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e
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G
row
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Pub
lic-

S
e
rvice

A
nnounce

m
e
nt

“C
alH

ab
itat

for
H
um

anity
is

a
se

rvice
club

d
e
d
icate

d
to

giving
b
ack

to
our

w
ond

e
rful

com
m
unity

th
rough

volunte
e
ring.

B
e
tw

e
e
n

b
uild

ing
h
ouse

s,
assisting

w
ith

soup
kitch

e
ns,

gard
e
ning,and

se
ll-

ing
food

,
w
e
strive

to
m
ake

a
positive

im
pact

for
our

ne
igh

b
or-

h
ood

and
b
e
yond

.
Y
ou

can
com

m
it

as
little

(0
)
or

as
m
any

(10
,0
0
0
)

h
ours

as
you

w
ould

like
to

th
e
club

,
b
ut

w
e
could

re
ally

use
th

e
h
e
lp

of
volunte

e
rs

such
as

you.
If

th
is

se
e
m
s
like

som
e
th

ing
you’d

b
e
inte

re
ste

d
in,join

us
at

our
ne

x
t
m
e
e
ting

on
M
arch

7
th

at
12

6
B
arrow

s
7
pm

or
visit

our
w
e
b
site

at
calh

ab
itat.org.”
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C
om

ple
x
ity

•
C
e
rtain

prob
le
m
s
take

longe
r
th

an
oth

e
rs

to
solve

,
or

re
quire

m
ore

storage
space

to
h
old

inte
rm

e
d
iate

re
sults.

•
W

e
re

fe
r
to

th
e
tim

e
com

plex
ity

or
space

com
plex

ity
of

a
prob

le
m
.

•
B
ut

w
h
at

d
oe

s
it

m
e
an

to
say

th
at

a
ce

rtain
program

h
as

a
particular

com
ple

x
ity?

•
W

h
at

d
oe

s
it

m
e
an

for
an

algorith
m
?

•
W

h
at

d
oe

s
it

m
e
an

for
a
prob

lem
?
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A
D
ire

ct
A
pproa

ch

•
W

e
ll,

if
you

w
ant

to
know

h
ow

fast
som

e
th

ing
is,

you
can

tim
e
it.

•
Pyth

on
h
appe

ns
to

m
ake

th
is

e
asy:

>
>
>
d
e
f
f
i
b
(
n
)
:

.
.
.

i
f
n

<
=
1
:

r
e
t
u
r
n
n

.
.
.

e
l
s
e
:
r
e
t
u
r
n
f
i
b
(
n
-
2
)
+
f
i
b
(
n
-
1
)

.
.
.

>
>
>
f
r
o
m
t
i
m
e
i
t
i
m
p
o
r
t
r
e
p
e
a
t

>
>
>
r
e
p
e
a
t
(
’
f
i
b
(
1
0
)
’
,
’
f
r
o
m

m
a
i
n

i
m
p
o
r
t
f
i
b
’
,
n
u
m
b
e
r
=
5
)

[
0
.
0
0
0
4
9
1
.
.
.
,
0
.
0
0
0
4
8
6
.
.
.
,
0
.
0
0
0
4
8
7
.
.
.
]

>
>
>
r
e
p
e
a
t
(
’
f
i
b
(
2
0
)
’
,
’
f
r
o
m

m
a
i
n

i
m
p
o
r
t
f
i
b
’
,
n
u
m
b
e
r
=
5
)

[
0
.
0
6
0
.
.
.
,
0
.
0
6
0
.
.
.
,
0
.
0
6
0
.
.
.
]

>
>
>
r
e
p
e
a
t
(
’
f
i
b
(
3
0
)
’
,
’
f
r
o
m

m
a
i
n

i
m
p
o
r
t
f
i
b
’
,
n
u
m
b
e
r
=
5
)

[
7
.
7
4
.
.
.
,
7
.
8
1
.
.
.
,
7
.
8
1
.
.
.
]

•
r
e
p
e
a
t
(
S
t
m
t
,
S
e
t
u
p
,
n
u
m
b
e
r
=
N
)
says

E
x
e
cute

S
e
tup

(a
string

containing
Pyth

on
cod

e
),
th

e
n
e
x
e
cute

S
tm

t
(a

string)
N

tim
e
s.

R
e
pe

at
th

is
proce

ss
3
tim

e
s
and

re
-

port
th

e
tim

e
re

quire
d
for

e
ach

re
pe

tition.
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A
D
ire

ct
A
pproa

ch
,
C
ontinue

d

•
Y
ou

can
also

use
th

is
from

th
e
com

m
and

line
:

$
p
y
t
h
o
n
3
-
m

t
i
m
e
i
t
-
-
s
e
t
u
p
=
’
f
r
o
m
f
i
b
i
m
p
o
r
t
f
i
b
’
’
f
i
b
(
1
0
)
’

1
0
0
0
0
l
o
o
p
s
,
b
e
s
t
o
f
3
:

9
7
u
s
e
c
p
e
r

l
o
o
p

•
T
h
is

com
m
and

autom
atically

ch
oose

s
a
num

b
e
r
of

e
x
e
cutions

of
fib

to
give

a
total

tim
e
th

at
is

large
e
nough

for
an

accurate
ave

rage
,

re
pe

ats
3
tim

e
s,

and
re

ports
th

e
b
e
st

tim
e
.
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S
tre

ngth
s
a
nd

Prob
le
m
s
w
ith

D
ire

ct
A
pproa

ch

•
G
ood

:
G
ive

s
actual

tim
e
s;

answ
e
rs

que
stion

com
ple

te
ly

for
give

n
in-

put
and

m
ach

ine
.

•
B
ad

:
R
e
sults

apply
only

to
te

ste
d
inputs.

•
B
ad

:
R
e
sults

apply
only

to
particular

program
s
and

platform
s.

•
B
ad

:
C
annot

te
ll
us

anyth
ing

ab
out

com
ple

x
ity

of
algorith

m
or

of
prob

le
m
.
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B
ut

C
a
n’t

W
e
E
x
tra

pola
te

?

•
W

h
y
not

try
a
succe

ssion
of

tim
e
s,

and
use

th
at

to
figure

out
tim

ing
in

ge
ne

ral?

.
.
.
#
f
o
r
t

i
n
5

1
0

1
5
2
0
2
5

3
0
;
d
o

>
e
c
h
o
-
n

"
$
t
:
"

>
p
y
t
h
o
n
3
-
m
t
i
m
e
i
t
-
-
s
e
t
u
p
=
’
f
r
o
m
f
i
b

i
m
p
o
r
t
f
i
b
’

"
f
i
b
(
$
t
)
"

>
d
o
n
e

5
:
1
0
0
0
0
0
l
o
o
p
s
,
b
e
s
t
o
f
3
:

8
.
1
6
u
s
e
c
p
e
r
l
o
o
p

1
0
:
1
0
0
0
0
l
o
o
p
s
,
b
e
s
t
o
f
3
:

9
6
.
8
u
s
e
c
p
e
r
l
o
o
p

1
5
:
1
0
0
0
l
o
o
p
s
,
b
e
s
t
o
f

3
:
1
.
0
8
m
s
e
c
p
e
r

l
o
o
p

2
0
:
1
0
0
l
o
o
p
s
,
b
e
s
t
o
f

3
:
1
2

m
s
e
c
p
e
r
l
o
o
p

2
5
:
1
0

l
o
o
p
s
,
b
e
s
t

o
f
3
:
1
3
3

m
s
e
c
p
e
r
l
o
o
p

3
0
:
1
0

l
o
o
p
s
,
b
e
s
t

o
f
3
:
1
.
4
7

s
e
c
p
e
r
l
o
o
p

•
T
h
is

looks
to

b
e
e
x
pone

ntial
in

t
w
ith

e
x
pone

nt
of

≈
1.6.

•
B
ut...

w
h
at

if
th

e
program

spe
cial-case

s
som

e
inputs?

•
...and

th
is

still
only

w
orks

for
a
particular

program
and

m
ach

ine
.
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W
orst

C
a
se

,
B
e
st

C
a
se

,
A
ve

ra
ge

C
a
se

•
T
o
avoid

th
e
prob

le
m

of
ge

tting
re

sults
only

for
particular

inputs,
w
e
usually

ask
a
m
ore

ge
ne

ral
que

stion,
such

as:

–
W

h
at

is
th

e
w
orst

case
tim

e
to

com
pute

f(X
)
as

a
function

of
th

e
size

of
X
,
or

–
w
h
at

is
th

e
average

case
tim

e
to

com
pute

f(X
)
ove

r
all

value
s
of

X
(w

e
igh

te
d
b
y
like

lih
ood

).

•
H
e
re

,
“size

”
d
e
pe

nd
s
on

th
e
prob

le
m
:
could

b
e
m
agnitud

e
,
le
ngth

(of
list),

card
inality

(of
se

t),
e
tc.

•
A
lso

m
ake

s
se

nse
to

talk
ab

out
th

e
b
est

case
ove

r
all

inputs
of

th
e

sam
e
size

(b
ut

th
is

is
not

usually
inte

re
sting)

or
th

e
average

case
ove

r
all

inputs
of

th
e
sam

e
size

,
w
e
igh

te
d
b
y
like

lih
ood

(b
ut

th
is

is
h
ard

in
ge

ne
ral).

•
B
ut

now
w
e
se

e
m

to
h
ave

a
h
ard

e
r
prob

le
m

th
an

b
e
fore

:
h
ow

d
o
w
e

ge
t
w
orst-case

tim
e
s?

D
oe

sn’t
th

at
re

quire
te

sting
all

case
s?

•
A
nd

w
h
e
n
w
e
d
o,

are
n’t

w
e
stillse

nsitive
to

m
ach

ine
m
od

e
l,
com

pile
r,

e
tc.?
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E
x
a
m
ple

:
L
ine

a
r
S
e
a
rch

•
C
onsid

e
r
th

e
follow

ing
se

arch
function:

d
e
f

n
e
a
r
(
L
,
x
,

d
e
l
t
a
)
:

"
"
"
T
r
u
e
i
f
f

X
d
i
f
f
e
r
s
f
r
o
m
s
o
m
e
m
e
m
b
e
r
o
f
s
e
q
u
e
n
c
e
L
b
y

n
o

m
o
r
e
t
h
a
n
D
E
L
T
A
.
"
"
"

f
o
r
y

i
n
L
:

i
f
a
b
s
(
x
-
y
)
<
=
d
e
l
t
a
:

r
e
t
u
r
n
T
r
u
e

r
e
t
u
r
n
F
a
l
s
e

•
T
h
e
re

’s
a
lot

h
e
re

w
e
d
on’t

know
:

–
H
ow

long
is

se
que

nce
L?

–
W

h
e
re

in
L
is
x
(if

it
is)?

–
W

h
at

kind
of

num
b
e
rs

are
in

L
and

h
ow

long
d
o
th

e
y
take

to
com

-
pare

?

–
H
ow

long
d
o
a
b
s
and

sub
tract

take
?

–
H
ow

long
d
oe

s
it

take
to

cre
ate

an
ite

rator
for

L
and

h
ow

long
d
oe

s
its

n
e
x
t

ope
ration

take
?

•
S
o
w
h
at

can
w
e
m
e
aningfully

say
ab

out
com

ple
x
ity

of
n
e
a
r?
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W
h
a
t
to

M
e
a
sure

?

•
If

w
e
w
ant

ge
ne

ral
answ

e
rs,

w
e
h
ave

to
introd

uce
som

e
“strate

gic
vague

ne
ss.”

•
Inste

ad
of

looking
at

tim
e
s,w

e
can

consid
e
r
num

b
e
r
of

“ope
rations.”

W
h
ich

?

•
T
h
e
total

tim
e
consists

of

1.S
om

e
fix

e
d
ove

rh
e
ad

to
start

th
e
function

and
b
e
gin

th
e
loop.

2
.Pe

r-ite
ration

costs:
sub

traction,
a
b
s,

n
e
x
t

,
<
=

3
.S

om
e
cost

to
e
nd

th
e
loop.

4
.S

om
e
cost

to
re

turn.

•
S
o
w
e
can

colle
ct

total
ope

rations
into

one
“fix

e
d
-cost

ope
ration”

(ite
m
s
1,

3
,
4
),
plus

M
(L
)
“loop

ope
rations”

(ite
m

2
),
w
h
e
re

M
(L

)
is

th
e
num

b
e
r
of

ite
m
s
in

L
up

to
and

includ
ing

th
e
y
th

at
com

e
s
w
ith

in
d
e
l
t
a
of

x
(or

th
e
le
ngth

of
L
if

no
m
atch

).

L
ast
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W
h
a
t
D
oe

s
a
n
“O

pe
ra

tion”
C
ost?

•
B
ut

th
e
se

“ope
rations”

are
of

d
iffe

re
nt

kind
s
and

com
ple

x
itie

s,
so

w
h
at

d
o
w
e
re

ally
know

?

•
A
ssum

ing
th

at
e
ach

ope
ration

re
pre

se
nts

som
e

range
of

possib
le

m
inim

um
and

m
ax

im
um

value
s
(constants),

w
e
can

say
th

at

m
in-fix

ed
-cost

+
M

(L
)
×

m
in-loop-cost

≤

C
n
e
a
r (L

)

≤

m
ax

-fix
ed

-cost
+
M

(L
)
×

m
ax

-loop-cost

w
h
e
re

C
n
e
a
r (L

)
is

th
e
cost

of
n
e
a
r
on

a
list

w
h
e
re

th
e
program

h
as

to
look

at
M

(L
)
ite

m
s.

•
In

th
e
w
orst

case
M

(L
)
=
=

le
n(L

)
and

in
th

e
b
e
st,

M
(L
)
≤

1,
so

m
in-fix

ed
-cost

≤
C

n
e
a
r (L

)
≤

m
ax

-fix
ed

-cost+
le
n(L

)×
m
ax

-loop-cost.

•
S
im

ple
r,b

ut
stillclum

sy,and
th

e
num

b
e
rs

are
not

going
to

b
e
pre

cise
anyw

ay.
W

ould
b
e
nice

to
h
ave

a
cle

ane
r
notation.
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O
pe

ra
tion

C
ounts

a
nd

S
ca

ling

•
Inste

ad
of

ge
tting

pre
cise

answ
e
rs

in
units

of
ph

ysical
tim

e
,
w
e

th
e
re

fore
se

ttle
for

a
prox

y
m
e
asure

th
at

w
ill

re
m
ain

m
e
aningful

ove
r
ch

ange
s
in

arch
ite

cture
or

com
pile

r.

•
C
h
oose

som
e
ope

rations
of

inte
re

st
and

count
h
ow

m
any

tim
e
s
th

e
y

occur.

•
E
x
am

ple
s:

–
H
ow

m
any

tim
e
s
d
oe

s
fib

ge
t
calle

d
re

cursive
ly

d
uring

com
puta-

tion
of

fib
(N

)?

–
H
ow

m
any

ad
d
ition

ope
rations

ge
t
pe

rform
e
d
b
y
fib

(N
)?

•
Y
ou

can
no

longe
r
ge

t
pre

cise
tim

e
s,

b
ut

if
th

e
ope

rations
are

w
e
ll-

ch
ose

n,
re

sults
are

proportional
to

actual
tim

e
for

d
iffe

re
nt

value
s

of
N
.

•
T
h
us,

w
e
look

at
h
ow

com
putation

tim
e
scales

in
th

e
w
orst

case
.

•
C
an

com
pare

program
s/algorith

m
s
on

th
e
b
asis

of
w
h
ich

scale
b
e
t-

te
r.
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A
sy

m
ptotic

R
e
sults

•
S
om

e
tim

e
s,

re
sults

for
“sm

all”
value

s
are

not
ind

icative
.

•
E
.g.,

suppose
w
e
h
ave

a
prim

e
-num

b
e
r
te

ste
r
th

at
contains

a
look-up

tab
le

of
th

e
prim

e
s
up

to
1,0

0
0
,0
0
0
,0
0
0
(ab

out
5
0
m
illion

prim
e
s).

•
T
e
sts

for
num

b
e
rs

up
to

1
b
illion

w
ill

b
e
faste

r
th

an
for

large
r
num

-
b
e
rs.

•
S
o
in

ge
ne

ral,
w
e

te
nd

to
ask

ab
out

asym
ptotic

b
e
h
avior

of
pro-

gram
s:

as
size

of
input

goe
s
to

infinity.
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E
x
pre

ssing
A
pprox

im
a
tion

•
S
o,

w
e
are

looking
for

m
e
asure

s
of

program
pe

rform
ance

th
at

give
us

a
se

nse
of

h
ow

com
putation

tim
e
scale

s
w
ith

size
of

input.

•
A
nd

w
e
are

furth
e
r
inte

re
ste

d
in

ignoring
finite

se
ts

of
spe

cialcase
s

th
at

a
give

n
program

can
com

pute
quickly.

•
F
inally,

pre
cise

w
orst-case

functions
can

b
e
ve

ry
com

plicate
d
,
and

th
e
pre

cision
is

ge
ne

rally
not

te
rrib

ly
im

portant
anyw

ay.

•
T
h
e
se

consid
e
rations

m
otivate

th
e
use

of
ord

er
notation

to
e
x
pre

ss
h
ow

approx
im

ations
of

e
x
e
cution

tim
e
or

space
grow

.
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T
h
e
N
ota

tion

•
S
uppose

th
at

f
is

a
function

of
one

param
e
te

r
re

turning
re

al
num

-
b
e
rs.

•
W

e
use

th
e

notation
Θ
(g
)
to

m
e
an

“th
e

se
t
of

all
one

-param
e
te

r
functions

w
h
ose

ab
solute

value
s
are

eventually
b
ound

ed
ab

ove
and

b
e
low

b
y
som

e
constant

m
ultiples

of
g’s

ab
solute

value
.”

•
S
o
w
e

can
w
rite

f
∈

Θ
(g
)
to

m
e
an

“w
h
e
ne

ve
r
n

is
large

e
nough

,
p
·|g

(n
)|
≤

|f
(n
)|
≤

q
·|g

(n
)|
for

som
e
positive

constants
p
and

q.”

•
T
h
is

notation
can

b
e
use

d
to

e
x
pre

ss
th

e
grow

th
rate

of
any

func-
tion.

•
In

th
is

course
,
th

e
functions

w
e
are

inte
re

ste
d
in

are
th

ose
th

at
e
x
pre

ss
th

e
tim

e
a
com

putation
take

s
as

a
function

of
prob

le
m

size
.
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I
llustra

tion

f
(x
)

g
(x
)

0.5
·
g
(x
)

2
·
g
(x
)

x
=
1

•
H
e
re

,
f

∈
Θ
(g
)
b
e
cause

once
x

is
large

e
nough

(x
>

1),
|f
(x
)|

is
alw

ays
b
e
tw

e
e
n
tw

o
m
ultiple

s
of

|g
(x
)|:

0.5
·|g

(x
)|
≤

|f
(x
)|
≤

2
·|g

(x
)|.
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N
ota

tiona
l
Q
uirks

•
W

e
usually

w
rite

th
ings

likex
2
+
1
∈
Θ
(x

2)

as
sh

orth
and

for
λ
x
:
x
2
+
1
∈
Θ
(λ
x
:
x
2)

•
A
d
d
ing

or
m
ultiplying

se
ts

of
functions

prod
uce

s
se

ts
of

functions.
T
h
us,

x
2
+
Θ
(g
)
m
e
ans

“th
e
se

t
of

functions
of

x
re

turning
x
2
+
h
(x
),

w
h
e
re

h
∈
Θ
(g
).”

•
I
pre

fe
r
f
∈
Θ
(g
)
or

f
(x
)
∈
x
2+

Θ
(g
(x
))
to

th
e
trad

itional
f
=
Θ
(g
)
or

f
(x
)
=
x
2+

Θ
(g
(x
)),b

e
cause

‘=
’m

ake
s
no

form
alse

nse
h
e
re

(th
e
le
ft

sid
e
d
e
note

s
a
function

and
th

e
righ

t
d
e
note

s
a
se

t
of

functions.)
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U
sing

A
sy

m
ptotic

E
stim

a
te

s

•
G
oing

b
ack

to
th

e
n
e
a
r
function,

m
in-fix

ed
-cost

+
M

(L
)
×

m
in-loop-cost

≤
C

n
e
a
r (L

)

≤
m
ax

-fix
ed

-cost
+
M

(L
)
×

m
ax

-loop-cost

w
h
e
re

M
(L

)
is

th
e
num

b
e
r
of

ite
m
s
in

L
th

at
are

e
x
am

ine
d
b
e
fore

th
e
loop

te
rm

inate
s.

•
In

th
e
w
orst

case,
M

(L
)
=
N
,
w
h
e
re

N
is

th
e
le
ngth

of
L
.

•
S
o,

le
tting

C
w
c

n
e
a
r (N

)
m
e
an

“th
e
w
orst-case

value
of

C
n
e
a
r (L

)
w
h
e
n
N

is
th

e
le
ngth

of
L
:”m
in-fix

ed
-cost

+
N

×
m
in-loop-cost

≤
C

w
c

n
e
a
r (N

)

≤
m
ax

-fix
ed

-cost
+
N

×
m
ax

-loop-cost

•
C
laim

:
w
e
can

state
th

is
m
ore

cle
anly

as

C
w
c

n
e
a
r (N

)
∈
Θ
(N

).
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U
sing

A
sy

m
ptotic

E
stim

a
te

s

•
C
laim

th
at

m
in-fix

ed
-cost

+
N

×
m
in-loop-cost

≤
C

w
c

n
e
a
r (N

)

≤
m
ax

-fix
ed

-cost
+
N

×
m
ax

-loop-cost

m
e
ans

th
at

C
w
c

n
e
a
r (N

)
∈
Θ
(N

).

W
h
y?

•
W

e
ll,

if
w
e
ignore

th
e
tw

o
fix

e
d
costs

(assum
e
th

e
y
are

0
),
w
e
ob

vi-
ously

fit
th

e
d
e
finition,

since
for

N
≥

0,

p
·
N

≤
C

w
c

n
e
a
r (N

)
≤

q
·
N
,

w
h
e
re

p
is

m
in-loop-cost

and
q
is

m
ax

-loop-cost.

•
It’s

e
asy

to
se

e
th

at
b
y
tw

e
aking

q
up

a
b
it—

e
.g.,

to
q
′,
w
h
e
re

q
′=

q
+
m
ax

-fix
ed

-cost

w
e
can

arrange
th

at
w
h
e
n
N

is
b
ig

e
nough

(N
>

1
for

th
is

particular
p
′),

w
e
cove

r
th

e
ne

ce
ssary

range
.
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T
y
pica

l
Θ
(·)

E
stim

a
te

s
from

Progra
m
s

B
ound

on
E
x
a
m
ple

W
orst-

C
a
se

T
im

e

Θ
(1)

x
+
=
L
[
c
]

Θ
(lg

N
)

w
h
i
l
e
N

>
0
:

x
,

N
=

x
+
L
[
N
]
,
N

/
/
2

Θ
(N

)
f
o
r
c

i
n
r
a
n
g
e
(
N
)
:

x
+
=
L
[
c
]

Θ
(N

lg
N
)

d
e
f
s
o
r
t
(
L
)
:

#
D
e
f
i
n
e
N

=
l
e
n
(
L
)

M
=

l
e
n
(
L
)
/
/

2

i
f

M
=
=

0
:
r
e
t
u
r
n
L

#
A
s
s
u
m
e
m
e
r
g
e
t
a
k
e
s

Θ
(N

)

e
l
s
e
:
r
e
t
u
r
n
m
e
r
g
e
(
s
o
r
t
(
L
[
:
M
]
)
,
s
o
r
t
(
L
[
M
:
]
)
)

Θ
(N

2)
f
o
r
c

i
n
r
a
n
g
e
(
N
)
:

#
E
x
e
c
u
t
e
d
N

t
i
m
e
s
.

f
o
r

d
i
n

r
a
n
g
e
(
N
)
:

#
E
x
e
c
u
t
e
d
N

t
i
m
e
s
f
o
r

e
a
c
h
c

x
+
=

L
[
c
]
[
d
]

#
E
x
e
c
u
t
e
d
N

x
N

t
i
m
e
s
.

Θ
(2

N
)

d
e
f
l
o
n
g
M
a
x
(
A
,
L
,

U
)
:

#
D
e
f
i
n
e
N

=
U
-
L
;

L
<
=
U

i
f

L
=
=

U
:
r
e
t
u
r
n
A
[
L
]

e
l
s
e
:
r
e
t
u
r
n
m
a
x
(
l
o
n
g
M
a
x
(
A
,
L
+
1
,

U
)
,

l
o
n
g
M
a
x
(
A
,
L
,

U
-
1
)
)
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S
om

e
I
ntuition

on
M
e
a
ning

of
G
row

th

•
H
ow

b
ig

a
prob

le
m

can
you

solve
in

a
give

n
tim

e
?

•
In

th
e
follow

ing
tab

le
,
le
ft

colum
n
sh

ow
s
tim

e
in

m
icrose

cond
s
to

solve
a
give

n
prob

le
m

as
a
function

of
prob

le
m

size
N

(assum
ing

pe
rfe

ct
scaling

and
th

at
prob

le
m

size
1
take

s
1µ

se
c).

•
E
ntrie

s
sh

ow
th

e
size

of
prob

lem
th

at
can

b
e
solve

d
in

a
se

cond
,

h
our,

m
onth

(3
1
d
ays),

and
ce

ntury,
for

various
re

lationsh
ips

b
e
-

tw
e
e
n
tim

e
re

quire
d
and

prob
le
m

size
.

T
im

e
(µ
se

c)
for

M
a
x
N

Possib
le

in
prob

le
m

size
N

1
se

cond
1
h
our

1
m
onth

1
ce

ntury

lg
N

10
3
0
0
0
0
0

10
1
0
0
0
0
0
0
0
0
0

10
8·1

0
1
1

10
9·1

0
1
4

N
10

6
3.6

·
10

9
2.7

·10
1
2

3.2
·10

1
5

N
lg
N

63000
1.3

·
10

8
7.4

·10
1
0

6.9
·10

1
3

N
2
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60000

1.6
·
10

6
5.6

·10
7

N
3

100
1500

14000
150000

2
N
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51

L
ast

m
od

ified
:
F
ri

M
ar

3
19

:12
:2
4
2
0
17

C
S
6
1A

:
L
ecture

#
17

2
1


	Lecture #17: Complexity and Orders of Growth
	Public-Service Announcement
	Complexity
	A Direct Approach
	A Direct Approach, Continued
	Strengths and Problems with Direct Approach
	But Can't We Extrapolate?
	Worst Case, Best Case, Average Case
	Example: Linear Search
	What to Measure?
	What Does an ``Operation'' Cost?
	Operation Counts and Scaling
	Asymptotic Results
	Expressing Approximation
	The Notation
	Illustration
	Notational Quirks
	Using Asymptotic Estimates
	Using Asymptotic Estimates
	Typical () Estimates from Programs
	Some Intuition on Meaning of Growth

