B-Trees
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Searching on disks

 So far we have assumed that our data are stored in memory
* What about storing data on a disk?

- Example: databases
» Disk access can be at least 100,000 to 1,000,000 slower

- Goal: minimize disk accesses

* Also: datais read in blocks

- Eg 512 0or1024 bytes
- Reading 1 byteis the same as reading a whole block

B-Trees B-Trees
We can easily generalize 2-3 / 2-4-trees: * We select m so that the whole B-tree node fits in a block
* AB-tree of order m is an m-way search tree with 2 extra properties - We read “multiple nodes” for the “price” of one
Si - Fewer disk accesses than reading multiple nodes of a BST/AVL/ ...
* Size property
- Any node contains between [ §] — 1 and m — 1 values * Such trees are balanced
- Internal nodes with n values have exactly n + 1 children - h = 0(10g n)
- The root is excluded from this rule - Proof: exercise
* Depth property + 2-3and 2-4-trees are B-trees of order 3 and 4
- Allleaves have the same depth (lie on the same level) * Generalize even more: require between a and b children
- forsome?2 < a < (b;—l)
B




ADT Set using BTree, types

// KouBog tou set, mepiéxelr pia povo tiun. KdbBe btree_node €xer moAAd
struct set_node {

Pointer value; // H Tiun tou KouBou.

BTreeNode owner; // 0 btree_node otov omoio avrikel autd TO

}i

// To struct btree_node givalr o KOuBoG €vOG B-AEVTpou.
struct btree_node {

int count; // Ap1BuUoG oTolXEiwv
BTreeNode parent; // Matépag

BTreeNode children[MAX_CHILDREN + 17; // Maitdid

SetNode set_nodes[MAX_VALUES + 1]; // Agdouéva (péoa oe set

}i

// YAomoioUue tov ADT Set péow B-Tree, omote TO Struct set eivai éva
struct set {

BTreeNode root; // H pila tou d&vtpou
int size; // MéyegBog, yia amodoTliKO set_size
CompareFunc compare; // Airdtaén

DestroyFunc destroy_value; // Xuvdptnon mou KATAOTPEPEL EVA OTOL

}i

Insertion in a B-tree

e Same as for 2-3 and 2-3-4-trees
- Search for the value
- Insert at a leaf

* In case of an overflow (m + 1 children)
- Split it into two nodes of m /2 children each

- Move the separator value (median) to the parent
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Insert example, m = 5 Insert example, m = 5
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Inserting 1




Insert example, m = 5

Inserting 2

Insert example, m = 5

| 0 1 2 3

Inserting 3

Insert example, m = 5 Insert example, m = 5
0 1 ‘ 3 4 ‘ 0 : | N 4
Inserting 4: overflow, 2 moves to a new root Inserting 5




Insert example, m = 5

Inserting 6

Insert example, m = 5

Inserting 7: overflow, 5 moves up

Insert example, m = 5 Insert example, m = 5
‘ 0 1 ‘ 3 4 ‘ 6 7 8 | | 0 1 | 3 4 | 6 7 8
Inserting 8 Inserting 9




Insert example, m = 5

Inserting 10: overflow, 8 moves up

Insert example, m = 5

Inserting 11

Insert example, m = 5 Insert example, m = 5
/ _— T~
| 0 1 | 3 4 | 6 7 H 9 10 1 12 ‘ 0 1 | 3 4 ‘ 6 7 | 9 10 ‘ 12 13|
Inserting 12 Inserting 13: overflow, 11 moves up




Insert example, m = 5

Insert example, m = 5

Inserting 14 Inserting 15
Insert example, m = 5 Code

 Asalways, the codeisin lecture-code

- modules/UsingBTree/ADTSet.c
« We only highlight some parts here
] 15 16
Inserting 16: overflow, 14 moves up, creating a new overflow
a8




Code, node_insert

BTreeNode node_insert(BTreeNode root, CompareFunc compare, Pointer va
// [amAOG KWOLKAG yia TNV MEPLMTWAN KEVOU SEVTPOU]

// EUpegan Tou KOpPBou OTOV omoilo TMPEMEL va yilvel insert
int index;
BTreeNode node = node_find(root, compare, value, &index);
if (index != -1) { // Ymdpxel ndn n tiun
node->set_nodes[index]->value = value;
return root;
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// EUpean tng 0B€0ng mou mpEmel va umel to value

for (index = 0;
index < node->count && compare(value, node->set_nodes[index]
index++)

node_add_value(node, set_node_create(value), index);

if (node->count > MAX_VALUES) // overflow
split(node, compare);

// Emiotpépouvpe tn pila, umopel va €xel dnuiouvpynbei véa
return root->parent != NULL ? root->parent : root;

Code, split

// KaAgitalr otav o KOuPBog node €xel UMEPXELANOEL, TOV Xwpilel Ot 2 KGO
// ZTEAvEL TN peoatla amd TG TLUEG TOU KOuPou node OTOV MATEPA TOU.

static void split(BTreeNode node, CompareFunc compare) {
// Xwpiloupe tov KOuPBo node oge 2 KOuPoug
BTreeNode right = node_create();
right->parent = node->parent; // 01 2 KOuBor €xouvv tov 1d10 n
// Metakivnoe T1G M1OEC TLUEG KAl mMaldid amd TOV aplOTEPO KOUBO o
int half = node->count/2;
if (!is_leaf(node))
for (int i = 0; i <= half; i++)
node_add_child(right, node->children[i + half + 1], 1i);

for (int i = 0; i < half; i++) {
node_add_value(right, node->set_nodes[i + half + 1], 1i);
node->count--;
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// Apaipeon peoaiag TiUng
SetNode median = node->set_nodes[node->count-1];
node->count--;

Code, split

// lpooBEpoupe TO median OTOV MATEPA TOU KOUBOU node.
BTreeNode parent = node->parent;
if (parent == NULL) {

BTreeNode new_root = node_create();

// 0 node eivair n pid
// Anuiovpynoe Kaivou

node_add_value(new_root, median, 0);

right->parent = node->parent = new_root;
new_root->children[0] = node;
new_root->children[1] = right;

} else {
int index; // Bpeg tn 6€0n eiroaywyn¢ tnG TLUNG OTOV MATEPQA.
for (index = 0; index < parent->count; index++)
if (compare(median->value, parent->set_nodes[index]->valu
break;

// MpoaBeoe tov right w¢ 0eé16 maidi tnGg (vE€ag) OLaxwPlOTLKIG
node_add_child(parent, right, index+1);
node_add_value(parent, median, index);

if (parent->count > MAX_VALUES) // parent overflows
split(parent, compare);

Removal from B-trees

e Same as for 2-3 and 2-3-4-trees

* Toremove avalue k; from an internal node
- Replace with its predecessor (or its successor)
- Right-most value in the z-th subtree

* Toremove a value from a leaf

- We simply remove it

- Butit might viotalate the size property (underflow)




Fixing underflows

Two strategies for fixing an underlow at v
* Isthere an immediate sibling w with a “spare” value?

* If so, we do a transfer operation
- Move avalue of w toits parent u
- Move avalue of the parent u to v
* If not, we do a Fusion operation

- Merge v and w, creating a new node v/
- Move a value from the parent u to v/

- This might underflow the parent, continue the same procedure there

Example

Delete h Deleter




Find the Successor of r

Promote the Successor of r — Delete the
Successor from its Place

Delete p

Transfer




After the Transfer

Delete d

Fusion

After the Fusion - Underflow at f




Fusion

After the Fusion — Delete Root

Final Tree

Code, node_remove

BTreeNode node_remove(BTreeNode root, CompareFunc compare, Pointer va

// BpPEC TOV KOUPBO TOU TEPLEXEL TNV TluA.
int index;
BTreeNode node = node_find(root, compare, value, &index);

if (index == -1) // H Tiuni dev UumdpxEl OTO OEVTPO.
return root;

// Bp&Bnke 1oodvvaun tiun otov node, OMOTE TOV d1aYypPAPOUUE
// To mw¢ Ba yivel autd €éaptdtal amd TO av ExEl maldid.

if (is_leaf(node)) {
// ®UAAo: didypaye tnv Tlun, avadidtaée ta dedouéva, repair
// 0AtoBnoe oAa ta dedouéva 1 O£an apiloTepd.
for (int i = index; i < node->count-1; i++)
node->set_nodes[i] = node->set_nodes[i + 1];

node->count--; // Apaipeoe TO O£S0UEVO.

repair_underflow(node); // Avadiauoppwose 1O OEVIPO.




Code, node_remove

} else {
// Av glval €0WTEPLKOG KOUPBOG avTlKATAOTOON HE TNV next TiUE
// Kai remove NG TLUAC QUTAG
SetNode max = node_find_max(node->children[index]);

BTreeNode max_node = max->owner;
max_node->count--; // Apaipege 1O OEOOUEVO.

node->set_nodes[index] = max;
max->owner = node;

repair_underflow(max_node); // Avadiauoppwoe To OEVTPO.
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// Av n pila aderdoer, pila yivetar 1o (HOVadlkO, av €xel) maidil
if (root->count == 0) {
BTreeNode first_child = root->children[0];
if (first_child != NULL)
first_child->parent = NULL;
root = first_child;
}

return root;

B+-trees

Avariant of B-trees, important in today's File systems and databases.
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