.)
o nodurl shefisiie 1@ TOX)= 5?;)& — howdo we Tv\‘rarw‘c B yolue?

— ket

De% Fower fundron ™ T(a18):=RIT Rl ]

Cl = sregeckion fegion

Neyran-Feareon Framewock: (T = |- L&)

Qa‘!‘“\f He IS H\ I&
deicion e .
decide
c
dedde
Ty L
AN
! Eccor (&) 800&

We il consider . as status quo and only reject it €re edence
s skrong enough o charge my wold view!

Defie w=R{To0ER[6~8,] p=FlTen€R(00],

We wont fo keep X< C,say =005, while winmizing 4.
Le,mm) et § be o test £hat Hots not regected 4
G500 > 5,00 L egects B < Then for avery effer fest ¥,
GoU&)+ D) < (&) + BR(RY, (for dugle tests)



Pm%l Lot S\ b e Ceyecﬁo(\ &éaﬁko(\ ot some &, Soi= g\

(8) +ha®) = 8 2 100+ B Fil0 = a2 £t +b[ -3 ]
= b 200800~ b0 Then & riinizes such value.,
— {he vokio %‘—CZ%>C defermingt (Q"ecjﬂo(\ (likelthod HT)

o) X, X BN (). H. e /A ARYIESTTS

34 exp(s (e T~ S -2 . We ok
R(0>d)=n =R (6> =, = c=pr 2, &

S Bk whf T we wart fo tesk Hot i< o, Mot s> 1,2 Ccompesitte)
(De{*) Ut\ﬁk%om\\% Mosﬁ%w&& CUMW Te&h 8* &t [Q\Iek %, where ¥ ik
X(§) Lo, ¥0e6, T(B[8) < (B,

x) Xy Y ¥ Reclp). Let Y= 33 £00=p"Cop ", 1t po eo,
H =P g(&% [\: (¢ \X i } Observe Ghaf %gju L) enly
cﬁew\dg on X %\\voqq\\ =0 2) s Mongine on ¥ —> (hese
condtbions ensure an UMP for S\z ,Té‘; and iH\: b <P° . For exangle,
it p=0.5, =20, we an set (2IR for fejection o get some o
Hovever, we do ot hove UMP For {& \;};

= How do we exgﬁ[&% calle e e wo Jor each Y2




) X, Xo 8 N(/M 6") where 5™ Ts known, M T unknawn, Recdd)
that T00 = s expl-95 QM) - £ )~ el 352 )
—> 300 oo Qlhcpel (7 - 2(/14 ). regect when %> C T a
UMP %oc H.: MM, H, MM, Rt what s ¢! T o\Qper\o\s on %o

=Ty %, We \uchr RIX>¢ [Ho]=0t, and eq:;fwoleﬁ%,

— %, R Lok e S =t Then, 22 o S
a R\ o N(@,l),T\(\% El2e - R It} )~ C ﬂﬁer‘lC [-0%),
Qé DK s the Twerse Goussian QCH.)

Def) P-Volue s Fer sample X, he lowest for wiich we wil rejeck
He oul for fest SO Ef1>u'\Va§Q«H6l T ) dso fhe {sro‘mbﬂkﬁ% of
YQCQH\\JHU\% o stofiatic more extreme £han TQOJPVET > T Ho]
X) For- ogin Hlipping, Sy Hot p=14a, Hip>h, We get o heads.
Then Pvolue & RIT=I+ R T=07+ RIT=00] For Ko

o) For nean-finditg, i No=01, D-talue = R F> o [ = ]

R NC AR E R L g

(¢ T roal experivents, we only coport. p-values insteod of o .)

= Can we find @ way o tesk Ir\o%/F/Ao,Rﬁy‘/l#]Aoz (‘rwo“%“\ckc%




We want o find o Chvhdlds € G S BRIX<C [+ R [Yoe,
' Hol =, e codd Vary ¢, G, bk on ke chotce would ke
o b cach of e Prohalcmﬁes fo S, Al 5 18 unknown now,
- We cap esfinate S0 o V= Jﬁi@\—%& Then, we have
T ke s &MJ the “ehydent " disteloution,

S/

(¥ S (e defived wikh 1 Tor unlased estmadingl)

IV\JEere(\CQS o0 S&u\r\P\e&i fous o genes, cdumng are KQW\P\QS.
Sowples ace 2pfit nto corfovel /& refmerst qrous. Consiler e
Lot X, N N(u o™ be cellq before freckment and Y.
Yo 8 N, 6%) be cells after reakment. This & a gf\mé\ Sawple.
Then, we can take Dii= ¥\, and wnder Hotpapn, D, Dy X
N(R.6).— D, 8" qiws T-B X

D Scxw\?\e case. Lo &his case, Mo Scm\p‘ces are @ofifecl X Ky ~ N(}hb 23
and X, YoS N(/AQ 6 ) We defive 0 tew stfit &'ﬁgg the {mkﬁ

T (D) Sx 4 ) Sy X W
variance S e M‘T: SQ&% s

- .

- Con we fost w\x\)ﬂ?&e ms(%e\\eg)?, There & @ %(oﬁ% thlan



Té?e 1 eror Te Bl regeck Ho| Ho T e | < 00 Say §% Thwe
howe 0=0, B rever maket T evor] < 1~ (|~ @.085\0} whvieh T8 bad.

Deb) ?q«?k\\&“\m&ie Eroor Rafe (FWER): Pl ot leask one T4 eqror ]
= Q&\le(\ mﬁ\ﬁp\e ol \\%pc{:\\e&es H\)...,HM, We com%\fre P*VOlUkQ& \)"""P‘““
e wart &he FWER ouer Drspn L X

Ben Ferron Mefhed. : test P L wN

Proot: FWER= ?r{UP <% T ofere To= b ot frue qulls . By nlon
bound, ﬁza{p < W\] Mo 35 m\r\em M= ¥ of true nlls, VT .
m<m, so TUERL K., (p, wUn\(@ )

L This e oice, buk we loge Tn stofiefical Pomev(Tl error Hlows up).

B@(\?Em)(\“\ - H\ M‘%&\\O& H HW—%P \- P‘“ gocjc )\ Q&c&!\& W\g
'P"\/OJUEQJ H(\),...lH(M\ Pc\)g TS P‘“‘- I% Pmé M-3+\ ’Fbr J= 3"') )
reject Pegy. Then, FWER<X wiile ha\;"mg nore Stefisfial powes !

L However, eveny Ee dees not %\\IQ Q(\oua\\ POWRY.

decita
r,m\ff oceeptHo \redec,{,H o),

Det) Fake DH\SQo\Jef& Rl Hotre| B |V "o Obsere &hok
Hbel T | S [weto
tol l W\_R \ R m




FWER= RLv=17. Lek the Tk Discorery Pm\sov‘%\b(\ R
FOR:=E[FDPT. We wart fo contvel G value.

Benjoniuni - Hochbery Procedure T Sork peos. <pun.Lek o e e lorges’t
1 s Ptﬂé‘\ﬂﬁ\(}(.ReJec‘c Ho, .. Heo.

Theogem) I Py, P OFR Iw\clege\\der\ (can oo veloxed o bEY, &hen £he
R-H procedure guaranfees FOR = o < ix.,



