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Motivation

* GrolRe Datenmengen
* Viel Memory

* Wenig Zeit

e Key-value Store

* Range query
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O-Notation
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for i=0, i<n, 1i++:

for 1=0,

for i=1,

do stuff
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Hashtabelle

* Key Value Paare
* Berechne Index aus h[key]

* SET, DEL und SEARCH in O(1) hlkey) =
 Kollisionsbehandlung
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B+ Baum

e h*> 0,k k*>0

 Jeder Pfad von Wurzel zu Blatt ist h*-1 lang
 Jeder innere Knoten hat mind k+1 Kinder
 Jeder innere Knoten hat hochstens 2k+1 Kinder

* Jedes Blatt hat mind k* und hochstens 2k* Eintrage

* O(log N) lookup



B+ Baum
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B+ Baum
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B+ Baum
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Prefix Baum

e Auch Trie genannt

* Baum aus Strings

* O(L) wobei L Lange der Strings ist
* Hohere Platzkomplexitat

e Auto-complete



Prefix Baum

* Insert tree
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Prefix Baum

* Insert tree
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Prefix Baum

* Insert hello
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Prefix Baum

e Insert hell
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Prefix Baum

* Insert help’
* Insert trap

16/49



Prefix Baum

e Delete hell
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Prefix Baum

* Delete trap
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Wormhole [1]
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Wormhole [1]
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Wormhole [1]
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Wormhole [1]
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Wormhole [1]

* Search Denise’
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Wormhole [1]

* Search A
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Wormhole [1]
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—Internal or Leaf
—Left-most Leaf
—Right-most Leaf
—Anchor Prefix
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Wormhole [1]

A

Algorithm 1 Binary Search on Prefix Lengths

.1: function searchLPM(search_key, Lyne, Liey) )
2: m - 0; n « min(Lanc, Liey)+1 : |y
3 while (m+1) = ndo
4 prefix_len < (m+n)/2 _
a2 if search_key|[0 : prefix_len-1] is in the trie then v -
ﬁ. b
7
8

m « prefix_len
else n « prefix_len

return search_key[0: m-1]

e search_key = James
L key=5
L anc=4

e

LN
U L N ] L L L L L.
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Wormhole [1]

Algorithm 1 Binary Search on Prefix Lengths

I: function searchLPM(search_key, Lune, Liey)
m « 0, n « min(Lanc, Liey)+1
while (m+1) = ndo
prefix_len < (m+n)/2
if search_key|[0 : prefix_len-1] is in the trie then
m <« prefix_len
else n « prefix_len

return search_key[0 : m-1]
*m=0
n=4
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Wormhole [1]

Algorithm 1 Binary Search on Prefix Lengths

I: function searchLPM(search_key, Lune, Liey)
2: m - 0; n « min(Lanc, Liey)+1
3 while (m+1) = ndo
[ 75 prefix_len ¢ (m+n)/2
a2 if search_key|[0 : prefix_len-1] is in the trie then
6: m « prefix_len
I else n « prefix_len
8:

return search_key[0 : m-1]
*m=0

*n=4

* prefix_len=2
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Wormhole [1]

Algorithm 1 Binary Search on Prefix Lengths

I: function searchLPM(search_key, Lune, Liey)

2: m - 0; n « min(Lanc, Liey)+1

3 while (m+1) = ndo

4: prefix_len < (m+n)/2

a2 if search_key|[0 : prefix_len-1] is in the trie then
‘): m « prefix_len

I else n « prefix_len
8:

return search_key[0 : m-1]
*m=2
*n=4
* prefix_len=2
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Wormhole [1]

Algorithm 1 Binary Search on Prefix Lengths

I: function searchLPM(search_key, Lune, Liey)
2: m - 0; n « min(Lanc, Liey)+1
3 while (m+1) = ndo
[ 75 prefix_len ¢ (m+n)/2
a2 if search_key|[0 : prefix_len-1] is in the trie then
6: m « prefix_len
I else n « prefix_len
8:

return search_key[0 : m-1]
*m=2
*n=4
* prefix_len =3
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Wormhole [1]

Algorithm 1 Binary Search on Prefix Lengths

I: function searchLPM(search_key, Lune, Liey)

2: m - 0; n « min(Lanc, Liey)+1

3 while (m+1) = ndo

4: prefix_len < (m+n)/2

a2 if search_key|[0 : prefix_len-1] is in the trie then
‘): m « prefix_len

I else n « prefix_len
8:

return search_key[0 : m-1]
*'m=3
*n=4
* prefix_len =3
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Wormhole [1]

A

Algorithm 1 Binary Search on Prefix Lengths

I: function searchLPM(search_key, Lune, Liey) i

2: m - 0; n « min(Lanc, Liey)+1 : |y
while (m+1) = ndo

prefix_len < (m+n)/2

if search_key|[0 : prefix_len-1] is in the trie then P -

m « prefix_len |

else n « prefix_len

return search_key[0: m-1]

* return Jam

e

LN
U L N ] L L L L L.

* O(log(min(L_anc,L _key)))
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Wormhole [1]

1] J
— L : —Internal or Leaf
function searchTrieHT(wh, key) o /] —Left-most Leaf
@ node « searchLPM(wh.ht, key, min(key.len, wh.maxLen)) = oI —Right-most Leaf
if node.type = LEAF then return node - IL —Anchor Prefix
else if node key.len = key.len then 2 g I I @@ J f[ao |
leaf « node. leftmost s A —Bitmap
if key < leaf.anchor then leaf « leafleft N I
return leaf L
missing +— key.tokens|[node. key.len] I [—] «—MetalrieHT
sibling «— findOneSibling(node bitmap, missing) N
child « htGet(wh.ht, concat(node key, sibling)) ‘LI:_

if child.type = LEAF then

if sibling > missing then child « child.left

i —

—=

R e ey
else - . > > > >0 C CCC CC
if sibling > missing then return child.leftmost left QoS cC Do 0o o oOC C
else return child.rightmost o g _D-‘ f_ﬂl_ E 8 % g g' % Ilj ﬂ
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Wormhole [1]

—Internal or Leaf

—Left-most Leaf

—Right-most Leaf
—Anchor Prefix

13[4 o)

—Bitmap

function searchTrieHT(wh, key)
node « searchLPM(wh.ht, key, min(key.len, wh.maxLen))
if node.type = LEAF then return node
@ clse if node key.len = key.len then
leaf « node. leftmost

y (.sor,)usey

if key < leaf.anchor then leaf « leafleft

return leaf
missing +— key.tokens|[node. key.len]
sibling «— findOneSibling(node bitmap, missing)
child « htGet(wh.ht, concat(node key, sibling))
if child.type = LEAF then

if sibling > missing then child « child.left
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Wormhole [1]

—Internal or Leaf
—Left-most Leaf
—Right-most Leaf
—Anchor Prefix

13[4 o)

—Bitmap

function searchTrieHT(wh, key)
node « searchLPM(wh.ht, key, min(key.len, wh.maxLen))

else if node key.len = key.len then
leaf’ «— node.leftmost

-
)
%)
=2
if node.type = LEAF then return node ¢
o,
>

if key < leaf.anchor then leaf « leafleft

return leaf
@ missing < key.tokens[node key.len]
sibling «— findOneSibling(node bitmap, missing)
child « htGet(wh.ht, concat(node key, sibling))

if child.type = LEAF then - : :
if sibling = missing then child « child.left — - .
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Wormhole [1]

—Internal or Leaf

—Left-most Leaf

—Right-most Leaf
—Anchor Prefix

13[4 o)

—Bitmap

function searchTrieHT(wh, key)
node « searchLPM(wh.ht, key, min(key.len, wh.maxLen))

else if node key.len = key.len then
leaf’ «— node.leftmost
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if key < leaf.anchor then leaf « leafleft
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Wormhole [1]

1 J
— J: : —Internal or Leaf
function searchTrieHT(wh, key) o /] : —Left-most Leaf

node « searchLPM(wh.ht, key, min(key.len, wh.maxLen)) = oI —Right-most Leaf
if node.type = LEAF then return node - IL —Anchor Prefix
else if node key.len = key.len then 2 : I | : I @@ J f[ao |

leaf «— node leftmost s A . —Bitmap

if key < leaf.anchor then leaf « leafleft L W I g

return leaf 1L | :
missing +— key.tokens|[node. key.len] | - «<——MetalrieHT
sibling «— findOneSibling(node bitmap, missing) N I @ Jo :IEI l
child « htGet(wh.ht, concat(node key, sibling)) ‘LI:_ | :

if child.type = LEAF then

- if sibling > missing then child « child.left
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Wormhole [1]

—Internal or Leaf

5 —Left-most Leaf

) —Right-most Leaf
' —Anchor Prefix

—Bitmap

function searchTrieHT(wh, key)
node « searchLPM(wh.ht, key, min(key.len, wh.maxLen))

else if node key.len = key.len then
leaf’ «— node.leftmost
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if node.type = LEAF then return node ¢
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>

if key < leaf.anchor then leaf « leafleft

return leaf
missing +— key.tokens|[node. key.len]
sibling «— findOneSibling(node bitmap, missing)
child « htGet(wh.ht, concat(node key, sibling))

if sibling > missing then child « child.left
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Wormhole [1]

LA, J
= J? —Internal or Leaf
function searchTrieHT(wh, key) 7 /] : —Left-most Leaf

node « searchLPM(wh.ht, key, min(key.len, wh.maxLen)) = oI (u ) —Right-most Leaf
if node.type = LEAF then return node - IL —Anchor Prefix
else if node key.len = key.len then 2 : I '[mg I @@ J f[ao |

leaf’ «— node.leftmost s A N —Bitmap

if key < leaf.anchor then leaf «— leafleft > IBBJa o)

return leaf {L[3l3lJam
missing +— key.tokens|[node. key.len] I :]@ N 0.[—] «—MetalrieHT
sibling «— findOneSibling{node.bitmap, missing) N
child « htGet(wh.ht, concat(node key, sibling)) ‘LI:_E |

if sibling > missing then child « child.left
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Wormhole [1]

—Internal or Leaf

—Left-most Leaf

—Right-most Leaf
—Anchor Prefix

13[4 o)

L—Bitmap

function GET(wh, key)
leaf « searchTrieHT(wh, key); i «— pointSearchLeaf(leaf, key)
if (i < leaf size) and (key = leaf hashArray[i] key) then
return leaf hashArray[i]
else return NULL

ity sty (Y

uoJey«—
o(QV-r—
M3 pUY -«
UT1SNy<«—
30TUB(J«—
SoWe <«
@uose e
Uyor<—
ydosor<—
UBTTN <
UT1SN[ <«

40/49



Wormhole [1]

—Internal or Leaf

—Left-most Leaf

—Right-most Leaf
—Anchor Prefix

13[4 o)

L—Bitmap

function DEL(wh, key)
leaf « searchTrieHT(wh, key): i « pointSearchLeaf(leaf, key)
if (i = leaf.size) and (key = leaf.hashArray[i].key) then
leafDelete(leaf, i)
if (leaf.size + leaf.left.size) < MergeSize then
merge(wh, leaf left, leaf)
else if (leaf.size + leaf.right.size) < MergeSize then

merge(wh, leaf, leaf.right)
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Wormhole [1]

function SET(wh, key, value)
leaf « searchTrieHT(wh, key): i « pointSearchLeaf{leaf, key)
if (i = leaf.size) and (key = leaf. hashArray[i].key) then
leaf- hashArray[i].value « value

—Internal or Leaf

—Left-most Leaf

—Right-most Leaf
—Anchor Prefix

13[4 o)

L—Bitmap

if leaf size = MaxLeafSize then
left, right « split(wh, leaf)

o
)
"
o
—
-
else S
0
—
— -

if key < rightanchor then
leaf « left
else leaf « right

leafInsert(leaf, key, value)
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Throughput of range lookups [1]
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Lookup throughput on local CPU [1]
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Lookup throughput with threads [1]
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Memory usage of the indexes [1]
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/usammentassung

Hashtabellen O(1) O(1) O(1) nein
B+Baum O(log N) O(log N) O(log N) O(log N + k)
Prafix Baum O(L) O(L) O(L) ja

Wormbhole O(log L) O(log L) O(log L) O(log L + k)
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/usammenfassung

* Aus B+, Trie und Hash Table neue Index Struktur zsm gebaut
* GET, SET, DEL(, range search) in O(log L)

* Platzkomplexitat vergleichbar mit B+ Baum

* Niedrige Zeitkomplexitat
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