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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 or 1024 bytes

- Reading 1 byte is the same as reading a whole block



B-Trees

We can easily generalize 2-3 / 2-4-trees:

* A B-tree of order m is an m-way search tree with 2 extra properties

» Size property
- Any node contains between | 7| — 1 and m — 1 values
- Internal nodes with n values have exactly n + 1 children

- Theroot is excluded from this rule

* Depth property

- All leaves have the same depth (lie on the same level)



B-Trees

We select m so that the whole B-tree node fits in a block

- We read “multiple nodes” for the “price” of one

- Fewer disk accesses than reading multiple nodes of aBST/AVL/ ...

Such trees are balanced

- h = 0O(logn)

- Proof: exercise

2-3 and 2-4-trees are B-trees of order 3 and 4

Generalize even more: require between a and b children

- forsome2 < a < —(bgl)



ADT Set using BTree, types

// KouBoc¢ tou set, mepirexel pia puovo tiun. KaBe btree_node €xel moAAd
struct set_node {

Pointer value; // H Tiun tou KouPBou.

BTreeNode owner; // 0 btree_node otov omoio AQVHKEL AUTO TO

+s

// To struct btree_node eival o KoupBo¢ €voc B-AgvTpou.
struct btree_node {

int count; // Ap1Ouo¢ otoixeiwv
BTreeNode parent; // Natepag

BTreeNode children[MAX_CHILDREN + 1]; // Maitdra

SetNode set_nodes[MAX_VALUES + 1]; // Agdoueva (ueoa oe set

+s

// YAomoiovue tov ADT Set uéeow B-Tree, omdte TO Struct set eivait €va
struct set {

BTreeNode root; // H pila tou dEvTpPOU
int size; // MEyeBo¢, yia amodOTlKO Sset_size
CompareFunc compare; // Ardtaén

DestroyFunc destroy_value; // Zuvdptnon mou KATAOTPEPEL VA OTOL

I h



Insertion in a B-tree

« 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)
- Splititinto two nodes of m /2 children each

- Move the separator value (median) to the parent



Insert example, m = 5
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Insert example, m = 5

Inserting 1



Insert example, m = 5

Inserting 2



Insert example, m = 5
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Inserting 3



Insert example, m = 5

Inserting 4: overflow, 2 moves to a new root



Insert example, m = 5

Inserting 5



Insert example, m = 5

Inserting 6



Insert example, m = 5

Inserting 7: overflow, 5 moves up



Insert example, m = 5
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Insert example, m = 5

Inserting 9
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Insert example, m = 5
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Inserting 10: overflow, 8 moves up



Insert example, m = 5
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Inserting 11
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Inserting 12



Insert example, m = 5
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Inserting 13: overflow, 11 moves up




Insert example, m = 5

Inserting 14
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Insert example, m = 5
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Inserting 15




Insert example, m = 5
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Inserting 16: overflow, 14 moves up, creating a new overflow



Code

« Asalways, the codeisin lecture-code
- modules/UsingBTree/ADTSet.c

« We only highlight some parts here



Code, node_1insert

BTreeNode node_insert(BTreeNode root, CompareFunc compare, Pointer va
// [amAOC KWO1KAC yl1d TNV MEPLNTWON KEVOU OEVTPOU ]

// EUpEOn TOU KOUBOU oOTOoV omoilo TMPEMEL va yilvel insert
int index;
BTreeNode node = node_find(root, compare, value, &index);
if (index !'= -1) { // YApxelr non n tiun
node->set_nodes[index]->value = value;
return root;

}

// EUpeodn tnNG O£0nNC TOU TIPETEL va UTTEL 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);

// EmiotpEpouue thn pila, Umopel va £xer onuioupynbei vea
return root->parent != NULL ? root->parent : root;



Code, split

// KaAeiltatr Otav o KOUPBoC¢ node EXEl UTEPXELANOEL, ToOV Xwpllel 0 2 KO
// ZTEAVEL TN peoaia amo T1C TLUEGC TOU KOUBoOu node OTOV MATEPA TOU.

static void split(BTreeNode node, CompareFunc compare) {
// Xwpilovue tov KOuBo node o€ 2 KOuBoug
BTreeNode right = node_create();
right->parent = node->parent; // 01 2 KouBotr €xouv tov 1010 n

// Metakivnoe T1C ULOEC TLUEC KAl MAldld QmO TOV APlOTEPO KOUBO o
int half = node->count/2;
if (!'is_leaf(node))
for (int 1 = 0; i <= half; i++)
node_add_child(right, node->children[i + half + 1], 1);

for (int 1 = 0; i < half; i++) {
node_add_value(right, node->set_nodes[i + half + 1], 1);
node->count--;

}

// Apaipeon peoaiag TLUNG
SetNode median = node->set_nodes[node->count-1];
node->count- -;



Code, split

// MpooBgpouvue TO0 median OTOV TATEPA TOU KOUBOUL node.

BTreeNode parent = node->parent;

if (parent == NULL) { // 0 node eivatr n pic
BTreeNode new_root = node_create(); // Anuiovpynce Kaivol

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; // Bpe¢ tn 6€0n eioaywyn¢ tng¢ TlUNG OTOV TATEQQ.
for (index = 0; index < parent->count; index++)

if (compare(median->value, parent->set_nodes[index]->valu
break;

// MpooBeoe tov right w¢ 0eé10 maitdl tng (veEag) OLaxwPlLOTLKIC
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

« Same as for 2-3 and 2-3-4-trees

* Toremove avalue k; from an internal node

- Replace with its predecessor (orits successor)
- Right-most value in the 2-th subtree
* Toremove a value from a leaf

- We simply remove it

- But it 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?

* |f so, we do a transfer operation
- Move a value of w toits parent u
- Move a value of the parent u to v
* |f 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
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Find the Successor of r




Promote the Successor of r — Delete the
Successor from its Place
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After the Transfer
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Fusion
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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
// BPEC TOV KOUPBO TIOUL TEPLEXEL TNV TlUl).
int index;
BTreeNode node = node_find(root, compare, value, &index);

if (index == -1) // H T1un O&v UTMAPXEL OTO OEVTPO.
return root;

// BpEBnkKke itooduvaun Tiun otov node, OMOTE TOV O1LAYPAPOUUE
// To mw¢ Ba yivelr auto €&aptatatl amo TO AV EXEL maidid.

if (is_leaf(node)) {
// ®UAA0: drdypaye TNV TLUr, avadidtaée ta OedouUEvVaA, repair
// 0A1o6Bnoe oAa ta dedougva 1 O£on aploTEPd.
for (int i = index; 1 < node->count-1; 1i++)
node->set_nodes[i] = node->set_nodes[i + 1];

node->count--; // Apaipeoce TO OEOOUEVO.

repair_underflow(node); // Avadiauoppwose 10 OEVIPO.



Code, node_remove

} else {

}

// Av €lval €0WTEPLKOC KOUBOC aVvTlKATAOTAON HE TNV next TlUE
// KAl remove TNG TlUNG AUTHC

SetNode max = node_find_max(node->children[index]);

BTreeNode max_node = max->owner;
max_node->count--; // Apaipeoce 1O O£dOUEVO.

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

repair_underflow(max_node); // Avadlauoppwose TO OEVTPO.

// Av n pila adsrdoer, pila yivetatr 1o (Uovadiko, av ExEl) maidl
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

A variant of B-trees, important in today's file systems and databases.
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