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Suppose we are writing some "loopy" code with the

following "Inv" diagram: done when %) \negate
i j ' J continae while 1<)
a: negative I ? non-negative
# «

What should be the guard on our loop?

a[i] >= © (A) i< j (C)
a[i] < a[j] (B) i< (D)
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Today's Learning Outcomes

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

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

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

26. Compare and contrast linear search and binary search, discussing
aspects such as time/space complexity and pre-conditions.
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Code Performance

In lecture 1, we claimed that "better" code uses its resources more efficiently.
Why does this matter?

e Time: 4“jefl C%[’e""e’lcc ('4‘7)1 use more data, jcf befrer
anjers  time-sensitive domagins (-Fl,;jl,f softvare)

* (Memory) Space: empedded systems hWave Space  coastrainty

* Many other factors (power, CPU time, network bandwidth, cache space, ...) beyond our scope

To improve our code performance, we need a way to reliably "measure"” and
compare time/space usage of different approaches.
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Recall: Our paritySplit() Method

7

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

int temp = alxl; How should we measure
alx] = alyl; . .
aly] = temp; the runtime of this code?

static int paritySplit(int[] a) {

1

2

3

4

5 }
6

7

8 int i = 0; int j = a.length;
9

/* Loop Inv: “al..i)’ is even, ‘alj..]" is odd x/
10 while (i < j) {
11 if (alil % 2 == 0) {
12 i++;
13 } else {
14 swap(a,i,j-1);
15 =i
16 }
17 }
18 return j;
19  }
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Measuring Runtime

Option 1: Time its execution

1 int[] a = ... ; // initialize input array Oufpwf for 10,000 elemeats:
K - 0.2851265ms

3 long start = System.nanoTime(); — 0.2276125 mS

4 int i = paritySplit(a); - 0.169167 Ms

5 long end = System.nanoTime(); ’

6 System.out.println("paritySplit() ran in " + (end - start) / 1le6 + " ms.");

Issues:

— what qboat other .‘v:p#s?
- Bigger ;4,,.,1‘3 Wil take \M(jer
= Different inpuls (oF seme S$2) ij“lf take wmore/less fime

~Qther computers May
be F\Heh/g(ov"el‘-
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Measuring Runtime

Option 2: Time its execution across many input sizes

Runtime of “paritySplit()’

0.5

This offers a better picture of how the
runtime scales with parameter sizes

0.4

0.3

= Picture s sHIl a  bit woisy

Time (ms)

0.2

— (an e Exfact Ay oise o
deta;ls fto
Swmmary7

dad wuageedey
leave only treqd
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Runtime vs. Time Complexity

The "wall-clock" runtime of a method is how long it takes to execute.

Its time complexity is the number of basic operations performed
during its execution, expressed as a function of its parameter sizes.

) de valwe to var math operation
Basre ops. - Read value of var wr ; P ,

ete. (Sooq) we'll see defals aren’t cruc al)

Todo,\/', Me)"/lods ;l’lUO)U:n\? mrrqysl N = afcoy Itny}\q

raakmes will  pe fvmc’rions of N ) T(N)
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Counting Basic Operations

[ 1] static void swap(int[] a, int x, int y) {1 For 5“""(’() T(N,): Yo,

2 int temp = alx]; .

3 alx] = alyl; does wot depead on iaput

4 alyl = temp; 5i2@ inp wf v‘!lves

5 1} (01‘ f )

Line 2: Line 3: Line 4:

. read X ], re ad >1 | read "l'e/V)P

2. read alx] 2. read aly] 2. Fead y

3. write to temp | 3 read x 3 write to alyl
Y. ~Iite 4o ”lij
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7~

1 static int paritySplit(int[] a) {

2 int i = 0; int j = a.length;

3 while (i < j) {

4 if (alil %2 == 0) {

S i++;

6 Delae i ’_\ evin caje
S

7 swap(a,i,j-1); k/ does \e 55

9 1 odé caje

10 }

11 return j;

12|

Which paritySplit()
input will execute more
basic operations?

{1, 2, 3, 5, 7}

(B)
(C)

{2, 4, 6, 7, 8}

They are the same



Best-Case vs. Worst-Case Inputs

Sometimes, the number of operations depends not only on the parameter
sizes, but also their values (e.g., to determine if if or else block is executed).

T‘7P7c4”7 Lonsidel wotst-case 't’lpc-—ri'/ hese Values {occe
g dowy most coMplex @ xecution Fq’rh

v  best —case Mpml) uYose values allow minimal B opera'lths

] m jow. - 4 bigoel
M Sconception. olst—cas e 33
CAY IOM!‘. ommer g pbest -cas> € = sMalleC

T\qese are o\e,scr.'p'l-ors of MPM}; ofF

somMe  pre- determined  size.
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Counting Basic Operations (Worst-Case)

1 static int paritySplit(int[] a) {
2 int i = 0; int j = a.length;

3 while (i < j) { N

4 if (alil % 2 == 0) {

5 it+; best ¢ 5¢
6 } else { uses if
7 swap(a,i,j—\l);/? b(omc\'\
. == worst-case
9 b

0| 3 uses else
11 return j; bMﬂC‘q
12}

CS 2110

Line #
2

3
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# Basic Ops

143 =Y
3

Y
3

‘-l (cu‘ ﬂf,‘J)
+3 Leopy pa9)
+10 (swap())

3
I

# Times Run | Total # Ops
‘ Y
N+ | 3N+3
N UN
O 0
N 17 N
N 3N
| 1
TN)=2TN +8
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Asymptotic (Big-O) Notation

- is a bif Yoo  specific
T(N)=27N+ & pe eap  lesding
— Variatioas in  hacdware  can C"’““jﬂ 27 ue-Fch eadg )
— For large N )lou-ofd&fl teem B s ')ejllj'ble (drop)

We write k(l\))_ )+o summaci g tvatime coaqplex,lr grovs

1meqr17 ity mput Size.

Def. we 547 cvuatime T(N) 15 O(ijJ) for some fanctlon 9 i ¥

\-m T(N) "Fr ]ach, Mpvﬂ's Ve 3rav~'§'o
Naw gy < oF TN) does a0t exceed

‘aut § for
FOf ovr P'llfposes" 6’\0'43\7 1‘0 SIN) VP to @ Cons¥ray qc

place TIN) approprigicly in  Wierarchy’
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The Runtime Hierarchy

Complexity Class Name
Better o1 c Ti
Performance (1) onstant lime swapl)
O(log N) Logarithmic Time binary Sevrcy ()
. ; Really oty s phit ()
O(N) Linear Time Good I‘;.:‘;q“ﬁ%()
O(N logN) Linearithmic Time
O(N?) Quadratic Time hasD yplicates ()
v O(N3) Cubic Time
Worse o(2M) Exponential Time } Really
Performance Bad!

CS 2110 Lecture 5: Analyzing Complexity September 8, 2026



Another Method: hasDuplicates()

1 /%x Returns whether "a’ contains duplicate entries,

2 *x distinct indices ‘i != j° with ‘ali] == aljl . *x/
3 static boolean hasDuplicates(int[] a) {

4 for (int i = a.length - 1; i >= 0; i—) {

5 for (int j = 0; j < i; j++) {

6 if (ali] == aljl) {

7 return true;

8

9

Fr}

return false;
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Which of the following is a best-case input of length
6 to hasDuplicates()?

4 5

1 static boolean hasDuplicates(int[] a) {

2 for (int i = a.length - 1; i >= 0; i—-) { {1’2’ 3,4, 5’6} (A)
3 for (int j = 0; j < i; j++) {

4 if (alil == aljl) { | 1.1.2.3. 4

5 return true; . ! { 1,2, 3, ’5} (B)
6 i3 J {-‘;ts{' }o coMPQICJ

7 return false; 2.3 4.5(7 @
4N {1 2,3,4,5(D}

{1,2,3,4,5,5} (D)



(Worst-Case) Asymptotlc Analysis

‘
0O NO UL S, WN =

static boolean
for (int i =
for (int j
if (alil]
return

I33;

return false;

}

hasDuplicates(int[] a) {
a.length - 1; i >= 0; i—) {
=0; j <i; j++) {
== aljl]) {
true; never vase,a'

in VOrsf eise

CS 2110

Line #

2
(guard)

(guard)
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Per-run
Complexity

o)
0(1)

o)

ol

# Times Run

O(N)

nii =o(N%)

i=0

O(N?)

0 (1)

Total
Complexity
0(N)

0 (N?)

Q(N?)
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Visualizing hasDuplicates () Runtime

Runtime of "hasDuplicates()’
30,000

25,000
20,000

15,000

Time (ms)
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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? p(n2) time complexity meens

20 seconds Ao,,,bl;nj inpat size w 2 (A)

40 seconds 9 us draples cuatime N 29_ @

100 seconds (C)



Linear Search

/*x Returns the smallest index "i° such that “al[i] == v .
* Returns "a.length’ if "a’ does not contain v . x/
static int linearSearch(int[] a, int v) { ... }
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Linear Search

/*x Returns the smallest index "i° such that “al[i] == v .
* Returns "a.length’ if "a’ does not contain v . x/
static int linearSearch(int[] a, int v) { ... }

0 a.length

Pre: @9
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Linear Search

/** Returns the smallest index “i° such that “al[i] == v .
* Returns “a.length’ if “a’ does not contain v . x/
static int linearSearch(int[] a, int v) { ... }

0 a.length
. )
Pre: @: ;

%) i a.length

3: v not here ?

Inv:
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Linear Search

/*% Returns the smallest index “i° such that “ali] == v .
* Returns "a.length’ if "a’ does not contain v . x/
static int linearSearch(int[] a, int v) { ... }

9 a.length
. ?

Pre: 2 :

@ i a.length
Inv: a: VvV not here ?

—

0 a.length 9 i a.length

POSt' a: Vv not here a: Vv not here | v
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Jo

& Coding Demo: Linear Search
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Linear Search Runtime Analysis

Total
1 static int linearSearch(int[] a, int v) { Line # | Complexity| # Times Run Complexity
2 int i = 0;
3 /* Loop inv: ‘v’ not in “al[..i)’. %/ 2 0(1) o) O(l)
4 while (i < a.length) {
5 if (ali] == v) { . 4 o(n o(N) O(N)
6 return i; \,JO(S{”CQ)C'
o(1 Q(N 0(N
AR T I N !
9 3} 6 o) O O
10 return a.length; O[N
1} 8 ol O(N) )
10 0(|) D(I) 0“)
e

o(N)J
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Binary Search

If an array a is sorted, how can we find the first occurrence of v faster?

. i le eleme t alm x |:Ke Searchia
Tden Taspeck toe mad e ™) in a (pnper)j
- q[m] >V . do,,'f. neeJ to conas:derlr q.(m..] d;c'l-iona.ry

"4.[""‘]4V: doﬂlf' need to  coasider q[”mj indow where
first v c39

f bC
0 A (m)&—r a.length
/
Inv: a: <V \ \ / >V
— soéed <«
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Jo

& Coding Demo: Binary Search
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