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BF Merge Join: A Merge Join for Low Selectivity
Using Extended B+ Trees with Bloom Filters

AKIYOSHI MATONO,! STEVEN LYNDEN, !
YUSUKE TANIMURAT! and Isao Kosimat!

In this paper, we propose a novel merge join algorithm, called BF merge
join, that can skip dangling tuples using extended B+ trees, which we call
BB+ trees, each node of which has Bloom filters to represent its descendant
keys. BF merge join traverses BB+ trees, comparing nodes to check whether
the nodes’ descendants are disjoint ot not. This disjoint test uses Bloom fil-
ters that we have extended to be able to check whether they are disjoint. The
proposed BB+ tree supports lazy scalable insertion and deletion. Furthermore,
we propose a memtenance operation to updete entire tree. We evaluated the
performance of our BB+ tree and BF merge join. The results show that a
BF merge join can give performance improvements, especially in the case of

low-selectivity equi-join queries.
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00000000000000O0 I/JO0D0000U000DOU0O00DDO0oO0ooDOooOO
gooooboooooboboooooboooooboooobooooboOoooDOo
goooooooooooobooboobooooboooobooooooboboooooDobOobo
goooooooooooooobooooboboooobooOobooooooDoDbOOoOoo
gooobo2000000000000000DO00O0DO0O0OOODODOODDOODO
oooOO0OBleomUOOOOOO0OOOOOCOOOOOOOOOO0OOOOCOOOO200000
goooooooooooboooboooboooobobooooooooooooooobooboo
gobooodoooooooboooooboooooooooooboOoobooOoboOooonsed
goood

3) 00000000 s000000UOODOUOODOOULOOODOUDOODOOUDOO
gooooooobooooooooooooooboboOo«:00000O0O0 10000000
O0:00000000000000000D:00000000 Fli,0)OOOOODODOO
gboboobooooboooodobooooooooobooooooooobooooobooboooDo
gobobooooooooooboooobooooooob «00ooo0obo0o11000000:00
000000 Fli,1-]0000000U00O0OOODOOUOOOOD 1000OOOOOO
gooooooooooooooooobooooooooooOooooooooooooOoonoo

000000000 000000 Vol.4 No.2 114-125 (July 2011)

1001000000
4)000000000000000000000D0O00000D0000000000BB+
goooobooooooooooooooobooooooboooooboobooooDoboo
gooooooboooobooooboooooooboboooooobooobboobboooDobDo
gooobooooooboooooooooboooobooboooboobooDboobooDbooboo
goooboooooooobooboooooobooooooooooooboooooooonoa
gooobooboooooooboooboobooooooooboobooobooooooboon
goboooooobooobooooo

3.2 000000 BB4O

BloomUOOOOODOOOOOOUODOUOOODOO ¢g00 3)00UO0OOOOOOO
goboboooooboobooooooooooobbodobobegUbOOOoUObObObOOOnODboo
gooooooooooooooboooooobOoboOoOoobobooOobobobOobOoOOoobooObo
gboooboooooboooooooobooooboooooboboooboobOoOoooDo
O0000000oooooooooOoBB+O0O0O00OO0OOOO0O0OCOOO0O0O0O0OO Bloom
goooooooooooooooooobooooooobooooooobOoooooDon
ooboooooooooboo

(© 2011 Information Processing Society of Japan



118 BFOOOOOOBloomOOOOOOOOO B+OOOOOOOOO0OO0ODOOOO0OO0ODOOO

Alg. 1: Search of a BB+ tree

00000 node OODOODOOODO
o0 3800po0boooooooono
while node is an inner node do o00Q0D0D0O0O0OoOooO40000
i «— binarySearch(node, key);
if key contains in a series of filters F[i,+] then 00000000000 OCOO0O0OO
| mode < node.p;; /* ith pointer of node */
Bloom OOOOOOOOOOOOO
0oo00boOobooooboooo
00 node 000000DODOOOO0O
10 if key = node.k; then
11 | return node.record;; goooooondlOOOOOOO
12 else /* there is no record whose key matches key */ OO0 OO0 00000000000
13 | return null;
gooooobobobbbooooo
00000 nullODOO

-

Input: a key key
Qutput: a record record

node «— root node;

else /* there is no child which contains key */
| return null;
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©

i < binarySearch(node, key);
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Alg. 2: Insertion of a BB+ tree

Input: node node, record r, timestamp time,
Output: a set of keys, a set of keys, timestamp

if node is a leaf node then
node.records «— node.records U r;
if node is not overflowed then
| return (keys(node), @, current time);

else // node is overflowed
(l1, 1) « Split(node);
return (keys(l;), keys(l;-), current time);

else /* node is an inner node */

if node.time < time, then
Set all bits of node.bits to 0O;
node.time < timep;

i < BinarySearch(node, r.key);
child «— node.p;;
(ky, kr,t) < Insertion(child, r, node.time);
node.time «— t;
node.k; «— Max(child.ky);
node.kyin < Min(child.k, node.kpyin);
if child is not overflowed then
Add k; Nk into node.F[i, 0];
SetBit (node, i, child);
| return (k; Nky, 0, t);

else // child is overflowed
Divided children (¢;, ¢) < Split(child);
Take a space at i+1 in node to store c;;
if node is also overflowed then

| Set all bits of node.bits[+] to 0;
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29 Create current filters node.F[i, 0] and node.F[¢+1,0; 000000000

30 Copy old filters node.F[i, *] to node.F[i+1, *];

31 SetChild(node, i, ¢, k;); poboooooogon
32 SetChild(node, i+1, ¢y, kr); Jooooooooooo
33 if ¢; is in right in node then k; «— k; Nky; ky — 0;

34 else if ¢, is in left in node then k, — k;Nkq; ky — ¢; 10-12000000000
35 L return (ki kr, t); 00000000000

2628000000000
goooooooog 29
oooocoooo

3.4 BB4+OOOOOOOOOO
Alg. 20000Alg. 30Alg. 40 BB+OOOOOOOOOODOODODOOOOOOOOO
Alg. 200000000 BB+OOOOOOODOUOOOOODDODOOOOOODOOOOOOO

(© 2011 Information Processing Society of Japan



119 BFOOOOOOBloomOOOOOOOOO B+OOOOOOOOOO0ODOOOO0OODOOO

Alg. 3: SetChild called from Insertion

1 Input: node node, int index, node child, keys keys Alg. 2 0 3103200000000

2 node.Pindes — child; Jooooobooboooooooo

3 node.k;ndes — Max(child.ky);

4 Add keys into node.F[index, 0]; 000000000 Alg.20000

5 SetBit(TLOdC, inde;t, Chlld), ooooooooooooooon
ggo

Alg. 4: SetBit called from Insertion

1 Input: node node, int index, node child Alg. 2000 Alg. 30000000000
2 if child is an inner node then 0000 oo00oooDoooooooooon
3 if all bits of child.bits are set to 1 then

4 | Set node.bits[index] to 1; goboobooobooobobooboooo
5 else Set node.bits[index] to 0; OO0000O000D0OO0OO child.bits O
6 else Set node.bits[indez] to 1; 0001000000000 ooD 1000
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Alg. 5: Deletion of a BB+ tree

Input: node node, record r
Output: a set of keys, timestamp

if node is a leaf node then

return (node.keys, current time);

L node.records «— node.records — r;

else /* node is an inner node */

else

!
|

L

i < BinarySearch(node, r.key);
child — node.p;;
(keys, time) <« Deletion(child, r);
node.time «— time;
if node is root then
Create a current filter node.F [, 0];
Set a bit node.bits[i] to 0;

Create all current filters node.F[*, 0];
Set all bits of node.bits to 0O;
if child is underflowed then
sbl <« node.pj; //j is sibling node ID
if node is root then
Create a current filter node.F[j,0];

Set a bit node.bits[j] to 0;

Copy old filters node.]:t[j, x| to node.F|i, *;
n «— #entries to move from sbl to child,
Move n entries from sbl to child;
if child is a leaf then

Add sbl.keys into node.F|[j,0];
SetBit (node, j, sbl);
keys «— keys N sbl.keys;

else

Set sbl.bits[*] to all 0’s;
sbl.time — time;

Move n filter series & n bits from sbl to child;

if sbl = () then
node.kmin <— Min(child.kpin, Sbl.kmin);

Remove sbl and jth entry of node;

else
if i < j then sbl.ky,in < Max(child.ky);

else child.ky,in <— Max(sbl.k«);
node.k; < Max(sbl.k.);

Add keys into node.F|i, 0];

SetBit (node, i, child);

node.k; «— Max(child.kx);

node.kmin < Min(keys, node.kpin);
return (keys, time);
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Alg. 6: Maintenance of a BB+ tree

1 Input: node node, timestamp time, int available, double fpp, OO0 OO OO0 000000

stack stack 000000000 Bloom
goooooooooog
Oo000OoOoooad
available OO 00000

if node is a leaf node then
A set of keys set < stack.peek();
Add all keys in the leaf node to set;

2
3
4
5 else /* node is an inner node */
6
7
8

if available > current height of node then
node.time «— time;
Set all bits of node.bits to 0; Doooon fpp00000
9 else node.time < 0; node.bits < null; node.F «— null; ood
10 for ¢ € (0..) /* repeat all children */ do oooooooooooo
11 child — node.p;; .
12 stack.push(a e'rlnpty set of keys); ubo timeD0DODOOO
13 child.Maintenance (child,time,available, fpp,stack); 000000000068
14 A set of keys set «— stack.pop();
15 if available > current height of node then gMmoooooobooog
16 Remove all filters node.F|i, *];
17 Create a current filter node.F|[i,0] based on fpp; booooodoooon
18 Set a bit of node.bits[i] to 1; ooooooooo 100
19 Add set into child.F|i,0];
20 A set of keys parentSet «— stack.peek(); uoooooooboooo
21 parentSet < parentSet N set; Oooo0oooooooon
- gobodole-1900d
goooooboboobog
000000 stackOOO
gooo
5. 0 OO0

ooooooOoO BB+OO BFOOOOOODOOOOOOOODOOOOOOOOODOOOO
0000 100000%00000000000 HGST HDD O Intel SSD**000000
U0B+0000000000O00000 JavaDOODO0OO000jdbm* 0000000

*1 CPU: Intel Core2 Quad Q94500 2.66 GHz[main memory size: 4 Gbytes, OS: Ubuntu Linux 10.04
O kernel 2.6.320
%2 HDD: HGST Deskstar 7K1000.C HDS721050CLA3620 500BG, SATA, 7200 rpm, cache=16 MB,
seek time=14ms, transfer rate=1546 Mbps, latency=4.17ms00 SSD: Intel X25-M Main-
stream SSDSA2MH160G2C10 160 GB, SATA, bandwidth=250/100 MB/s, latency=65/85 us
[read/write]0
*3 JDBM: http://jdbm.sourceforge.net/
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Alg. 7: BF-Merge-Join

1 Input: BB+ tree left, BB+ tree right

left O right 000 bound OO
Output: relation R

. 00000 4-2000000000
relation R « (, bound [ « null , bound r «+ null;
Initialize {Tterator and rIterator using left and right; 0 10 0 nullO 0 Onext 000

while true do
if [ is null then [ « I[lterator.next(r); DooUO boundDOOODOOD
O0nldlOO0 ROODODOS-80M

2

3

4

5

6 if [ is null then return R;

7 if r is null then r « rlterator.next(l);

8 900000Db0O000O0 bound
9 Onll000D0O00900001

if 7 is null then return R;
if [ and r are overlapped then

10 if l.min # l.max A r.min # r.max then

11 L if l.max >= r.max then r « null; OrQd mind mex 00O QOO
1 11;

1 else L null 000000000000000

13 else if l.min # l.maz then [ < null;

14 else if r.min # r.mazr then r « null; goooooilo-12001!10 r 0O

15 else /* Both [ and r are leaf */

16 R «— RU l.walue + r.value; ooooooouooooois-14

17 ! — null; 7« nulj ool!or-r000000D0C00O0

18 else /* r overtakes | or r undertakes [ */ ooboodooooooooooo

19 if l.max < r.min then [ < null;

20 Lelseifr.max<l.minthen r «— null; boboooooooooood R

= 0ooo0oooomllOOOOO
O15-170000182000 (0 r O
goodoooooooooonoo
00 bound O null D OO0

gobo0 BB+OOOO BFOOODOOOODOODO

5.1 BB+OOOOOO
BB+OU0OO000000O0O0OOOOOCOOOOO0O0O0O0O0OOOODOOOOOOOOO
gooobooooooooboooboOooobooOooooboboooobooooooooboo
O Intel SSDOOOOOOOOOOOO400500 60000

040050000 16000000020,00000 100,0000000000000000
gobobiooooooooooboooboooOooOobOoOoOoOoUoobooOoOCOOoOoooDn
00 B4+00000000000000O00O0O BB4+UOOUOOUBB+ tree(h=4, g=1e-6) O
hOOOODOOqO BleomOOOOOOOODOOOOODOOOOOODOOOOOODODOD
BB+ tree(h=1, q=1e-5) 0 B+ 00000000 ODO0OO0O0OOO0OOOOOOOOOO
gooog
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Alg. 8:

next called from a BF-Merge-Join

1 Input: bound tgt
Output: bound
Global vars.: bound cur,

HOO®OmNouROWN

e

31
32
33
34

35
36

37

stack stack < the root of the BB+ tree

NODE-LOOP: while stack # () do

node «— stack.peek();
if cur # null then

if cur and tgt are overlapped then
if cur.max < tgt.max then
if intersection(cur, tgt) then
if cur is leaf then return cur;
else
node «— node.child,;
stack.push(node);

else if tgt is leaf then
node < node.child;
stack.push(node);

BOUND-LOOP: while true do

cur < the next bound of cur in node;
if cur # null then
if tgt = null then return cur;
if cur and tgt are overlapped then
if cur.max < tgt.max then
if intersection(cur, tgt) then
if cur is leaf then
| return cur;
else
L node < node.child;

stack.push(node);
continue BOUND-LOOP;

| else continue BOUND-LOOP;
| else return cur;

else

//cur overtakes tgt completely

//cur undertakes tgt completely
| else continue BOUND-LOOP;

else

cur <« null;
stack.pop();

| continue NODE-LOOP;

return null;

if tgt.mazx < cur.min then return cur;

bound tgt OO OOOOOODOO
gopooooooooooooo
0o0boOo0tet0oooooog
bound 0000000 DOO¢tgt O
0000 boundOOOODOODO
0 BB+OOODOOOOODOO
gopooooooooooooo
00 bound cur OO0 OO OODO
Ocur OODOODOODOODO
Jo0D00DoO0oO0obOoOog stack
gooooo

goooooooooobooooo
00000 retcurn 000000
intersection OO OO0 cur
Ottt 0O0OD0ODODOOOODODO
000000D0cur O tgt OO0
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oo0oooooooooooad
2-36 00O 1536 OO 200
godoooooboooooad
stack O null OOODOODOO
0000 bound DO OO0O
godooooooooooaon
0000000 NODE-LOOP 0O
BOUND-LOCPO OO OODOOODO
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do22100000o0o0ooaoon
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