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private static long Fib(long n)
{
if(n==0 || n==1)
return 1;
else
return Fib(n - 1) + Fib(n - 2);
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private static long Fib(long n)

)

¥ {

v long[]l fib = new long[n+1];

¥ fib[0] = 1;

5 fib[1] = 2;

5

y for(int i = 2; i <= n; i++)

A fib[i] = fib[i-1] + fib[i-2];
4 return fib[n];
) }
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Data: long a and long b
Result: GCD(a,b)

initialization;
i=1;
GCD = 1;

while ¢ < Min(a,b) do
if Maz(a,b) % i equals 0 then

‘ GCD =i
else
‘ Continue;
end
end
return GCD;
End;

Algorithm 1: Simple Solution For GCD
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Data: long a and long b
Result: GCD(a,b)
if a < b then
| Swap(a,b);
end
if b == 0 then
‘ return a;
else
| return GCD(b,a%b);
end
Algorithm 2: Fast Algorithm For GCD
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int func(int n)

int i;

int sum=0;

for (i=1;i<=n;i++) sum=sum+i;
return sum;
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Input: Digits
Output: answer
Function MazSalary (Digits):
answer < emptystring
while Digits is not empty do
maxDigit < —oo
foreach digit € Digits do
if digit > maxDigit then
‘ mazxDigit + digit
end
mazxDigit append to answer
remove maxDigit from Digits

end
return answer

End

Algorithm 3: Maximizing Your Salary
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Input: points=
T1,.-Tn

Output: Segments

Function PointsCoverdSorted (points):

Segments < emptylist

left + 1

while left <n do
(I,7) « (zleft,xleft + 2)
(I, r)appendtoSegments
left < left+1

end

return Segments

End

Algorithm 4: Birthday Party
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Input: W weights=[w1,..w,], values = [v1, ..vy,]
Output: Segments
Function KnapsackFast (W, weights, values):
amounts + [0,0, .., 0]
totalValue < 0
for i < 1ton do
if Wis 0 then
| return (totalValue, amounts)
end
a < min(w;, W)
totalValue < totalValue 4+ a * (v; = w;)
w; + (w_a)
amounts; < (amounts; + a)

W—W—-a
end
return (totalValue, amounts)

End
Algorithm 5: Knapsack
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Data: Ages of Students
Result: how to write algorithm to find youngest student
initialization;
MinMin(nums,low,high) if low = high then
| return nums(high);
end
mid <- low + (high - low)/2;
return Math.Min(Min(nums,low,mid),Min(nums,mid,high));
Algorithm 6: How to find Min with divide and conquer
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Data: Array of Numbers
Result: v is in Array or not 7
initialization;
FindFind(v,nums low high)
if high < low then
| return false;
end
mid <- low + (high - low)/2;
if nums(mid) = v then
| return true;
end
return (Find(v,nums,low,mid - 1) or Find(v,nums,mid + 1,high))
Algorithm 7: Checking v is in the Array or not
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Data: SortedArray of Numbers
Result: v is in Array or not ?
initialization;
FindFindSorted Array(v,nums,low,high)
if high < low then

| return false;
end
mid <- low + (high - low)/2;
if nums(mid) = v then

| return true;
end
if v < nums(mid) then

‘ return FindSorted Array (v,nums,low,mid);
else

‘ return FindSortedArray(v,nums,mid + 1,high);
end

Algorithm 8: Checking v is in the SortedArray or not
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A(x) = alx + a0
B(x) = bilx + b0
C(x) = alblz? + (alb0 + aObl)x + a0bo
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C(x) = alblz? + ((al + a0) (b1l + b0) - albl - a0b0)x + aOb0
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T(n) = aT([7])) + O(n?)
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O(n?) 4+ a.0(n/b) + ...+ a'.0(n/b)? + ... + a'o&" =
O(n®) + 0(n®)(a/b%) + ... + O(nh)(a/bY) + ... + 0I5 ) =
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Selection Sort %.7
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Data: A[l....n]
Result: Sorted Array of A
initialization;
for i from 1 to n do
minIndex < 1;
for j from i+1 to n do
if Afjj<A[minIndez] then
‘ minIndex < j;
end
Swap(A[i],A[minIndex]);
end

end
Algorithm 9: Selection Sort
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private static long[] MergeSort(longl[] A, long n)

{

if(n = 1)
return A;
var m = (long) (n/2);
var b = MergeSort(A[l...m], m);
var ¢ = MergeSort(A[m+1...n], n-m);
var a = Merge(B,c);
return a;

private static long[] Merge(long[] a, long[]b)

{

q = B.Length p; = A.Length Sorted; are b & a //
long[] d = new longlp+ql;

int count = 0;

while(a.Length !=0 && b.Length !=0)

{
var firstA = a[0];
var firstB = b[0];
if (firstA <= firstB)
d[i] = firstA;
else
d[i] = firstB;
}
for(int i=count;i<d.Length;i++)
{
d[i] = alil; b[i] = d[<] or //
}
return d;
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a1 < ap < a3

ar» < az?| Y&s e a; < ag

il < ap|
a; < az?
es 1 3
4 no no las < a; < ap|
no yes [ax < a1 < ag|
< a3 < a1
< ap < a|
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*Llognl=logn+logn-1+logn-2+..+logl
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proof \ :Y.Y S

*logn+logn-1+..+log1>=logn +..+ log n/2 >=log n/2 +log n/2 +...

n/2 log n/2
al apSa 8L S o )

Q(n log n)
Aulia Jifas

proof Y :¥.Y K&

Tree \ :0.Y Js



Yy DIVIDE AND CONQUER .Y «.l>

Tree Y :£.V <&
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Sorting Small Integers 0.Y
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private static void CoutSort(long[] a, long n)

\

Y {

¥ long[] count = new long[m];

¥ for(int i=0; i < n ; i++)

o {

5 count[a[i]] = count[a[i]] + 1;
v }

A

long[] pos = new long[m];
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pos[0] = 1;
for(int i=1; i< m; i++)
{
pos[i] = pos[i-1] + count[i-1];
}
for(int i=0; i< n; i++)
{

alpos[alill] = alil;
pos[al[il] = pos[ali]] + 1;
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Stable Sort 7.V
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Quick Sort V.Y

P cl 68l o s8ee 2y @8l 5o ! Merge Sort 31 e (2 5 Sl g e 4T 5l
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) private static void QuickSort(long[] a, long 1, long r)

Y {

2 if(1 >= r)

¥ {

o return;

5 }

% long m = Partition(A,l,r);
A QuickSort(A,1,m-1);

q QuickSort(A,m+1,r);

| }

) private static long Partition(long[] a, long 1, long r)

Y {

v var pivot = a[ll;

¥ var j =1;

° for(int i=1+1; i< r;i++)
5 {

v if(a[i] <= pivot)

A {

a J =3+

. swap a[j] and a[il;
" }

VY }

\w swap a[l] and a[j];

\¥ return j;
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Random Pivot A.Y
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\ private static void RandomizedQuickSort(long[] a, long 1, long r)

Y {
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if (1 >= r)
{

return;

.
Ad

0

5 }
v var k = random(1l,r);

A swap al[l] and alk];

4 long m = Partition(A,l,r);
). QuickSort(A,1,m-1);

1 QuickSort (A,m+1,r);
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private static void RandomizedQuickSort(long[] a, long 1, long r)
{

if (1 >= r)

{

-« < < =

return;
}
var k = random(1l,r);
swap a[l] and a[k];
var (ml1,m2) = Partition3(a,l,r);
). QuickSort(A,1,m1-1);
1 QuickSort (A,m2+1,r);
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long[] A;
while [ < r do
m + partition(A, 1, r);
QuickSort(A, 1, m - 1);
I+ m + 1;
end
Algorithm 10: Tail Recursion

el (51 Pivot G Cam Loss) o inn el &0 o3 ol 3 LTI, 22550 Joe r:g\}fa..o Ju
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long[] A;

while | < r do

m = partition(A, 1, r);

if (m-1) < (r-m)then
QuickSort(A, I, m - 1);
l—m+ 1;

else

QuickSort(A, m + 1, r);
l+m-1;

end

end
Algorithm 11: Tail Recursion
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long|[] Fibs;
Fibs[0] = 0;
Fibs[1] = 1;
long i = 2;

while { <= n do
Fibs[i] = Fibsli - 1] + Fibs]i - 2J;
i++;
end
Algorithm 12: Fibonacci, dynamic programming
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Change + empty collection of coins

while money > 0 do
coin < largest denomination that does not exceed money

add coin to Change
money <— money — coin
end
return change;
Algorithm 13: greedy way to solve "Change Problem”
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MinNumCoins + oo;
if money = 0 then
| return 0
end
while { <= number of Coins do
if money >= Coins[i] then
NumCoins + RecursiveChange(money — Coins]i], coins)
if NumCoins +1 < MinNumCoins then
‘ MinNumCoins < NumCoins +1;
end
end
i—i+1;
end
return MinNumCoins;
Algorithm 14: Change problem, divide and conquer
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money 0 1 2 3 4 5 6 7 8 9
MinNumCoins| 0 | 12|34 |1

V

MinNumCoins(0) + 1
min ¢ MinNumCoins(1) + 1
MinNumCoins(5) + 1
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MinNumCoins(0) « 0;
for m from 1 to money do
MinNumCoins(m) ¢+ oo;
for ¢ from 1 to NumberOfCoins do
if m > Coins/i] then
NumCoins + MinNumCoins(m — Coinsli]) + 1;
if NumCoins < MinNumCoins/m] then
| MinNumCoins[m] - NumCoins
end
end

end

end

return MinNumCoins[money];

Algorithm 15: Change problem, dynamic programming
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ib(5)
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Data: n
Result: Fib,,_1
Declare Fib as an array
Fiby =0
Fiby =1
for ¢ <+ 0 to n-1 do
| Fib; = Fib;_1 + Fib,_o
end
Algorithm 16: DP solution



O bs g 4ol N >

Change Money Y.Y.\)

Cis INONEY ¢ sews €1, €2,y 3y vevy Cry S &S 31 3land o 1S LSS >1b oy S dlianns
..L:.gbj; ‘J

-J>

Slay > oy S
0355 355 (51 23 S Sy il o 2 S S sl Sy Ol 25 (Y0 JS2) e v 25 L

YO Ve 0l Su sl jangp w Yo S o e w YO 5 ¥ Ve O le S b o Fe
g 2l s sl Sl 2 KU1 s e & Sl

40 cents = 25+ 10+5 = 20 4+ 20
Greedy  isnot  Optimal

dlay > Ol oY) S

=55k N

2L ol sl S lag o s e S0 51 285 ST | dis 22850 6 sl L Ll
0 e ol g e b alin oo dis 54 B 028 5 S sS g a ) lol s L
.éwdgdbr\i&omlﬂomgwtébxd@

money - ¢; © money 3l diww ba i =1, 2, 3, ... ,méﬂid&omgb&‘;\;@yﬁ
23 er 6w G S bl 4 dose pl oo ol g S s Sl Do 55 5 558 (o0 S
Sy ol it o S shaes o 2L S gl i 5 T 5 5 e s U s 5
wolsh sats ssle B o3h0) & dins Jams ' Slas B 1, ) ol - oS o Ol i 25 005 4
5 g0 5 Dpe & (SAS5L T(:T»\g_\;;

MinNumCions(money —c¢1) + 1
MinNumCions(money — cz) + 1
MinNumCions(money) = Min { MinNumCions(money — c3) + 1

MinNumClions(money — ¢p,) + 1

Sl L w o iweg =1, 0 =5, 5 = 6 ¢le S by money = 76 ¢l ¥V K8 b
3 5 285 S (Sl 50 5SS L o momey = T0 g dins 3558 il as 3) (5185
s ol L8 ey Ll



by sp wolip 1)l

el 3 ij.ocg(_)." VY oS as

Data: money, coin
Result: MinNumCoins
if money = 0 then
| return 0;
end
MinNumCoins < oo
for i < 0 to |cions| do
if coin; < money then
NumCoins + MCRecursive(money — coin;, coin)
if NumCoins + 1 < MinNumCoins then
| MinNumCoins < NumCoins + 1
end
end
end
return MinNumCoins;

Algorithm 17: MCRecursive
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Data: money, coin
Result: MinNumCoins[money]
Declare MinNumCoins as an array

MinNumCoinsg = 0

for i < 1 to money do

MinNumCoins; = min(MinNumsCoins;_., ,MinNumCoins;_.,,
MinNumCoins;_c,, ... , MinNumCoins;_., ) + 1

end
return MinNumCoins[money];

Algorithm 18: Dynamic solution
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Example
$30 $14 $16 $9
[ 6 1 [37] 4]
$30 $16
w/o repeats [0 AN total: $46
$30 $9 %9
W repeats | 6 [ 2 1 2 |total: $48

$30 $14%4.5
fractional total: $48.5
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private static long Knapsack(long W, long v)

\
Y {

¥ long[] value = new long[W];

¥ value[0] = 0;

° for(value w =1; w < W; w++)

5 {

% valuel[w] = 0;

A for(var i=1; i < n; i++)

A {

). if(wi <= w)

X {

\Y var val = vluel[w - wi] + vi;
W if (val > value(w)

\F valuel[w] = val;

Al }

V6 }

% }

\A return valuel[W];

V4 3
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Example: reconstructing a solution

$30 %14 5816 - %9
C o 1121
(;EJJfr?”J‘}‘sél‘r?l’L#u)di““.ﬂjéhf.’"
12345678910
010]0]0]0]0]0f0
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Sl 8 5 5> QTF 3%
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private static long Knapsack(long W, long v)

\
Y {

3 initialize all value(0,j) = 0;

¥ initialize all value(w,0) = 0;

° for(var i=1; i < n; i++)

5 {

% for (var w=1; w < W ; w++)

A {

4 valuel[w,i] = valuel[w, i-1];

Ve if (wi < w)

%) {

VY var val = valuelw - wi, i-1] + vi;
W if (valuelw,i] < val)

Ve valuel[w,i] = val;

» }

\$ }

W }

\A return value[W, n];
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Example: (5—8+7) x (4—8+9)

min(5—-8+7)=(5—(8+7))= —10
max(5—-8+7)=((5—-8)+7)= 4
min(4—8+9)=(4—(8+9))= —13
max(4 —8+9)=((4—8)+9) = 5

Lewl 2y (B =8+47) x (4 =8+ 9) ole et S ol o VL Ko w5 L
6‘JJ Ln.x:..gsn aMLf.A ASJJBLQJEW 130LCAM‘JJ‘JJ4§(—1O X -13)&&»5.&9}5 A_JJ«&
I o) 5148 sshilon Gy sl St 5 0T 31 2 93 a8 b land S)les ol iy 00335] oot
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E = d(i)op(i)...d(j)op(j)

M(I‘J‘) - i Tiaffl

~

3

3

3

3

BHE

BHE

—_— o~ o~ —_

P

PN

=~ x
NNy

= X

= =X

r.l“)‘) ﬁ))y w‘ 2
M(i,j)= maximum value of E
m(i,j)= minimum value of E

Sl 23 3o 4 o o (2285 bl

opi M(k+1.J)

opk m(k+1.j)
opx M(k+1,j)
opr m(k+1,))
opi M(k+1.J)
opx m(k+1.))
opk M(k+1.j)
opi m(k+1.j)
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MinAndMax(/, f)

min <= 400

max — —o0

for k from j to j—1:
a< M(i,k) opx M(k+1,j)
b< M(i.k) opx m(k+1,j)
c« m(i.k) opx M(k+1.j))
d < m(i,k) opx m(k+1,))
min <— min(min, a, b, ¢, d)
max <— max(max, a, b, c, d)

return (min, max)
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private static long Parentheses(long[] d, string[] op)

\
Y {

¥ long[] m = new long[d.Length];

f long[] M = new long[d.Length];

o for(var i=1; i < d.Length ; i++)

5 {

v m[i,i] = d[i];

A M[i,i] = d[il;

Q }

V. for(var s = 1 ; s < d.Length-1; s++)

1 {

VY for(var i=1; i < d.Length-s ; i++)

W {

\¥ var j =1 + s;

\o m[i,j] , M[i,j] = MinAndMax[i,j];
\s ¥

W }

A return M[1,d.Length];
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Example: 5—8+7 x4 —-8+49

wll gl osls Stsle — Ly pomsi aoliy

b e 5le 038 g 026 Jla VAT S

5 |-3]-10]-55]-63] 04| [ 5 [-3] 4 [25]65 200
8 |15 36 |-60-195 8 115/60|52|75
7 | 28| 28]-01| [ 712812035
4 |-4|-13 445
8 |17 8|17
9 9
m M

N>

1. (2) + (3.4,5)

e Max (2,2) + Max (3,5) =8 20
e Max (2,2) + Min (3,5) = 8 + -28
e Min (2,2) + Max (3,5) = 8 20
e Min (2,2) + Min (3,5) = 8 -28
2. (2,3) * (4,5)
e Max (2,3) * Max (4,5) = 15 * -4
e Max (2,3) * Min (4,5) = 15 * -4
e Min (2,3) * Max (4,5) = 15 * -4
« Min (2,3) * Min (4,5) = 15 * -4
3. (2,3,4) - (5)
e Max (2,4) - Max (5,5) = 60 - 8
e Max (2,4) - Min (5,5) = 60 - 8
e Min (2,4) - Max (5,5) = 36 - 8
e Min (2,4) - Min (5,5) = 36 - 8
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Data: i,j
Result: min,max
min < oo
max < —oo
for k from i to j-1 do
a + M(, k) opr M(k + 1, j)
b «+ M(i, k) opy, m(k + 1, j)
¢ + m(i, k) opp M(k + 1, j)
d « m(i, k) opr m(k + 1, j)
min ¢ min(min, a, b, ¢, d)
max <+ max(max, a, b, ¢, d)
end
return min,max

Algorithm 19: MinAndMax(i, j)

Data: M,m,n
Result: M(1,n)
for i from 1 to n do
end
for s from 1 to n-1 do
for i from 1 to n-s do
j—i+s
m(i, j), M(i, j) + MinAndMax(i, j)
end
end
return M(1,n);
Algorithm 20: Parentheses(d; opy ds ops . . . dy)

el ST r:g;)ﬁ‘ b /J:-;”:*-,'
Ll M3 Sl Y fwﬂ” Slos S
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Constant-time access
array_addr + elem_size x (i — first_index)

1234567

64@;@4:,“):,4\;.:9@,1“; YAV

Multi-Dimensional Arrays

(3.4)

array_addr +

elem_size x ((3—1) x 6+ (4 — 1))
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S gl sl e s 1y T b b S o Jsl all a o gl dabls e el sl
S b ams a ol sss 4 oyl oWl
b cl ol S e JLsl ing array[100] o gl absl> (s 45k &
100 * sizeof(int) = 400

Index—> 0 1 2 3
int Arr[] =—>| 55 433 33 188

I I v I

Address:> 1000 1004 1008 1012

Olasls ool slen & sam S 4T G olie P S
[¢]

abe[0][1] |abe[0][2] Iabc[O][S] abe[1][0] Iabc[l][l]l ........ Iabc[4][2] |abc[4][3] |
82206 82210 82214 82218 82222 82274 82278

—
-

memory locations for the array elements

Array is of integer type so each element would use 4 bytes that's the reason
there is a difference of 4 in element's addresses.

The addresses are generally represented in hex. This diagram shows them in
integer just to show you that the elements are stored in contiguos locations, so that
vou can understand that the address difference between each element is equal to the

size of one element(int size 4).

Actual memory representation of a 2D array

Dligls el shes 4 stmy s T S, ol 01 Y IS
(€]
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il )] 53 paie S s S Bl L dlol Sldes YW

el JU sl el sl 5s 81 o5zl O(1) 4l el 4 paie 038 SLo| Supy
el S5 e 4 35 L) 5 0,8 S s S 6Ll e K ol oo il

shift s> 4 SG 1y ,ole 4 b g ol O(n) 51l shl & jaie o5 S Lol Sioy o

shift cie o S 1) jolis ads Guate (sl 05,8 S 51 s Wb ol 51 0 S S| 6l eCaY

358 n ol O(n) s 55 oyl Ly 5 53,8 Gis L Ll o

Summary

m Array: contiguous area of memory
consisting of equal-size elements
indexed by contiguous integers.

m Constant-time access to any element.

m Constant time to add/remove at the
end.

m Linear time to add/remove at an
arbitrary location.
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Data Items
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NewNode.next —> RightNode;
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Head Next ext
, Dataltems . — % Dataltems
NULL
Next
Data ltems
Next

Head
Data ltems

Next
» Dataltems : _l
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NULL
Mext
Data ltems

LeftNode.next —-> NewNode;
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NULL
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Next

Head Next Mext
|, Dataltems || Dataltems 4| Dataltems

NULL

J..Sajl.ﬁ‘ TS o;)‘.bua)fsu .xﬁl., gi.ﬂ‘ Bus a;(sl.j)%a;

LeftNode.next —> TargetNode.next;
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Head Nexm Next
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TargetNode.next —> NULL;

Head Nexm MNext
Data ltems Data Items Data ltems
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NULL

PushBack(key):

node=new node

node.key=key

node.next=nil

if tail==nil then
|  head=tail=nil

else

tail.next=node

tail=node
end

Algorithm 21: PushBack singly-linked list

PopBack():
if head==nil then
| ERROR:Empty list
end
if head==tail then
| head=tail=nil
else
p=head
while p.next.next != nil do
| p=p.next
end
p-next=nil
tail=p
end
Algorithm 22: PopBack singly-linked list
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AddAfter(node,key):
node2=new node
node2.key=key
node2.next=node.next
node.next=node2
if tail==node then

| tail=node2;
end

Algorithm 23: AddAfter singly-linked list

b 3 gNgm Coned  ONF
).)ATA.‘I;.Cl:’jl.?&:«o-w4{&&:«@?338))dféw\g&mwj‘gﬁéjbjbéﬁﬁ%
A8 oo B 50 A ate sl 4 gam paie sl psle i e S el 3ol )

NULL

Head [ | Next Mext
A

- Prev F Prev 1| Prev

Next

NULL

PushBack(key):
node=new node
node.key=key
node.next=nil

if tail==nil then
head=tail=node
node.prev=nil
else
tail.next=node

node.prev=tail

tail=node
end

Algorithm 24: PushBack Doubly-linked list
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PopBack():
if head==nil then
| ERROR:Empty list
end
if head==tail then
| head=tail=nil
else
tail=tail.prev
tail.next=nil
end
Algorithm 25: PopBack Doubly-linked list

AddAfter(node key):
node2=new node
node2.key=key
node2.next=node.next
node2.prev=node
node.next=node2
if node2.next != nil then

| node2.next.prev=node2
end
if tail==node then

| tail=node2
end

Algorithm 26: AddAfter Doubly-linked list

AddBefore(node key):
node2=new node
node2.key=key
node2.next=node
node2.prev=node.prev
node.prev=node2

if node2.prev = nil then
| node2.prev.next=node2

end

if head==node then
| head=node2
end

Algorithm 27: AddAfter Doubly-linked list
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stack e

queue °®

.5,ls popl, topckey key « push sls Kloe « Abstract ! osls f 5 iy S

s same Lo g gl )18, Sl slsl gl (WWS'L) o8 (ADT) o3l ¢ 5 Abstract i <

5 oo %5 Sldes 48 sazme 9 53] 5]
Push (key) : add key to collection

Key top() :returns most recently-added key
Empty() :are there any elements?
Key pop() :removes and return recently-added key
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Data: string

Result: return IsBalanced

Stack stack;

while not at end of string do

if char in [’[’,’(’] then
| stack.Push(char);

else

if stack. Empty() then
| return false;

else

top=stack.Pop();

if top="[" and char!="]" or top="(" and char!=")" then
‘ return false;

else
| return stack. Empty();
end
end
end
end

Algorithm 28: IsBlalnced code
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5,5 ((push ©Ls| linkedlist he! 4 ¢lsie Head ¢wls b

dpdes o6l ) Gloy Sz b e Ollee oL stack 5

Sgdan GJL& = Js! Ey %) 3l ,’>T<§6,4‘.:-,m stack 5> pizen 4
)
:J:U’Ls\.n.,\:..o lfd‘”\’tﬁ:‘
Enqueue (key) : add key to collection
Dequeue() :removes and return the last recently-added

Empty() :are there any elements?
ptn ol ) 5 S b b e s s

ydoe o o 4l ) ol ssdie 2)ly S S (gm0 Sl
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Data: tree
Result: return Height
Height(tree):
if tree==null then
‘ return 0;
else
‘ return 1+Max(Height(tree.left),Height(tree.right));
end
Algorithm 29: Height code
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Data: tree
Result: return Size
Size(tree):
if tree==null then
‘ return 0;
else
| return 1+Size(tree left)+Size(tree.right);
end
Algorithm 30: Size code
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Data: tree
Result: traversal
leveltraversal(tree);
if tree is null;
then
‘ return;
else
Queue q;
q.Enqueue(tree);
while ¢ is not null do
node=q.Dequeue();
print(node);
if node.left!=null;
then
| q.Enqueue(node.left);
else
if node.right;
then
| q.Enqueue(node.right)
else

end

end
end

end
Algorithm 31: Traversal code
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InOrder
PreOrder
PostOrder

S 4z i Gl 1y Glags law €85 ) o e (5 4z Il by e (61, Tnorder g, s
Sy oo
Data: tree
Result: print inorder traversal
InorderTraversal(tree):
if tree is null then
‘ return ;
else
InOrderTraversal(tree.left) ;
Print(tree.key) ;
InOrderTraversal(tree.right);
end
Algorithm 32: InOrderTRaversal code

Cons (§ 4z Sy b9 |y G dgm e 52l |y SRos3 il uly & (1, preorder i) o2
NPV PRGN

Data: tree
Result: print PreOrder traversal
PreOrderTraversal(tree):
if tree is null then
‘ return ;
else
Print(tree.key) ;
PreOrderTraversal(tree.left) ;
PreOrderTraversal(tree.right);
end
Algorithm 33: PreOrderTRaversal code
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Data: tree

Result: print PostOrder traversal

PostOrderTraversal(tree):

if tree is null then

‘ return ;

else
PostOrderTraversal(tree.left);
PostOrderTraversal(tree.right);
Print(tree.key);

end

Algorithm 34: PostOrderTRaversal code
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Pushback(value):
if size = capacity then
allocate newArray[2 * capacity];
for ¢ from 0 to size - 1 do
| newArrayl[i] = arraryli;
end
free array;
array = newArray;
capacity = 2 * capacity;
end
array|[size] = value;
size = size + 1;
Algorithm 35: Add a new item to dynamic array
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) int pop(int heap[], int &n)

Y {

g int i =1,result,temp,min;
¥ result = heap[1];

0 heap[1] = heap[n--];

P while(2 * i <= n){

v min = 2%i;

A if(min + 1 <= n && heap[min + 1] < heap[min])
4 min++;

\ temp = heapl[il;

" heap[i] = heap[min];
\Y heap[min] = temp;

Y i = min;

\F }

0 return result;
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initialization;
if Find(a)==Find(b) then
‘ Return 7yes”;
else
‘ Return "no”;
end
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Union(i, j)
i.id <-- Find(i)
j.id <-- Find(j)
if i.id = j.id:
return
m <-- min(i.id, j.id)
for k from 1 to n:
if smallest[k] in <i.id, j.id>:
smallest[k] <-- m
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Find (i)
if i != parent[i]:

parent[i] <-- Find(parent[i])
return parent[i]

Path compression. Just after computing the root of i,
set the id of each examined node to root ().
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Addressing Direct Y.Y-
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private static string GetName(string phoneNumber)

)
¥ {

v var index = long.Parse(phoneNumber) ;

¥ return phoneBookArray[index];

0 }

) private static void SetName(string phoneNumber, string name)
Y {

v var index = long.Parse(phoneNumber) ;

¥ phoneBookArray[index] = name;

° }
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Map 0.V
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o bl gy WSy (oo B8 5550 6l 4095 (0

ey o boa Iy WlS'L ol value @ Get(object) -

w3 oo 458 value jlude |, adS Jslaa: Set(object,value) -

implementation e
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private static bool HashKey(object obj)
{

var chain = Chains[hash(obj)];

foreach(var key,value in chain)

{

if (key == obj)
return true;
}

return false;
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private static long Get(object obj)

{
var chain = Chains[hash(obj)];
foreach(var key,value in chain)
{
if (key == obj)
return value;
}
return null;
}

private static void Set(object obj, long value)
{

var chain = Chains[hash(obj)];

foreach(var pair in chain)

{
if (pair.key == obj)
{
pair.value = value;
return;
}
}

chain.Append((obj,value));

Yeads
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Has Key #.Y:

S s el (o0 b8 L DI ) 55 (Jy.cis hash set « hash table gl> 4 ol5 o
bl 1 sas asls key U

S g Ul 5 gl sl sly 4 o

) private static void Add(object obj)

Y {

¥ var chain = Chains[hash(obj)];
¥ foreach(var key in chain)

o {

5 if (key == obj)

% return;

A }

a chain.Append(obj) ;

\ T

) private static void Remove(object obj)

Y {

v if (!Find(obj)):

¥ return;

o var chain = Chains[hash(obj)];
[ chin.Erase(obj);
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) private static bool Find(object obj)

Y {

3 var chain = Chains[hash(obj)];
¥ foreach(var key in chain)

o {

5 if (key == obj)

\ return true;

A }

q return false;

\ }

}J&ﬁ@bﬁ V.Y’
S Ll 3 2B e S 685 5 Sy 2S00 e o
https://www.geeksforgeeks.org/what-are-hash-functions-and-how-to-choose-a-good-hash-functi

source reference ®

https://referencesource.microsoft.com/#q=hash
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P[h(x)=h(y)1<=1/m

xl=ysUsasx,y

Load Factor 0.YY

x2S o load factor jie Jsax JS ple 4 e Jods 3 sl o35 pslie slass S 4
e=n/m

si(chain) s, op 5 SVsh & (s Ol (K5l s puniversal family <G e Jsis ST S
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Sl b l> Co pae sl pload factor [Sos 5,0,

sl Lalsdl 1y i Jsas 3lucollision

$S .ol saal 55 53 93,5 Rehash oS as 7

Data: T
Result: new table
Rehash( T ):
loadFactor = T.numberOfKeys/T size;
if not at end of this document then

Create new Thew of size, Tsize * 2;

Choose hnew with cardinality of Tnew size;

while T not empty do

‘ Insert object in Tnew using new hnew;

end
end
T = Tnew, h = hnew;

Algorithm 37: How to Rehash hash table?

O(n): Sl s 45,
O(1) = Sloy Juboss Slos 45,

slusl gl » universal family Jo oG so 7.YY

{mmod ( p mod (ax+b) ) = hp(x) } = Hp

s 0355 e K p

s P-1 6 a0 s g20s 2 a, b

asbx= 1482 567 Lk 3,50 sue 028 2,8 a = 34, b= 2, p=10 000 019 : Jts
(Y+IYAYOSY * YY) mod Ve v v+ N4 =¥ YVIAD
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F-YA\AO mod V+ + + = YAO

\AO =h(x)

b <&, ¢l » universal family e cgls S VLYY

Pt ol sl s seme pl IS

{ p mod sum(S[ilpow(x,i)) = hp(s) } = Pp

k:«w‘ 8d909 4:...'::) rLJ S .L:ubu_a &36 L@““‘C"‘:JLS B)"J:J\ t}ﬁ.é)‘l
el 1B SG x5 2ol Jslsae S p
Cuwl Gy ,20 Polynomial Hashing « (i ol

§$ PolyHash oS a3 '

Data: S;p,x
Result: hash
hash = 0;
for i from [S/ -1 down to 0 do

| hash = (‘hash * x + S[i] ) mod p;
end
return hash;

Algorithm 38: How to implement PolyHash hash function ?

Y=1SI:Jke
+ = hash
S[Y] mod p = hash
S[Y]x + S[V] mod p = hash
S[Y]pow(x<Y) + S[V]x + S[+] mod p = hash

Ly SOy Ly ) SOl AYY

S ol pSuol ol sl poadosls T (Text) iy, o5 P (pattern) <) S dlyw
s (2> syl Hl 3 ek s €l 5
. ‘-;‘).QM J’ nb

:mw&iﬁjdﬁ‘ﬁwd\ﬁ cb“&dﬁ\dd’f
$$ AreEqual S «s ¥
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Data: S1,52
Result: boolean(true or false)
if /S1/ I= /S2/ then
‘ return False;

end
for i from 0 to [S1/ -1 do

if S1fi] I= S2[i] then

return False;

end
end
return hash;

Algorithm 39: Are Equal tow string ?

Ll O(JP|) YU S s> oo
: Gl J} a\) 6JLA o:ltg: ey 4.1}4.»:

§$ FindSubStringNative o5« ¥

Data: T,P
Result: positions
positions = empty list;
for i from 0 to [T/ - /[P/ do

if AreEqual(Tfi..i+/P/-1], P) then

‘ positions.Append(i);

end
end
return positions;

Algorithm 40: positions of pattern in text

el O([T][P]) Yo oS 1 5
| &:.2&)‘ e:\n:...'\; Lo Jo a‘) Ll

RabinKarp ‘..“.Uﬂl .Yy

bead g 355 2l o 0l Gt lae ST slase s ol ) sl ) 5055 aslio gl 4 5ol
Al 2y

s S 4 SLE i > gl o)le wop 2l ST s

s 4y r"w}i”

$9 initial RabinKarp 8 & °

pseudocode®
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Data: T,P
Result: positions
p = big prime , x = random(1, p-1);
positions = empty list;
pHash = PolyHash(P, p, x);

for i from 0 to /T/ - |P/ do
tHash = PolyHash( T[i..i+|P|-1], p, x);
if pHash != tHash then

| continue;
end
if AreEqual(T[i..i+/P/-1],P ) then

‘ positions.Append(i);
end
end
return positions;

Algorithm 41: positions of pattern in text

sl o stn i L) 5les o ol 65 5 il sl €8 5 30 oS el o ey 5l
Sl rS Suds 4 universal family i <G s collision sl S asb

S 4 005 5 g slp ool O(|TIP]) tlon Ly o YU iy S gl ples = 5

LS‘J" ULL.SJ‘ u‘}::ﬁ}o:frm%-ﬂdz)\rw OL’Q J".AJ\J.S.A uj&fg\}h dLb u)xJRabanarpn.b“‘
..s‘,f‘.xﬁbuiaod..ighoﬁ:}j

a5L oo PolyHash sl 5,50 i 6\3 SoS g
Pp = { hp(s) = sum(S[i]Jpow(x:i)) mod p }

Consecutive substrings

T= b e a c h
encode(T) : P =3
h("ach") = 0+2x+7x2

h("eac") = 4+$+2t<2
H[2] = h("ach") = 0 + 2x + 7x°
H[1] = h("eac") = 4 + 0x+ 2% =
=4+x(0+2x) =
=4+ x(0+2x+74) —7¢ =
= xH2] + 4 — 75

pien Sl Jlge sla €y 25 o 05 (2S5 6 daly ol o
H[i] = x*H[i+1] + ( T[i] - (T[i+IP|] * pow(x, IP|)) mod p] )
3500 o3l 1338 lamy 5 Ol SUSG 0lsie | pow(x, [P)
S (5 darly Sl sl by e Sy b 558 (g5l asly (b o SIS b (35 STp 05 sl
S il [y b 2y 5 e S
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$¢ PreComputeHashes oS«

Data: T,|P|,p,x
Result: H
H = array of length |T| - |P| + 1 ;
S = T(|T| - P| ... [T-1];
HI|T| - |P|] = PolyHash(S, p, x);
y=1
for i from 1 to [P/ do
|y = (v*x) mod p;
end
for i from [T/-/P/-1 down to 0 do
| H[i] = *H[i-+1]+T[i]-y*T[i+|P|] mod p ;

end
return H;
Algorithm 42: hash of substring
S o3k b ol 2 oy J
¢¢ main RabinKarp &S «.% ¥
Data: T,P

Result: positions
p = big prime , x = random(1, p-1);
positions = empty list;
pHash = PolyHash(P, p, x);
H = PreComputeHashes(T, |P|,p,x);
for i from 0 to /T/ - /[P/ do
if pHash != H[i] then
continue;

end
if AreEqual(T[i..i+/P/-1],P ) then

‘ positions.Append(i);
end
end
return positions;

Algorithm 43: positions of pattern in text

Sl S5 q Vgems 057 S Sl O(|T[H+(q+1)*[P]) Slos 5 430 5H Vb 2y S sz ol
O(IT¥[P]) 3V 5 S ke 0l (5 450 e
[STISTIST ]

pseudocode”
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Binary Search Trees

WWAAA/NS = sl ekl

what is Binary Search Tree \.YY
B ayls Az 9o ;S\.\: node ,» ] Sl (5;%"% sl o D) gy S Sl osls o>l P
ol K58 ionly e 1o nOde rl‘:,'\;):fjjg Uiz Sw s node ¢ 5l node

sl w\...n)\.:....; uol.& asls 95 O LSL“ osls Q:JS\.,\.:.; ‘_}ln A AJ:UlS(_,’_.é_«.J LS‘J:‘ ssls QL,:.;L; u:“

Operations Y.YY
RangeSearch \.Y.YY

private static List<Node> RangeSearch(long x, long y, node r)
{
List<Node> 1 = new List<Node>();
Node n = Find(x,r);
while(n.key <= y)
{
if(n.key >= x)
1.append(n);

. > < v © % < < =

n = Next(n);
Ve }

" return 1;

\Yo
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Find Y.YV.YY

) private static Node Finde(long k, node r)

Y {

¥ if (r.Key == k)

¥ return R;

0 else if(r.Key > k)

5 {

% if(r.Left !'= null)

A return Find(k,r.Left);
q return R;

\e }

N else

VY return Find(k,r.Right);
W }

Next Y.YV.YY

) private static Node Next(node n)

Y {

v if(n.Right !'= null)

¥ return LeftDescendant(n.Right);
° else

5 return RightAncestor(n);

v }

) private static Node LeftDescendant(node n)

Y {

v if(n.Left is null)

¥ return n;

o else

5 return LeftDescendant(n.left);
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) private static Node RightAncestor(node n)

Y {

¥ if (n.Key < n.Parent.Key)

¥ return n.Parent;

) else

12 return RightAncestor(n.parent);
v }

Insert ¥.Y.YY

) private static void Insert(long k, node r)

Y {

v var p = Find(k,r);

¥ Add new node with key k as child of p
5 }

Delete 0O.Y.YY

\ private static void Delete(node n)

Y {

¥ if(n.Right is null )

¥ Remove n, promote n.left;

o else

5 {

% var x = Next(n);

A Replace n by x , promte x.Right;
A }

\ }

Order Y.YY

.Cﬁw‘iLﬁv: ELLS)‘QﬂJﬂ < vlgtsLh<;iL¢9 rL& u;LuaLkﬁ usargeg
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AVL Tree ¥Y.YY

ol & balanced |y <> )s F“i’“ s Left Rotation Right Rotation ;! sl

Rotations

it

A<Y<B<X<C

Splay Tree O.YY
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Sl osls el Cﬁ‘j‘ &j.. Q:Jj\ Sl s iS(y5 e ¢ sy &ijiwlsr}l.c PRt SH O:'\

ol golwesly s AVL &, Y.YY

Slbrn Sz 2008 6l cos p syl 2alS ol 31 (S & 505 3b5 slacuze AVL S
S sl (ol AVL G s Can> (6015, Lol by .Cm\@}b}b&‘;ﬁd})ﬁomrl?&‘dubw
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Jle LAVL ¢, \.K.¥E

S a8 sed Sasm AVL (oasld 51 VLYY IS o s a8l 5 IS8 95 o398 slacs s o
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AVL o S 5 lomsly  Y.RYF

S ol S e i C3 s (9395 S 4wz 5.8 G 0,56l L e 55 usls e S 5boles
V"“S (Rebalance)Jslxs 5,b 93 |y &3 b was 5,8 G o3 Slal

initialization;
AVLInsert (k, R)
Insert (k, R);
N =Find (k, R);
Rebalance (N);

return;
Algorithm 44: AVL Tree Insertion

k&d}f@\)b .ﬁ})u.oc;}'pj\e;&”db t\fQTﬁbﬁdjwaLx ‘J a;uﬁdsub‘doje SYL
256,13 AVL o> Ur:;Sng.‘;n Iy a)bes Wb g wiS oo i S50

initialization;

AVLDelete (V)

Delete (N);

M = Parent of node replacing N;
Rebalance (M);

return;
Algorithm 45: AVL Tree Deletion

S as e uys ol Goalul & YU wSas 558 giluesly gl
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Explore \.Y.YV
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Result: Explore(V)

visited(V') + true

for (V,W) € FE do

if not visited(W) then
| Explore(W);

end

end
Algorithm 46: Explore(V)

Explore(V) :\.YY &

(DFS) Gos Jsl g7 s Y.Y.YY
I tle sl oSl @85 s sl 5,20 DFS(DepthFirstSearch) « & Jsl Gos (557 55
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Result: DFS(V)
for allv € V do
| wvisited[v] < false
end
forveV do
if not visited[v] then
| Explore(v)
end

end
Algorithm 47: DFS(V)
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Previsit and Postvisit Orders Y.Y.YVY
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eSen 58 | o s w255 b e 015k sl 51y Sl ¢ Previsit Order o
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Result: DFS(G)

for (v) € Vmarkvunvisited do
cc<1

for (v) € V do
if not visited(v) then

Explore(W)
cc+cc+1
end
end
end

Sl SIS fLYY
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Topological Sort - SCCs
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Data: Graph g
Result: void
while g is non-empty do
Follow a path until cannot extend
Find sink v
put v at end of order
Remove v form g
end
Algorithm 48: LinearOrder
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Data: Graph g
Result: void

DFS(g)

sort vertices by reverse post-order
Algorithm 49: TopologicalSort
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Data: Graph g
Result: SCCs
for each vertex v do
| run explore(v) to determine vertices reachable from v
end

for each vertex v do
| find the v reachable from v that can also reach v

end
return SCCs

Algorithm 50: EasySCC
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Data: Graph g

Result: SCCs

run DFS(g?)

let v have largest post number
vertices found are first SCC

Remove from g and repeat
Algorithm 51: EasySCC
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Data: Graph g
Result: SCC
Run DFS(g%)
for v in reverse postorder do
if not wisited(v) then
Explore(v)
masrk visited vertices as new SCC
end

end
Algorithm 52: SCCs
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worst-case cost average case
(after N inserts) (after N random inserts) ordered key
implementation o |
iteration? interface
search | insert | delete | search hit delete

sequential search

PR N N N2 N N2 no equalsO
binary search N IgN N/2 N/2 s conpareToO)
(ordered array) 9 9 v P
BST N N N 1.391gN  1.391g N 2 yes  compareToQ)
goal logN logN logN  logN  logN  logN  yes  compareToQ)
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worst-case cost average case
(after N inserts) (after N random inserts) — R
implementation N N
iteration?
search | insert | delete | search hit | insert delete
N N N/2 N N/2 no

sequential search
(unordered list)

VOO

interface

equals()

binary search
(ordered array) IgN N N Ig N N/2 N/2 yes compareTo()
BST N N N 139IgN 139igN  ? yes  compareTo()
23 tree clgN clgN  clgN  clgN  clgN  clgN yes  compareTo()

constants depend upon implementation
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flip colors
(before)
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two lefts in a row
so rotate right
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right link red
so rotate left
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worst-case cost average case
(after N inserts) (after N random inserts) s key

implementation - 1
iteration? interface
search | insert delete search hit insert delete

sequential search
(unordered list) N N N N/2 N N/2 no equalsQ

binary search
(ordered array) Ig N N N Ig N N/2 N/2 yes compareTo()

BST N N N 1.39I1gN 1.391gN ? yes compareTo()
2-3 tree clgN clgN clgN clgN clgN clgN yes compareTo()
red-black BST 2igN  2IgN  2IgN  1.00lgN“ 1.00IgN" 1.001gN"* yes compareTo()

* exact value of coefficient unknown but extremely close to 1
é .
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