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Index Structures
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数据库为什么需要索引？

 没有索引，数据查询效率低

若 page size = 8 KB，page I/O 10ms

1 MB (128 pages)：1.28 s
128 MB (16384 pages)：163.8 s
1 GB (131072 pages)：1310.7 s ≈21.8 min

索引的动机：
提高按查找键（Search Key）查找的性
能，将记录请求快速定位到页地址

Index

查找键 页号
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外存索引 vs. 内存索引

 外存索引

数据在外存，e.g. SSD or HDD
目标是减少I/O代价

数据库索引通常指外存索引

 内存索引

数据在内存，e.g. DRAM or NVM
目标是减少内存cacheline访问次数

Index

查找键 页号

Index

查找键 内存地址
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主要内容

 顺序文件上的索引

 辅助索引

 一维索引

B+树

散列表 (Hash Tables)
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一、顺序文件上的索引

 顺序文件

记录按查找键排序

Search key
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1、密集索引(Dense Index)
 每个记录都有一个索引项

 索引项按查找键排序
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1、密集索引(Dense Index)
Sequential File
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1、密集索引(Dense Index)
Sequential File
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跟踪指针即可
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1、密集索引(Dense Index)
 为什么使用密集索引？

记录通常比索引项要大

索引可以常驻内存

要查找键值为K的记录是否存在，不需要访问磁盘数据块

 密集索引缺点？

索引占用太多空间
用稀疏索引改进
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2、稀疏索引(Sparse Index)
 仅部分记录有索引项

 一般情况：为每个数据块的第一个记录建立索引
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2、稀疏索引(Sparse Index)
Sequential File
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2、稀疏索引(Sparse Index)
 有何优点？

节省了索引空间

对同样的记录，稀疏索引可以使用更少的索引项

 有何缺点？

对于“是否存在键值为K的记录？”，需要访问磁盘数据块
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3、多级索引(Multi-level Index)
 索引上再建索引

二级索引、三级索引……
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3、多级索引(Multi-level Index)
Sequential File
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3、多级索引(Multi-level Index)
 多级索引的好处？

一级索引可能还太大而不能常驻内存

二级索引更小，可以常驻内存

减少磁盘I/O次数
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3、多级索引(Multi-level Index)

例：一块＝4KB。一级索引10,000个块，每个块可存100个索
引项，共40MB。二级稀疏索引100个块，共400KB。

按一级索引查找(二分查找)：平均 lg10000≈13 次I/O定位
索引块，加一次数据块I/O，共约14次I/O

按二级索引查找：定位二级索引块0次I/O，读入一级索引块
1次I/O，读入数据块1次I/O，共2次I/O
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3、多级索引(Multi-level Index)
 当一级索引过大而二级索引可常驻内存时有效

 二级索引仅可用稀疏索引

思考：二级密集索引有用吗？

 一般不考虑三级以上索引

维护多级索引结构

有更好的索引结构——B＋树
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二、辅助索引

 主索引（Primary Index）
顺序文件上的索引

记录按索引属性值有序

根据索引值可以确定记录的位置

 辅助索引（Secondary Index）
数据文件不需要按查找键有序

根据索引值不能确定记录在文件中的顺序
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1、辅助索引概念

 Name上创建了主索引，记录按name有序

 Address上创建辅助索引

Create Index adIndex On MovieStar(address)

MovieStar(name char(10) PRIMARY KEY, address char(20))
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1、辅助索引概念

 辅助索引只能是密集索引

稀疏的辅助索引有意义吗？



21Advanced Database Technologies 金培权（jpq@ustc.edu.cn）

1、辅助索引概念
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2、辅助索引设计
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2、辅助索引设计
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问 题

 重复键值怎么处理？
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3、辅助索引中的间接桶

 Indirect Bucket
 重复键值

采用密集索引浪费空间

 间接桶

介于辅助索引和数据文件之间
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3、辅助索引中的间接桶

10
20

40
20

40
10

40
10

40
30

10
20
30
40

50
60
...

buckets



27Advanced Database Technologies 金培权（jpq@ustc.edu.cn）

4、倒排索引(Inverted Index)
 应用于文档检索，与辅助索引思想类似

 不同之处

记录文档

记录查找 文档检索

查找键 文档中的词

 思想

为每个检索词建立间接桶

桶的指针指向检索词所出现的文档



28Advanced Database Technologies 金培权（jpq@ustc.edu.cn）

4、倒排索引(Inverted Index)
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4、倒排索引(Inverted Index)

扩充倒排索引的桶
以包含更多信息
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二、B＋树

 一种树型的多级索引结构

 树的层数与数据大小相关，通常为3层
 所有结点格式相同：n个值，n＋1个指针

 所有叶结点位于同一层
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1、叶结点

• 1个指向相邻叶结点的指针

• n对键－指针对

• 至少(n+1)/2 个指针指向键值
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2、中间结点

• n个键值划分n+1个子树

• 第 i 个键值是第 i+1 个子树中的最小键值

• 至少 (n+1)/2 个指针指向子树

• 根结点至少 2 个指针
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B＋树结点例子

Full node  min. node

  Interior

   Leaf
12

0
15

0
18

0

30

3 5 11 30 35

n＝3
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3、B＋树查找

 从根结点开始

 沿指针向下，直到到达叶结点

 在叶结点中顺序查找
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4、B＋树插入

 查找插入叶结点

 若叶结点中有空闲位置（键），则插入

 若没有空间，则分裂叶结点

叶结点的分裂可视作是父结点中插入一个子结点

递归向上分裂

分裂过程中需要对父结点中的键加以调整

例外：若根结点分裂，则需要创建一个新的根结点
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B＋树插入例子

(a) Insert key = 32 n=3

3 5 11 30 31

30

10
0

32
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B＋树插入例子

(b) Insert key = 7 n=3

3 5 11 30 31

30

10
0

3 5 7

7
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B＋树插入例子

(c) Insert key = 160 n=3
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B＋树插入例子

(d) New root,  insert 45 n=3

10 20 30

1 2 3 10 12 20 25 30 32 40 40 45

40

30new root
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5、B＋树删除

 查找要删除的键值，并删除之

 若结点的键值填充低于规定值，则调整

若相邻的叶结点中键填充高于规定值，则将其中一个键值移到该结
点中

否则，合并该结点与相邻结点

合并可视作在父结点中删除一个子结点

递归向上删除

 若删除的是叶结点中的最小键值，则需对父结点的键值加以
调整
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B＋树删除例子

(a) Simple delete
Delete 30

10 40 10
0

10 20 30 40 50

n=4
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B＋树删除例子

(b) Coalesce with sibling
Delete 50

10 40 10
0

10 20 40 50

n=4

40



43Advanced Database Technologies 金培权（jpq@ustc.edu.cn）

B＋树删除例子

(c) Redistribute keys
Delete 50

10 40 10
0

10 20 30 35 40 50

n=4

35

35
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6、B＋树的效率

 访问索引的I/O代价＝树高（B＋树不常驻内存）或者0（常
驻内存）

 树高通常不超过3层，因此索引I/O代价不超过3（总代价不
超过4）
通常情况下，根节点常驻内存，因此索引I/O代价不超过2（总代价
不超过3）
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6、B＋树的效率

 设块大小8KB，键2B（smallint），指针2B，则一个块可放
2048个索引项

层数 索引大小（块数/大小） 索引记录空间

1 1/8KB 2047

2 (1＋2048)/约16M 约419万(222)

3 (1+211+222)/约32G 约85亿(233)
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7、B树 vs. B+树

 B-tree
所有节点都存储实际的数据（记录）

键值无重复存储

搜索有可能在非叶子结点结束

是数据存储的一种文件结构

 B+-tree
节点本身不存储数据
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8、B+树的改进

 如何提高B+树的写性能？
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B+-tree reads	77.237499999999997	63.265000000000001	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	21.290900000000001	15.9908	B+-tree writes	80.447400000000002	65.329300000000003	54.157699999999998	44.197499999999998	36.860799999999998	30.305499999999999	24.347200000000001	19.0215	OB+-tree reads	305.33359999999999	243.52440000000001	190.6883	144.5265	105.4939	73.038700000000006	47.855899999999998	30.075299999999999	OB+-tree writes	78.528199999999998	62.547199999999997	48.815800000000003	38.316699999999997	30.153700000000001	23.666899999999998	18.732700000000001	15.1191	Buffer Size (MB)



I/O Count (104)









B-tree vs Overflow B-tree

				B+-tree read		B+-tree write		Overflow B+-tree read		Overflow B+-tree write				B+-tree reads		B+-tree writes		OB+-tree reads		OB+-tree writes

		1MB		772375.00		804474.00		3053336.00		785282.00				77.24		80.45		305.33		78.53

		2MB		632650.00		653293.00		2435244.00		625472.00				63.27		65.33		243.52		62.55

		3MB		509990.00		541577.00		1906883.00		488158.00				51.00		54.16		190.69		48.82

		4MB		410644.00		441975.00		1445265.00		383167.00				41.06		44.20		144.53		38.32

		5MB		337533.00		368608.00		1054939.00		301537.00				33.75		36.86		105.49		30.15

		6MB		272236.00		303055.00		730387.00		236669.00				27.22		30.31		73.04		23.67

		7MB		212909.00		243472.00		478559.00		187327.00				21.29		24.35		47.86		18.73

		8MB		159908.00		190215.00		300753.00		151191.00				15.99		19.02		30.08		15.12



































B+-tree reads	77.237499999999997	63.265000000000001	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	21.290900000000001	15.9908	B+-tree writes	80.447400000000002	65.329300000000003	54.157699999999998	44.197499999999998	36.860799999999998	30.305499999999999	24.347200000000001	19.0215	OB+-tree reads	305.33359999999999	243.52440000000001	190.6883	144.5265	105.4939	73.038700000000006	47.855899999999998	30.075299999999999	OB+-tree writes	78.528199999999998	62.547199999999997	48.815800000000003	38.316699999999997	30.153700000000001	23.666899999999998	18.732700000000001	15.1191	Buffer Size (MB)



I/O Count (104)









trace A time-Intel

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		240		599		1387		528		563.3		280		377

		2		171		438		1150		421		399		181		388

		3		140		357		1018		302		323		157		385

		4		114		318		879		266		287		149		364

		5		103		303		767		256		271		137		346

		6		94		259		684		228		241		140		338

		7		88		238		621		212		221		136		324

		8		86		227		588		201		210		135		316

		单位都是秒(s)



























































































































BloomTree	1	2	3	4	5	6	7	8	240	171	140	114	103	94	88	86	B+-Tree	1	2	3	4	5	6	7	8	599	438	357	318	303	259	238	227	OB+-Tree	1	2	3	4	5	6	7	8	1387	1150	1018	879	767	684	621	588	MB-Tree	1	2	3	4	5	6	7	8	528	421	302	266	256	228	212	201	FlashDB	1	2	3	4	5	6	7	8	563.29999999999995	399	323	287	271	241	221	210	FD-Tree	1	2	3	4	5	6	7	8	280	181	157	149	137	140	136	135	Buffer Size (MB)



Run Time (s)









trace A time-OCZ

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		1511		2847		4810		3209		3075		2101		3614

		2		926		2323		4005		2114		2062		1293		2975

		3		857		1958		3230		1400		1344		1030		2685

		4		663		1635		2647		888		1103		932		2459

		5		543		1394		2118		769		1008		821		2269

		6		500		1184		1738		680		896		818		2093

		7		459		981		1436		629		777		823		1934

		8		443		803		1161		593		733		820		1810

		单位都是秒(s)



























































































































BloomTree	1	2	3	4	5	6	7	8	1511	926	857	663	543	500	459	443	B+-Tree	1	2	3	4	5	6	7	8	2847	2323	1958	1635	1394	1184	981	803	OB+-Tree	1	2	3	4	5	6	7	8	4810	4005	3230	2647	2118	1738	1436	1161	MB-Tree	1	2	3	4	5	6	7	8	3209	2114	1400	888	769	680	629	593	FlashDB	1	2	3	4	5	6	7	8	3075	2062	1344	1103	1008	896	777	733	FD-Tree	1	2	3	4	5	6	7	8	2101	1293	1030	932	821	818	823	820	Buffer Size (MB)



Run Time (s)









trace B time-Intel

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		303		553		1279		3505		521		329		400

		2		226		488		815		3007		443		253		402

		3		211		441		677		2550		406		215		400

		4		172		404		577		1994		358		176		380

		5		143		355		513		1648		317		140		346

		6		130		346		455		1351		312		133		341

		7		119		297		412		1056		273		128		329

		8		109		265		370		861		251		125		319

		单位都是秒(s)



























































































































BloomTree	1	2	3	4	5	6	7	8	303	226	211	172	143	130	119	109	B+-Tree	1	2	3	4	5	6	7	8	553	488	441	404	355	346	297	265	OB+-Tree	1	2	3	4	5	6	7	8	1279	815	677	577	513	455	412	370	MB-Tree	1	2	3	4	5	6	7	8	3505	3007	2550	1994	1648	1351	1056	861	FlashDB	1	2	3	4	5	6	7	8	521	443	406	358	317	312	273	251	FD-Tree	1	2	3	4	5	6	7	8	329	253	215	176	140	133	128	125	Buffer Size (MB)



Run Time (s)









trace B time-OCZ

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		1891		2847		4841		4991		2683		2440		3624

		2		1230		2323		3307		3409		2012		1787		3215

		3		1134		1869		2753		2903		1802		1399		3002

		4		903		1653		2359		2498		1503		1093		2823

		5		775		1485		2081		2041		1376		830		2663

		6		713		1341		1868		1751		1221		735		2499

		7		624		1221		1682		1448		1101		677		2360

		8		562		1114		1469		1260		1018		644		2276

		单位都是秒(s)



























































































































BloomTree	1	2	3	4	5	6	7	8	1891	1230	1134	903	775	713	624	562	B+-Tree	1	2	3	4	5	6	7	8	2847	2323	1869	1653	1485	1341	1221	1114	OB+-Tree	1	2	3	4	5	6	7	8	4841	3307	2753	2359	2081	1868	1682	1469	MB-Tree	1	2	3	4	5	6	7	8	4991	3409	2903	2498	2041	1751	1448	1260	FlashDB	1	2	3	4	5	6	7	8	2683	2012	1802	1503	1376	1221	1101	1018	FD-Tree	1	2	3	4	5	6	7	8	2440	1787	1399	1093	830	735	677	644	Buffer Size (MB)



Run Time (s)









trace A writes

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		u-Tree		fdtree						BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		339605		804474		785282		241097		759844		978337		851141				1		33.9605		80.4474		78.5282		24.1097		75.9844		85.1141		97.8337

		2		211539		653293		625472		200457		582321		830760		570139				2		21.1539		65.3293		62.5472		20.0457		58.2321		57.0139		83.076

		3		163346		541577		488158		152579		440912		750820		497854				3		16.3346		54.1577		48.8158		15.2579		44.0912		49.7854		75.082

		4		128614		441975		383167		128162		322348		679960		497617				4		12.8614		44.1975		38.3167		12.8162		32.2348		49.7617		67.996

		5		106819		368608		301537		93415		249289		619788		497514				5		10.6819		36.8608		30.1537		9.3415		24.9289		49.7514		61.9788

		6		88019		303055		236669		78670		205971		565194		497450				6		8.8019		30.3055		23.6669		7.867		20.5971		49.745		56.5194

		7		80923		243472		187327		65736		158620		513738		497450				7		8.0923		24.3472		18.7327		6.5736		15.862		49.745		51.3738

		8		78387		190215		151191		51002		117920		466761		497450				8		7.8387		19.0215		15.1191		5.1002		11.792		49.745		46.6761

		writes on Trace A



























































































































BloomTree	1	2	3	4	5	6	7	8	33.960500000000003	21.1539	16.334599999999998	12.8614	10.681900000000001	8.8018999999999998	8.0922999999999998	7.8387000000000002	B+-Tree	1	2	3	4	5	6	7	8	80.447400000000002	65.329300000000003	54.157699999999998	44.197499999999998	36.860799999999998	30.305499999999999	24.347200000000001	19.0215	OB+-Tree	1	2	3	4	5	6	7	8	78.528199999999998	62.547199999999997	48.815800000000003	38.316699999999997	30.153700000000001	23.666899999999998	18.732700000000001	15.1191	MB-Tree	1	2	3	4	5	6	7	8	24.1097	20.0457	15.257899999999999	12.8162	9.3414999999999999	7.867	6.5735999999999999	5.1002000000000001	FlashDB	1	2	3	4	5	6	7	8	75.984399999999994	58.232100000000003	44.091200000000001	32.2348	24.928899999999999	20.597100000000001	15.862	11.792	FD-Tree	1	2	3	4	5	6	7	8	85.114099999999993	57.0139	49.785400000000003	49.761699999999998	49.751399999999997	49.744999999999997	49.744999999999997	49.744999999999997	Buffer Size (MB)



SSD Wrties (104)









trace A reads

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		uB+-Tree		fdtree						BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		646489		772375		3053336		1589647		1137812		1037834		821975				1		64.6489		77.2375		305.3336		158.9647		113.7812		82.1975		103.7834

		2		382918		632650		2435244		1178554		863228		779295		540924				2		38.2918		63.265		243.5244		117.8554		86.3228		54.0924		77.9295

		3		302378		509990		1906883		802795		619854		688056		468742				3		30.2378		50.999		190.6883		80.2795		61.9854		46.8742		68.8056

		4		224860		410644		1445265		541477		428647		616309		468607				4		22.486		41.0644		144.5265		54.1477		42.8647		46.8607		61.6309

		5		177953		337533		1054939		365997		364710		556263		468607				5		17.7953		33.7533		105.4939		36.5997		36.471		46.8607		55.6263

		6		136706		272236		730387		212787		310897		501895		468607				6		13.6706		27.2236		73.0387		21.2787		31.0897		46.8607		50.1895

		7		125056		212909		478559		145573		259811		450689		468607				7		12.5056		21.2909		47.8559		14.5573		25.9811		46.8607		45.0689

		8		119664		159908		300753		84973		209860		403968		468607				8		11.9664		15.9908		30.0753		8.4973		20.986		46.8607		40.3968

		writes on Trace A



























































































































BloomTree	1	2	3	4	5	6	7	8	64.648899999999998	38.291800000000002	30.2378	22.486000000000001	17.795300000000001	13.6706	12.505599999999999	11.9664	B+-Tree	1	2	3	4	5	6	7	8	77.237499999999997	63.265000000000001	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	21.290900000000001	15.9908	OB+-Tree	1	2	3	4	5	6	7	8	305.33359999999999	243.52440000000001	190.6883	144.5265	105.4939	73.038700000000006	47.855899999999998	30.075299999999999	MB-Tree	1	2	3	4	5	6	7	8	158.96469999999999	117.8554	80.279499999999999	54.1477	36.599699999999999	21.278700000000001	14.5573	8.4972999999999992	FlashDB	1	2	3	4	5	6	7	8	113.7812	86.322800000000001	61.985399999999998	42.864699999999999	36.470999999999997	31.089700000000001	25.981100000000001	20.986000000000001	FD-Tree	1	2	3	4	5	6	7	8	82.197500000000005	54.092399999999998	46.874200000000002	46.860700000000001	46.860700000000001	46.860700000000001	46.860700000000001	46.860700000000001	Buffer Size (MB)



SSD Reads (104)









trace B writes

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		uB+-Tree		fdtree						BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		374281		804474		686118		754483		709832		861154		980413				1		37.4281		80.4474		68.6118		75.4483		70.9832		98.0413		86.1154

		2		244572		653293		473006		688790		589801		790364		778153				2		24.4572		65.3293		47.3006		68.879		58.9801		77.8153		79.0364

		3		188846		541577		390539		636995		509911		744573		663855				3		18.8846		54.1577		39.0539		63.6995		50.9911		66.3855		74.4573

		4		150070		441975		332673		608938		400221		702130		572873				4		15.007		44.1975		33.2673		60.8938		40.0221		57.2873		70.213

		5		128877		368608		285000		599871		309766		660832		493937				5		12.8877		36.8608		28.5		59.9871		30.9766		49.3937		66.0832

		6		112937		303055		244380		590473		251976		622806		438753				6		11.2937		30.3055		24.438		59.0473		25.1976		43.8753		62.2806

		7		101193		243472		208559		563017		190987		588796		404385				7		10.1193		24.3472		20.8559		56.3017		19.0987		40.4385		58.8796

		8		92172		190215		178374		542300		162101		558102		385150				8		9.2172		19.0215		17.8374		54.23		16.2101		38.515		55.8102

		writes on Trace A



























































































































BloomTree	1	2	3	4	5	6	7	8	37.428100000000001	24.4572	18.884599999999999	15.007	12.887700000000001	11.293699999999999	10.119300000000001	9.2172000000000001	B+-Tree	1	2	3	4	5	6	7	8	80.447400000000002	65.329300000000003	54.157699999999998	44.197499999999998	36.860799999999998	30.305499999999999	24.347200000000001	19.0215	OB+-Tree	1	2	3	4	5	6	7	8	68.611800000000002	47.300600000000003	39.053899999999999	33.267299999999999	28.5	24.437999999999999	20.855899999999998	17.837399999999999	MB-Tree	1	2	3	4	5	6	7	8	75.448300000000003	68.879000000000005	63.6995	60.893799999999999	59.987099999999998	59.0473	56.301699999999997	54.23	FlashDB	1	2	3	4	5	6	7	8	70.983199999999997	58.9801	50.991100000000003	40.022100000000002	30.976600000000001	25.197600000000001	19.098700000000001	16.210100000000001	FD-Tree	1	2	3	4	5	6	7	8	98.041300000000007	77.815299999999993	66.385499999999993	57.287300000000002	49.393700000000003	43.875300000000003	40.438499999999998	38.515000000000001	Buffer Size (MB)



SSD Wrties (104)









trace B reads

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		uB+-Tree		fdtree						BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		FD-Tree		u-Tree

		1		1022969		772375		3524207		11698719		1502122		1222878		975004				1		102.2969		77.2375		352.4207		1169.8719		150.2122		97.5004		122.2878

		2		660805		621450		2107471		9892970		1122811		1007891		768028				2		66.0805		62.145		210.7471		989.297		112.2811		76.8028		100.7891

		3		513737		509990		1626280		8210077		736109		906955		653272				3		51.3737		50.999		162.628		821.0077		73.6109		65.3272		90.6955

		4		410489		410644		1332209		6743078		623291		834299		561987				4		41.0489		41.0644		133.2209		674.3078		62.3291		56.1987		83.4299

		5		352107		337533		1122217		6029877		482108		770956		482894				5		35.2107		33.7533		112.2217		602.9877		48.2108		48.2894		77.0956

		6		308440		272236		962341		5487178		367661		716396		427634				6		30.844		27.2236		96.2341		548.7178		36.7661		42.7634		71.6396

		7		267633		212909		827444		4509981		257290		669482		393263				7		26.7633		21.2909		82.7444		450.9981		25.729		39.3263		66.9482

		8		243236		159908		715904		3815085		186531		628271		374027				8		24.3236		15.9908		71.5904		381.5085		18.6531		37.4027		62.8271

		writes on Trace A













































































































































BloomTree	1	2	3	4	5	6	7	8	102.29689999999999	66.080500000000001	51.373699999999999	41.048900000000003	35.210700000000003	30.844000000000001	26.763300000000001	24.323599999999999	B+-Tree	1	2	3	4	5	6	7	8	77.237499999999997	62.145000000000003	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	21.290900000000001	15.9908	OB+-Tree	1	2	3	4	5	6	7	8	352.42070000000001	210.74709999999999	162.62799999999999	133.2209	112.2217	96.234099999999998	82.744399999999999	71.590400000000002	MB-Tree	1	2	3	4	5	6	7	8	1169.8719000000001	989.29700000000003	821.0077	674.30780000000004	602.98770000000002	548.71780000000001	450.99810000000002	381.50850000000003	FlashDB	1	2	3	4	5	6	7	8	150.2122	112.2811	73.610900000000001	62.329099999999997	48.210799999999999	36.766100000000002	25.728999999999999	18.653099999999998	FD-Tree	1	2	3	4	5	6	7	8	97.500399999999999	76.802800000000005	65.327200000000005	56.198700000000002	48.289400000000001	42.763399999999997	39.326300000000003	37.402700000000003	Buffer Size (MB)



SSD Reads (104)







BloomTree	1	2	3	4	5	6	102.29689999999999	66.080500000000001	51.373699999999999	41.048900000000003	35.210700000000003	30.844000000000001	B+-Tree	1	2	3	4	5	6	77.237499999999997	62.145000000000003	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	OB+-Tree	1	2	3	4	5	6	352.42070000000001	210.74709999999999	162.62799999999999	133.2209	112.2217	96.234099999999998	MB-Tree	1	2	3	4	5	6	1169.8719000000001	989.29700000000003	821.0077	674.30780000000004	602.98770000000002	548.71780000000001	FlashDB	1	2	3	4	5	6	150.2122	112.2811	73.610900000000001	62.329099999999997	48.210799999999999	36.766100000000002	FD-Tree	1	2	3	4	5	6	97.500399999999999	76.802800000000005	65.327200000000005	56.198700000000002	48.289400000000001	42.763399999999997	

SSD Reads (104)







trace A splits

				BloomTree		B+-Tree		OB+-Tree		FD-Tree		u-Tree

		Leaf Splits		1046		32076		1386		0		64644

		Non-leaf Splits		74		256		79		34312		1839

		Total Splits		1120		32332		1465		34312		66483



































































































































BloomTree	Leaf Splits	Non-leaf Splits	Total Splits	1046	74	1120	B+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	32076	256	32332	OB+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	1386	79	1465	FD-Tree	Leaf Splits	Non-leaf Splits	Total Splits	0	34312	34312	

Splits









trace B splits

				BloomTree		B+-Tree		OB+-Tree		u-Tree		fdtree

		Leaf Splits		257		8979		224		18117		0

		Non-leaf Splits		22		51		15		496		10887

		Total Splits		279		9030		239		18613		10887



































































































































BloomTree	Leaf Splits	Non-leaf Splits	Total Splits	257	22	279	B+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	8979	51	9030	OB+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	224	15	239	u-Tree	Leaf Splits	Non-leaf Splits	Total Splits	18117	496	18613	

Splits









Trace A -flase positive rate

		bloomtree在不同错误率下的create index测试

		内存大小4MB		device-oczssd

		ID				Writes		Reads		split-num		leaf-split		inside-split		runtime(s)

		1		0.31%		128614		224860		1120		1046		74		663

		2		0.82%		145173		258884		932		864		68		753

		3		1.32%		104897		174837		657		608		49		534

		4		2.14%		91309		171088		493		454		34		481

		5		3.47%		66996		183568		297		267		30		404





																		Writes		Reads

																0.31%		12.8614		22.486

																0.82%		14.5173		25.8884

																1.32%		10.4897		17.4837

																2.14%		9.1309		17.1088

																3.47%		6.6996		18.3568

































































































































Reads	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	22.486000000000001	25.888400000000001	17.483699999999999	17.108799999999999	18.3568	Writes	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	12.8614	14.517300000000001	10.489699999999999	9.1309000000000005	6.6996000000000002	Error Rate of False Positive



I/O Count (104)









Trace B -flase positive rate

		bloomtree在不同错误率下的create index测试

		内存大小4MB		device-oczssd

		ID				Writes		Reads		split-num		leaf-split		inside-split		runtime(s)

		1		0.31%		150070		410489		279		257		22		903

		2		0.82%		152263		422664		240		218		22		921

		3		1.32%		146807		435317		195		180		15		912

		4		2.14%		141987		483514		186		168		18		936

		5		3.47%		127858		556999		153		136		17		949





																		Writes		Reads

																0.31%		15.007		41.0489

																0.82%		15.2263		42.2664

																1.32%		14.6807		43.5317

																2.14%		14.1987		48.3514

																3.47%		12.7858		55.6999

































































































































Reads	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	41.048900000000003	42.266399999999997	43.531700000000001	48.351399999999998	55.6999	Writes	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	15.007	15.2263	14.6807	14.198700000000001	12.7858	Error Rate of False Positive (fBF)



I/O Count (104)











48Advanced Database Technologies 金培权（jpq@ustc.edu.cn）

8、B+树的改进

 BloomTree: Read/Write-Optimized B+-tree 
Using Bloom Filters to reduce the read cost of Overflow Leaf

Peiquan Jin, Chengcheng Yang, et al. Read/write-optimized tree indexing for solid-state drives. VLDB J. 25(5): 695-717 (2016)
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Chart9



BloomTree	1	2	3	4	5	6	7	8	240	171	140	114	103	94	88	86	B+-tree	1	2	3	4	5	6	7	8	599	438	357	318	303	259	238	227	OB+-tree	1	2	3	4	5	6	7	8	1387	1150	1018	879	767	684	621	588	MB-tree	1	2	3	4	5	6	7	8	528	421	302	266	256	228	212	201	FlashDB	1	2	3	4	5	6	7	8	563.29999999999995	399	323	287	271	241	221	210	FD-tree	1	2	3	4	5	6	7	8	280	181	157	149	137	140	136	135	Buffer Size (MB)



Run Time (s)









B-tree vs Overflow B-tree

				B+-tree read		B+-tree write		Overflow B+-tree read		Overflow B+-tree write				B+-tree reads		B+-tree writes		OB+-tree reads		OB+-tree writes

		1MB		772375.00		804474.00		3053336.00		785282.00				77.24		80.45		305.33		78.53

		2MB		632650.00		653293.00		2435244.00		625472.00				63.27		65.33		243.52		62.55

		3MB		509990.00		541577.00		1906883.00		488158.00				51.00		54.16		190.69		48.82

		4MB		410644.00		441975.00		1445265.00		383167.00				41.06		44.20		144.53		38.32

		5MB		337533.00		368608.00		1054939.00		301537.00				33.75		36.86		105.49		30.15

		6MB		272236.00		303055.00		730387.00		236669.00				27.22		30.31		73.04		23.67

		7MB		212909.00		243472.00		478559.00		187327.00				21.29		24.35		47.86		18.73

		8MB		159908.00		190215.00		300753.00		151191.00				15.99		19.02		30.08		15.12



																		295%		-2%

																		285%		-4%

																		274%		-10%

																		252%		-13%

																		213%		-18%

																		168%		-22%

																		125%		-23%

																		88%		-21%



																		192%		-11%













B+-tree reads	77.237499999999997	63.265000000000001	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	21.290900000000001	15.9908	B+-tree writes	80.447400000000002	65.329300000000003	54.157699999999998	44.197499999999998	36.860799999999998	30.305499999999999	24.347200000000001	19.0215	OB+-tree reads	305.33359999999999	243.52440000000001	190.6883	144.5265	105.4939	73.038700000000006	47.855899999999998	30.075299999999999	OB+-tree writes	78.528199999999998	62.547199999999997	48.815800000000003	38.316699999999997	30.153700000000001	23.666899999999998	18.732700000000001	15.1191	Buffer Size (MB)



I/O Count (104)









trace A writes

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		u-Tree		fdtree						BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree

		1		339605		804474		785282		241097		759844		978337		851141				1		33.9605		80.4474		78.5282		24.1097		75.9844		85.1141		97.8337

		2		211539		653293		625472		200457		582321		830760		570139				2		21.1539		65.3293		62.5472		20.0457		58.2321		57.0139		83.076

		3		163346		541577		488158		152579		440912		750820		497854				3		16.3346		54.1577		48.8158		15.2579		44.0912		49.7854		75.082

		4		128614		441975		383167		128162		322348		679960		497617				4		12.8614		44.1975		38.3167		12.8162		32.2348		49.7617		67.996

		5		106819		368608		301537		93415		249289		619788		497514				5		10.6819		36.8608		30.1537		9.3415		24.9289		49.7514		61.9788

		6		88019		303055		236669		78670		205971		565194		497450				6		8.8019		30.3055		23.6669		7.867		20.5971		49.745		56.5194

		7		80923		243472		187327		65736		158620		513738		497450				7		8.0923		24.3472		18.7327		6.5736		15.862		49.745		51.3738

		8		78387		190215		151191		51002		117920		466761		497450				8		7.8387		19.0215		15.1191		5.1002		11.792		49.745		46.6761

		writes on Trace A



																				1				57.79%		56.75%		-40.86%		55.31%		60.10%

																				2				67.62%		66.18%		-5.53%		63.67%		62.90%

																				3				69.84%		66.54%		-7.06%		62.95%		67.19%

																				4				70.90%		66.43%		-0.35%		60.10%		74.15%

																				5				71.02%		64.58%		-14.35%		57.15%		78.53%

																				6				70.96%		62.81%		-11.88%		57.27%		82.31%

																				7				66.76%		56.80%		-23.10%		48.98%		83.73%

																				8				58.79%		48.15%		-53.69%		33.53%		84.24%



																						avg		66.71%		61.03%		-19.60%		54.87%		74.14%





































































































BloomTree	1	2	3	4	5	6	7	8	33.960500000000003	21.1539	16.334599999999998	12.8614	10.681900000000001	8.8018999999999998	8.0922999999999998	7.8387000000000002	B+-tree	1	2	3	4	5	6	7	8	80.447400000000002	65.329300000000003	54.157699999999998	44.197499999999998	36.860799999999998	30.305499999999999	24.347200000000001	19.0215	OB+-tree	1	2	3	4	5	6	7	8	78.528199999999998	62.547199999999997	48.815800000000003	38.316699999999997	30.153700000000001	23.666899999999998	18.732700000000001	15.1191	MB-tree	1	2	3	4	5	6	7	8	24.1097	20.0457	15.257899999999999	12.8162	9.3414999999999999	7.867	6.5735999999999999	5.1002000000000001	FlashDB	1	2	3	4	5	6	7	8	75.984399999999994	58.232100000000003	44.091200000000001	32.2348	24.928899999999999	20.597100000000001	15.862	11.792	FD-tree	1	2	3	4	5	6	7	8	85.114099999999993	57.0139	49.785400000000003	49.761699999999998	49.751399999999997	49.744999999999997	49.744999999999997	49.744999999999997	Buffer Size (MB)



SSD Wrties (104)









trace A reads

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		uB+-Tree		fdtree						BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree

		1		646489		772375		3053336		1589647		1137812		1037834		821975				1		64.6489		77.2375		305.3336		158.9647		113.7812		82.1975		103.7834

		2		382918		632650		2435244		1178554		863228		779295		540924				2		38.2918		63.265		243.5244		117.8554		86.3228		54.0924		77.9295

		3		302378		509990		1906883		802795		619854		688056		468742				3		30.2378		50.999		190.6883		80.2795		61.9854		46.8742		68.8056

		4		224860		410644		1445265		541477		428647		616309		468607				4		22.486		41.0644		144.5265		54.1477		42.8647		46.8607		61.6309

		5		177953		337533		1054939		365997		364710		556263		468607				5		17.7953		33.7533		105.4939		36.5997		36.471		46.8607		55.6263

		6		136706		272236		730387		212787		310897		501895		468607				6		13.6706		27.2236		73.0387		21.2787		31.0897		46.8607		50.1895

		7		125056		212909		478559		145573		259811		450689		468607				7		12.5056		21.2909		47.8559		14.5573		25.9811		46.8607		45.0689

		8		119664		159908		300753		84973		209860		403968		468607				8		11.9664		15.9908		30.0753		8.4973		20.986		46.8607		40.3968

		writes on Trace A



																				1				16.30%		78.83%		59.33%		43.18%		21.35%

																				2				39.47%		84.28%		67.51%		55.64%		29.21%

																				3				40.71%		84.14%		62.33%		51.22%		35.49%

																				4				45.24%		84.44%		58.47%		47.54%		52.02%

																				5				47.28%		83.13%		51.38%		51.21%		62.03%

																				6				49.78%		81.28%		35.75%		56.03%		70.83%

																				7				41.26%		73.87%		14.09%		51.87%		73.31%

																				8				25.17%		60.21%		-40.83%		42.98%		74.46%



																						avg		38.15%		78.77%		38.51%		49.96%		52.34%





































































































BloomTree	1	2	3	4	5	6	7	8	64.648899999999998	38.291800000000002	30.2378	22.486000000000001	17.795300000000001	13.6706	12.505599999999999	11.9664	B+-tree	1	2	3	4	5	6	7	8	77.237499999999997	63.265000000000001	50.999000000000002	41.064399999999999	33.753300000000003	27.223600000000001	21.290900000000001	15.9908	OB+-tree	1	2	3	4	5	6	7	8	305.33359999999999	243.52440000000001	190.6883	144.5265	105.4939	73.038700000000006	47.855899999999998	30.075299999999999	MB-tree	1	2	3	4	5	6	7	8	158.96469999999999	117.8554	80.279499999999999	54.1477	36.599699999999999	21.278700000000001	14.5573	8.4972999999999992	FlashDB	1	2	3	4	5	6	7	8	113.7812	86.322800000000001	61.985399999999998	42.864699999999999	36.470999999999997	31.089700000000001	25.981100000000001	20.986000000000001	FD-tree	1	2	3	4	5	6	7	8	82.197500000000005	54.092399999999998	46.874200000000002	46.860700000000001	46.860700000000001	46.860700000000001	46.860700000000001	46.860700000000001	Buffer Size (MB)



SSD Reads (104)









trace B writes

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		uB+-Tree		fdtree						BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree

		1		374281		607316		686118		754483		709832		861154		980413				1		37.4281		60.7316		68.6118		75.4483		70.9832		98.0413		86.1154

		2		244572		520116		473006		688790		589801		790364		778153				2		24.4572		52.0116		47.3006		68.879		58.9801		77.8153		79.0364

		3		188846		453986		390539		636995		509911		744573		663855				3		18.8846		45.3986		39.0539		63.6995		50.9911		66.3855		74.4573

		4		150070		392041		332673		608938		400221		702130		572873				4		15.007		39.2041		33.2673		60.8938		40.0221		57.2873		70.213

		5		128877		341518		285000		599871		309766		660832		493937				5		12.8877		34.1518		28.5		59.9871		30.9766		49.3937		66.0832

		6		112937		300519		244380		590473		251976		622806		438753				6		11.2937		30.0519		24.438		59.0473		25.1976		43.8753		62.2806

		7		101193		265721		208559		563017		190987		588796		404385				7		10.1193		26.5721		20.8559		56.3017		19.0987		40.4385		58.8796

		8		92172		236069		178374		542300		162101		558102		385150				8		9.2172		23.6069		17.8374		54.23		16.2101		38.515		55.8102

		writes on Trace A



























































































































BloomTree	1	2	3	4	5	6	7	8	37.428100000000001	24.4572	18.884599999999999	15.007	12.887700000000001	11.293699999999999	10.119300000000001	9.2172000000000001	B+-tree	1	2	3	4	5	6	7	8	60.7316	52.011600000000001	45.398600000000002	39.204099999999997	34.151800000000001	30.0519	26.572099999999999	23.6069	OB+-tree	1	2	3	4	5	6	7	8	68.611800000000002	47.300600000000003	39.053899999999999	33.267299999999999	28.5	24.437999999999999	20.855899999999998	17.837399999999999	MB-tree	1	2	3	4	5	6	7	8	75.448300000000003	68.879000000000005	63.6995	60.893799999999999	59.987099999999998	59.0473	56.301699999999997	54.23	FlashDB	1	2	3	4	5	6	7	8	70.983199999999997	58.9801	50.991100000000003	40.022100000000002	30.976600000000001	25.197600000000001	19.098700000000001	16.210100000000001	FD-tree	1	2	3	4	5	6	7	8	98.041300000000007	77.815299999999993	66.385499999999993	57.287300000000002	49.393700000000003	43.875300000000003	40.438499999999998	38.515000000000001	Buffer Size (MB)



SSD Wrties (104)









trace B reads

				BloomTree		B+-Tree		OB+-Tree		MB-Tree		FlashDB		uB+-Tree		fdtree						BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree

		1		1022969		878639		3524207		11698719		1502122		1222878		975004				1		102.2969		87.8639		352.4207		1169.8719		150.2122		97.5004		122.2878

		2		660805		709854		2107471		9892970		1122811		1007891		768028				2		66.0805		70.9854		210.7471		989.297		112.2811		76.8028		100.7891

		3		513737		616120		1626280		8210077		736109		906955		653272				3		51.3737		61.612		162.628		821.0077		73.6109		65.3272		90.6955

		4		410489		537126		1332209		6743078		623291		834299		561987				4		41.0489		53.7126		133.2209		674.3078		62.3291		56.1987		83.4299

		5		352107		475098		1122217		6029877		482108		770956		482894				5		35.2107		47.5098		112.2217		602.9877		48.2108		48.2894		77.0956

		6		308440		425311		962341		5487178		367661		716396		427634				6		30.844		42.5311		96.2341		548.7178		36.7661		42.7634		71.6396

		7		267633		383428		827444		4509981		257290		669482		393263				7		26.7633		38.3428		82.7444		450.9981		25.729		39.3263		66.9482

		8		243236		347894		715904		3815085		186531		628271		374027				8		24.3236		34.7894		71.5904		381.5085		18.6531		37.4027		62.8271

		writes on Trace A

																						BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree

																				3		51.3737		61.612		162.628		821.0077		73.6109		65.3272		90.6955

																				4		41.0489		53.7126		133.2209		674.3078		62.3291		56.1987		83.4299

																				5		35.2107		47.5098		112.2217		602.9877		48.2108		48.2894		77.0956

																				6		30.844		42.5311		96.2341		548.7178		36.7661		42.7634		71.6396



































































































































BloomTree	1	2	3	4	5	6	7	8	102.29689999999999	66.080500000000001	51.373699999999999	41.048900000000003	35.210700000000003	30.844000000000001	26.763300000000001	24.323599999999999	B+-tree	1	2	3	4	5	6	7	8	87.863900000000001	70.985399999999998	61.612000000000002	53.712600000000002	47.509799999999998	42.531100000000002	38.342799999999997	34.789400000000001	OB+-tree	1	2	3	4	5	6	7	8	352.42070000000001	210.74709999999999	162.62799999999999	133.2209	112.2217	96.234099999999998	82.744399999999999	71.590400000000002	MB-tree	1	2	3	4	5	6	7	8	1169.8719000000001	989.29700000000003	821.0077	674.30780000000004	602.98770000000002	548.71780000000001	450.99810000000002	381.50850000000003	FlashDB	1	2	3	4	5	6	7	8	150.2122	112.2811	73.610900000000001	62.329099999999997	48.210799999999999	36.766100000000002	25.728999999999999	18.653099999999998	FD-tree	1	2	3	4	5	6	7	8	97.500399999999999	76.802800000000005	65.327200000000005	56.198700000000002	48.289400000000001	42.763399999999997	39.326300000000003	37.402700000000003	Buffer Size (MB)



SSD Reads (104)







BloomTree	3	4	5	6	51.373699999999999	41.048900000000003	35.210700000000003	30.844000000000001	B+-tree	3	4	5	6	61.612000000000002	53.712600000000002	47.509799999999998	42.531100000000002	OB+-tree	3	4	5	6	162.62799999999999	133.2209	112.2217	96.234099999999998	MB-tree	3	4	5	6	821.0077	674.30780000000004	602.98770000000002	548.71780000000001	FlashDB	3	4	5	6	73.610900000000001	62.329099999999997	48.210799999999999	36.766100000000002	FD-tree	3	4	5	6	65.327200000000005	56.198700000000002	48.289400000000001	42.763399999999997	





trace A time-Intel

				BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree								BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree

		1		240		599		1387		528		563.3		280		377						1		240		59.93%		82.70%		54.55%		57.39%		14.29%

		2		171		438		1150		421		399		181		388						2		171		60.96%		85.13%		59.38%		57.14%		5.52%

		3		140		357		1018		302		323		157		385						3		140		60.78%		86.25%		53.64%		56.66%		10.83%

		4		114		318		879		266		287		149		364						4		114		64.15%		87.03%		57.14%		60.28%		23.49%

		5		103		303		767		256		271		137		346						5		103		66.01%		86.57%		59.77%		61.99%		24.82%

		6		94		259		684		228		241		140		338						6		94		63.71%		86.26%		58.77%		61.00%		32.86%

		7		88		238		621		212		221		136		324						7		88		63.03%		85.83%		58.49%		60.18%		35.29%

		8		86		227		588		201		210		135		316						8		86		62.11%		85.37%		57.21%		59.05%		36.30%

		单位都是秒(s)

																								avg		62.59%		85.64%		57.37%		59.21%		22.92%

























































































































BloomTree	1	2	3	4	5	6	7	8	240	171	140	114	103	94	88	86	B+-tree	1	2	3	4	5	6	7	8	599	438	357	318	303	259	238	227	OB+-tree	1	2	3	4	5	6	7	8	1387	1150	1018	879	767	684	621	588	MB-tree	1	2	3	4	5	6	7	8	528	421	302	266	256	228	212	201	FlashDB	1	2	3	4	5	6	7	8	563.29999999999995	399	323	287	271	241	221	210	FD-tree	1	2	3	4	5	6	7	8	280	181	157	149	137	140	136	135	Buffer Size (MB)



Run Time (s)









trace A time-OCZ

				BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree								BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree

		1		1511		2847		4810		3209		3075		2101		3614						1				46.93%		68.59%		52.91%		50.86%		28.08%

		2		926		2323		4005		2114		2062		1293		2975						2				60.14%		76.88%		56.20%		55.09%		28.38%

		3		857		1958		3230		1400		1344		1030		2685						3				56.23%		73.47%		38.79%		36.24%		16.80%

		4		663		1635		2647		888		1103		932		2459						4				59.45%		74.95%		25.34%		39.89%		28.86%

		5		543		1394		2118		769		1008		821		2269						5				61.05%		74.36%		29.39%		46.13%		33.86%

		6		500		1184		1738		680		896		818		2093						6				57.77%		71.23%		26.47%		44.20%		38.88%

		7		459		981		1436		629		777		823		1934						7				53.21%		68.04%		27.03%		40.93%		44.23%

		8		443		803		1161		593		733		820		1810						8				44.83%		61.84%		25.30%		39.56%		45.98%

		单位都是秒(s)

																								avg		54.95%		71.17%		35.18%		44.11%		33.13%

























































































































BloomTree	1	2	3	4	5	6	7	8	1511	926	857	663	543	500	459	443	B+-tree	1	2	3	4	5	6	7	8	2847	2323	1958	1635	1394	1184	981	803	OB+-tree	1	2	3	4	5	6	7	8	4810	4005	3230	2647	2118	1738	1436	1161	MB-tree	1	2	3	4	5	6	7	8	3209	2114	1400	888	769	680	629	593	FlashDB	1	2	3	4	5	6	7	8	3075	2062	1344	1103	1008	896	777	733	FD-tree	1	2	3	4	5	6	7	8	2101	1293	1030	932	821	818	823	820	Buffer Size (MB)



Run Time (s)









trace B time-Intel

				BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree								BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree

		1		303		553		1279		3505		521		329		400						1				45.21%		76.31%		91.36%		41.84%		7.90%

		2		226		488		815		3007		443		253		402						2				53.69%		72.27%		92.48%		48.98%		10.67%

		3		211		441		677		2550		406		215		400						3				52.15%		68.83%		91.73%		48.03%		1.86%

		4		172		404		577		1994		358		176		380						4				57.43%		70.19%		91.37%		51.96%		2.27%

		5		143		355		513		1648		317		140		346						5				59.72%		72.12%		91.32%		54.89%		-2.14%

		6		130		346		455		1351		312		133		341						6				62.43%		71.43%		90.38%		58.33%		2.26%

		7		119		297		412		1056		273		128		329						7				59.93%		71.12%		88.73%		56.41%		7.03%

		8		109		265		370		861		251		125		319						8				58.87%		70.54%		87.34%		56.57%		12.80%

		单位都是秒(s)

																								avg		56.18%		71.60%		90.59%		52.13%		5.33%

























































































































BloomTree	1	2	3	4	5	6	7	8	303	226	211	172	143	130	119	109	B+-tree	1	2	3	4	5	6	7	8	553	488	441	404	355	346	297	265	OB+-tree	1	2	3	4	5	6	7	8	1279	815	677	577	513	455	412	370	MB-tree	1	2	3	4	5	6	7	8	3505	3007	2550	1994	1648	1351	1056	861	FlashDB	1	2	3	4	5	6	7	8	521	443	406	358	317	312	273	251	FD-tree	1	2	3	4	5	6	7	8	329	253	215	176	140	133	128	125	Buffer Size (MB)



Run Time (s)









trace B time-OCZ

				BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree		u-Tree								BloomTree		B+-tree		OB+-tree		MB-tree		FlashDB		FD-tree

		1		1891		2468		4841		4991		2683		2440		3624						1				23.38%		60.94%		62.11%		29.52%		22.50%

		2		1230		2103		3307		3409		2012		1787		3215						2				41.51%		62.81%		63.92%		38.87%		31.17%

		3		1134		1869		2753		2903		1802		1399		3002						3				39.33%		58.81%		60.94%		37.07%		18.94%

		4		903		1653		2359		2498		1503		1093		2823						4				45.37%		61.72%		63.85%		39.92%		17.38%

		5		775		1485		2081		2041		1376		830		2663						5				47.81%		62.76%		62.03%		43.68%		6.63%

		6		713		1341		1868		1751		1221		735		2499						6				46.83%		61.83%		59.28%		41.61%		2.99%

		7		624		1221		1682		1448		1101		677		2360						7				48.89%		62.90%		56.91%		43.32%		7.83%

		8		562		1114		1469		1260		1018		644		2276						8				49.55%		61.74%		55.40%		44.79%		12.73%

		单位都是秒(s)

																								avg		42.83%		61.69%		60.55%		39.85%		15.02%

























































































































BloomTree	1	2	3	4	5	6	7	8	1891	1230	1134	903	775	713	624	562	B+-tree	1	2	3	4	5	6	7	8	2468	2103	1869	1653	1485	1341	1221	1114	OB+-tree	1	2	3	4	5	6	7	8	4841	3307	2753	2359	2081	1868	1682	1469	MB-tree	1	2	3	4	5	6	7	8	4991	3409	2903	2498	2041	1751	1448	1260	FlashDB	1	2	3	4	5	6	7	8	2683	2012	1802	1503	1376	1221	1101	1018	FD-tree	1	2	3	4	5	6	7	8	2440	1787	1399	1093	830	735	677	644	Buffer Size (MB)



Run Time (s)









Trace B -flase positive rate

		bloomtree在不同错误率下的create index测试																				splits

		内存大小4MB		device-oczssd																		Trace A		Trace B

		ID				Writes		Reads		split-num		leaf-split		inside-split		runtime(s)				0.31%		1120		279

		1		0.31%		150070		410489		279		257		22		903				0.82%		932		240

		2		0.82%		152263		422664		240		218		22		921				1.32%		657		195

		3		1.32%		146807		435317		195		180		15		912				2.14%		493		186

		4		2.14%		141987		483514		186		168		18		936				3.47%		297		153

		5		3.47%		127858		556999		153		136		17		949





																		Writes		Reads

																0.31%		15.007		41.0489

																0.82%		15.2263		42.2664

																1.32%		14.6807		43.5317

																2.14%		14.1987		48.3514

																3.47%		12.7858		55.6999

































































































































Reads	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	41.048900000000003	42.266399999999997	43.531700000000001	48.351399999999998	55.6999	Writes	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	15.007	15.2263	14.6807	14.198700000000001	12.7858	False Positive Probability (fBF)



I/O Count (104)







Trace A	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	1120	932	657	493	297	Trace B	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	279	240	195	186	153	False Positive Probability (fBF)



Split Count









OF-leaf node size

						CREATE TRACE		buffer=4MB														time

		of-leaf		WriteNumber		ReadNumber		time(OCZ)		time(Intel)												Trace A@OCZ-SSD		Trace A@Intel-SSD		Trace B@OCZ-SSD		Trace B@Intel-SSD

		1		129557		180097		629		104										1		629		104		908		171

		2		122049		176917		600		101										2		600		101		873		165

		3		128614		224860		663		114										3		663		114		903		170

		4		134365		298843		749		131										4		749		131		946		181

		5		134456		329505		775		138										5		775		138		985		192



						TPCC TRACE		buffer=4MB

		of-leaf		WriteNumber		ReadNumber		time(OCZ)		time(Intel)												I/O

		1		152055		396230		908		171												Trace A		Trace B

		2		148944		380983		873		165										1		309654		548285

		3		150070		410489		903		170										2		298966		529927

		4		152351		450547		946		181										3		353474		560559

		5		154391		486784		985		192										4		433208		602898

																				5		463961		641175

																						I/O

																						Trace A		Trace B

																				1		30.9654		54.8285

																				2		29.8966		52.9927

																				3		35.3474		56.0559

																				4		43.3208		60.2898

																				5		46.3961		64.1175



Trace A@OCZ-SSD	1	2	3	4	5	629	600	663	749	775	Trace A@Intel-SSD	1	2	3	4	5	104	101	114	131	138	Trace B@OCZ-SSD	1	2	3	4	5	908	873	903	946	985	Trace B@Intel-SSD	1	2	3	4	5	171	165	170	181	192	Maximal Pages in an OF-leaf Node



Run Time (s)







Trace A	1	2	3	4	5	30.965399999999999	29.896599999999999	35.3474	43.320799999999998	46.396099999999997	Trace B	1	2	3	4	5	54.828499999999998	52.992699999999999	56.055900000000001	60.2898	64.117500000000007	Maximal Pages in an OF-leaf Node



I/O Count (104)









Trace A -flase positive rate

		bloomtree在不同错误率下的create index测试

		内存大小4MB		device-oczssd

		ID				Writes		Reads		split-num		leaf-split		inside-split		runtime(s)

		1		0.31%		128614		224860		1120		1046		74		663

		2		0.82%		145173		258884		932		864		68		753

		3		1.32%		104897		174837		657		608		49		534

		4		2.14%		91309		171088		493		454		34		481

		5		3.47%		66996		183568		297		267		30		404





																		Writes		Reads

																0.31%		12.8614		22.486

																0.82%		14.5173		25.8884

																1.32%		10.4897		17.4837

																2.14%		9.1309		17.1088

																3.47%		6.6996		18.3568

































































































































Reads	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	22.486000000000001	25.888400000000001	17.483699999999999	17.108799999999999	18.3568	Writes	3.0999999999999999E-3	8.2000000000000007E-3	1.32E-2	2.1399999999999999E-2	3.4700000000000002E-2	12.8614	14.517300000000001	10.489699999999999	9.1309000000000005	6.6996000000000002	Error Rate of False Positive



I/O Count (104)









trace A splits

				BloomTree		B+-Tree		OB+-Tree		FD-Tree		u-Tree

		Leaf Splits		1046		32076		1386		0		64644

		Non-leaf Splits		74		256		79		34312		1839

		Total Splits		1120		32332		1465		34312		66483



































































































































BloomTree	Leaf Splits	Non-leaf Splits	Total Splits	1046	74	1120	B+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	32076	256	32332	OB+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	1386	79	1465	FD-Tree	Leaf Splits	Non-leaf Splits	Total Splits	0	34312	34312	

Splits









trace B splits

				BloomTree		B+-Tree		OB+-Tree		u-Tree		fdtree

		Leaf Splits		257		8979		224		18117		0

		Non-leaf Splits		22		51		15		496		10887

		Total Splits		279		9030		239		18613		10887



































































































































BloomTree	Leaf Splits	Non-leaf Splits	Total Splits	257	22	279	B+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	8979	51	9030	OB+-Tree	Leaf Splits	Non-leaf Splits	Total Splits	224	15	239	u-Tree	Leaf Splits	Non-leaf Splits	Total Splits	18117	496	18613	

Splits









Sheet1

		Ebf-cost		fbf		d

		2.0000958026		0.31		6						2.6277140429

		2.0009976402		0.82		7

		2.0035795953		1.32		8

		2.012288493		2.14		9

		2.0400140429		3.47		10

		2.5541865828		10		14
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三、散列表(Hash Table)
 散列函数(Hash Functions)

h：查找键(散列键) → [0…B – 1]
桶(Buckets), numbered 0,1,…, B-1

 散列索引方法

给定一个查找键K，对应的记录必定位于桶
h(K)中
若一个桶中仅一块，则 I/O次数＝1
否则由参数B决定，平均＝总块数/B
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1、散列表概念

K h(K)

d

e
c
b

a
f

0

1

2

3

h(a)=h(f)=3
h(d)=0
h(e)=h(c)=1
h(b)=2

Hash Function

2 records/block

1 block/bucket
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2、散列表查找

 查找

对于给定的散列键值k，计算h(K)
根据h(K)定位桶

查找桶中的块
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3、散列表插入

 计算插入记录的h(K)，定位桶

 若桶中有空间，则插入

 否则

创建一个溢出块并将记录置于溢出块中
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插入例子

d

e
c
b

a
f

0

1

2

3

g

插入g，h(k)=1

Overflow Block

Hash Table
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3、散列表删除

 根据给定键值K计算h(K)，定位桶和记录

 删除

回收溢出块？
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散列表删除例子

0

1

2

3

a

b
c
e

d

EXAMPLE:  deletion

Delete:
e
f

f
g

maybe move
“g” up

c
d
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4、散列表空间利用率问题

 空间利用率

实际键值数 / 所有桶可放置的键值数

<50％：空间浪费

>80％：溢出问题

50％到80％之间（GOOD！）
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5、文件增长

 数据文件的增长使桶的溢出块数增多，增加I/O
采用动态散列表解决

可扩展散列表（Extensible Hash Tables）
成倍增加桶数目

线性散列表（Linear Hash Tables）
线性增加
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6、可扩展散列表

 散列函数h(k)是一个b(足够大)位二进制序列，前i位表示桶
的数目。

 i的值随数据文件的增长而增大

00110101
b

i

b位二进制序列，
前i位用于区分桶h(k)
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6、可扩展散列表

 前i位构成一个桶数组

1
0001

2
1001
1010
2
1100

00

01

10

11

2i =

0111

b＝4

i＝2

h(k)的
前i位

桶
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6、可扩展散列表

Example: h(k) is 4 bits; 2 keys/bucket

i = 1
1

1

0001

1001
1100

Insert 1010
1
1100

1010

New directory

2
00

01

10

11

i =

2

2
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6、可扩展散列表

1
0001

2
1001
1010
2
1100

Insert:
0111
0000

00

01

10

11

2i =

Example continued

0111

0000

0111

0001

2

2
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6、可扩展散列表

00

01

10

11

2i =

21001
1010

21100

20111

20000
0001

Insert:
1001

Example continued

1001
1001

1010

000

001

010

011

100

101

110

111

3i =

3

3
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6、可扩展散列表

 优点

大部分情况下不存在着溢出块，因此当查找记录时，只需查找一个
存储块。

 缺点

桶增长速度快，可能会导致内存放不下整个桶数组，影响其他保存
在主存中的数据，波动较大。
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7、线性散列表

 h(k)仍是二进制位序列，但使用右边(低)i位区分桶

桶数＝n，h(k)的右i位＝m
若m<n，则记录位于第m个桶

若n ≤ m < 2i,则记录位于第 m-2i-1 个桶

n的选择：总是使n与当前记录总数r保持某个固定比例

意味着只有当桶的填充度达到超过某个比例后桶数才开始增长
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7、线性散列表

i：当前被使用的散列函数值的位数，从低位开始

n：当前的桶数

r：当前散列表中的记录总数 r/n < 1.7

0000

1111

0

1

i＝1

n＝2

r＝3

1010
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7、线性散列表

 插入0101
r/n＝4/2，超过了1.7，所以增加新桶

0000

1111

0

1

i＝1

n＝2

r＝3

1010

0000

0101

00

01

10

i＝2

n＝3

r＝4 1111

1010

m=3
n=3

落在第1个桶
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7、线性散列表

 插入0001
r/n＝5/3，小于1.7，所以不增加新桶而使用溢出块

0000

0101

00

01

10

i＝2

n＝3

r＝4 1111

1010

0000

0101

00

01

10

i＝2

n＝3

r＝5 0001

1010

1111
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7、线性散列表

 插入0111
r/n＝6/3，大于1.7，所以增加新桶

0000

0101

00

01

10

i＝2

n＝3

r＝5 0001

1010

1111
i＝2

n＝4

r＝6

0000

0101

00

01

10

11

0001

1010

0111
1111
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7、线性散列表

 总结

空间效率优于可扩展散列表

查找性能比可扩展散列表差

综合性能较好
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本章小结

 顺序文件上的索引

 辅助索引

 一维索引

B+树

散列表 (Hash Tables)
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