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[EJRA1: dictionary &)

o PREEMRIXECUL 12

In a hash table in which collisions are resolved by chaining, an unsuccessful search
takes average-case time ®(1+a), under the assumption of simple uniform hashing.

In a hash table in which collisions are resolved by chaiming, a successful search
takes average-case time ©(14-a), under the assumption of simple uniform hashing.

What does this analysis mean? If the number of hash-table slots is at least pro-
portional to the number of elements in the table, we have n = ((m) and, con-
sequently, « = n/m = O(m)/m = 0O(1). Thus, searching takes constant time
on average. Since insertion takes (1) worst-case time and deletion takes O(1)
worst-case time when the lists are doubly linked, we can support all dictionary
operations in (1) time on average.
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[EJRA1: dictionary &)

void addEntry(int hash, K key, V value, int bucketIndex) {
if ((size >= threshold) && (null != table[bucketIndex])) {
resize(2 * table.length);
hash = (null != key) ? hash(key) : 0;
bucketIndex = indexFor(hash, table.length);

createEntry(hash, key, value, bucketIndex);
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Worst-case Analysis of the Insertion

e For n execution of insertion operations
e A bad analysis: the worst case for WM’IJH is the case

when expansio f
 So, the worst c? st is in O(n?).
e Note the expansion is required during the ith operation only 1f
i=2% and the cost of the ith operation

i if 1 —11s exactly power of 2
c, =
1 otherwise

n 1gn | .
So, the total cost is : ch. <n+ 22’ <n+2n=3n

i=1 =0




IB)&02 : hash function
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e Satisfies (approximately) the assumption of simple uniform hashing.

e Derives the hash value in a way that we expect to be independent of
any patterns that might exist in the data.
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e universal hashing: to choose the hash function randomly
in a way that 1s independent of the keys that are actually

going to be stored
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|BJ@f3: probability calculations in hashing

o JRETHEIX LL Y 7
e expected number of items per location 7/k

o expected number of empty locations k(1 — )"
e expected number of collisions n—k+k(1-21)"

e expected time until all locations have at least one
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HASH-INSERT(T.k) HASH-SEARCH(T. k)

1 i=0 1 i =0

2 repeat 2 repeat

3 j = h(k.i) 3 J = hik.i)

4 if T[j] == NIL 4 if T[j]==k

5 T[j] =k 5 return j

6 return j 6 i =1i+1

7 elsei =i + 1 7 until T[j]==NILori ==m
8 untili ==m 8§ return NIL

O error “hash table overflow™
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[B]J§R4 : collision resolution (&)
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e linear probing hk.i) = (h'(k) +i) mod m
e quadratic probing  a(k.i) = (W'(k) + c1i + ¢,i%) mod m
e double hashing h(k.i) = (hy(k) + ihy(k)) mod m
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e linear probing: primary clustering

e quadratic probing: secondary clustering




[B]J§R4 : collision resolution (&)

o —NUFAThER N 1% H A R 5 ?
e The probe sequence is a permutation of <0, 1, ..., m-1>.

e uniform hashing: The probe sequence of each key is equally likely to
be any of the m! permutations of <0, 1, ..., m-1>.
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e linear probing hk.i) = (h'(k) +i) mod m
* quadratic probing  a(k.i) = (W' (k) + c,i + ¢,i%) mod m
e double hashing h(k.i) = (hy(k) +ihy(k)) mod m

o IREMFEIXLL HARR A 107

e linear probing: primary clustering

e quadratic probing: secondary clustering
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1 : binary search trees
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|B)@h1: binary search trees (4&)

TREE-SEARCH (x, k) ITERATIVE-TREE-SEARCH (X, k)
1 if x ==NIL or k == x.key 1 while x # NIL and k # x.key
2 return x 2 if £k < x.key

3 ifk < x.key 3 x = Xx.left

4 return TREE-SEARCH (X.left. k) 4 else x = x.right

5 else return TREE-SEARCH (x.right. k) 5 return Xx
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|BJ@R 1 : binary search trees (&)

TREE-MINIMUM (X) TREE-M AXIMUM(X)

1 while x.left # NIL 1 while x.right # NIL
2 X = Xx.left 2 X = Xx.right

3 returnx 3 returnx
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|BJ@R 1 : binary search trees (&)

TREE-SUCCESSOR (X)
if x.right % NIL

1

2 return TREE-MINIMUM (x.right)
3 y=x.p

4 while y # NIL and x == y.right

5 X =y

6 y=y.p

7 returny
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[BJ@R1: binary search trees (4t
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TREE-INSERT(7. 2)

| y=NIL

2 x = T.mot

3  while x # NIL

- y=xXx

5 if Z.key < x.key
6 x = x.left
7 else x = x.right
8 zZp=y

9 if y==NIL

10 T.root = 2 // tree T was empty
11 elseif z.key < y.key
12 y.left = 2

13 else y.right = 2




|BJ@R 1 : binary search trees (&)
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|BJ@R 1 : binary search trees (&)
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Improving the Balancing by Rotation

The node group ‘
@

2?0

-| The mlddle principal
subtree changes parent




I8)8m2 : red-black trees

e red-black treeeF- 1 2 AFEE ?
e No simple path from the root to a leaf is more than twice as long as
any other.

o Nt A= HA XL

1. Every node 1s either red or black.

The root 1s black.

Ll

Every leaf (NIL) 1s black.
If a node 1s red, then both its children are black.

“h

For each node, all simple paths from the node to descendant leaves contain the
same number of black nodes.




[BJRR2 . red-black trees (&)
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[AJ@R2: red-black trees ()
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[AJ@R2: red-black trees ()
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e X moves into y’s position.

e Push y’s blackness onto x.
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[BJRR2 . red-black trees (&)

An AVL free is a binary search tree that is height balanced: for each node x, the
heights of the left and right subtrees of x differ by at most 1. Toimplement an AVL
tree, we maintain an extra attribute in each node: x.h is the height of node x. As
for any other binary search tree T', we assume that T root points to the root node.

Toinsert into an AVL tree, we first place a node into the appropriate place in bi-
nary search tree order. Afterward, the tree might no longer be height balanced.
Specifically, the heights of the left and right children of some node might differ
by 2. Describe a procedure BALANCE(x ), which takes a subtree rooted at x
whose left and right children are height balanced and have heights that differ
by at most 2, i.e., |x.right.h — x.left.h| < 2, and alters the subtree rooted at x
to be height balanced.
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