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if-then-else L& ;5.

for JI <5 55wy ®
while-do I <5 j 50 ®
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repeat-until ;| <5 5y @
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if (' then S

B(n) = To(n)
W(n) = Tp(n) + T (n)
Aln) = To(n) + ()T )
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if ¢ then 5, else S5,

T F
B(n) = Te(n) + min{Ti(n), T5(n) }
Sl 82 W(n) — TC’ (n) + maX{Tl (n)aTQ(n)}
)l'( A(n) = T (n) + pi(n)Ti(n) + p2(n)Tz(n)

P+ D=1
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i == min([/)
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T(n) =) Tq(i)

el
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F while (' do S

g T(n)=T,(n)+ ), (Tg(n) + Tp(n))
C=True
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s
5| do S while

1
P =T+ 3 (To() + Ty(n) + Tp(n)
C=True C'=False
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repeat S until C

T T =T+ Y (Ty(n) + Tyn) + To()
C=False O=True
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Zf(Z) =0 m>n




Loy 0501 Jalond g ool

AR

&
J':‘
Z Zozf(Z) — osz(z)

1

> A1) + g2 }—Zf + 2 9()

> _{af@) + Bg(i)} = ) f() + B 9(i)



Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

L@y 9Ll ko g 1o

L et
n—+n
= > fli—mn)
1=m-+n
n Ul n
S =>"f0+ > f@) m<n<n
t=m 1=m 1=n+1



Lotz o5 Jlonsi g 110

¥ s
b e 6l (oSl soue

= J(m) = fm — 1




ladi | Spring 2025

Lo -8 ol g b0

2.

0o i
b
1=1

T
1l—2x

,‘x‘<1




Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

@

J':‘

Lotz o5 Jlonsi g 110

a3l gasmn fS) g sane stulas (sl JILSE oL



)
= z S Slas
Q PRODUCT OPERATOR
J':‘ n
’ Hf(z):f(l)xf(Q)XXf(n)
1=1

ﬁf(@) = f(m) x f(m +1)x - x f(n) ,m <n
lj[f(z) =1 m > n
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for 1 — ato b do
r<— 1+ 1

for 7 «<— a downto b do

r+— x+ 1 9

for 1 — 1 to n do
r<— 1+ 1

for 1 — n downto 1 do

r— x+ 1 G




Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

i Y

JLis

Loy 0501 Jalond g ool
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for 1 <— 1 to n do
for < 1 to n do
for £ <— 5to n do
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for : «<— 1 to n do
for j «— 1 to n do
print 7 + )
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while 7 > 0 do
r—x+ 1
1<— 17— 1




Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

YA

Lotz o5 Jlonsi g 110
JUs

oS dalaa 1y 5w, oSI a3 gl yal ooy

14— N
while 7 > 1 do
i(—i/?

o




FYCHPE NI PR

Laais, oI Julas




¥ (e j9-E0) ki g > b0
~ &/s~u

sola L5, LIS

RECURRENCE

rayla ‘;:\-ILSJLA C;.::ub Ladtiwe u.na.’..i yha by

‘\ Prepared by Kazim Fouladi | Spring 2025 | 3 Edition

St
&



¥

RECURRENCE

Loty )9Sl Sl g > pbo
“ /s . L‘
sola wy, LIS

g YU oSl S 31 598

\\ Prepared by Kazim Fouladi | Spring 2025 | 3 Edition

St
&

OISy 3 038 5 U pulanl 3 ISy 3 (58 5 Yl G a3

lasals , ady S 5l s, YL [l gl L] °

el eobe (L1 L) oL S 51038, SIYL [onaSoL]
LR TRCOR A PR
(71 L) olsly & 5l i, W, o



¥y (e j9-E0) ki g > b0

tetsS Y Oy o Ao ] 8oyl

w\&@@@wﬁg[@\s‘bﬁ] °
e ol S T I € S el e S o o [250]

\\ Prepared by Kazim Fouladi | Spring 2025 | 3 Edition

St
&



Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

i

Lok £ ok g oo
SIS 3 (et g34aL3

&
&

atil 5 oo ¥ gane caudils didily A8 L o oS dlivus S (5 ys S

LS SIeA) 58 EueA (sLw Hu ) Ghusa S ol Gl 2l cl SIS



Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

i Y

Lok £ ok g oo
SIS 3 (et g34aL3

2 g QRVRYY £ gas (sdaulans (5] 0 (s1dola 4

1+2+3+4+--+(n—-1)+mn
S(nv—l)
S(n)




Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

¥o

Lok £ ok g oo
SIS 3 (et g34aL3

&
&

(s PseelS (54l ) JBoe

nui slasl & ganns (sdawlas 4l sldals

1+2+3+4+-+(n—-1)+n

S(n—1)

S(n)

int sum (int n)

{
if (n == 1) return 1;
return sum(n-1) + n;
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sum(4) =6+4=10

int sum (int n) l \\\\\

{ sum(3) =3+3=6
if (n == 1) return 1;
return sum(n-1) + n; l K\\\\
} sum(2) =1+2=3
sum(1l) = |
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sum(3)
int sum (int n) l
{ , sum(2)
int s;
s = sum(n-1) + n; l
if (n == 1) s = 1; sum(1)
return s;
} |
sum(9)
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{

out _type f(in_type in)

if (some easily-solved condition)
solution statement
else

recursive function call

// base case

// general case
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void f (int n)

//
//
//
//
//

{

Prints n asterisRkRs, one to a Lline

Precondition:

Post

if (

else

{

condition:

void as,a b a0 bl Jbe

n 1s assigned

IF n > 9, n stars have been printed, one to a Lline

ELSE no action has taken place

n <=0 )
cout <<
f (n - 1) ;

// base case
// do nothing
// general case

€%

<<

¢« ¢

J



Sl Jelss g > 150

(Rt

Lo

o)

e

void as,a b a0 bl Jbe
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* X X X X

* X X X
* X X

(7)

* ¥

void as,a b a0 bl Jbe

S Wl 515 ) e eod S dran s SESSL sl S

void g (int n)
{

//precondition: n > 0

if (n==1) // base case
cout << ¥’ << endl;

else // general case
{

g (n - 1);

cout << endl;

f (n);

cout << endl;
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5(n)
a /- N
A |A[1] Aln
N y Y
S(n -1)
B S(n—1)+ An] ,n>1
S(n) = Aln] N =
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5(n)
s /- N
A A[1] Aln]
- e
S(n -1)
RECURSIVE-SUM(A,n)
if n =1 then
return A|n]
else

return RECURSIVE-SUM(A,n -1) + A[n]
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RECURSIVE-SUM( 4,n)
if n = 1 then

return Ajn,
else iT(” ‘1)5




Prepared by Kazim Fouladi | Spring 2025 | 39 Edition

04

PIPECRICERY

Loty o- 5l Jlonsi g 110

CALLING TREE

f(n) = F(fi(n), h(ny),--ws ()
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A n
AR power(x,n) =

2.7

{ " = K AT = power(x,n)=%x.power(x,n-1)

2x° =\ 1 poWﬁf'(K,sO)
power (2, ")

¥ n =0 then retum I B ikl poﬁﬁr‘ (x,n)

return % % power (x,m =1)

T(e) =0, T()=T=t)3) . ___..;/ﬂ N i';?l'QL_) G:;we,r‘()t,ﬂ_l




AN = HN" K
. 1) ) .
% = X ® x’ y 37

power (x,mn)
P n=o +hen return |
else ¥ n is even
Y <— Power(x, L)
return U*xy
else
' n
Y« power (6| L)

return Yxy % x
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f(n) = Af(n —1)+ Af(n—2) + -+ Af(n — b
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A = Az..,_‘I'B

N >0 = A = X L-L-:.K.z = f(ﬂ)::'Cﬂ(ar:-kCng

D =¢ =3 1‘.—'_12 = L = j—(n)=(C.+C;_x)7L"

A<o = A,,%, =N :tpi = f(n) = !
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for 1 — 1 to n do
for j «— n to 7 do

print f(7)

f(n)

if n = 0 then
return 1
else

return f(n-1) * n




for t:=14ondo f(n)
1

-For-j::_-h, +o 1 do iF(n=o0) then return 1
prin'\'({'(i)); - return F(h.1l).n
|

| ‘SLD._.&,:O )bo:

T(n) = Z 2 T-j.(l) -T.!'.(h.) =14 T.I.(n—.l)

vl gEn n bv*zn

=ZAZ'L —_—_2.121 Tj-(o):o
L=1 2=n =\ 1=n

= nn+n) 574 - nOh+D) T-j-(?’l): n

2 p=n 2
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f(n)

if n = 1 then
return 1
else

print f(n/2)
print f(n/2)
return 0




3 g : : = - :
(n=2") 3503 12) ol ax prlh‘l' Jy*-J)cf)A/,.,.LJJ):JLa

Funchon fn) . nteger

i ¥ (n=1) then return 1 T(n).—.—.?.T(IzL_)_,.z
print( §(n/2)); T(1)= o
print (f(n/2));
return 0 T(2R) = 27(2*"Y) 4 2

K K= k=1
TS TRk _‘_(\_)
K 7k 'zk-—I

2

. . %
2{“?” _Te) :22(.‘.)1
t=1 L 21‘-—\ t=v A 2

TR TW oLt ("
2k os 1 yA A.___j_.‘.__.l_/.l_,.
T(2%) = 2K+ Qi_ 1
zk
- 2k‘+1_ 2

T(n)=2Zn _72
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fim)=lgn f)=n | fin)=nlgn| fin)=n
10 0.003 usll 0.01 ps 0.033 pus 0.10 us 1.0 ps 1 us
20 0.004 ps 0.02 ps 0.086 ps 0.40 us 8.0 us 1 msli]
30 0.005 ps 0.03 us 0.147 ps 0.90 ps 27.0 us Is
40 0.005 ps 0.04 us 0.213 pus 1.60 ps 64.0 us 18.3 min
50 0.006 pus 0.05 us 0.282 us 2.50 us 125.0 us 13 days
102 0.007 us 0.10 us 0.664 s 10.00 ps 1.0 ms 4x1013 years

< 103 0.010 ps 1.00 ps 9.966 us 1.00 ms 1.0s

:5%: 104 0.013 pus 10.00 ps 130.000 pus 100.00 ms 16.7 min

2 105 0.017 ps 0.10 ms 1.670 ms 10.00 s 11.6 days

%@ 106 0.020 pus 1.00 ms 19.930 ms 16.70 min 31.7 years

5 107 [0.023 us 0.01 s 2.660 s 1.16 days 31,709 years

é 108 0.027 ps 0.10 s 2.660 s 115.70 days 3.17x107 years

LE 102 0.030 pus 1.00 s 29.900 s 31.70 years

g [F1 ns = 109 second.

%‘ 111 ms = 1073 second.
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T.H. Cormen, C.E. Leiserson, R.L. Rivest, C. Stein,
Introduction to Algorithms,
4th Edition, MIT Press, 2022.

Chapter 1

—

1 The Role of Algorithms in Computing

What are algonthms? Why is the study of algorithms worthwhile? What is the role
of algorithms relative to other technologies used in computers? This chapter will
answer these questions.

1.1 Algorithms

Informally. an algorithm is any well-defined computational procedure that takes
some value, or set of values, as inpuf and produces some value, or set of values, as
output in a finite ameunt of time . An algorithm is thus a sequence of computational
steps that transform the input into the output.

You can also view an algorithm as a teol for solving a well-specified compura-
tional problem. The statement of the problem specifies in general terms the desired
input/output relationship for problem instances, typically of arbitranly large size.
The algorithm describes a specific computational procedure for achieving that in-
put/output relationship for all problem instances.

As an example, suppose that you need to sort a sequence of numbers into mono-
tondcally increasing order. This problem arises frequently in practice and provides
fertile ground for introducing many standard design technigues and analysis tools.
Here 15 how we formally define the sorfing problem:

Input: A sequence of n numbers (g1, a2, .., du}.
Qutput: A permutation (reordenng) {a], &, . .., a, ) of the input sequence such
thata} <al <..-=a,.

Thus, given the input sequence {31, 41, 59, 26, 41, 58), a correct sorting algonthm
retums as output the sequence {26, 31, 41, 41, 58, 59). Such an input sequence is
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