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At how many different indices can the third largest
element in a Max Heap with 7 elements be located?
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Today's Learning Outcomes

73. Describe the operations of the Set and Map ADTs, and utilize them
in programs.

74. Compare the efficiency of Set implementations backed by arrays,
sorted arrays, and (balanced) binary search trees.

57. ldentify and define functional interfaces and implement them
using lambda expressions.
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The Set<T> ADT

A setis an unordered collection of distinct elements.

The Set<T> ADT is used to model a set of elements with type T.
Attemot 4o update collection aqud return

bOOlqu\ qdd(T C‘CM) \I"hef"lef H‘NS wia Su‘ceSS'F'dl
boolean remove (T elea)) | These metuods have both  refurm valve and
side -effect
boolean  contains (T elem)
int  size () $et<TY <: Tierable<TY
Thece's wo quatanice of fue
Tterator<Ty  itecator() teration order
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Approach 1: Compose with List

This approach allows any type T to be stored. Since the elements may not
be Comparable, we can'timpose invariants on the element order.

Place Q_\em,z.n{- ot "cOnVeniewfu eqd of list
add(): O(1)7 No! Need 1o cueck it elem alresdy thcre

i d () Velper metuod does OIN) gean asd rednrns 1d€X of match

remove(): O(N)j Jomiasied Yy £:ad () call
contains(): How (81 vie avoid

O (N) scan’

SiZE(): %O(]) Jc'Cjafe to \iS"I' % sort  elements

iterator()
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Approach 2: Compose with sorted ArrayList

For "sorted" to make sense, we must impose the generic type bound
T extends Comparable<T>.

i ( b \oi.qqr
contains(): O(IOJ N)  becasse Fiad() becormes a 5equh
add(): ¢ till O(N)J quqfqiai«7 sorted ofder fectw;re5
remove(): memory  SWiftin9
size():

%O(\)J Jelcjm‘e o list

iterator():
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Poll Everywhere
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A colleague claims that they can reduce the
runtime of add() and remove () by using a
sorted (doubly) linked chain, since splicing
nodes in and outis an O(1) operation.

Is this colleague correct?

Biﬂﬂf~7 search doesa'f work v q liaked list  becowse
W e \oSe raaéom acceys 3wofﬂ4fce_.

O(N) |ingar Scan S OPHMQI.

Yes (A) No



Approach 3: Compose with a BST

Again, we need the generic type bound T extends Comparable<T>.
The BST ordgr iaveriaak  makes  §iad () (a5 well
as addl) rewmovel), and contains())  an 0 (M)

V\' \qe'lj‘fj'

0Per4+104.

Uﬂb‘)\‘l’)(c& BST' O(H):’- O(N)) 50 no be,'e.‘:;{- over ]'5{'

Self- b°|‘\"c;"\7 B5T. O(H)= OllajN)/ s becomes begt
7\ Set implementation (s0 far...)

51-ruiej7 of Java's Tree S5et class.
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Additional Set Operations: Union

The union of two sets S and T is the set that contains all elements that
belong to either S or T (or both).

S= §»112/ 3/(1/5§Kmﬁ\4 nofation foc sets,
T= 32, Lt,)e,) 83 not aa acfay [ijcral

S5uT= 1),2,34 5, 6,33
Let's add a union () instance method to our Set implementations:

public Set<T> union(Set<T> other) { ... }
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Coding Demo: Three Union Definitions &

this.size()

N = Tn Listset.
M = other.size()

N+M

N 2

1: Naive iterative add() — 7 Z o(i)= O< (N+M) )

‘.—
2: Smarter iterative add()
3: Incorporating sorting 0(N) + M- O&N) N O(/VH'{) = O(NN\)

COPy '\'\445 '\'»“5.CO"\+G'I’\5() amortize d
add()s
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What is the tightest worst-case runtime we can achieve for
computing the union() of two SortedListSets in terms of
N =this.size() and M =other.size()?

Thig 16 almost ideatical +o a dedwf)licﬂ-in\j
"’lerge,.

O(min(N, M)) (A) O(NM) (C)

O(N + M) B O(N? + M?) (D)



Additional Set Operations: Restriction

A predicate maps each element of a type T to a boolean value.

Recall: Java's Predicate<T> functional interface with method

public boolean test(T elem);

Whea e re&{rid- A Gel oa 9 Prgduqie/ T Frod\,ce,s
ve éwbse\' of ity elemeants Lot the Frgdthie Wiap s
Yo $+rae.

5= §),2,3,u53 g resteict (isEven) = § 2,43

Pf&df&ﬂ+€<tn'}epcr> %3 Buen = X —2> X% 2 ':::O.;
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& Coding Demo: Set Restriction

* This is a good review of functional interface syntax.*
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Poll Everywhere
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The intersection of two sets is the set containing all
elements common to both sets.

What lambda expression can we pass into restrict() to
complete this intersection() definition?

7~

/*x Returns the subset of this set whose elements satisfy the given predicate. x/
public Set<T> restrict(Predicate<T> pred) { ... }

/** Returns a new set containing the intersection of this set and "other . x/
public Set<T> intersection(Set<T> other) { or method refereace S)M'Mx

) ther !t coataqins
return restrict(elem—> oi—\\er‘_Coni'qu(eIGM) °© ontal

b

\

~




Maps

A Map is an unordered collection of (key, value) pairs called its entries.
Each key in a map is associated with one value (i.e., belongs to one entry).

(Pyﬂwn‘s dictionary MDC S a mﬂp)

Whea e use a Map, e '|‘~1f>ic tlly  searcs  for {ue
entry with a 3:\'&4 Key S0 e cay obtain +he
assoc;ﬁeé valve

-~ look “p defiartion of Vord in diction ary
~ |ooMX qp 3["465 “bluj 51’\,,\cn{. ID

- look “p Nautrition info Sivev, food nam e
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Choosing Keys and Values

Keys and values play different roles in a Map.

Keys Values
-~ vsed for looKup — sfore lots of dete about

(Seqfchinj Jue sfluul-u.rc) IK€71
— can  be 'M,ycf, rtchec, ¥ uf able

types  Such  ag otues
collectons (Dig 10)

= smnlll immutable

To figure out which is which:

n

"Every Kc; is paired with exactly one value
"lwanttouse_Key  tolookup Vvilue "
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The Map<K,V> ADT

Generic on both key type K and value type V .
adds new eaty if
Key not in Map

overrites old eatry

Modifying Entries: ,;d le-(\/( ey, \ v‘\“"e)

V  remove (K Key) £ Key n Map
Querying: N 363_ [ K Key)

boolean Coataing KEy (K l(ey)

int 5128 ( )
Iterating: Set{K>  WeySet()
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Practice with Map Operations

Given a Map associating the names of famous scientists (String) with their birthdays
(LocalDate), write a method to print all the scientists with a particular birthday.

Map

get(K key): V
remove (K key): V
keySet(): Set<K>

size(): int

put(K key, V value): void

containsKey(K key): boolean

\

/** Prints the names of the scientists in "map  who were
* born on the same date (month and day) as “bday . *x/
void haveBDay(Map<String, LocalDate> map, LocalDate bday) {

for ( 5+"Mj sci « map. Key Se'l-()) $
Local Date d = map. 361‘ (Sr_}))'
i'r(*) ¢ Syﬁcm,owi’. Pr:n{lh (sci) ) }

}

% d.getMonth() == bday.getMonth && d.getDayOfMonth() == bday.getDayOfMonth()
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2 Coding Demo: ImplementingMaps £

Like Set, but with one level of indirection

* Auxiliary Entry type (stored in underlying collection)

* Use key to search the collection

* Use entire Entry to meet the method post-condition once we get
to the right place
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Dynamic Priority Queues

Sometimes, we want to update the priority of an element while itis inside
of a priority queue.

E.g., In Dijkstra's algorithm (Lecture 23), we'll update the best-known
distance to a node when we discover a new incoming path to it.

Heaps (alone) don't give us a good way to do this, since searchingin a

heap is inefficient.

I,,le,,', Vse a M‘!F to 45c0c:ale Quh Fr:or.“ly Quent
entry  vith its  heap index.

For a 7003 qu \‘m,alerv»ear.uon (Lec 20) this 3""95 ys
oan efficient oy to up defe Pr:ar.‘h'e; (AS)
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