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Suppose we are writing some "loopy" code with the

following "Inv" diagram: dJone whan 1)
i :) ! j continme while 1<)
a. negative ‘ ? non-negative
— ' —

What should be the guard on our loop?

a[i] >= o (A)  ali] < a[]] (C)
i< (B) i<=3 ©
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Today's Learning Outcomes

25. Explain the benefits of using asymptotic analysis versus performance
testing to evaluate the efficiency of a piece of code.

26. Determine the asymptotic time and space complexity of a piece of code
involving one or more loops and/or method calls.

27. Determine whether a given (mathematical) function belongs to a given
big-O complexity class.

28. Compare and contrast linear search and binary search.
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Announcement:

Reminders about HW Collaboration

Coding collaboratively (when done well) is a great way to increase your
understanding!

If you choose to have an assignment partner:

* We expectyou to complete the entire assignment together.

* You should submit one assignment as a pair on Gradescope.
* Make sure you tag your partner on your last submissions.
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Code Performance

Belter code uses its resources more efficiently;

- Time uyer €experiéace (lq',)) use <more data, ch befrer
% ansers time-sengitive domqing (-F'lijl.{- softvaire)

"/V\CMor7 Space emyedded systems have  Space coastraints

- Powcr
- CPVU fime, netvork banduidih cache space ...

Why does Huis nwatter?

To improve ewr  code perfermance, e aeced a oy
Yo celiably MmedSare time /space vsage.
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Recall: Our paritySplit() Method

-
static int paritySplit(int[] a) {
inti=0; intj=a.length;

while (i <j) {
if (a[i] % 2==0){
i++;
} else {
swap(a,i,j-1);
- A 5
} a.,
} =y =
return j;

even ?

|}

\ (

|}

static void swap(int[] a, int x, int y) {
int temp = a[x];

a[x] = aly];
aly] = temp;
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Measuring Runtime

Option 1: Time its execution

rint[] a=..;

long start = System.nanoTime();

int i = paritySplit(a);

long end = System.nanoTime();

System.out.printIn("paritySplit() ran in " + (end - start) / 1e6 + " ms.");

\. J

Lssues.
_ Wl‘ql- qbo# other I"lf"1+5?
- Biggec iqputs will  take longer

= Qdd  inpyts Wi ll toke '0\»96’

~Qther compufecs Mmay
be Fister /g lowver.

¢
L J
L 4
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Measuring Runtime

Option 2: Time its execution across many input sizes
- C? ves a Yo fier P?C1‘~1/e of

Runtime of “paritySplit()®
})o\-./' fuatime dePOo\d‘; o i/)pg'v)-
Si12¢e -
— Picture i3 still o bt wais %
/ "oz ‘\'(‘e/)J?
— (an e exfcact

olda/ naise .
dad wuageeded deto;ls to

leave oaly tread summary’

Y O @ 0% (O (0% 0% 0 0 o
Array Length
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Runtime vs. Time Complexity

The "Uall -clock" cuntme of a method ' how 'av il tilkes

to execwte.
Its time complexity T 5 Yue wmumber of  basic  operdioss

FCF€0FMGJ dwfv‘-n‘? i+s e,)(e‘(,,i-:ﬂ')) exptejsec] 95 a M
;ts inpul parameter sizes,

ﬂeqd \Mlhe o‘F var wr:”'e valve to \Mf‘) Mo)}li o'perq}-,'o,,,
- /

8*57‘- 0‘35: ‘ ‘ |
etc. (5004) we'll see  defals atemt  crucial)

TOdop\/: /V\e)""vAS ;Von)u:mj ﬂl‘"‘)ybl N: nfl'q7 Ic,.y}\q
runkimes Will pe fuactions of N } T(N)
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Counting Basic Operations

__reqal X
! ) -~ read al%] 3 ops
static void swap(int[] a, int x, int y) { —write Yo temp
inttemp = a[x]; ~ _— _ read
—
a[x] = alyl; - - cesd aly] U ops
aly] = temp; _— —Cead X
T _ wrife to e lx]
U )™
_ — read temp
For Swafl) T (N) | ¥e) _resd g 3 ops
does wot depead on iaput Si2e — Wrte to  aly])

or i’\‘)w{- V“"'es
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Best-Case vs. Worst-Case Inputs

Sometimes  # o()emﬂbﬂs depeadS ot oaly on input  Size but
also values (C-j., to determine if Y body iS5 executed)

wotst-case 'Mpq'l-/ hose Values Locce

T'7P5M”7 Lonsidel
ws dovv most CO"’lp]e.x @ Xe cution Pqﬂn

v best —case Mpml) uVose values allow miaimal B Oferdfons

—_—

. t~cas € F# biggeC
M'.Scaottp'f-a"- ols j(?
CA\’TIO,\,!‘. LOMMO/, loa,s-]- ~cqs & y gV a Ne[‘

T\quQ are o‘e&cr:p+or$ oF i’\f“‘lif oF

soMe Bre- d@{um.med sizée.
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Counting Basic Operations (Worst-Case)

( )

static int paritySplit(int[] a) {

inti=0; intj=a.length;

W—

while (i <j) { N

if (alil % 2==0){) yas} <194
)Bu'-ll hit
F brancy

} else {

wOCSi”U’SL
swap(a,i,j-l)} il hit L
_ beanch|
i 1 el

| return j; }

i++;

-3 ops

1+2 = 3
3

# +me$ execuled

l

N+ ] |

jotal # opS$
3
IN+3
YN
O
17 N

3N
]

N
O
N
N
l

T(W)=2IN+7
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Asymptotic (Big-O) Notation

: i a bif too gpecific
T(N)=27N+7 pe feop lesding
— Varrations in hacdware  can C\""”jc 27 zoe-FFic ¢adg )
— For \qrae N, Now-order! fecm T s neq j;ble (drop>

We wWrite L(N).— N)}‘}o symmacize  tvatime C"”’P'“X*y 3:9\/5
lmequy ity  gpul Size.

Def. We 547 rvatime. T(N) 'S O(j“")) for some {"-Mc'}’on 3 J"F

T (N) " Lor ]MJC iapats, the 3rav~l9‘o
3(1\1)‘4 o of TeN) does a0t exceed

M
N =00 ¢ +r
10
For our pucposes, enowy‘7 To Sm) Mp to @ constert ¢

place TIN) approprigicly in  hierarchy”
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The Runtime Hierarchy

Better
Performance

Worse
Performance

Complexity Class Name
O(1) Constant Time
O(log N) Logarithmic Time
O(N) Linear Time
O(N log N) Linearithmic Time
O(N?) Quadratic Time
O(N3) Cubic Time
o2M) Exponential Time

}

Swap ()

binary Serrch ()
R"‘”Y rql‘i(’7 SP';f()

00

lineat Sescct, ()

hasD yplicates ()

Req”7
Bad!
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Another Method: hasDuplicates()

é )

static boolean hasDuplicates(int[] a) {
for (inti=a.length-1;i>=0;i--){
for(intj=0;j<i; j++){
if (a[i] == a[j]) {
return true;

it

return false;

}

. J
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Which of the following is a best-case input of length
6 to hasDuplicates()?

( )
{1,2,3,4,5,6) (A)
static boolean hasDuplicates(int[] a) {
for (inti=a.length-1;i>=0;i-){ &— !
for (intj=0;j<i;j++){ j —> 11,1,2,3,4,5) (B)
if (a[i] == a[j]) { fiest juo compared
return true; {@ 2,3, 4, 5’@} @
1
return false;
) | {1,2,3,4,5,5) (D)




Asymptotic Analysis (Worst- Case)

e \
static boolean hasDuplicates(int[] a) {

for (inti=a.length - 1;i>=0; i--) {

for(intj=0;j<i;j++) {

if (ali] == a[j]) { "\

co"’lp\cxif7

~

return true; & not wsed
by worst-
}}} co9e ]n?q“‘
return false;
k} y,

o ()
o())

o(1)

o(1)
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%+ executiong cj"’f":“:*?'
O(N) 0 (N)
N-I|
2 (#)=0n)]  o(n?)
=0
O(N?) Q(N?)
)]0 oh)
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Visualizing hasDuplicates () Runtime

Runtime of "hasDuplicates()’
30,000

25,000
20,000

15,000

Time (ms)

10,000

5,000

O ® & & & & & & & &

N
60 ) )\(2/0 ) )\%Q D) Q}‘Q D) (500 ) {560 ) D‘Q/Q D) &%Q D) 6&0 D) 600 D)

Array Length
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hasDuplicates() ranin 10 seconds for an
array with 360,000 elements.

How long should it take to run on an array with
720,000 elements? O(N%) time complexity wmeans

20 seconds dounbling iapat size (A)

drapl fim
40 seconds %w “pleS (v e

100 seconds (C)

19



Linear Search

/** Returns the smallest index 'i" such that “afi] == v or returns
* “a.length’ if ‘a” does not contain v'. */
static int linearSearch(int[] a, int v) { ... }

Pre a ¢

L
Tnv o | v not here '?

N b
Post a.| v not here |v ? (or v not Were )
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Jo

& Coding Demo: Linear Search
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Runtime Analysis

r

static int linearSearch(int[] a, int v) {

inti=0;

while (i < a.length) {
if (a[i] ==v){
returni; - early cetara nob worst-case

}

i++;
return a.length;
. J
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. complexity

0 (1)

0 (1)
o(1)

o1

o)

# executiong

o()

o(N)
Q(N)

O(N)

0(1)
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Binary Search

Tf arfay o 5 sorted, € We fiad  the firgh  index
of v faster?

x |ike seaﬂ-‘"iv
m a (paper)
d;ci-icma.l‘y

Tden. Taspect toe middle elemeat alm]

alm]yy: donlt need te consider a(m.]

“4["\]<V: doa't need te congider a.[..m:[
A—me

m)& C

Tav o, <V P >V
p— — pro=
S v -
windoyw where firs+ Vv can be
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Jo

& Coding Demo: Binary Search
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