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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 <- Deququq(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 AND BELLMAN-FORD ALGORITHMS

: Dijkstra Algorithm .5 4

Data: Relaz((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

Fads

v.¥
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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 dist/v/>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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S as VRS

Data: BellmanFord(G,S)
Result: Find Shortest Path
no negative weight cycles in G
for allu € V do
dist[u] « o0 ;
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
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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);
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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d(s,u) = dist[u] + I(u, w)dist®[w] =
= dist[u] + dist™[u]
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Function Process (u,G,dist,prev,proc):
for (u,v) € E(G) do
Relax(u,v,dist,prev)

end

proc.Append(u)

Input: Gt
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

v® « ExtractMin(dist?)

repeat symmetrically for v¥ as for v

end

LTSl aslitel Uy 6 5 8 o e 055 0655 0 sl ool 1, 6 bss mls SV
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Input: s,dist,prev,proc,t,dist™ prev? procf

Function SkortestPath (s,dist,prev,proc,t,dist® prev? prock):
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<— Upess

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;
PrioQ <- 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

cost[z] = 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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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 0

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) + Count.symbol(bottom
+ 1,LastColumn) - 1

else
| return bottom - top + 1

end

end
Algorithm 12: BetterBWMatching
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s i Gio B 5wyt g8 AL L o

alrfr[afcfefe]r]afa]c]q]

o ls 4 sl saal 55 Wl s o ccl ) of 5l gwsien S b e <2, S 5 Border
Wl gl il ) of 55 Bliias iy Ko S il 5wl <l ..uﬂrbjcm\ & gy
SV teSenwslizal 5 I3 dlas o 1 s AGAGAG €2 sbs sy AGAG 5 AG sl i3,
Lo Gl s cains Tl b gl G s ol 2 5 S5 sl XS s 05 S
DI 3525 ) 308 Cuand (5l 4l 51 S e s 0

[ [whlw] T |
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Function Prefix Y.\¥Y

0l S 1y 8y 0l s cn 5 Vsb e o el 4l & (2Sn o3 51 4T

o #hi| 5 | & | in] woea ol | )]

[ofofsfefsfofs]z]ofe]2]s

Prefix Function

el g39m0 )] ol S cl pl (el ¢ e Prefix Function b dal; ;s « (s 435 (rizmen
LI oo Tolg el ¢ 1 G s BLaI L L3 wplbon Gl sty S Tas dse s

254 3b3 sy S Prefix Function jlade 5558 bad e 30

Match®
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KMP 80| ) F el

OCIP|) .59, ;I8 & Prefix Function sl sl 55 38 93 5m op

ComputePrefixFunction(P)

{

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

Prefix Function 4wl :0 oS 4 s

26 S T

Function s wilezs oo & ) ol 0 5 Sl ) <ol ol sl Pattern Matching b 1

S oles ol sy » 1 Preffix

S & |7 |ela 5] alw|w]a [%]e] als]wE ]

lofefos]ofafa]s]afzfsfofs]afs]a]

ool S Jsb 53151 & 0T s Prefix Funcition luie < ol 4l aen cime ks 4 &5 5hailen

2sdasls Gl Wl (s s Sl olie

FindAllOccurrences(P, T)

S=P+ IIII + 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

Prefix Function 4wl :# S & 5
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B 0L 5 (580 welgd cuole, @
ol SIS S aslic] o

s@ﬂ&s@u woylsl e

Prefix TUNCHON (5 sevlons (§ 355 crigmans - 35eo oo KINP 2y SN i 4l izl s
e O(n+m) Sl Suzo L, QTLg dsles (g 0550 5 8, suffix array E‘Jw O 9 rw"’)?:“

(S 4esle |, prefix array b Il kmp r:i))ill Sl

S S oyl ey e b pattern ¢sls s gl Lo ¢ S ol (ol prefix array acwlse Jus
'“S skip s, W character ;| 2 (S5 F“S Sz 5, b character S5

T Ll string <SG s border segis b Wbl s

gl il 5l e b osuffix 5 prefix « Cows string 51 ewd string < border : Border
[prefixVsSuffix] .acS s>l Cole opl & prefixy suffix o)L e Sl

2553 Jsb b ol ol 516l i (s 6 1y & s sl 4T St prefix function cis 5
*.oli s €l b border

prefix function ;| <& & e JU> prefix function (3,5 aelowe 51 g - kmp ) I
function ol 4,5 « pattern + "$" + text : ¢ 4 il i String S oS ssli)
pattern Jsb b I, prefixFunction[i] 31« ‘g\jj\ (" i ol gl up !“‘i”“ dwloa | prefix

.Sl sal match « pattern S S (b

KMP] .s “43-?‘)'0&.:.] _\kap&a;\ejb%g;&ub‘d\x
Sant o

a8 asx o stringYopdf « AP amio & 5 Jol8 5 i Sles s 6l
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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 prefizfindez/== [pattern/ then
result. Append(index —2|PJ);
end

end
Algorithm 13: Knuth-Morris-Pratt Algorithm

: prefix function 5 4wy s J> 5058

text:ABABCABABC

pattern:ABC

solve:

ABC$ABABCABABC

prefixFunc : 00001212312123

: suffix array s, 5! suffix tree s, o

35 O(text*text) sl Jsere Sl s suffix tree s S lag sl sloy Sz

95 b suffix tree 03,5 g sl s <l nlog(n) Sles (Sagy b () S el J>
- suffix tree 4 suffix array Jsad sup 5 suffix array 3,8 by 1ol s ol >

kmp"
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: Suffix array

2 bl es STy 9y b suffix s 4o lulal oo Conns 6,80 string G sl Suffix array
6.:\.:« oJ B ﬁ)‘xﬁ ‘J ‘) JLL.:.A suffix &jffu index cQ‘JT).: E) .ongg,AJJA QL’L LJ)‘ ij L/“'L““
aiSe Jsb o(n*n) LK !

Sl e Cyclic shift & w1 3 (595 cuills rr;S«éL,é\ $  string > & Sl
s sorting cyclic shift « ladgl By, el r:;Ssort 1y soel S s\ cyclic shift ;!
e ren SUFFiX array oles 4 S SL 1 $ 51 any 5l character « il e gl S e

aba$
sorting cyclic shift:
$aba
a$ab
aba$
ba$a

ababaa$

a babaa$a

$ b abaa$ab
baa$aba

aa%abab

a b a%ababa
$ababaa

cyclic shift length of # :\.10 J<&

55 daxlye Stringf. ) Wl ¥o (6 amio 4 5 JuoSS Sl 5 5 0¥
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cyelic shift sorting cyclic shift suffix array

ababaa$  $ababaa §
babaa%a  a$ababa  a$
abaalab  aa$abab  aa$
baafaba  2baa%ab  abaah
aababab  ababaa$  ababaa$
abababa  baa%aba  baa$
$ababaa  babaa%a  babaa$

Suffix array :V.\0 JS&

S sl 5 Gy 5Pk ¢ el Ces 1y sorting cyclic shift ol Sl 61 J1-

0250 sort 1 sud o5l text b character la)

wal osort L=Y Jsb 4 cyclic shift JU>

S sort b (L3 51 eslinad L 15 YL Jsb 4 sl cyclic shift « L<length(text) < b3k
cecA=F-Y<- )

b ol olsie e st 5025 ) b b cyclic shift b Y 51 Y Jsb cyclic shift W « bl 5|
el J g5 Ssort ¢\ Jsb « cyclic shift b

sorting cyclic shift ol sasl Cos (§ 24d Oy 5e cyclic shift ui L >length(text) 38,

r:.S\“.,e sslewl count sort 31 s single character (5,5 sort sl; : Count Sort

abbcaaabcc
count Sort :

aaaabbbccc

r..i.» sort |, b single character ol s eslead b gasyl s 1y b alphabet slux (:3\, 35

;s
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cyclic Job ;L » 55ie  O(length(text) + alphabets) «countsort sl Sizw

log(n) = Lol T rL?d\ O(n) sbj Sazo bl ol 03,8 sort Lg\x.r,viw,“' o plp» Y1, shift
228 Jsb O(nlogn) « suffix array ;2> g rl.?;.\ Lot

et 5 ol 4 AcbeCedins S o gane Yoo my. Sl 54l sort Lo alphabet o wila: <S5
’ friw A5 s el gsSsort sl Sl s

[stableSort] :s5s 4>l 455 S & sort stable 5,50 53 asdlas 1,

: sort single charecter

(355 anxlyo string ¥\ WMl OF (5 amio Jbs & iy S 5 61)8
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its our alphabets

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

end

index = |S|-1;

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

end

return order;
Algorithm 14: sorting Charecters

: Equivalnce Class

ol s 43 Ci=Cj S 3 5ée ¢ 9% ¢l dindex 5l 'L Jsb « cyclic shift g sl ol : Ci

S Jsb @ NP equivalnce class 4wl gl Jb ais U.Alftjs <G 3l eyclic shift Gys

§ 3160 spmaa L3 4T J51s 558 4lona |, L Jsb 4 b shift cyclic g sl 5. 8 s
class[i]=class[j] s &I Ci=Cj . 3!
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Example

5=
6
0
2
4
5
1

8

a
$

babaa$
order = [6,0,2,4,5,1,3]
class = [1,2,1,2,1,1,0]

class :V.\0 JS

358 az>l,e string ¥ ) Wl Y2 (g amts 4 LSS Oles 5 6l

page V# of string¥.\Y
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LCP 40, 5 4oy (55 30 41,1

\WA/NV/YE = fon |25

643”&."’_)5‘34.;"_)’{’.?%&&0_)‘93 \.\f

B 3 S o * sl anny el all i @y S sl s fen 51 slal)T 500 gy &1
gi;k L s Q.J\ 6“’ (_Jl:. 3 gi.“» B S ol Lﬁ‘ ssls olasle EP g S35 Sl oals [ESvV} (Y

il 55 S 4 S = "ababaa$? / @b, Wi o] Jle plie 4 Sl aid ez g

$

a$

aa$

abaa$

ababaa$

baa$

babaa$

Suffix array: order=[6,5,4,2,0,3,1]

character™

AY
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1+2+. . .+|S1=6(|S|»)

Sl Song Bl 5l 55 8T 01 S 6,53 0w O pme |y (55 alabls 3050 ol (5 a0n 3.5 <3,
O([S]) :b el 1

(512 e (505 5y bl Colasgms 4 J

Gy al cxle VNS

Gy ool o Wigang 5 oS £ 9,8 S U5k b ) Sz O ot S sl Spo ol 4 S0
oo ol 93 oo ool 53 Jeolo (S Usb & (ire ol 4 oS 2l 90 L (252 sb Jbc S
el st 333m 655 s 3| 5555 o s o onn aabl ol 61y Jue el 3
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partial cyclic shift
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il b 75 4 e Dygo 4 4 0)ls dose wir g5y wliT S L
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sort single characters*
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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 |¥|-1 do
count [j]«—count[j]4+count [j-1]

end

for ¢ from [S/-1 to 0 do
c Sli]

count[c]¢ count|c]-1

order[count[c]]« i

end

return order

Algorithm 15: SortCharacters(S)

6})‘ - dLb U.ALS Y.Y.\F
s,les &ls 31 S 6l partial cyclic shift cw ¢; (':3‘3 38 r««i«a o, |y ¢ slade S opl s 9
WS 3 5 Jla @ gsme sl Lidsb 4 g oud g8 sy s 0 is

s=abcdefghi

co_s3=cdef

Equivalence classes!
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LCP 4] 5 4og (sigmy ¢l 15 k>

class[ij==class][j] s 2L LSS 55 @dej\vmwuf)\.&e wb ssg ol p r,a:\., ¢jse; S\

:%;quxjdm@@b\ﬁﬂrmabw\u.S\cS

s=ababbbba
L=
cop—o=ab
co_o=ab

Cpo=C2

2

class[0]=class[2]

s=ababaa$ :els,ee 23 ¢ € glr g3l oo oyl 6 aloe 4 J

g > N O O

3

b
b

clss=[1,2,1,2,1,1,0]




Y LCP i/ 5 4y (65 al] . 1F 4>
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Data: S,order

Result: class
class < array of size |S|
class[order[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)

Lol O(IS]) s el (612 olos s

sdd gl 93 A b cad S TS

bdols gl ey oS 2l 50 b G252 Jsb dose o s r*-‘fw-’v ol sl o shiles
Y.A\F .aﬁﬁ@f&)‘gu&éu\wM&@\;}Bq%hcﬁ&gﬁﬁ

358 o gloy )by s (5 5 wten sad e B gl Lend Sl s ol ¢ 0l

C

Bh

~ o~

Ci=CiCitL

N

1S 085 5 Jle

Sort Doubled cyclic Shifts®
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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)



i\ LCP ¢l s g sitipmy <] 1 0l

Ll O([S]) s el gl o o

33 e PN suoe delne FLYNS

23 b i e sl €ty bl 5 | order bl i3z sk 0t e 95 b s ol
Cooed al 3 1ems S sl o o U @ L LTl 55 Cend ) o o385 iy o ol
S dlie | win o Sl 51 Jols St iz b wBly s (S s ) b s
L g oiSem o3liil J8 s (g30) o0 oMS i3 51l gy (ol Sl 5 Slay B 51 Sl )
s (LS5 gle a3l o2 sl WS Lo il (5o e oS (S el ) 0 gl 2o
woe sl WS w8l L85 05 bya 31(Q1,Q2) 5 (P1,P2) Sose oy b Cis S| azs al
Sl 2l r‘“\e L@TJ@L’

(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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S s3lial s 0 4t 5l bl cl c3 L sl

Data: S
Result: order

n < |[newOrder]|

newClass <— array of size n
newClass[newOrder[0]]+ 0

for ¢ from 1 to n-1 do
cur+— newOrder|i]

prev+— 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)
sl O([S]) s el gl o o

S Ao g T csle OY.NF

o sln st Jole 5 sy5m 4l 6 (S ool oS, LS @l Feds & Lol 5l JEpS
)y Jsb 51 L &S min dalsl oo B 1) 0S4t 53 0as skal 4il> eSen szl 5 oS 4 51 gl
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S ful

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)

ol ol €8 8 S s plge s Gaseia S U3 Jolm v 25 b oS ol gzl 0Ly s
O(IS] log [S| + [X]) 3L
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LCP ARRAY Y.\f

St Spi 25 sk s bl ool (0l b dog Gy S L3l (gl S (K00 08
b gy 52 S8l 0l 4T sl 0ol [S[-1 5 3l 4 (ol T s ) sl v 71
s S5 ol 3 suipay all ps S w055 olon 4 b Wgey pldiSn 555 (Gars Lgey

sl

SSsml L¥AP

G T30 3 s b ) 554 (65 e 9 5 Sl (o is U Cand 5 (G 5y icsl
G sl ) 5 0 S BLSN (gl S BLON s (5 oy 4 5 wiSn £ 9,3 S5 5 ondsl Sl 50
25 Jsb S1553 5l Jb of & STal Spo s o wips anglin C3s 5 50 slo JU L il b
23Liad LOP s bl 31 olin Coond opl j33sinn G aslio 61 6305 olos wsl SYsb b <t
B (gl aglin 455 5 35l 5529 b 2 5 Sl slass ol ol 53 § g0 ol 4 S
s of 3 5 €lS I Gas 51 OLaS1 28 ol 3l S22l T L o b s el B s 4 s

S 4oy 5 Jle 4 33 LS

suffix tree :Y.\# JS&

suffix tree™*
Longest common prefix'’
suffix array*
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)]

= 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]

LCP 4l 5 4lrs  Y.¥\F

S O(1S?) Sl Sz b 538 sslimal (55 95l 5o 2,80 51 olsin 4Tl (5 wlome 512
JJM w;: @vjb hdS.x.:.Suojs r.‘.‘i?“ ab\.ﬂ;..w‘ e.xi‘ U‘i\J‘ g;&f» &‘;9‘ 6\;: E3) Lﬁ‘J\C“‘"f 4..:\44
Bgio 5 SVsb i paail i) 4 by e Wigmy s ol s of sam Lgeg 3 S om Syt

.l h-1 ):"J:’ JB‘» QTd.Lg .ij Sz BSJ:...LA
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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
Silxa sl I3l imen [algorithmsOnStrings] oo assl e 55 Col 4 i asdlas gl .ol
[ST] v\r—ﬂSl’MLﬁZAA Ld Q:v‘): ..\:4‘)2.:4: ‘) Ji.: (s (5\J.’ s aali!
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SuffixTree

WA = Jae S s

s ol

Cuils o(nY (sl aloa 53 &S 3.8 S suffixtree cog i le 3550 3 €25 Eola s

st SOrt ol (sla SUFFiX (5 4on &S 355 0 ¢ 9> suffixarray o>l 51 oS 1, ol (25> 0 5

Sl ams e ST 4 B b ol s 55 a8 on sOTE L LSS G an ol dlo e s 2

o OB sl sl o S Ol 5l 6! Q\JT‘S‘.::’;L‘: LCParray < suffixarray 31 Cus s eslil

s Suffix g5 ¢ SUfix 55 (5 amslin 5| am &S sl ol S8l SISl .ol (B e Sy suffix s
) S slge L8 LCP oleslS] sl shaws J8las 558 o auslin &

LCParray:;lii,

b oLl zsl walys o 5 osls SURFIX 55 .l (o0 ol 58! & LCParray Eonse sls! 3

G 5 ki sy5e suffix o)l equale olse 4 S slgn (L3 LCP il 16 slba (63555 oS Ol

oo A 35is e 155,038 o max(+cequal) ;s |y LCP Jy) i Jool string 5 j 51 ¢lsn ol

L3y ool - LCP=LCPH) w50 »l S1eons 2ty string Jsb 51 isj gam SLE S 850 b o S
C XS TRt § s ol &S s (S S ayls aals) 285 b
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V.Y
LCPOfSuffixes(S, 1, j, equal)

lep «— max(0, equal)
while 1 + lep < |S| and j 4+ lep <
if S[i + lep] == S[j + lep]:
lep — lep+1
else:

Sl

break
return lep

LCPArray jleig V. \VY JS&

S r:.»\jsu’ r_pls Iy suffix ¢ 9% index &35 o5z r.:)‘.) 5L = 503 e SO W pmen

Ceys b position sl 4T < ol 5L invertsuffixarray <G 4 g Lﬁﬁji‘s o)7L text 5
()5 0l iy cnlsiy S0Vl 5158 o+ Jlaia o) £ 6l s w8l £ Ul suffix S Vo i s
oles ol 63553) : oS Sl als goas 4z o # s 028 (e sISS pos s S suffixarray s

-(cw! suffixarray

Y.AY
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[nvertSuffixArray(order)

pos <— array of size |order]|
— 1

for i from 0 to |pos
posf[order[i]] i
return pos

LCPArray Lo :Y.\V JS&

:LCParray

el ol string ploa S & sl (o IS1-) sk & sl 4T Lol LCParray (5.8 Cles sl

§lr Sl O S order[ ] xSl order] 0] 5o b suffix ax oS o Olus 1) POS e
S o 2l | nextsuffix suffixarray.Jb> s (256 ples 558 o ol pos wx suffix. § o
(3 0 ,1,8 LCParray[orderindex] ,» » F.SLS» clus |y 53 (ol LCP 5 <ol ol sz suffix
S J‘>T « orderindex 3| .rﬂaﬁ o for Jsb 4 o,bs J> r*‘sw" suffix=suffix+) czws
s 5 while 3 LCP s -l OISI 8 i) g2 03 oS o suffix=suffix+) 5 LCP=+
S opl o cleSs5 o OISIY Lz .Caul OISI & 555 a aclone o] 5 while o & s for
Sl (oo & (Slads JSolas 553 (0 (S (o (g 253 5bj walss (oa sz b IS (oo doe p s LCP

e YISI Sty 555 505

YAy
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ComputeLCPArray(S, order)

S| —1

lepArray < array of size
lep 0
posInOrder < InvertSuffix Array (order)
suffix < order[0]
for i from O 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
suflix « (suffix + 1) mod |S|
return lepArray

ComputeLCPArray :Y.\Y JS&

: Buildingsuffixtree

s 43! dollarsignl, roote « Js) Ji> .rfaJS ole> |, LCParray s suffixarray bl &
P r:‘fw add |, suw suffix s (22 (<! root ples <)+ CL&:)\ & s Sl LCP=- r:.S
LCP ;| S Goe SYL \.:JUA ] gans > sa S oo LS ol slesl & o |, array suffix sus

+ g

suffixtree: (g5l o2l
RIS node s Sl linkparent rﬂ)\:j\:} oTAg ‘66‘ aaxls O:‘J}‘ Sy 4 O.“..éJ UL LS‘J:‘

Gea,_.’asrh \)&Wf)‘iw&dwj‘;s)gwb‘ﬁ dictionary <G s I, Lh‘t.guWr:S
258 o0 ol S x edgeend Sl 5 353 o0 95 S5 Sx edgestart oS

fAY
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class SuthxTreeNode:

SuffixTreeNode parent

Map- char, SuffixTreeNode - children
integer stringDepth

integer edgeStart

integer edgeEnd

Buildingsuffixtree :¥.\Y J<a

¥ r"‘su“‘ ¢ 9 suffixarray dol 51 Jb- 'P"v"’ L8 root s (23 (s I ! s 1 root
e > node 5 (oS b ples 51l 655 o5l wa

O \Y

STFromSA(S, order, lepArray)

root < new SuffixTreeNode(
children = {}, parent = nil, stringDepth = 0,
edgeStart = —1,edgebind = —1)
lepPrev «— 0
curNode + root
for i from 0 to [S| — 1:
suffix + orderl[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 — eurNode.stringDepth
midNode + BreakEdge(curNode, S, edgeStart, offset)
curNode + CreateNewLeaf(midNode, S, suffix)
ifi <|S|—1:
lepPrev < lepArrayl|i]
return root

Buildingsuffixtree :0.\Y J<a
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:Suffixtreeorder

suffixtree ;o> 9255 o0 rl.?r.‘.\ OISl s L3> e s suffixarray s, 5| suffixtree x>
sl ISOGISHSIHISI b il oo oyle L5 sl O(ISloglSI) lul 51

i ke IS
£.\Y Flowinnetworks (\ :,; Eolw b «d iy b ‘;4_,,11\ £ o

1 - AEF cucha i checid

AR sy o e |-I 3 MEF equeet B perd
—
h

T IF pach e
l——

Flowinnetworks :£.\Y JS&

Y-\Y Linearprogramming (Y
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#
X2

20

i Corner Points

L i

EN = %1

Linearprogramming :V.\Y J&

A-\Y NPcompleteproblems (¥
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e ENETTRE WEDE COWEr
Frodsdam

Example Shoros Fal
Froddam

This diagram assumes that P 1= HP

NPcompleteproblems :A.\Y <&

CopingwithNPcompleteness (¥

Streamingalgorithms(optional) (&

AV auls
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“'é‘)fJ-’ ob =

VAT = S i, i dans
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(flows in network): & ;3 b= V. \A

s
e Sl 51l o Casyione 5 oS €S 31 I Ly e ol by ol s S
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Total:
8000/hr

1000/hr

1000/ hr

5000/hr

5000/hr

network :\.\A &

network Y.\A

A
1S gl 4585 4 cusl G (directed graph) ;s cyx BI85 SG ts G :(network )i

s g asls polais (Co) Cud b ol & Codia i (5luie e ale g T JU 2 4 )
)15 (source)lass by i LSS sl WY

-5)ls (sink)aais oly i LSS Y
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1000¢hr

1000/hr
1000/ hr 1000/hr

1000/hr

2000/hr

2000/hr

5000/hr

example : Y. \A JSs

A >

Cule db p 4 dd> sas S olanz) GBI S 5 ol e S (flows-traffic) sl -0~

S Bae 5 Lok s Sl eS¢

(rate limitation) :wls € wle & Jb o gl -\

(Y-\A)
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S>ofe= > fe (Y\A)
(

v) into (e v) of out (e

A ea b el o & 2 5 53535 b 0L fseme 2l sx 2 (conservation of flow)

sl

Satin jome sl asls OIS sl o5 sle flow 51 <G el

flow example :V.\A S

S Tl 5w oy SLS Y ol shr (s 5 om0 bz Slaie A GIS s s

YL JL sl 0Lz Jhie B OIS 55 wss 2ae 0Lz ol g e sink 5 sOUTCE 332 il !

b e 0be Sl 3V byl s 4en C OIS ol b b5l iy 553 a5l target 4 oS
el o3 S Cole,
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example flow : ¥.\A &

: Flow Max ;| sl 35,5,8 o

s JB 5 Jom 6 82 s S5~
90 bsh> 53 295 5 630 0L -
Sl dy s ol -

QJJ:.'..:‘(_;@ -

:(flow size) ol s o3l

55 or S 5 Dogo 4 Ol 5 ST ol Sl i

fl= > fe= > f (¥\A)

source a of out (e) source) a into (e

fl= > fo= > f (£AA)

sink a into (e) sink) a of out (e
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(residual graph): sl5lesb &1, Y.\A

§lm > b als 5555 target « source 31 oo, lgTSr:;S\.\:.; wU ! flow max s sl Cews & 1
5,8 eslit) DFS L BFS 5l gl e 58 (!

[All capacities are 1]

graph :0.\A &

XU el sl flow max YU GI1S s Jls 6l
Sk s 1y 3 SIS Kos Js 6l

graph :#.\A S
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VLol e ol s et Sl o

graph :Y.\A &

558 el gy St 1y Slahe ) oS Ly Koo ol S S0 s

graph :A VA S

OIS U8l gy gl a2 wals ) 0l 6 i (S BN BIS G 1 0Ll S
ey Sygo @ '.:‘5@ abm‘a.ﬁLo.:SLg
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graph :4.\A S

58 5 Uy by oloa ol oo BILS el 5l szl U

55 Cons 4 D50 ) 1 Grawledly SIS ol on sad w3l fol o K 5 GOLS G o)
S BLo) (315 0 o (13 B T Jb 6 S BL1 b ol 535 0bz & sl (o ST AL 2 )
035 JuuiS gl oo Sz 0 Js b b plaa L) oJLig;L”‘d‘debé‘:’ﬁé‘J“iﬁrrisd
b Jb Gr Ge G185 e(u,v) Jb o sl 1508 (ol ¢ oS o0 Lol aniledl SIS 4 JL o
2l 1y 25
Co=fe S A 5 o Ce- fo b b Lveusl Jb o)
fo=0 8 A s S fo b blbuavildh Y

el o (5 0Ll @ by e ol BIS 5 0o G bgyie YL GIS e 6l
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residual network :\+.\A JS&

:(residual flow) swilesl oL =  T.\A

folz 4 w15 a(esladl B1LS) Gr sy g ol o s&T et sl | F ol e 5 G SIS S

Sl 65 4 ol G s ire 0z S 58 o 0l 5 352 BL2
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Q[‘.s‘]? J;b.x.h\.iw 0\33@6)}2 QL«.&:}C«»\ sl oals QL:.\J O\if}b@"x}‘}g&): :JGs

ol e ol K 5 s

3/ 3/5

residual network : ). \A JS&

T sl st ol Gy g obor 5 0l s Fobz 5 G OIS 31 i

sl ol OIS 695 0L S fHg )
|f+g|=If|+lg| -¥

:‘:’t:'j‘

fe+ge§fe+(ce_fe)zce

Y

fe_ge fe_fe:O

=>So f + g is a flow.

maxflow: and Mincut 0.\A

UZ’.‘ 6‘,3 '\“’Jb | 4.:...2.:; o.\ATC;wn: @ QL:“J? &.u“‘ ua.:;uw“d\j Lfa"-} L (S maxﬂowosﬁ\.xﬁ 6‘J=’
r:‘fw ssliis) maxflow (g s3hal 03,8 s9ame g1, ol oSG 51 she
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(cut):
64“&‘&456‘43}?4:’ :}.Z@A:jfl.bwbj\‘_g\quC(Cut)ui:):sgfu_GJ‘deb HEP e
il (or s & 2 Do 4 G S 5 03l il L sink 1 phSas Jals 5 5L b source

cl= > C (8-\A)

Cofoute

&:MN‘/\”’LJJ\JfJ:’J Jg..ijb Cllt(_; b)‘..\.'\ dl:.o (5‘):’

h 4

residual network :\Y.\A Js
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1+2+3=0.

residual network :\¥\A Js

1ol C i o 5 £ ol o sl s8T aal BIS K G S (25 14

|f] < MaxflowMax flow < |C| (#\A)

sl S & maxflow (sl Vb a> G 15 oo oy cnl b s Sike
:r"')‘: G IS o gl anas
max flow|f| = mincut|C)| (Y-\A)
el S el Ll mincut g o3l b maxflow g o3lal oo
:(maxflow=0) s&T w5l Liw L 41, maxflow S

.33l 35> 9 sink « source ;! Gt g2 )

JCJ=0 55T wsb source 51 s BB ugiy s 4c 500 C 31 .Y
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flow 3,5 by (5o 25

VRV = g oW ]

st oW ol Lo st 4 2 S s 5 (b s \YAA/YIY fge o1\ A o3

Ford Fulkerson \.\4
| C))}.ﬁ U'i‘ @ r:'l)Jﬂ‘ Gks‘_g a..\ﬁ\

sy )8 jao |y ol flow .Y
WS olsl flow 1) S WY

s dalsl aals Qlﬁ\gbjsgtjﬁzyﬂdwﬁzgtgl?bb Ysd>p ¥

Wd’lﬂl‘hibw r:.i:n sl der:\.:J)i”)‘ d’J‘Ja’J’J’:“MU’;‘HG‘J" F:J"))il‘ Ui"):

S Sy 55 4 1 BLS sl 0Lz alis e G 0Lz 095 g )

AR
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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) <« 0foralledges (u,v)

; while there is a path p from s tot 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_£(p)

b

end

end
Algorithm 23: Ford Fulkerson Algorithm [pseudocodewebsite]

¥ step ;Y.\ IS Y step :Y.14 \ step :\. V4 U

pseudocode™
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VY step :\Y. N4 s ) step VYA S Ve ostep VN S

Network Network

V¥ step :\FNA S VY step 1 VYA S

[visualizationwebsite]
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xS lawy | integer o ly> Ladd .\
e O(IEIFY) 31 53 55l .Y
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Edmonds-Karp r"i);*” 51 esla!
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Lo ‘.:wﬂ\ ol sl el bl dfs sl 4 bfs (g sslin )58 r:wil‘ L r:wﬂ\ ol G s
280 Dy Sz s 0l sl 3l

O step 11414 U ¥ step (VAN s
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+ Applications Flow Network

Measurelt

VWAG/Y/A = cier] aabli
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matching dormitory :\.Y+ &

ols 5L 5 JS8 & pidy 50 SIS 4 dlis ol > 6
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s oo O] sty 93 SIS ke L)
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Bipartite Graph :Y.Y+ S
. P
SIS s ol Y.V

o5 IS8 Sl b 4 5508 Sita e I 55 e S Ceoln JU 3l ) ke s0mn ¢ SIS s 3l
U OLES sud asls J\;)‘\ Iy sols

matching :¥.Y+ J&
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B sl s > gl s ol i 55 GBS K il sntils 5 U1 o bl ool s> Jlon s

Lis 15 36l e g asl cals GbI &S Wb Lais 2ls o 15 cwlo |, 1,8 Matching lea b
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5 g0 Jo Gl 5 du 53 BIS L Sl Llao 650 5 55 25 5550 9

Match Making Y.Y-

S b kb sje o oS3 Jlal osb b s 5 05 olamS o S Sl Dol 4 dis )

2L (‘match )l 50 SO b kb o) 5 0

2\\.

!
!

Match Making :¥.Y+ JS&

Scheduling ¥.Y-

OJQ"L’ Mt.sf WQ}‘:’ @J\;fumuﬂ%s&“ﬁ Sl L;:‘La: U S0 MLJJ Lo cdins Ui‘
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Scheduling :0.Y+ JS&

i 35 BUS 51 U slass Sl | matching 2l 658z il on J ol s 4 Il
$SpS oy i

Find Maximum Matching 0.Y-

:r:‘"SLSAr"‘U \J&MM}JJ‘;L}&;"}J&AS';QP\

Step)\ :£.Y+ S

WL Vo Ul Jb wes Sz S o5b 0 oS (o0 et gz b JU (612 IS5 G las = stepY
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StepY :V.Y. S

S oo L) Target b aais 5 Source b luw olsis 4 (ol 55 JS5 sl = step”

StepY :A. Y+ IS

ﬁ‘fsn

Step¥ :4.Y+ J
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Sﬁ)j@cm.g I, Maxflow oles b ol ep st ad €S gl Kt oo s ol gsllan JUs

rb.k.ﬁjw.fb 3l JU G Lis U gl by ae &0 oS s ool 6.l ol matching s3ls) b luie
S flow e bl @ culnloesls 35 Vgl (ol 6l Cossas ool 5558 3 w15 0 JU S
Maximum Matching U MaxFlow < Cawl s s 4 oSAlL r.p‘b matching Jslxe

1wl 3 Oy 4 50 matching oo S g r:.._)jf.ll

Data: Bipartite Graph
Result: Maximum Matching

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

Find corresponding matching M

return M

Algorithm 24: How to find maximum matching

wes matching 53 el G b 0T ol 6 oo JU o il oo Ces & S maxflow bl

g Wl 55 Dygo 4 D

Flow :)..Y+ JS&
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Matching :\).Y. JS&

Maxflow-Mincut ~.Y-

4 sozma 93 S5 @olka LS ol g1, .Cl mincut 3,k 31 maximum matching 8L Sos ol S

ﬁgw%ﬁ”Y}XuA)

X

Maxflow-Mincut :\Y.Y JS&

95 s3ugs BLS s cut Lo 5 5yl Jslas cut <G maxflow s « r:;SUA lay maxflow 8,

cut =56 sl ol 4 b oS g mincut pdse o Vs Caand S5 5 U s Cond G eyl Cnnddd
cut o3l 3 IS solles 5 s cped w0« Sl Jozie Vs cut S5 slo by & b el faie U s
50 maxflow sl Y slo oly slas b skoes X 526 SU sl Ll slass gsaze b el ol

o)
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w

S

X \‘OY

Maxflow-Mincut :\Y.Y+ JS&

Konig’s Theorem V.Y

3,05 3575 5T ¢« wsl maximal matching +3ls! k S sid 95 SIS a0 > Konig anad b
o 4 gomn ol 6o ol 51 (S a0 b ol oo G JBlas G186l U aon oS Ll K51 5 4 sazme

(355 5o S 35 Cover Set b uly ool a5 gam0 4) il
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O

Konig’s Theorem :\¥.Y+ &
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Imagze Segmentation 4.Y-

(3 pari3 o 5l L foreground 5 background el (oo 5 wies (oo Lo 4y 59l G dlis ol

Image :\0.Y+ JS&
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V- PUUR VRS ST WS 45‘.«5‘.‘.‘.9.; foreground s background «<ws 33 4 |,

Zaﬁzbv

veF veB

el L 5 Jsse Jla 6

Example :\7.Y+ U

foreground 4L olbsl Bnola S Sy o sl aislme JB oy 4l Jle ol 5o
Zul background & ge ol 2 55 5 Sl

JeSi ) 4 D b s I aaitio (S5 L gl S Sl Sy 2 S (gls Sy Ko i

Pixels :\V.Y. S
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S oo (SYL ke 5 5 ol din J 50 2850 6l

- va+zav+ Z Pww

veF veB veF,weB

S parin 1y OF b O ) 353 (on i 5 Sl 4 5 08 0 il i J1

Sb+d at Y. pw

veF veB veF,weB

Sl I e 53 5 S i 53 1y s oSyt oo 5 058 o o 6 Lo 51, alis Js

2 ol mincut G,k 5 sls oo | dis ol ¢ F,SFM...« I
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va+zav+ Z Pvw

veC vgC veC,wgC

o 31 52 5 Sl Fassame oo Sl clit s 4] o S sy 52 4 ol 4 D0l 03
a3l o0 B dsgeze ples ¢l cut
-L:A:JLSA \)&uwow| J} &J}Q‘M‘b‘)z

ImageSegmentation(av , bv , pvw )
Construct corresponding network G
Compute a maxflow f for G

Compute residual Gf

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

return F = C & B = not C

Algorithm 25: Image Segmentation

Measure It \..Y.

oz oo measure it ) (g Dl 4 wbsl

oS ankd U jgis o dCol sy Laly ool ps caiSag 1) 555 0L wiW s Ysens b developer
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S o S8 b o 4 b 028 o sb Sbj G a2
developer & <uaj ol 13 bl sass >, Vance Morrison Bl g S el 6,13 Measurelt
[ Ja8 516 adb ) g xiw ol ReaderWriterLock o oliws Jls plic 4 a8 S
25 IS s el Jud 51 6,50 OleMbl & ol5 o Measurelt 51 sl boacS sslinal sslu gsle

::;‘wa)h:}éu.u“'

- ComputerSpecs

Name: IGORDM2 Manufacturer: LENOVO Model: 4291CBS Operating System: Microsoft Windows 7 Enterprise Version: 6.1.7601 ServicePack: 1 ...
Name IGORDM2

Manufacturer LENOYO

Model 4291CB5

Oper Microsoft Windows 7 Enterprise
OperatingSystemYersion 6.1.7601

OperatingSystemServicePack 1

NumberOfDisks 1

SystemDiskModel INTEL SSDSA2BW160G3L
NumberOfProcessors 1

ProcessorName Intel(R) Core(TM) i7-2640M CPU @ 2.80GHz
ProcessorDescription Intelé4 Family 6 Model 42 Stepping 7
ProcessorClockSpeedMhz 2801

MemoryMBytes 16267

L1KBytes 64

L2KBytes 256

Measurements

Key

Value

Perfor manceMeasurement.StatsCollection

new guid [count=25]

TypeOf(Guid). ToString() [count=25]

mean=0.009 median=0.016 min=0.000 max=0.384 sdtdev=0.014 samples=1000

" -4.768372E-10

! 0.384
Median 0.016

Mean 0.008735999
StandardDeviation 0.01432768
Count 1000

mean=0,117 median=0,120 min=0,104 max=1.468 sdtdev=0,045 samples=1000

b 0.104

" 1.468
Median 0.12

Mean 0.117496
StandardDeviation 0.04494942
Count 1000
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Linear Programming

AR/ YF = gl 4abli

OV gemma 208 s game dslas (g3luss 5 Jsgze (g3lats Oy gms WS dliesLinear Programming s
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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 glasges.
Telecommunication. Network design, Internet routing.

Sports. Scheduling ACC basketball, handicapping horse races.

Linear Programming 5,18 51 s Jte :).Y) &

AR
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a Linear programming example .Y\
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100>M>0<:ri)‘:o:..ib:.)&\"w .

W>0<:r4”)\b)§)k§o‘ﬂ::‘)¢ﬁg .

W > 2M <= s,ls 3L S8 g5 w0 05 S, 6l il n @

5 uSn a5 59y 53 Jgame Foe udle o o

100000 > 200(W — 2M) + 600M < xS ad5 595 53 Jyama Yoo S8 0 o
5353 55 Vs S Jpae o

355850 350003 Vs ao w55, S8 a0

(200(W — 2M) + 600M — 100W = 100W + 200M )max <

Best: M = 100, W = 400 [NB: A corner]
Profit = $60,000/day.

M

150
100

50

0

SVslee Slaged V.Y S

Sly= b Cursy V.Y
il Oy po dw 4 Wl gue SYslre Olg

No Solution .A

One Optimum .B
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No Optimum .C'

A B C
/
N
Ol slo Comds VYY) S8

Row reduction Y.Y)

Basic row operations:

Adding -\
Scaling .Y

Swapping .Y
115 _ 115
2 4112 022
adding : ¥.Y\ J&
1115 _ 115
022 011
scaling :0.Y\ J&
11|56 _ 01
011 11

swapping :£.Y\ JS&

)

[§ r:.S:.o St suis splull g esle IS8 4 1y O¥slae s 5l Tow operations 3l eslinul b
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RowReduce(A)

Leftmost non-zero in non-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 wuntil no more non-zero
entries outside of pivot rows

pseudocode of row reduction :Y.Y\ JS&
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150
100

50

o] 100 200 300 400 500

W

Gl 00l c;b a_,fé‘g) XY C’B)‘Aﬁa R :Y.YY Ji.l‘

s S 53 XYY

saib v T F v me + L+ U, T, SO c_\: S [linear_programming]
ol S 4 OVslanl s ol 03, oS5 1 ol (o S lone 1y 0 Slaie 1 S nl g3

a - lanxi + apxe + ...+ aix, > by

V
o
3.

+Cm - [amix1 + amaxo + ...+ amnXn

AY

WiX1 + WoXp + ...+ WX,

w;, = Z Cjaji, t = Z Cjbj.
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Minimize v.x

Subject to Ax >

Maximize y.b

Subject to yTA=v, and y>b

sl Ci g el > 6 (635050 s 5l S Olgr alin o 5805 5 Jh> aaliy
S d- 1 ol o8ss o515 oo
Yl g alis sl
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Z C. max(c, — cw, 0).

e=(v,w)

> C.=C|.

e=(v,w),veC,wgC

[diet_problem] ;1i o5 (s a1 la ool ¥ S 2 00,8 Iy dolae o 180
Py i 00 Sl e Cwd S g Sly s SSip Ol B8 a5 el e 5358
A s Siasly Vo (DUSE wsly & ol 4 Jlas sdie slse 3l aalys o 5l el i A+ S
oMo jsb 4 dis ol SLULT sl €8s | €y3m cp S S 61 655 & 1S G e (51 a0l iy o1,

1l 3 Sy v

Chocolate Sugar Cream Cheese Cost
Brownie 3 2 2 20
Cheesecake 0 4 5 80
Requirements 6 10 8

| S0 B Vslael oK calivs w‘ BE

ITl]'.Ilm-Cl’_w,‘z 50’171 + SUTQ
3'7:1 Z 6:
} . 2.1','1 -+ 4.’]52 2 10,
subject to %1+ 51, > 8.
Ly, L2 2 0:

minimum cut?
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MaAXy, uy,us 6u; + 10us + Sus
3uy + 2us + 2uz < 50,
subject to 4us + Sug 80,

<
Uy, g, uz > 0.

6m>ou.3 u33;3»|3ﬁ¢~°:36am>ol.&3 U2 ch»\jﬁ%Bdeom U

sl g ooy wmly  Cd

Complementary Slackness Y.YY

Sypo 4 ol oBss 5 wsb Minimize vz subject to Az > b JS& o LP dewws 3

Culy; >0 sl s b Ol s &l sl Maximize yb subject to yTA =wv,y >0
30 tight ¢ x s dslae 37 &
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Complementary Slackness example :4.YY J&

55 onl @bl 55 shol (5 e Dl wmes ¥ ¥ bk Gl VoYY S Gullas 5y

2 3
1 /
% 5

Complementary Slackness answer :\+.YY |
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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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NP-complete Jiluw
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Polynomial vs Exponential
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length: 13 length: 9
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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!

bﬁg)bdc.&.ﬁj}% Y‘*?J&.’L

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!

@M"“ J}}ik«...o Y*fd&&
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Shortest path

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

Can be solved
efficiently

NP-COMPLETE filws .YFel>

Longest path

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

No polynomial
algorithm known!

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!

@M}J&d‘ﬂ#dﬁ) Wby 7YY S
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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-COMPLETE filws .YFel>

Independent set in
a graph

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

No polynomial
algorithm known!

[is 46 gome dies VLYY IS

NP, P filus
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Class P Class NP
Problems whose Problems whose
solution can be solution can be
found efficiently verified efficiently
m MST m ISP
m Shortest path m Longest path
m LP m [LP
m IS on trees m IS on graphs

P vs NP :A.Y¥ s

(593 (s SS ol b i sl e S5 5L Ao
wiws | yNP Jlas UP filuws Ll
NP dics 655 55 wals> J> L6 ¢l dem ez ol s search problem Jluw wsl L0, S
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Reductions jielS V.YY
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Reduction: A — B

instance [ of A

Algorithm for A

instance f(/) of B

Algorithm for B

no solution to f(/) solution S to (/)
v
no solution to / solution h(S) to /

Reduction 28 :4.YY Js

shs ialS 5l 03 dias & 1y o lss 6T 3 (6,185 sae 3,8 Ty dlis o g1 1 ) Jlo
‘,,55,, L Jlse shiel (g5l 30 5l am
3l o8 maxflow « |, ol bipartitmatching ¢ diws J> sl Lo Jo3 glo aMl 55 2 ¥ JLa
rf;\; 28 Linear Programming « |, maxflow ¢ aus b J3 sla aMl 53 2 ¥ Jla

Reduce

Duplicate number — Sort
Reduce

Bipartite matching — Max flow

Reduce

Max flow Linear Programming

l
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clique problem

NP-complete

path problem graph isomorphism
(conjectured); do
two graphs have the
same structure?
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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 26: PartyGreedy
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max { w(v) + Z D(w)7z D(w)

grandchildren children
wof v w of v

Function FunParty(v)

if D(v) = o0
if v has no children:
D(v) + w(v)
else:
my < w(v)
for all children u of v:
for all children w of u:
my <~ m + FunParty(w)
my < 0
for all children u of v:
mg <— mq + FunParty(u)
D(v) < max(my, mp)
return D(v)

Main Code :¥.YA |
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Goal : Avoid going through all 2 assignments

Example
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x1=/ x1 =1
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m #(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 :0.YA (&

m If o satisfies F, return «

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

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

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

m Crucial observation: at least one of them is
closer to 3 than «

m Hence there are at most 3" recursive calls O

Proof :#.YA JS&
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CheckBall(F, a,r)

if o satisfies F:
return o
if r=20:
return ‘‘not found’’
X, Xj, Xx <— variables of unsatisfied clause
o, od, 0k < o with bits i, j, k flipped
CheckBall(F,a', r —1)
CheckBall(F,od,r — 1)
CheckBall(F,a*, r —1)
if a satisfying assignment is found:
return it
else:
return ‘“‘not found”

Hamming Ball And Hamming Distance :Y.YA &
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TSP(G)
C{1},1) <0

for s from 2 to n:
for all 1€ SC{1,...,n} of size s:
C(S,1) + 400
for all i€ S, i#1:
for all j €S, j#i:
C(S,i) « min{C(S.1), C(S—{i}.j)+d;}
return min;{C({1,...,n},i) + di1}

Hamming Ball And Hamming Distance :A.YA S
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