CSE 373: Data Structures and Algorithms

Lecture 8: Finish Hash Table Collisions, Intro to Trees

Instructor: Lilian de Greef
Quarter: Summer 2017



Today

* Announcements

* Wrap up Hash Table Collisions

e Open Addressing: Quadratic Probing
* Open Addressing: Double Hashing
e Rehashing

* Introduce Trees
* Generic Trees
* Binary Trees



Announcements

* Homework 3 is out
* Pair-programming opportunity!
 Start early

* Anonymous feedback mechanism
available on website

* Homework from long weekend
* Forgot to ask for it last lecture

* Pile on top of slide print-outs on
your way out

* Ungraded, but am interested to see

&

@ /[ Uw CSE373, Summer 2017 x Lilian

C' @ Secure https://courses.cs.washington.edu/courses/cse37... Yt ﬁa :
2:00pm and by appointment in CSE 220

Contact Information

Question on homework or course material? Find or start a post on Piazza!

When posting to the class, leave out any code or parts of a solution to the
homework (even if it's incomplete). For private questions (e.g. grades, code- or
solution-specific questions, etc.), post to the instructors only. If you're feeling shy
about posting something to the class, you can always post anonymously.

Because Piazza is highly catered to getting you help fast and efficiently from
classmates, TAs, and the instructor, you'll get a faster response there than if you
email any of us individually. This is also true for private posts, as both TAs and
instructors can see them.

https://piazza.com/washington/summer2017/cse373

For Lilian's eyes only? Email me with "[CSE 373]" at the beginning of the subject
line. | will check my email at least once a day, so you can expect a response to

instructor-only emails (addressed to Idegreef [at] cs.washington.edu g
hours.

Course Email List: You should receive email sent to the col
his Tist. More info

Anonymous Feedback (goes only to the instructor)

Lecture Materials




Hash Table Collisions



Finishing up Open Addressing

Collision resolution that uses the empty space in the table



Open Addressing: Quadratic Probing

* We can avoid primary clustering by changing the probe function

probe e
(h(key) + £(i)) % TableSize _
* A common technique is quadratic probing: £ (i) = i?

I

* So probe sequence is:

* 0% probe: h (key) % TableSize
1t probe: (h(key)+ 1) % TableSize
2"d probe: (h (key)+ 4) % TableSize
34 probe: (h (key)+ 9) % TableSize

it probe: (h (key) + 1?) % TableSize

* Intuition: Probes quickly “leave the neighborhood”



Quadratic Probing Example #2

2 S ok
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{ flth
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TableSize = 7

Insert:
—76
40
48
5
55

‘%;1 47

be:
pqgfiglg%zatz

(76 % 7 = 6)
(40 % 7 = 5)
(48 % 7 = 6)
(5%7=05)
(55 % 7 = 6)
(47 % 7 =5)

/i% % TableSize



Quadratic Probing: Bad News, Good News

 Bad news:

* Quadratic probing can cycle through the same full indices, never terminating
despite table not being full

* Good news:
* If TableSize is prime and A < %, then quadratic probing will find an empty

slot in at most Ta?b"__’/\_ieSize /2 probes

* So: If you keep A <% and TableSize is prime, no need to detect cycles

* Proof is posted online next to lecture slides
* Also, slightly less detailed proof in textbook / %

* Keyfact: ForprimeTand 0 < 1i,j < #/23wherei # 7,
(k + iﬁ) $ T J S T (i.e.noindex repeat)



Clustering Part 2 %Z?q el D)

- %ﬂrm

* Quadratic probing does not suffer from primary clustering:
no problem with keys initially hashing to the same neighborhood

e But it’s no help if keys initially hash to the same index:

This is called S@C/QV\&\/\/ C(k’\?b\r\\/\j

 Can avoid secondary clustering PvL A (ot g\,\\,\d[um

ot S ev\%[\L Ve .-
BN TP (R AR



Open Addressing: Double Hashing

Idea:

* Given two good hash functions h and g, it is very unlikely that for some
key, h (key) == g(key)

* So make the probe function £ (i) = i*g(key)

Probe sequence:
e 0% probe: h (key) % TableSize
15t probe: (h (key) + k ) % TableSize

Zn;:l probe: (° L\((«&\) + 7\{&5(1"’“ »} /T&kkg‘%
3¢ probe: | ((w . rg(%ﬁ o/ 1, L S=ze

|th probe: (h (key) + i*g(key)) % TableSize




Double Hashing Analysis

* Intuition: Because each probe is “jumping” by g (key) each time, we

“leave the neighborhood” and “go different places from other initial
collisions”

* Requirements for second hash function:
~ X vt hevey” ,vakk/\m’tL —to &R0

AV - QNLM
* Example of double hash function pair that works:
* h(key) = key 5 p
* g(key) = g - (key 5 Q) U« o el (S
e D K q < P W" — \\

* pand gare prime

<=



More Double Hashing Facts

* Assume “uniform hashing” <—

* Means probability of g (key1) 5 p == g(key2) % p s 1/p

—————

* Non-trivial facts we won’t prove:
Average # of probes given A (in the limit as TableSize - w)

* Unsuccessful search (intuitive): -

1

* Successful search (less intuitive): %Ioge(nj

e Bottom line: unsuccessful bad (but not as bad as linear probing), but
successful is not nearly as bad



Charts
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Rehashing



. . /\OKQY: (NPT e\t % ’b\M;
Rehashing N

* What do we do if the table gets too full?
Dnererse Aol g2l

Cp\(}\/ ALW\U\/\’YS 6VLe >
(H/L/L LA avm\/‘l/)ﬁw Sha_ e S /ﬁw\,u/\.ef

* How do we copy over elements? —

(e do \“”\QL\ (Zé. rdf\a\gtx//>



Rehashing g;m

« What’s “too full” in Separate Chaining? ©.5 Z@
NQ 4 Ao Jeade
\/\fuaj(; chawsge o W load ‘Q(h’( /’%B

LC;L\J 2{ MS‘GL"(‘L <‘Q’S Q\_’/ 4_ 07 llg, ()YZB

* “Too full” for Open Addressing / Probing

(£ A= Lwe-«éuo
Hall - Ll s a soid vale of thoils



Rehashing

* How big do we want to make the new table?

/Tw\u,~6t<’lol5 'S QB/QOO( »k\/\b\,\sl,\ [
Lot Are Sae wen'x Ve privee.

— V‘/\é\\/\-L 7&7{@ R KTIM Qio,%jé
—+ e —aS LES

* Can keep a list of prime numbers in your code, since you likely won't
grow more than 20-30 times (2"30 1,073,741,824)
N A




Take - o8 bR sap Chec

Wrapping up Hash Tables e T,A%!Z;m& B

* A hash table is a data-structure for OHC* b\ a 7A\D T ‘
i < Q%Mivv V(ZA% [/@(/\14) rmdB

* Some example uses of hash tables: ‘ ﬁ>
— q/vm/\.L VAN PV <WV\ N e W )
(H 4~
- pass o (energptes a asthentia )

R e R M O NN N G
- ( (M\\WF’“(QJ uma(c/ “‘/‘LW)

2T CutvA
N Qurmu(7 7r)t((u( WWQ



Another Data-Structure for Dictioparies?

”Qp
\)
Dictionary meaning: L /OJ \6 7k

 Set of (key, value) pairs

* Can compare keys ) Z (\/

0 65 O
Dictionary operations: OQ/E) 2 \ .
\

* delete (key)

* insert (key, value)
e £ind (key)



Trees!



Trees

Are like linked-lists, but can have more than one “next”
Ll =15t i actua {/7 a el
L /&\I‘Q.( (1 U lee Lol o
as stk

5=
Q\”%% O 6})\) -

2,

O.



Tree terms

Root (tree) A
Leaves (tree) DEF 1 I L/MN

(For (kde &)

Children (node) A T

Parent (node) C

Siblings (node) (ke nede D) HE
Ancestors (node) (ov Pedke Q7 C A
Descendents (node) L{7 3 (< L pm Ay
Subtree (node) ¢,[ ((‘S\\,k

(/‘00’{'3

Tree T




Tree terms

Tor ~ode G
Depth (node) <9 (#ec(@zs e m”)

Height (tree) L{' (mm( o UR;% b G G —

Degree (node) 2 (& c[«\\\cww

Branching factor (tree) S <\/~’\J\>< A




Practice with Height and Depth
® O
o e e
bt = | _
et VARG &WL (%)=L 7
L\J-ts\«k - 5

Fepth (€)= 2



. 78N
Kinds of Trees /{}Cj?
: . . . /\ \b
Certain terms define trees with specific structure — 0Cav 6

- Binary tree: Each node hasat most / o hild i (Lw»\cﬁn‘) foctay Z}
* n-ary tree: Each node hasatmost n ¢ Lotdrem (ﬂamucl«q (ncter rw)
« Perfect tree: Eachrow s co Mrhh KAl

« Complete tree: Each row completely full except r~ayl,o _,LL\,L L, oo
o U, whiteh T A Lo 5 —5,37/{3\\{ b

&

What is the height of a perfect binary tree with n nodes? /(06 o~
A complete 14-ary tree? /@U ) z
S\ “




More Tree Terms

* There are many kinds of trees \
L}v\a\/\/ — e \jww \‘Ve{) -

P

* There are many kinds of binary trees |
\ai\/\&\l’? {2 Qv CL\ —\ e ) \otvxdv-" Lz/‘vg

e A tree can be balanced or not

« A balanced tree with n nodes has a heightof (O ( (.0 f\w
» Different kinds of trees use different “balance conditions”?o achieve this

26



(Bonus Material) Cool Uses & Kinds of Trees!

Binary Search Tree - dictionaries and
more

Syntax Tree - Constructed by
compilers and (implicitly) calculators
to parse expression

Binary Space Partition - Used in
almost every 3D video game to
determine what objects need to be
rendered.

Binary Tries - Used in almost every
high-bandwidth router for storing
router-tables.

For now, focusing on generic and binary search
trees (don't worry about the other ones listed
here -- | just think they're cool and want to share!)



(Bonus Material) Cool Uses & Kinds of Trees!

Game Tree - Used in computer chess

and other game Als

GGM Trees - Used in cryptographic
applications to generate a tree of
pseudo-random numbers.

Vantage-Point Trees - Used in
bioinformatics to store huge
databases of genomic data records

... and many more kinds and uses of
trees!

T

For now, focusing on generic and binary search
trees (don't worry about the other ones listed
here -- | just think they're cool and want to share!)



Binary Trees

* Binary tree: Each node has at most 2 children (branching factor 2)

. refas s N

* Binary tree is (vt «m\f‘“’\lﬁ({f) (n) <« L

— At N /& \//\ﬁ

_ uﬁ\ 7\/\')‘*\""9( G G

N \\A ;\\J\q/\\r"t{

— OO0

* Representation: \ Aat o «
et LN ] Q¢
O O

« For a dictionary, data will include alkey and a value)



Binary Tree Representation

A

left | right
subtree|subtree

— \C

left | right left | right
subtree|subtree subtree|subtree

left | right left | right left | right
tree|subtree subtree[subtree reelsubt

YTy N




Practice time! What does the following method do?
int mystery (Node node) {
1f (node == null),
return -1;

return 1 + max(mystery(node.left),
mystery (node.right) ;

It calculates the number of nodes in the tree.
It calculates the depth of the nodes.

It calculates the height of the tree.

o0 ® »

. It calculates the number of leaves in the tree.

(oe

o M’\\"”C\>

M AKX (’K, ”}3

—_—

\\(C \(3\/))
Llaav v Y

CC \{>>’>(
vt T are D



Practice time! What does the following method do? s = o _/

sl QS
int mystery (Node node) { R
1f (node == null), .

return -1; 66/7
return 1 + max(mystery(node.left), / ;\
mystery (node.right) ; // !\D
j VA
%6 6
A. It calculates the number of nodes in the tree. ©

B. It calculates the depth of the nodes. <

Ca i~
@bulates the height of the tree.=— §UL‘—GV'Q3

—_—

D. It calculates the number of leaves in the tree.



