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Input: Graph,Source

Ouput: BFS on Graph
initialization;
for All e in Edges do

| dist[e]=inf
end
dist[Source]=0;
Q <- Source : queue containing just Source

while @ is not empty do
u <- Dequeue(Q)

for All (u,v) in Edges do
if distfv] = inf then

Enqueue(Q,v)
dist[v] <- dist[u] + 1
end
end

end
Algorithm 1: BFS on graph
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: Dijkstra Algorithm sS4 V.¥

Data: Relax((u,v) € E)

Result: relax the edges

if dist[v]>dist[u]+w(u,v) then
dist[v]«dist[u]+w(u,v) ;
Prev[v] + u;

else

end
Algorithm 2: Relax Method

Data: Naive(G,S)

Result: Find shortest path

for allu € V do
dist[u] « oo ;
prev{u] < nil ;

end

dist[S] + 0 ;

while at least one dist changes do
relax all the edges ;

end
Algorithm 3: Naive Algorithm Of Dijkstra
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Data: Dijkstra(G,S)

Result: Find Shortest Path

for allu € V do
dist[u] « oo ;
prev[u] « nil ;

end

dist[S] + 0 ;

H « MakeQueue(V) dist-values as keys ;

while H is not empty do

u + ExtractMin(H) ;

for all(u,v) € E do

if distfv/>dist[u]+w(u,v) then
dist[v]<—dist[u]+w(u,v) ;
Prev[v] < u;
ChangePriority (H,v,dist[v]) ;

else

end

end
end

Algorithm 4: Dijkstra Algorithm
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Data: BellmanFord(G,S)
Result: Find Shortest Path
no negative weight cycles in G
for allu € V do
dist[u] + oo ;
prev(u] < nil ;
end
dist[S] « 0;
repeat |V|-1 times :
for all(u,v) € E do
Relax(u,v) ;

end
Algorithm 5: Bellman-Ford Algorithm
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Data: Graph G, Node Source
Result: Finding the shortest paths between Source and all other nodes
in Graph G
dist[ | « an array with size of |V] filled with +o0;
prev| | < an array with size of |V| filled with null;
dist[S] « 0;
H + MakeQueue(V);
while H is not empty do
u + ExtractMin(H);
for all (u, v) in E do
if distfv] > dist[u] + w(u, v) then
dist[v] « dist[u] + w(u, v);
prev [v] + u;
ChangePriority(H, v, dist[v]);
end
end
end

Algorithm 6: Dijkstra Algorithm

prev &l SaSaw jul) 95 ol o3 2655 03 S Tag aSas Y.0

Data: Graph G, Node Source, Node x, Node[ | prev
Result: Finding the shortest path between Source and x in Graph G
Node[ ] path;
Node n + x;
while n /= S do

path.add(n);

n < prevnl;
end

Algorithm 7: Finding Shortest Path
S Sl L“’u‘L el 5hely e elS ally €Al gy (i 59 SIS 5 ooy Sazy o

sl O(V) b a8 ol ($los (S ot 552 258 0L

Dijkstra r:.:,,fd! s Ol 0
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Bellman Ford sS4« A0

Data: Graph G, Node Source
Result: Finding the shortest paths between Source and all other nodes
in Graph G

dist[ | + an array with size of |V] filled with +o0;
prev[ | < an array with size of | V| filled with null;
dist[S] « 0;
H + MakeQueue(V);
fori=0; i<|V|—-1;i=i+1do

for all (u, v) in E do

Relax(u, v);
end

end
Algorithm 8: Bellman Ford Algorithm
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dist[b] < dist[a] + w(a,b)

dist[c] < dist[b] + w(b,c)

distla] < dist[c] + w(c, a)
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public bool HasNegativeCycle(Graph G, int Start, long N)
{
long[] dist = new long[N];
dist[Start] = 0;
for (int i = 0; i < N - 1; i++)
{
foreach (edge e in Graph.edges)
relax(e);
}
foreach (edge e in Graph.edges)
{
if (relax(e))
return true;
¥

return false;
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List<long> FindNegCycle(int v,long[] Prev,int N)
{
long x = v;
for (int i = 0; i < Nj; i++)
x = Prev([x];
List<long> cycle = new List<long>();
long y = Prev[x];
while (y !'= x)
{
cycle.Add(y) ;
y = Prevl[yl;
}

return cycle;
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public List<long> DetectInfiniteArbitrage(Graph G, int Start, long N)

{

long[] dist = new long[N];
dist[Start] = 0;
Queue<long> relaxed = new Queue<long>();
List<long> Arbitrage = new List<long>();
for (dint i = 0; i < N - 1; i++)
foreach (edge e in Graph.edges)
relax(e);
foreach (edge e in Graph.edges)
if (relax(e))
relaxed.Enqueue(e.target);
foreach(var v in relaxed)

{
List<long> nodes = BFS(G, v);
foreach (var u in nodes)
if (!Arbitrage.Contains(u))
Arbitrage.Add(u);
}

return Arbitrage;
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Computing Distance Y.7.#
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Proof :A.# &

d(s,u) = dist[u] + I(u, w)dist" [w] =
= dist[u] + dist"[u]
221 5 s 15 w8 3035 (oo e 25 LSOl ol S JB ol p ol eSSl

S ool 3 kol 333555 S 3l pasy) w5 i il 4 05 b opir sl GR L G Lienls

o) 2zl €5l sz p 0 35BS a b ola (uly Sl Son 5 5038 Senlsat 351 5k o T

g oo DL 4L g | suls sad €S 4nlb s

Gl Jes psg aalss ole Liauls bl bss Liouls slzl oloy S 5y s

3)\3‘.;;1...3;5\;43 4 ,b g3 | jaculs 53 Cee e

..A..ﬁ.\.h‘j}j‘ﬁja GR E) G Lg‘.\.gitJ:J.:b@l:dfm




0¥

BIDIRECTIONAL DIJKSTRA .£./

Proof(Y) :4.7 JS&

Function Process (u,G,dist,prev,proc):

for (u,v) € E(G) do
Relax(u,v,dist,prev)

end

proc.Append(u)
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Input: G,s,t
Output: shortest path s to t
Function Bidirectional Dijkstra(G,s,t):
G « ReverseGraph(G)
Fill dist,dist™ with inf for each node
dist[s] < 0, dist®[t] < 0
Fill prev,prev’ with none for each node
proc <— empty,procR <— empty
while true do
v « ExtractMin(dist)
Process(v,G,dist,prev,proc)
if v in proc’™ then

return ShortestPath(s,dist,prev,proc,...)
end
vE < ExtractMin(dist™)

repeat symmetrically for v¥ as for v

end
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s o uﬂ\ @C)L:.Lo.c w‘.,\surijTQm.,\; aﬁ;’:@;&,ﬁduv\hﬂ b.,\.AT&:A.uJJe



BIDIRECTIONAL DIJKSTRA .£.5

Input: s,dist,prev,proc,t,dist’ prev? procf

Function SkortestPath (s,dist,prev,proc,t,dist® prev® proct):
distance < inf, upest < None
for u in proc+proc® do
if dist[u]+dist? [u]<distance then
Upest < U

distance<—dist[u]+dist?[u]

end

end

path<—empty

last<— Upest

while last#£s do
path.Append(last)
last<—prev({last]

end

path«Reverse(path)

last<— Upest

while last#t do

last<— previt[last]

path.Append(last)

return (distance,path)

end
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Data: Graph G
Result: MST of G
V <- Set of vertices of G
E <- Set of Edges of G
for all u in V:
MakeSet(u);
X <- empty set
Sort the edges in E by weight
i<-0;
while { /= /V/- 1 do
(u, v) <- the least wheight edge
if find(u) != find(v) then
Union(u, v);
Add (u, v) to X;
i++;

continue;

end

end
Algorithm 9: Kruskal Algorithm
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Data: Graph G
Result: MST of G
V <- Set of vertices of G
for all u in V:
Cost[u] <- inf;
Parent[u] <- nil;
Pick any initial vertex u*
Cost[u*] <- 0;
PrioQQ <- MakeQueue(V); (Priority is Cost)

while PrioQ is not Empty do
v <- ExtractMin(PrioQ)

while There is a new adjacent for v that is called ”z” do
if z is in PrioQ and cost(z) > w(v, z) then

costlz] = w(v, z);

parent[z] = v;

changePriority (PrioQ, z, cost|z]);

else

continue;

end

end

end
Algorithm 10: Prim Algorithm
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class PatternInText {

void search(String txt, String pat)

{
int M = pat.Length;
int N = txt.Length;
for (int i = 0; i <= N - M; i++) {
int j;
for (j = 0; j < M; j++)
if (txt[i + j1 !'= pat[jl)
break;
if (j == M
Console.WriteLine(" index at found "Pattern + i);
}
}
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How do we do it? Convert repeats to runs

ConvertedGenome

Run-length encoding

Compression(ConvertedGenome)
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Cyclic Rotations
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IS IT EVEN POSSIBLE? TJ Convert repeats to runs
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Compression(BWT(Genome))

banana$ ﬁaﬁﬁ o e r:.\}é.._..o & ol g w5 ol annb$aa sud Jous g €, r:.SuaJ.e
V- AN

| T

$banana as
aSbanc na
ana na
ananas N ba
banzna$ 2-mers Sb
nasShbana an

nonashba an



Yy INVERTING BWT .Y.\Y

SIS Jeol s g_fu“:)ﬁdjldfmri‘%b Iy b <y ol Cyclic Rotations ke b o5z
e 93 4 g5 Y Ubk}a\dﬁ.@dhﬁb&h&}w\b .QQ&ijouJ&Tdﬁj\d.\.&g
.ﬁ‘QﬂTCwQ‘)uﬁ;bgb‘;%>3auggcg.ﬁbg

ol oas 5 JolS 4 s ol g 3o 5o 0T IR 5 5 g 4 B 5 ol a3l 03,5 Sort U

$banana as $b
a$banan na a$
anaSban na an
ananashb s ba N an
banana$ 2-mers Sb Sort ba
nasbana an na
nanashba an na

Sy B> 93 b 1SS ool s <4y » >0 G, Cycline Rotations b bs,bss J>

- o) ey 1y ol (s €8 51 SSLE e (35 g ol sl

Sbanana ashb
a$honan nas
an-S>ban nan
anana5b SN ban
banana$ 3-mers Sba
nasbana ana
nana-ba ana
- e (p55) €3y Jool olon b Tnvert BWT 4 45, G slass 4 Sllae cean 515 L
$banana a$bana $banan
a$banan na$ban a$bana
ana$ban nanas$b ana$ba
anana$b N banana ___ 5 anana$
banana$  6-mers Sbanan Sort banana
na$bana anasba na$ban
nana$ba ananas$ nana$b

Invert-BWT (annb$aa) = banana$



VW aud>

BW Joa5 5 b I s

\WAR/Y/N S = LS gsmpe 0LLE

\:‘.: Cywso UL.‘.L: L.»}'j X% %rzjuf.l\ J:‘L"j}f‘,’b u«gb\\ﬂa\q/*/\; CJ}A \:‘\Y‘w 593>

%;aML’{m«S.: V.Y

Jo b s S 0l (g gmy 305 4 Cod L 0l gl Zuo 5 s LA BW s b J ad> s
asb el Bl 51l sslinal s ol 53l b NSt 51 (Sl sl cl st 03 one
oo dsb ¥ e sk o3l g b S s ) SIS b 2 ol e 5l il i Lo STl

figure o st 8B b il (s Seols S b s ol s gl et il sl s sl
reference

YA



\&

2357508 4 aole Jba b 4

wWT oS B B8 200D DD O QAR

rananas

sSpanam

nasspan
nanasSp

a Il alll .-1b

namaban

abanan
panama
cpana

|
namab

YL el )Y S

o sl O NP

ey Al saalin S ¢ plimeeiS 5 )Y S ¢ 3
b;Y;»rch...ﬁan,\gc \:.L;w;l»ryjk..,)aa‘xl}\q .‘.:Abfj.a';nga)u&_{g&lﬁ
.ﬁa\aaﬁgwsa.c;ﬁ:ob&aﬁ:f}aaﬁgLeﬂfw‘lg .r:.hd..l‘);.)”r:.a.b)k.a).)a‘:f:l}‘

S Bl oo slo i kel 4 Ll 5 w8 B3 VB Y (sl o sl 51 b a by Js
JJa..,Lg\.m ad)\.lfa)ki vy ‘Sbes:@'ér Qﬁ“‘fb‘}:-:*" b 5sd Canys Ox\géhjk.agw G

sl ‘:‘*”J;J:JJJJ’LTQL.’LS‘J: t}_o}a w\ ol SJL’LSLD aéj‘.:\gbju &-a::i‘/:i ULA-B’ wb_‘du

J'k“'&:J}‘)’ JJ? 8;53 nw‘ L

Jh“wk‘)bdftﬁé-’nw‘ﬁ .

@\&AJ)&LQMJ)J?[?&LEA L

Bﬁd)‘fhjuw :Y.\Y‘Jg&

asn;a,m a;b,a,n,azn;azs; $,



A o sl O NN

$ 1 = 1
a, 1,
QA n,
aj
a, b,
as n,
Ag n,
b, a,
m, a,
n, a;
n, a,
n, ag
$1
S1 ag

[ 6J‘A§UL"":’ )| wﬁ\.@ V\YJ‘_}iﬁ

SV oy 5le (ol wili o3V S 8L s () 4 Ol YT 5 YAV G S 6 25 L
.rr.k.\:.ﬁ ‘) o‘ @néy“ M‘b‘)) 45'.:;5‘“4)4\)
b V“"SUL“’ L BWT LosSan ussile Jol8 LS5 om0 5 b OIS0 & 25 L Wl Jb-

5L S eaes ol (Slos B L5 epl 5 gsme (b8 B3 4 iSe £ 9,3 Y Cualle 51 L

ot JXJJ Cale LY

SQ:J}‘J’\ u‘ Eey e e SC).."“}‘ “ 9 r:.g:.n oJLé.:...v‘)Ub @Xl.c)\)lf.ﬁ” o:‘.: QL.L; Ls\Jt’
2bs JYs Cwlle & p sl 5131 dls e s S5k i wlbsl 6 LK el 9 a gyl F e




A

o sl O NP

91 Sq
a, m,
a n,
a P,
ay b,
as n,
A I3
b { aq
my a,
ny a3
n, ay
Mg s
P S
5 A
BWT osSas ¥\ S

G S eusb 4 (i Sl LBWT oS 8 40 Sl (558 il (gl b ool S

Memory : 2 * |Test|

Time : O(|Text|)

.r:;Sa):}S I oI ol el s

o 8n b Sl Gk 4

:bﬁxjwjlt} 3590 4.19.9\}30‘.:‘); “P‘OLO))‘J}A Lh.ﬁ}.w_: C>5 o

Memory : 20 * |Test|

Time : O(|Text| + |Patterns|)

Ll 015 Ve a8 Yol sl o535 sb & sl

ol b s — g 2SI S b sl BWT(Text) 51 olsien & Sl ) Ul Js

95, eslin! dg&?d“ﬁ‘%d‘xd@@

2l Il ool @ 2t Jle K L sl



AY BWT 1 oslize b 550 o 5,8 Ly YN F
BWT 5l s3lial b &1 Gundss 093 S i YA

s\est sl s oly cpl s r.:.'s‘.\e ab ) s .acS Ty panamabanans <,le s |y ana oS s ) Jls

r ol 5 SV il sl s el e L & ilie 5 oS S 4 as% b S
$ 1[ 2 -

imabananas;

lasS$Spanam,
Span,
£ 5P,

a,!
a,
asn

1
1
|
imaban
|
1

Vs 0T S

iSn lag sl 0 53 1 35250 51 @ (a5 ol g Sl @ O > ana sl B 5
ppien PNV USE 5 S ol JSE 4 gy ol b ol aplidd G b 5l G oS (oS S

t $1\<"H:i‘:l'\51

a;bananas$panam,
a,maba nassSpan,
agnamabananasS$p,
aznanassSpanamab,
aghas$panamaban,
agsSpanamabanang
b;ananas$panama;
m;abananasspana,

n,amabananas$pas,
n,anasSpanamaba,
nzassypanamabanag
p:anamabananas$,
s,$panamabananag

r); 4.19,6 ?\Y’JS.L



AY BWT jl sslézal b S ko5 55,8 [ TN
S o bV Ul sl a0 S8 4 VL
e LAl (e cnls oy il 9 Vb el o sen 5 L o]

g ) 53 0 @ Vb sl sG55 50 B o sl YL et

O sl 53 b YL Gl s s 5500 B O 3 s el ]

BWDMatching(FirstColumn, LastColumn,Pattern,Last ToFirst)
top <- 0
bottom <- |LastColmun| - 1
while top <= bottom do

if Pattern is nonempty then
symbol <- last letter in Pattern

remove last letter from pattern
if positions from top to bottom in LastColumn contain symbol

then
topIndex <- first position of symbol among positions form

top to bottom in LastColumn
bottomIndex <- last position of symbol among positions
form top to bottom in LastColumn

top <- LastToFirst(topIndex)

bottom <- LastToFirst(bottomIndex)

else
| return O

end

else
| return bottom - top + 1

end

end
Algorithm 11: BWMatching
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BetterBWMatching(FirstOccurrence,Last Column,Pattern,Count)
top <-0
bottom <- |LastColumn| - 1 while top<=bottom do

if Pattern is nonepmty then
symbol <- last letter in Pattern

remove last letter from Pattern

top <- FirstOccurrence(symbol) +
Count.symbol(top,LastColumn)

bottom <- FirstOccurrence(symbol) 4+ Count.symbol(bottom
+ 1,LastColumn) - 1

else
| return bottom - top + 1

end

end
Algorithm 12: BetterBWMatching
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ComputePrefixFunction(P)

{

s = array of integers of length |P|
s[0] = 0, border = 0
for i from 1 to |P| H ilg
while (border > 0) and (P[i] !'= P[border]):
border = s[border B 1]
if P[i ] == P[border ]:
border = border + 1
else:
border = 0
s[i ] = border
return s

Prefix Function 4wl :0 a8 & s
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Function 5 pilewzs o 4 15 ol o2 5 Sl as, el ol sl Pattern Matching 4wl gl

S oles ol sy » 1, Preffix
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FindAllOccurrences(P, T)

S=P+[§|+T
s = ComputePrefixFunction(S)
result = empty list
for i from |P| + 1 to [S| B ilg
if s[i ] == |P|:
result.Append (i EIQIPI)
return result
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Data: text , pattern
Result: all Occurrences
s=pattern + "$”+ text;
result = empty list;
prefix = computePrefixFunc(s);
initialization;
index = |pattern| + 1;
while index < /s/ do
if prefizfindex/== [pattern/ then
result.Append(index —2|P|);
end

end
Algorithm 13: Knuth-Morris-Pratt Algorithm
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text : ABABCABABC

pattern:ABC

solve:

ABC$ABABCABABC

prefixFunc : 00001212312123
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ababaa$
babaa%a
abaa%$ab
baa%aba
aababab
a$ababa
$ababaa

cyclic shift length of # :\.10 JS&

sorting cyclic shift suffix array

cyclic shift
ababaa$  $ababaa
babaa%a  a%ababa
abaa%ab  aa%abab
baababa  zbaafab
aa$abab  ababaa$
abababa  baa%aba
$ababaa  babaa$a
Suffix array

$

ab

aad
abaa$
ababaa$
baa$
babaa$
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abbcaaabcc
count Sort :

aaaabbbccc
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Data: S

Result: sorted charecters

order = array of size [S|;

count = array of size |X| index=0;

while index< /S/-1 do
count[S[index]]=count[S[index]]+1;
index=index+1;

end

index=1;

while index< [X/-1 do
count[index]=count[index]+count[index-1];
index=index+1;

end

index = |S|-1;

while indez >= 0 do
¢ = S[index];
countc] = countlc] -1;
order[count[c]]= index;

end

return order;
Algorithm 14: sorting Charecters

: Equivalnce Class
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Data: S
Result: order
order « array of size |S]

count < zero array of size |X|

for i from 0 to /S/-1 do
count[S[i]]«— count[S]i]]+1

end

for j from 1 to |X|-1 do
count|[j]«—count[j]+count|j-1]

end

for i from [S/-1 to 0 do
c+ S[i]

count[c]+ count[c]-1

order[count[c]]+ i

end

return order

Algorithm 15: SortCharacters(S)
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Data: S,order

Result: class
class < array of size |S|
classforder[0]] « 0
for i from 0 to /S/-1 do

if Sforder[i]] # S[order[i-1]] then
| class[order[i]]=class[order[i-1]]+1

else
| class[order[i]|=class[order[i-1]]

end

end

return class

Algorithm 16: ComputeCharClasses(S, order)
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S = ababaa$
L=2
i=2

c; = cp = ab

Ci+L = C242 =C4 = QA

c

! = ¢, = abaa =cycq

slin ) 51 by mewOrder s bl 5 iSen sslisl 5 55 4% 51 order oyl samn (5 4mnlows 51
S 25
Data: S
Result: order

count < zero array of size |S|

newOrder < array of size |S]

for i from 0 to /S/-1 do
countclass[i]]« count[class[i]]+1

end

for j from 1 to |X|-1 do
count [j]+—count[j]4count [j-1]

end

for i from [S/-1 to 0 do
start«— (order[i]-L+]S|) mod |S]

cl—class[start] count[cl]«— count]cl]-1

newOrder[count]cl]]« start

end

return newOrder

Algorithm 17: SortDoub led(S, L, order, class)
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(Po==Q2) 5 (P1==0Q1)

S e p5 Jhe

S = ababaa$

class = [1, 2, 1, 2, 1, 1, 0]

cg $a (0, 1)

c; a$ (1, 0)

¢y aa (1, 1)

¢y ab (1, 2)

cy ab(1, 2)

c) ba (2, 1)

c5 ba (2, 1)

newClass = [3, 4, 3, 4, 2, 1, 0]
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Data: S

Result: order
n + |[newOrder|
newClass ¢<— array of size n
newClass[newOrder|[0]]« 0

for i from 1 to n-1 do
cur« newOrder|i]

prevs— newOrder[i-1]
mid« (cur+L)
midPrev« (prev+L)(mod n)

if class[cur] # class[prev] or classfmid] #class/midPrev] then
| newClass[cur]+—newClass[prev]+1

else
| newClass[cur]<—newClass[prev]

end

end

return newClass

Algorithm 18: UpdateClasses(newOrder, class, L)

2wl O([S]) r:.p,ﬂ\ el ol Gue

26 A 0 (6 g sl 0.Y.\F
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Data: S
Result: order

order + SortedCharacters(S)

class <— ComputeCharClasses(S,order)
L«+1

while L < /S/ do
order<+SortDoubled(S,L,order,class)

class«—UpdateClass(order,class,L) L+ 2L

end

return newOrder

Algorithm 19: BuildSuffixArray(S)

@‘j‘f&@ﬁ%ub&wb&@&&ﬁd}\f@bﬁ\J&Jﬁ‘w‘d\f‘ubvﬁ).m
O([S] log [S| + [2]) =L
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LCP ARRAY Y.\¢
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S = ababaa$
0$

1 a$

2 aa$

3 abaa$

4 ababaa$

5 baa$

6 babaa$

lcp = [ 0,1,1,3,0,2]

3ydin Gy ) Sy & s LCP 4l & ool 51 (S

Vic<j
LCP(A[i]l, A[j1)< 1cplil
and

LCP(A[i],A[j1) )< 1cplj - 1]
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Data: S.i,j,equal
Result: Icp

lep + max(0,equal)

while i+lep</S/ and j+lcp</S/ do

if S[i+lcp]==5S[j+lcp] then
| lep+Ilcp+1

else
| break

end

end

return lcp

Algorithm 20: LCPOfSuffixes(S,i,j,equal)

Data: S,order
Result: class

pos < array of size |order|

for i from 0 to [pos/-1 do
| posforder][i]]«i

end

return pos

Algorithm 21: InvertSuffixArray(order)
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Data: S,order
Result: class
lepArray < array of size |S|-1
lecp < 0
posInOrder + InvertSuffixArray(order)
suffix +— order]0]

for i from 0 to /S/-1 do
orderIndex<—posInOrder|suffix]

if orderInder==/S/-1 then
lep+0

suffix— (suffix+1) mod |S]

continue
nextSuffix«—order|orderIndex+1]

lep+~LCPOfSuffixes(S,suffix,nextSuffix,lcp-1)
lepArray[orderIndex]<+lcp
suffix¢—(suffix+1) mod |[s]

end

return lcpArray
Algorithm 22: ComputeLCPArray(S,order)

X C«f’u\bﬂ rJ%dm:ujqbﬁJadgjéj‘ui}gw‘ib a.\.in_,fid\.&: .\S«..C.-j b Jts
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Suffix Tree
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..».;;Sreturn;.x;:m:sx\x 4§Mﬁé94§bj‘: 4als)

Y.AY

LCPOfSuffixes(S, 1, j, equal)

lep +— max(0, equal)
while i+ lep < [S] and j + lep < [S]:
if S[i + lep] == S[j + lep]:
lep <+ lep+ 1
else:

break
return lep

LCPArray jleig :).\VY JS&

Data: LCPOfSuffixes(S,i,j,equal)
lep < max(0,equal) ;
while i+lep</S| and j+lcp</S/ do

if Sfi+lep] = S[j+lcp] then
| lep « lep+1

else
break ;

end

end

return lcp ;
Algorithm 23: Prerequisites of LCP Array

S r:.»\}éa F")‘J |, suffix g index =35 05z rﬂ)\s)'k:; raaji._,;}:f So b e
Cawys o position !, oyl 4§rﬂ)\> 5L invertsuffixarray <G 4 e crﬂajig oyl L text s
ol 5ol i el STVl 5,18 o Jlade (" £ a5 asb £ Jsl suffix 31 W '.,.S@
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Q\.@ C)Tdbj)}) 1 pos r:ﬁ”g\ .zj‘: (G344 r\ 7 als r:.fun & Pos > C«.;\;S suffixarray 3

-(<w! suffixarray

YAY

[nvertSuffixArray(order)

pos < array of size |order
— 1

for i from 0 to |pos
posforder]i]] < i
return pos

LCPArray jleig :Y.\Y JS&

Data: InvertSuffixArray(order)

pos <« array of size |order| ;

for i from 0 to [pos/-1 do
posforder[i]] « i ;

end

return pos ;
Algorithm 24: Prerequisites of LCP Array

: LCP Array Y.\V

e Sl Lo string plas S & 3le oo I81-Y b & sl 4T luzyl LCParray 03,8 ol (51,2
- sl Sl 08 K order[ ] (smy Zol order] ] s Lo suffix sy oS o oles | pos
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5 LCP=+ suw, ,>1 4 orderindex S .ﬁgﬁ@x for Jsl & s,bLss Jb> F‘SL" suffix=suffix+\
ols for S 5 while G LCP 53 sl OISH i, S ol (51,21 ole oS’ oo suffix=suffix+)
2 LCP S ol pl o cleSs58 3 OISIY Lz .ol OISI & 555 o aelne )T > while ol

355 3L w15 oo & (Slads JS sl n5d (o0 (S (o (g 352 5b5 wali (oa sadz LIS a dlo e

s YIS] S

YAy

ComputeLCPArray(S, order)

lepArray « array of size |S| =1
lep <=0
posInOrder «— InvertSuffixArray (order)
suffix « order[0]
for i from 0 to |S| —1:
orderIndex + posInOrder[suffix]
if orderIndex == |S| —1:
lep <0
suffix « (suffix + 1) mod |S|
continue
nextSuffix < order[orderIndex + 1]
lep +— LCPOfSuffixes(S, suffix, nextSuffix, lep — 1)
lepArray [orderIndex] < lep
suffix < (suffix + 1) mod |S|
return lepArray

ComputeLCPArray :Y.\Y J<&
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Data: ComputeLCPArray(S,order)
lepArray < array of size |S|-1 ;
lep + 0
posInOrder + InvertSuffixArray(order) ;
suffix < order[0] ;
for i from 0 to /S/-1 do
orderIndex < posInOrder[suffix] ;
if OrderIndex = [S/-1 then
lep < 0 ;
suffix < (suffix+1) mod |S] ;
continue ;

else

end
nextSuffix < orderforderIndex +1J;
lep «+ LCPOfSuffixes(S,suffix,nextSuffix,lcp-1);

lepArray[orderIndex] « lep ;

suffix < (suffix+1) mode |S| ;
end

return lcpArray ;
Algorithm 25: Compute LCP Array

: Building suffix tree ¥.\Y

3 r:ﬁu;‘ 4L dollarsignl, rootc « Jsl Ji> .r.pJS <l.> I, LCParray ; suffixarray Lol &
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: Implementation of Suffix Tree \.¥.\Y
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Y.\Y

class SuthxTreeNode:

SuffixTreeNode parent

Map < char, SuffixTreeNode > children
integer stringDepth

integer edgeStart

integer edgelnd

Buildingsuffixtree :¥.\V JS&

Data: ClassSuffixTreeNode
SuffixTreeNode parent;
Map<char,Suffix Tree Node> children ;
integer stringDepth ;

integer edgeStart ;

integer edgeEnd ;
Algorithm 26: Building Suffic Tree

G r“ss“ ¢ o suffixarray Js! 3! J 'F‘“" 18 root s s (23 Iz s 1 root
23l 2> node 5 Sty b gles 51k 655 o5les wax

O \Y
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STFromSA(S, order, lepArray)

root < new SuffixTree Node(
children = {}, parent = nil, stringDepth =0,
edgeStart = —1,edgelind = —1)
lepPrev 0
curNode + root
for i from 0 to |S
suffix « order][i]
while curNode.stringDepth > lepPrev:
curNode + curNode.parent
if curNode.stringDepth == lepPrev:
curNode ¢« CreateNewLeaf(curNode, S, suffix)
else:
edgeStart + order[i — 1] + curNode.stringDepth
offset + lepPrev — curNode.stringDepth
midNode + BreakEdge(curNode, S, edgeStart , offset)
curNode ¢ CreateNewLeaf(midNode, S, suffix)
ifi <|[S]—1:
lepPrev <+ lepArray|[i]
return root

Buildingsuffixtree :0.\Y J<a
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Data: STFromSA(S,order,lcpArray)
root «+ newSuffixTreeNode(children =, parent=nil , stringDepth=0,
edgeStart=-1, edgeEnd=-1);
lecpPrev «0 ;
curNode « root ;
for i from 0 to /S/-1 do
suffix < orderli] ;
while curNode.stringDepth>lcpPrev do
curNode < curNode.parent ;
end
if curNode.stringDepth = lcpPrev then
curNode ¢ CreatNewLeaf(curNode,s,suffix) ;
else
edgeStart « order[i-1]+curNode.stringDepth ;
offset + lcpPrev- curNode.stringDepth ;
midNode < BreakEdge(curNode,d,edgeStart,offset) ;

curNode + CreatNewLeaf(midNode,s,suffix) ;
end

if i</S/-1 then

lepPrev « lcpArrayli] ;

else

end
end

return root ;
Algorithm 27: Building Suffix Tree

: Suffix Tree Order 0.\Y
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maxflow: and Mincut 0.\A
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Data: Given a Network G = ( V|, E ) with flow capacity ¢, a source
node s, and a sink node t

Result: Compute a flow f from s to t of maximum value

f(u,v) <« 0forall edges (u,v)

; while there is a path p from s to t in G_f do
Findc f(p)=min(c f(u,v): (u,v)

in p)

for each edge (u, v )

in p do
f(u,v) + f(u,v)+c_f£(p)
f(v,u) « f(v,u)-c_f(p)

end

end
Algorithm 28: Ford Fulkerson Algorithm [17]
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Data: Bipartite Graph

Result: Maximum Matching

BipartiteMatching(G)
Construct corresponding network G
Compute Maxflow(G )

Find corresponding matching M

return M

Algorithm 29: How to find maximum matching
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Compute residual Gf

return F = C & B

ImageSegmentation(av , bv , pvw )
Construct corresponding network G

Compute a maxflow f for G

Let C be the collection of vertices
reachable from s in Gf

not C

Algorithm 30: Image Segmentation
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- ComputerSpecs

Name

Manufacturer

Model

Oper

OperatingSystemversion

OperatingSystemServicePack

NumberOfDisks

SystemDiskModel

NumberOfProcessors

ProcessorName

ProcessorDescription

ProcessorClockSpeedMhz

MemoryMBytes

L1KBytes

L2KBytes

»

Name: IGORDM2 Manufacturer: LENOYO Model: 4291CBS Operating System: Microsoft Windows 7 Enterprise Yersion: 6.1.7601 ServicePack: 1.,

IGORDM2

LENOWVO

4291CBS

Microsoft Windows 7 Enterprise
6.1.7601

1

1

INTEL SSDSA2BW160G3L

1

Intel(R) Core(TM) i7-2640M CPU @ 2,80GHz
Intel64 Family 6 Model 42 Stepping 7
2801

16267

64

256
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PerformanceMeasurement. StatsCollection
Measurements

MEASUREIT .)-.7-

~ Dictionary <String,Stats> (2 items)
Value
new guid [count=25] - Stats =
mean=0.009 median=0.016 min=0.000 max=0.384 sdtdev=0.014 samples=1000
Minil -4.768372E-10
Maximum 0.384
Median 0.016
Mean 0.008735999
StandardDeviation 0.01432768
Count 1000
TypeOf(Guid) ToString() [count=25] Py =
mean=0,117 median=0.120 min=0,104 max=1.468 sdtdev=0.045 samples=1000
) 0.104
Maximum 1.468
Median 0.12
Mean 0.117496
StandardDeviation 0.04494942
Count 1000
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Linear Programming
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Agriculture. Diet problem.

Computer science. Compiler register allocation, data mining.
Electrical engineering. VLSI design, optimal clocking.

Energy. Blending petroleum products.

Economics. Equilibrium theory, two-person zero-sum games.
Environment. Water quality management.

Finance. Portfolio optimization.

Logistics. Supply-chain management.

Management. Hotel yield management.

Marketing. Direct mail advertising.

Manufacturing. Production line balancing, cutting stock.
Medicine. Radioactive seed placement in cancer treatment.
Operations research. Airline crew assignment, vehicle routing.
Physics. Ground states of 3-D Ising spin glasEes.
Telecommunication. Network design, Internet routing.
Sports. Scheduling ACC basketball, handicapping horse races.

Linear Programming s, 51 &b Je 1Y) S

\OY
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a Linear programming example .Y\
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100000 > 200(W — 2M) + 600M < xS ad5 595 53 Jyama Yoo S8 0 o
931 35w Vs S Jpae 2 o

:J:i:.a )}o:\mb)u) o d\jbélsjm d
(200(W — 2M) + 600M — 100W = 100W + 200M )maz <

t Best: M = 100, W = 400 [NB: A corner]

Profit = $60, 000/day.
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VoY ROW REDUCTION .1.¥)

No Solution .A
One Optimum .B

No Optimum .C'

N .4

Row reduction Y.Y)

Basic row operations:

Adding -\
Scaling .Y

Swapping .V

11 5_)115
2 412 022

adding : ¥.¥\ J&

ll5_>115
0 2|2 011

scaling :0.Y\ JS&
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115_>Oll
011 11/5

swapping :£.Y\ JS&

v r.“.i_n Jsas sus spllil g esle IS8 4 1y O¥slee Lus 5l Tow operations 3l esliwl b
r“gJ’ Lol s=bw r:;\).u

Data: RowReduce(A)

Left none-zero in none-pivot row

Swap row to top of non-pivot rows

Make entry pivot

Rescale to make pivot 1

Subtract row from others to make other entries in column 0

Repeat until no more non-zero entries outside of pivot rows
Algorithm 31: pseudocode of row reduction
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Summary

m Every LP has dual LP.

m Solutions to dual bound solutions to
primal.

m LP and dual have same answer!

m Complementary slackness.
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Data: Simplex
Start at vertex p
repeat

for each equation through p do
relax equation to get edge

if edge improves objective : then
replace p by other end

break
else

end

end

if no improvement : then
| return p

else

end

Algorithm 32: Algorithm Of Simplex
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Data: OtherEndOfEdge

Vertex p defined by n equations

Relax one, write general solution as p+tw (Gaussian elimination)
Relax inequality requires t > 0

for each other inequality in systen : do
| Largest t so p+tw satisfies

end
Let tg be smallest such t

return p 4+ tow
Algorithm 33: To get a new starting point code
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Comparing to MST

MST

Decision version:

given n cities, connect
them by (n — 1) roads
of minimal total
length

Can be solved
efficiently

TSP

Decision version:
given n cities, connect
them in a path by

(n — 1) roads of
minimal total length

No polynomial
algorithm known!
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Eulerian cycle

Find a cycle visiting
each edge exactly
once

Can be solved
efficiently

Hamiltonian cycle

Find a cycle visiting
each vertex exactly
once

No polynomial
algorithm known!

skeos 50 i D YE S



Yy

Shortest path

Find a simple path
from s to t of total
length at most b

Can be solved
efficiently

Ca.iwj ol Oj;yjj.} L»‘le....n)/‘-s:clb 44')4.7 Q. YY

Longest path

Find a simple path
from s to t of total
length at least b

No polynomial
algorithm known!

e 5k 0.V S

LP
(decision version)

Find a real
solution of a system of
linear inequalities

Can be solved
efficiently

ILP

Find an integer
solution of a system of
linear inequalities

No polynomial
algorithm known!
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Independent set in
a tree

Find an independent
set of size at least b in
a given tree

Can be solved
efficiently

NP, P _fils £.YF

Independent set in
a graph

Find an independent
set of size at least b in
a given graph

No polynomial
algorithm known!
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Reduction: A — B

instance [ of A

Algorithm for A

instance f(/) of B

Algorithm for B
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NP-Complete
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Independent Set ol cJl>=  \.YA

¢k Independent Set gabwws NP-Complete Jilue Jo (sl ol sadls Eoy &bl s
6l S Il s Ll ol o BB hiersir 5loj s s gl ol Sl s dis ool 35d 0

g S5 ) 4 SIS
Planning A i :;CJIM olsse NP-Complete Jluw jols Cl> dsei ol 6l S g
ool bt 8y Slage ol s sl sl o it b S 68 1l & « ol Company Party
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Y44 INDEPENDENT SET =l cJi= . ). YA

CERTHR

Move Safe :\.YA JS

sy sl | JieSy

¥y *

O(IT);
initialization;
while T is not empty do
take all the leaves to the solution ;
remove them and their parents from T;
end

return the constructed solution;
Algorithm 34: PartyGreedy

3sh ke Maximum weighted independent set in trees JS& 4wl co dis e

51552 15 e Node 035 ey Lb D0l 00 &

total weight: 18
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Yoo 3-SATISHIABILITY .Y.TA

max { w(v) + Z D(w), Z D(w)
grandchildren children
wof v w of v

Data: Function FunParty(v)
if D(v)= oo then

if v has no children then
| D(v) < w(v)

else
my < w(v)

for all children u of v do

for all children w of u do
| mi1 < my + FunParty(w)

end
end
mo < 0

for all children u of v do
| mo < mo + FunParty(u)

end

end

D(v) + max(my,mp)

else

end

return D(v)
Algorithm 35: Main code

3-Satisfiability Y.YA

Backtracking \.Y.YA
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Jhés bVariable ¢l 4 o35 geep 40 5 Sl alss | g oole bl 5 biolles 55 4 0u
S oo ol b Jlude \.p,f@)g s 4 Sl G e sl s S5 BB e o0
4 Sl (B 0355 Jsd BB slie S pans (2l 45850 - mase sl 5 g0 355 b G
s o & s g aals) a3 B 5 S ool |y S e il pslin 5 5,55 3 slos s
Sl 2555 65 by o=l s Vb j‘aﬁ*‘)r:we Sl 4 S (0395 Jsd S8 g0 s CiS5L 4

(")‘:‘6" syl
Goal : Avoid going through all 2 assignments

Example

I (aVxe Vs V) (X1)(a Vxe VX3)(x V X2)(x2 V X4) |

x =0 1 =1

[ Ge v xs v xa) (e v Rs)(%2) (2 V ) | (%2 V%a)

Sapmle Of The Tree Which is Made :Y.YA JS&

2385 Yo 5 s s ol 5550 4220 45 Mo o8 ol O s &0 (s 2l
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Local Search Y.YA

Ol ).YLYA
Lyl sles o s Srbsus 55 € olacs sl :Hamming Distance
Al S r il o ST Sl 50l slael 4o pans rtla.i sa 5, L :Hamming Ball

ool Assignments jshie @8ly 53 - Wpisoe Vg 0 palie & Cul ite galusS gl sl 5 ke

Example

m 7(1011,0) = {1011}

m H(1011,1) =
{1011,0011,1111,1001,1010}

m H(1011,2) =
{1011,0011,1111,1001, 1010,
0111,0001,0010,1101,1110,1000}

Hamming Ball And Hamming Distance :¥.YA &




Y.y LOCAL SEARCH .Y.TA

m If « satisfies F, return «

m Otherwise, take an unsatisfied clause — say,
(X,' VXV Xk)

m o assigns x; =0, =1, =0

m Let o/, o/, 0¥ be assignments resulting from «a
by flipping the i-th, j-th, k-th bit, respectively

m Crucial observation: at least one of them is
closer to 8 than «

m Hence there are at most 3" recursive calls O

Proof :0.YA JS&

N ¢l N/Y dobs 55 |, Hamming Ball oplpls wib i b o+ slass b i gl S
P VL b clsg i b ) sl 815 ol ol s el il 5 iSion by + sl b ke
Noate rl?'-"‘ Lo ol s rﬁxfw A



Y.¥ TRAVELING SALESMAN PROBLEM (TSP) .¥Y.tA

Data: CheckBall(F,a,r)

if a satisfies F then
| return «

else

end

if r=0 then
| return "not found”

else

end

x;, T4, T < variables of unsatisfied clause
at ol af «— o with bits i,k flipped
CheckBall(F,a’ r-1)

CheckBall(F,a7 r-1)

CheckBall(F,a* r-1)

if a satisfying assignment is found then
| return it

else
| return "not found”

end
Algorithm 36: Hamming Ball And Hamming Distance

Traveling Salesman Problem (TSP) ¥Y.YA

3 plaS a5l 5 xS 6 5,5 Node 51 oS s 533 JUs & 0l s b & ol (513055 JolS SIS
il ool e and (b 05y S Lol 53 S5L sl sl 4 5 xS 5 L G s Node

Dynamic Programming

Dynamic 3l olsige bl -(n - 1)! Cycles b cul 4l 08 Se 1y el ol 1 g r:ﬂui‘\
ZwlO(n?.27) by sbls 5,8 sslieu] Programming
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Y0 TRAVELING SALESMAN PROBLEM (TSP) .¥Y.tA

Data: TSP(G)

CH{1h1)«0

for s from 2 to n do

for all 1€ S C{1,.,n}of size s do
C(S,1) + 0 ;

for all i € S,i# 1do

forall j€S,j+#ido
| C(S,i) — min{C(8,1), C(S — {i}, ) + dyi}

end

end

end
end
return min;{C({1,...,n}, i) +d;1)}
Algorithm 37: Hamming Ball And Hamming Distance
)13 25 Do 4 SIS G (27 )b wspermans oW 008 S i85
k <->1i:ithbitofkis1

Branch-and-bound
ol @l do e 5 s . sl sl Optimize bl el Backtracking ss; ol (:3\, 23 Ly o)
oMo wls 53 s pdwd Sz a5 A STy 5525 (6 e U S50 S i i
035 Sz sl iz s 5 ams o0 sl 1 5 Ls o) w2t BT w8 0 0533 008 S 6l
Iy wbise r:f)jﬂ‘,g S gyl o 2SS e ol L5 e dlis ol 3 Slade o eSS e o]

LS n § 355 1y A s 3395500 by 0 dalsl a8 sy 0T 5) (g o 1 S a0



Y4 and>

Coping with
NP-completeness
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TSP Y.¥4

s G5 )LYYA

cr,wb aad 3y 4L Lass u*'L sl S el g5 035 Iy Gus traveling sales person dies s

2l i b lade 5l sad b s Sl S 350 &
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ey 3 gy oS & ol5 0 dynamic programming

dynamic programming Y.Y.Y4

45 S o o 52 1, s iy 31 5 Brute Force sy s 4 65 55 olos
sS 0 0227 L,

WSb S s sgmge o Wb 51 (S ‘rﬁxfﬁﬁﬁnt’ Vle ol sl aeseme 251 S S
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C({1}, 1) = 0 and C(S, 1) = 400 when |S] > 1%



YA TSP .Y.14

S 45@)%4:"(:5#-«\’“ LAL .. on} b sz 55w b
el S amlona Uy C(S{i}, ) ke s C(S, 1)

C({1}, 1) < 0;
for s from 2 to n do

forall1 S {1,...,n} of size sdo
C(S, 1) + +©

for alli S, i=1do

for allj S, j=1ido
C(S,i) « minC(S,1),C(S{i},7) + d;;

end

end

end

end
return min,{C({1,...,n},7) + d;, 1}
Algorithm 38: Dynamic programming

Branch and bound ¥.Y.Y4

Sygo opl 43S dag |y ub S § dynamic programming sy ol o Ghas ool 5 eslel b
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Metric TSP 0.Y.Y4

255 o0 olo g ol 4 TSP 31 Lols Il ol
1, 59,5 5 s b s S on G 0l s (e (55l 5 35 it JU oS )l Jlacer 2 SIS
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d(u,v) + d(v,w) >= d(u, w)

Sl B3I sl 5> Y-approximate I b TSP (38 g S
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vertex cover V.Y.Y4
e Co 5 AY.YA

o J 51 oS o 31 G S Bl o s o ol 51 amme a5 55258 JUis & o318 8l |
bl os S Sl

Approximate vertex cover 4.Y.Y4

o 2,5 Sl (I Sope & Ll JUs) S5 e 2 5 015 (o0 Vertex cover diws > 51,5
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C < empty set;

while F is not empty do
{u, v} « any edge from E add u, v to C remove from E all edges

incident to u, v

end
return C
Algorithm 39: Approximate vertex cover
)13 3525 matching b oF o S 5 s sas Ol b JU 4o gome ) M ST LS
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