Poll Everywhere

PollEv.com/javabear

assertion will detect the bug?

On the left is a buggy med3 () definition. Which JUnit
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/*% Returns median of "a’, ‘b, ¢ . %/
static int med3(int a, int b, int c¢) {
if (a >=b) {

I

return Math.max(b, c);

} else if (a>=¢c) { // ®X<b
return a;
} else { // a is smallest

s

return Math.min(b, c); a4 can be

median even f
7b

~

text javabear to 22333

assertEquals(2,med3(1,2,3)); (A)
assertEquals(2,med3(2,3,1)); (B)

assertEquals(2,med3(2,1,3)); @

assertEquals(2,med3(3,1,2)); (D)
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Today's Learning Outcomes

18. Identify the loop invariant of an iterative method involving an array
and visualize it using an array diagram.

19. Use an array diagram to develop an iterative method that
maintains the visualized invariant.

20. Write precise specifications for methods involving arrays that use
range notation.
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Loop Anatomy

int Sum = 0;

¥°r (i"i' i=0, i<a.len3+h)’ i++){
sur += q[;:‘)’

} L_Oop guard.
boolean e_xpress:on
LOOP bo&y true = Cua \OOP lOocJ/
IncfeM(,/q'l-_' \OOP \'qf;ﬂb\g(s) ‘FQ[SC = 0ol 'I'lqlo'ﬂ‘j\')(\
IOo‘D
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while Loops

Built from all the same components as for loops.
Every for loop can be transformed into a while loop.

int sum=0; ot Sum=0:
: 1
‘por (ml‘ i=0; i<q,|en3-}l«|)' i++)§‘ m‘]‘ | '/
) [i3, w‘v:le(|<a,leqj’rh)?‘
+= i
Sum alil, Sumt = q[;:{j.
: i+

We'll focus on while loops today, but everything also applies to for loops.
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Range Notation

A range of an array is a contiguous subset of its entries.

Spec‘.ql cqses -

a.
= alO..i
[0] [1] [2] [3] [4] [5] [6] [7] (8] ‘FCOM QE oo I] [ IJ
Q( 1] = a(O..ij

oct
0\[2..5] = a(1..6) = a[2..6) :
f\ /’ \ 7\ Stom ga[{..]:q[a..q.\enfhﬂ

exclude ead
endpo'-ﬂ*s

\Wc\ude
QVH!POM"'S

Ok[l)] empty  When 1>
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Poll Everywhere

PollEv.com/javabear text javabear to 22333

If arr.length ==

8, how many elements belong to
therange arr(1..) ?

4 (A)
5 (B)
6 (C)



Poll Everywhere

PollEv.com/javabear

If arr.length ==
therange arr(1.

text javabear to 22333

8,
.)

how many elements belong to
?

(

)



Range Properties and Array Diagrams

We use array diagrams as a tool to visualize properties of array ranges.

|( \ Sq,oef

3 * Key 7 i/\qf)df'l'qlﬂ‘l'-
N— N —/vv___,,_,-/ 1 wrhtea Yo

every e'\’ffy in q[..i) we doa't one 6ide of
o+ Key nase a1y 196 loudary, mok
QBOU"P Q[;] QEOVZ b0W4J°'r7
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Writing "Loopy" Code

1 /xx Returns # of occurrences of “key in array "'a . *x/
2 static int frequencyOf(int key, int[] a) { ... }
4 a.length
Pre: a: ?

when e eafec  {ve
method / [oo‘o/ e doa't
KoV o"'/“"‘""'] about a's
contents

X vo P"C’ condif;Q”S
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Writing "Loopy" Code

1 /xx Returns # of occurrences of “key in array "'a . *x/
2 static int frequencyOf(int key, int[] a) { ... }

4 a.length

Pre: a: ?

%] a.length

Post: a: couat= # ‘Uey's here

veeéd +o 1afrodnee locq
Vnciable Where \we'll
Veep t/acuU of coua.t

CS 2110 Lecture 4: Loop Invariants

September 3, 2026 10




Writing "Loopy" Code

1 /xx Returns # of occurrences of “key in array "'a . *x/
2 static int frequencyOf(int key, int[] a) { ... }
e a.length
Pre: a: ? strategy.
Coval’ w\\;le
%) . .
a.length 5cqvmmj le€t
Post: a: count =# " key s here Yo eign
co91€5S
0 | € local var Yo }rack Fa .{ength
Inv: a: | cout=¥ 'Key's vere ?

CS 2110

—
fmcessed not rf‘ocz%ed
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(Loop) Invariants

An invariant is an assertion about code that is true at multiple predetermined

points of its execution.
beteea loop + other

AP be relotionship
A 10_09 Mval ant deeu‘ 5 P evqlﬁqch'

lo cal wvars Iwat 15 Ylue every time  logp 439,:;/4’

0 1 a.length

Inv: a: |count=# key shere ?

—

Loop TInv . comt= # of occureres of ey in al..i)

Once we have a loop invariant diagram, writing its loop becomes mechanical.
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Developing a Loop: Initialization

1 /%% Returns # of occurrences of "key in array "a . *x/

2 static int frequencyOf(int key, int[] a) {
. . ’ - o . )

2 int 1 =0, J 17 next index of o to checK| (start by )
. . Wi o,

5 int Count = O, chec J

6 /* Loop Inv: “count’ = # of occurrences of "key' in "al..i)  */

7 while (...) { ... } NnN—

e al..o) |5J enqp+7

L . 0 a.length

Initialize local variables to -

truthify the loop invariant Pre: a: :

when we enter the loop. 0 i a.length

Inv: a: |count=#key shere ?

—
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Poll Everywhere

PollEv.com/javabear text javabear to 22333

Which of these is true immediately after we fall
through the loop body?

loop invariantis true loop guard is true X (A)
loop invariantis true loop guard is false @
loop invariantis false >< loop guard is true X (C)

loop invariant is false >< loop guard is false (D)



Developing a Loop: Guard + Post-condition

1 /*xx Returns # of occurrences of “key in array a . x/
2 static int frequencyOf(int key, int[] a) {
3 int i = 0; // next index of ‘a' to check q[,_a_lg,,‘,n,) | all of a
4 int count = 0; NA
5 /* Loop Inv: “count’ = # of occurrences of “key' in “al[..i)" x*/ + *
6 while (;<q.]enJ‘H") { ... Y/ dove uhen i== a.|Ch3)‘|v ‘\;eﬂq €
7 (e+mn Couqt’ - ‘ l 1y 3
g8 } J coatinee |oop~:9 while 1« q_lez,j}lq
Guard the loop on a condition 0 a.length

that falsifies once the loop is
done with its work.

Post: a: count =# key shere

) i a.length

Use loop invariant to meet
method post-condition.

Inv: a: | count =# " key s here ?

—
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Developing a Loop: Body

In each iteration: 0 i a.length
: ]
* Progress toward the loop's goal 3¢ | count=#"key shere| ! ?
* Restore the loop invariant "'\
) R Jook q" '“l:s en"'y
1 /*x Returns # of occurrences of "key in array "a . *x/ increase Comat if
2 static int frequencyOf(int key, int[] a) { == Key
3 int i = 0; int count = 0; fo bo slide
4 /* Loop Inv: “count’ = # of occurrences of “key in “al..i)’ x/ *"'“’As: er. :,, to
“wad O !
5 while (i < a.length) { \:':s’mfz iv'JVnriqnf
6 if (alil ==«key) {
7 Comat +%,
3
8 V4
9
10 return count;
11 }

CS 2110 Lecture 4: Loop Invariants September 3, 2026



Example 2: argmin()

1 /%% Returns an xindexx of the minimum element in "a’.
2 * Requires that “a.length > 0 . x/
3 static int argmin(double[] a) { ... }

argmin(new double[]{1.0, 3.5, 4.2, 0.7, 6.3, 2.8})

What do we need to keep track of to compute the argmin()?
_which  eafries  welve checwed  (3)

- +the gmallest element we've $peq (""’M)

— wWhere 4 s/\q4”65+ &|e~)e4+ is ClaC)
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argmin() Invariant Diagram

5':"‘47(“ .S*""CJ), 5\»eef).ln\? [ett —71‘.;7l41- will  worik

0 1 a.length

Inv: a: > min ¢

VA
/ —
al\locl=min

state  fact b wmin N quiy it o C(wge gproperty,
16 owmallest value 6o we'll write i+ bvelow the

we've Seew as a diagfam
——’Uﬁ L o
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Exercise

Use the array diagram we developed to complete the definition of argmin().

0 i a.length

Inv: a: >min ?

—_
al[loc] = min

1 /*xx Returns an xindex* of the minimum element in "a .
2 * Requires that "a.length > 0 . x/
3 static int argmin(double[] a) { ... }
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argmin()

Pre: a:
Inv: a:
Post: a:

CS 2110

Pre and Post Diagrams

0 a.length
min ?

al[loc] = min
0 i a.length

>min
—) .

al[loc] = min

0 a.length

>min

Lecture 4: Loop Invariants

al[loc] = min

September 3, 2026
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2 Coding Demo: argmin() &
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Example 3: paritySplit()

( )

1 /*x Rearranges a so that all even elements appear before
2 * all odd elements. Returns the index of the first odd

3 * element, or "a.length’ if all elements are even. x/

4 static int paritySplit(int[] a) { ... }

— sy |2|6|U|o]|l |35
211(3|6]4]|5]|0 W M @ 6] M

_
[el] [1] [2] [3] [4] [5] [6] X
(undec specified)

+* looU al Jecture
code to see
how We test Fuis!

O|2(4|6(S|1]|3
m W WBo M E @
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paritySplit() Array Diagrams

Pre:

Inv:

Post:

CS 2110

a.

a.length

¥ We CcaA PM+ IJJ
on ihe other Sides

of twe bouadaries,

even ?

a.length j,'\]'.v another

(cofce r,'\') Jef'inﬂ-ion .

See lednr®

Exel‘ c‘s e L‘:?.
a.length

even |
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2, Coding Demo: paritySplit() &
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paritySplit() Loop Body

Inspect al[ 1] and consider two cases:

1.a[1] iseven expand even  regio”
0 i J a.length
Inv: a: even => 2 odd
— P a—
2.a[i] isodd guap Yo expand odd region
0 L N ] a.length
' N
Inv: a: | even v L2 )(- odd
— I -
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Review: Steps for Developing Loops

1. Think about loop progress to sketch its invariant.
2.ldentify local variables: one per boundary, perhaps others for properties.
3. Use the “Inv” diagram to write the loop invariant comment.
4. Slide the “Inv” boundaries to their "Pre" positions

* Use overlaps to initialize the loop variables.

* Use the loop invariant to initialize other local variables.
5. Slide the “Inv" boundaries to their "Post" positions

* Use overlaps to to determine the loop guard.

* Use the loop invariant to satisfy the method post-conditions
6. Develop the loop body so that it:

* Makes progress toward the post-condition.

* Re-establishes the loop invariant.
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