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Tweet ID Time Stamp m m Tweet Content
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Index of Column Column Column
Column Data
Columns Len Data Len

748229 67932320 24 FH = AXFE R kR SCAL
748230 1,2 8 67932321 78 WRBAI = H A TR ..

A homebrew general-purposed row physical layer

« SQL DML (Data Manipulation Language):

SELECT,

NSERT, SQL =
UPDATE, Relational Database’s APls 2320 | Sl s e il ik

DELETE. 67932321  WMRBAMFI B WHEATR, #1371,

AR IR, B EER A B
« SQL DDL (Data Definition/Description Language): T
CREATE (ALTER, DROP) tablespace,
CREATE (ALTER, DROP) table,
CREATE (DROP) view, 193922 6793232, 6793231, ...
CREATE (DROP) index. 748223 6793231, ..
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Tweet ID Tweet Content

67932320 Pt = HIXHFE Bk ik SCAE
67932321 WRBANI SVEEA TR, i 737, KRNI SE, FOVEIERA NHILT !

Row data structure

Column Column
Column Data
Data

748229 1,2 8 67932320 24 ot = UK Bk ik S AL
748230 1,2 8 67932321 78 WRBAI A TR ..

Row physical layer

chunk l{used)
chunk 2(free) Slab Class: 1 S|ab Class: 2
endJageJtr/ > chunk 3(used) Slabs Slabs
slab Ilst[] chunk 3(free)
I [ 88 bytes | [ 88 bytes 112 bytes| (112 bytes|
slab 2 Lea rn from | 88 bvtes | v lots more! 112 bytes . lots more!
slab_class[1] |
pp—— L MemCached Slab Class: 3 Slab Class: n
- slots[] S
Slabs Slabs

slab_class[3]

do_slab free()
chunk 2(free) |.q — —

slab_class[4] -~ | |144 bytesl [144 bmSl l n bytes I [ n bytes l

|144 bytes| .. lots more! nbytes | more!
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Index of Column Column Column
Column Data
Columns Data

748229 67932320 TR B IXFE PR AR
748230 1,2 8 67932321 78 WRFENE DI EATFR ..
Slab: fixed-size continuous storage space. S
. chunk 2(free) —_—
SlabCIaSS Learn from end_page_ptr chunk 3{used)
A group of slabs of the same size. | NjemcCached | [0 / chunk 3(free)
(maybe dispersed) seb
slab 2
Chunk:
Each slab splits into sequential chunks, S e
. slab_class[2]
the chunks are of the same size. otst]
slab_class[3]
H H d lab_f
One chunk consists of many items. — chunk 2(rree) |« pepTreel
Slots:
A list of available chunks.

Why split the storage into fixed-size slabs and chunks?

Easy to re-use, but may waste storage space.

Storage Layer
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» Writing to disk is slow,
So, appending is slow, but still much faster than random accessing.

 Store in buffer cache first, then write to disk.
Store in buffer cache first, then write to disk as log, then merger (commit) into files.

Journaling File System:

1. Speed-up INSERT and UPDATE. 2. Process transaction operations.

Time: T1 Commit Time @
Committed File Log (Journal)
Position #1 #2 #3 #4 #5 #6 @1 @2 @3 @4
Data 10 20 30 40 50 - Add 2 to #2 Append 90 Del #4 Minus 2 to #2
Time: T2
Committed File Log (Journal)
Position #1 #2 #3 #4 #5 #6 @1 @2 @3 @4
Data 10 22 30 - 50 90 Minus 2to#2  Add 2 to #5 Set #2 80

Data(#2) =?  Data(#2) = File(#2) + Log(@1) + Log(@2) + Log(@3) =80
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Number of Child Kev 1 Child Kev2 Child Sibling Data
Keys ID v ID ¥ ID ID Pointer
1 3 (5) : : : : :

(1,3)
2 (6,7) 7 (8) 8 (9,12) = -
1 - 5 - - = (6,7) 3A17C3
~ Child Pointer

Internal Node Lavel D

(Root)

Search Key Valus

-

-

\\ Lewvel 1

B+ Tree node physical layer

z X b
ORT]  HHEL 1 i8] | HET ] Level 2
‘l l\ t, “ (Laaf)
I i | \\
'Key Value ‘Data Pointer "Sibling Pointer v
Leal ‘Node

» Two critical database problems:
1. Transaction, 2. Indexing.

« Transaction can be implemented with Journaling file system.

* Indexing is implemented by B+ tree.
The physical layer of B+ tree’s node is easy to define.
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Client

Homebrew Database

Architecture

-

SQL Executor

Table Lookup
Cache

Database Operation

Buffer Cache Journal Cache

Worker threads

Database Instance

Cache in RAM

Worker coordinate
the files in disk
and the cache in RAM.

J

Database Data
Metadata Files

Journal
Files

Files in disk
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Our Homebrew Database Oracle 9i

Client

process
@
Client

SQL Executor
Oracle Instance
Table Lookup Database Operation
Cache Buffer Cache | JournalCache
Shared Pool System Global Area | gr,:eg:?[,‘:e ;
Worker threads (" UorryCoche ) p- ] a0
Database | Redo Log
ST Bulfer Cache Buffe
Databaselnstance L.MDWMC&NJ L o
A - .
Database Data Index Journal 3 ’ * : :
Metadata Files Files Files . v v re: . ¥ . ¥ . ¥
'R«oouumr: Systen Database Process 'Choctpunl: | Log : Archiver mm
: (RECO) ¢ | Monitor Writer Monitor : (CKPT) : Writer | (ARCO) (background
. : {SMON) {DBWO) (PMON) . : ‘_(:G-V\Lﬂl: processes)
Very similar to each other P —
N ] OracleBi Database
Oracle Thread Description
DEWD database writer
LGHR log writer
DMON Process monitor
SMON system monitor
CEDRT checkpoint process {or thread on Windows) that runs by default on Windows
ARCHO archive process {(or thread on Windows)
RECD distributed recovery background process
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ORACLE ARCHITECTURE

QMnn SMON PMON DIAG LMSn LMON LMD DMON MRPn
AONONCEd Qi ng \restonoe R ecoaeny Coeam User & Roal Apprcasan Rew Apcéoaton Real Apprcasan ReatAppcanan Do Guang Soker Dot Guard
Cieas T, Berver Clahn Clatery Ciealns Ciahrs | Masiged Reccvery
;eﬁ«;m Precesy { Cosared |
| Cpana | Cobans Fros Spoce | Opsora | ( Oxtoal ) { Opone | { Cymorer | ( Cegtomal )
cJan l 1 'l' RECO
Coortastor i System Global Are. i | Dswstus Focomey
2w stared Pool Ctatins it Cache oyipagqap,  sue
1 = { | ( Optomal )
| Oyrsarar | ( y = ™ |
) | Shama 500 A Large Pool Java Pool
Litvary Coote Hash vio [“Woadwer || SO'LZ:QN
Snn recitne an - s Used e Jnnn
UGA | A
Dnnn ‘ Memory { o
5 & , e
E::a::;:.‘ Do Dstenary Cache ’ m‘::' . = Cumanig
1 Syma0e ) w “Heque )| Toed rea L{Cpeonut)
- ———- —————— — Du\- Free
5y Al
DBSNMP g |Lemmer] [ tscn [ ot | | semory | —
Istebguent Agert { T Puasa | Conry
- / N~ s >
{ Qpsones | - e >
| PGA = iNnn CKPT LGWR ARCn
' B DG VO Sava Doty Bufer Brsatict) Stuitown Lag Swich 1 Corerrds 1 Log Sees
Black e Scae 122 WU bt by theckpart limecid 3
Gpoct | cegsme | M| Som Fub Checkociets Ibg_chectpord_trdareal
[ Saw | a0 Tireout 2 ssconos fast_shn_b_tp=
" -
Server
Process

ser
Process

Mark E. Fuller
Mark Fuller@doracle com

o
G:‘D Database
_‘—- -
P 2
U

More details, but principally similar to our homebrew.

A ZENG®NZ~N

By b By i N
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 Blocks: Data-Segment Index-Segment
a fixed-size storage space, LT
contains table rows. ey ‘ ;
. Extent: e
a continuous disk space, \"'-a.\:;i?isspace |
contains a group of blocks. / Data-segmeni(Tabie) \ .

Dalabas\o-F iles

 Table or Index: Lf f w 5:
their data stored in = =——
several extents. ’ \
y  Extent -
« Disperse: ORgelox
The extents of the same table : 1 T T= Sracie B
may not in the same disk. onceses | o 5 i
When a table grows with e L '
more extents are allocated.
L Oracle-Row N
Gomnend |Eote” | Koy | Rowe | Cover | B™ | v B
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« Data block reserves
some available space.

» Updating row’s values,
most likely are in the same block,
but may not in the same order.

* Inserting new row,
No guarantee in the same block.

Data Block
FCTFREE = 20, PCTUSED = 40

'

f

v

fi

1 Rows are

ingerted up to
80% only,
bacause
PCTFREE
specifies that
20% of the
block must
remain open
far updates of
existing rows.

3 aiter the

amount of
used space
falls below
40%, new
rows can
again be
inserted into
this block.

2 Updates to
exisiting rows
use the free
space
reserved in
the block.

Mo new rows
can be
inserted inta
the block
until the
amount of
used

space is 39%
or less.

4 Rows are
inserted up to
80% only,
because
FCTFREE
specifies that
20% of the
block must
remain open
for updates of
axisting rows.
This cycle
continues . . .
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When updating a cell’s value, the row’s length may be changed.

Even though the updated row is still stored in the same data block,
its position inside the data block may be changed.

Hence, the rows of a table are /
y  Extent \

NOT stored sequentially in order. —
. . Orace-Block o le-Block
Inserting makes the disorder — e me
R -~ N E’: Free-Space (PCTFREE)
and disperse ever further. Oraele Black HELE
Oracle-Block \‘\\ j &
Therefore, data retrieval Oracie-Bleck e N
heavily rely on indexing. e e ~—
Row- Numbes of | Clustes Rowid Column Column Cokmn Column |
COverhead |Colmns | Key Wi | Length Data Length Data

Our homebrew row physical layer, is similar to Oracle’s design.

Index of Column Column Column
Column Data
Columns Data

748229 67932320 Pl =X FE PS4
748230 1,2 8 67932321 78 R IRAT =T E A TR .
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» Physical layer of a table row:
A few {column-length, column-value} pairs.

* Physical layer of an B+ indexing tree is similar to that of table row.

« Data block: contains table rows.
Extent: Physically continuous storage space, containing a group of blocks.
Segment: a group of extents, may or may not in the same server.
A Table or Index: consists for multiple segments.

 Insert and update,
make the data dispersed in the storage space,
the efficiency of data read/write/update, relies on indexing.

« Cache data in RAM, to speed up data read/write/update.
Client request - Cache in RAM - Append to journaling log - Merge into data file.

» Transaction is implemented with journaling log.



Hadoop HBase
Google Bigtable



« Hadoop is an open source project, supervised by Apache org.
Implemented in Java.

« Hadoop is a distributed system, for large scale storage and paralleled computing.
A mimic of Google system.

Pig Chukwa Hive HBase
MapReduce . HDFS :  ZooKeeper
Core ':..-": Avro
\J :'.:.:. :':::
Google N v v
MapReduce GFS Chubby BigTable

Hadoop Common: The common utilities that support the other Hadoop subprojects.

Avro: A data serialization system that provides dynamic integration with scripting languages.
Chukwa: A data collection system for managing large distributed systems.

HBase: A scalable, distributed database that supports structured data storage for large tables.

HDFS: A distributed file system that provides high throughput access to application data.

Hive: A data warehouse infrastructure that provides data summarization and ad hoc querying.
MapReduce: A software framework for distributed processing of large data sets on compute clusters.
Pig: A high-level data-flow language and execution framework for parallel computation.
ZooKeeper: A high-performance coordination service for distributed applications.
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RBow Key |Time Stamp | Column “contents:”

Moot

Logical Structure

« How to handle big tables,

to
t8
th
tg

t3

Column “anchaor:” Column “mime:”

"anchorennsi.com" | "CHIM"

"anchorimy.lock.ca" | "CHM.com"

with numerous rows and columns?

Cut (Shard) into small parts.

 Bigtable is very different from

conventional RDBMS’s.

* Oracle stores data on ROWSs.

Bigtable stores data on COLUMNS,

"zhtml=.."
"<html=.."
"whtml=..."
Row Key
"corn.onrarene! ta
t5
t3
Row Key Time Stamp
"com.cnnuwww' tg
[
Row Key
"corm.cnn e ta

more accurately, “Column Families”.

"tezt html"

Time Stamp Column “contents:”

"zhtml=..."
"shtml=.."
"<html=..."

Column “anchor:”
oML W W O

"anchormmy.lock.ca" "CHMN..com"

Time Stamp |Column “mimes:"

(LTS o Py ey L]

Physical Structure
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Data-Segment Index-Segment
: e HBase 0.9 Data Storage
v
Tablespace
Database-Files
/ Data-Segment (Table) Rollback-Segment
% gz % g Tablel Table2 Region Servers
2| % 5 5 Region R:ion ; ;
£ = = = ~ | e Iy < \ (U=
/ \ Region Region :
Extent
it L |
OraHe S10cK Oracle-Block =
Qracie-Block § s. E Space (PCTFREE) 010
Oracie-Block g £ .,
OracieBlock Tz élz s | —
otk | | _— ~ 1 |—=
Region
Oracle-Row
gl ] o Jur] =
Table
Region
Segmen == Table d Store
Region | memStor |
e 2
—— 1 |
Extent == Region/Store :
Region
DataBlock == StoreFile e
. . . . Regian
StoreFile is stored in HDFS as HFile. ]
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HBase 0.9 Data Storage

Extent

Oracie-8lock

QracieEpck Oracle-Block

Ot Block gl Free-Space (PCTFREE) Table

Oracke-Block e z g % R Region

2| & i
Oracke-8lock ’g & l .............. Stare
Oratle-Block / \ Region [ memstor |
€
R |
Oracle-Rqw Region

Romw- Number of | Cluster Rowid Column Colurmn Cokimn Column
Ovarhead | Colmns o Length Data Length Dats

Oracle DataBlock ==

HBase StoreFile

StoreFile is stored in HDFS as HFile

e
Region

Saeochem Num

[ Total Uncompressed Duta dytes fong) | \\ oot A ( st keytytolD |
rlnww«am:-vcmm» ] N\ \\ Filelnto Avgheylenien) |
N Avg val len(ot) 1

" \‘\\\ ‘ NN
Oracle Row == HBase Datablock — ml T N
| ) | ' :
Oracle Column == HBase Key-Value [ :
|. Meta index Offcet (long) I /
( Meta index Count Gen) }

(;{ Offsetilong) I Data size(nt 1 Keylen(ng) Txm,m ]
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DATA BLOCK MAGIC (8B)

Key-value(first) |

Key-value(Last)

/ Oracle-Row
L %
R ow- Mumber of | Cluster R owid Column Calumn Column Column
Cwerhead | Calumns Key Bt Length Drata Length Data
DataBlocks DataBlock 0
ok DataBlockl
Oracle Row == | Detesles
HBase Datablock
DataBlockn
MetaBlocks
(optional)
StoreFile
- L{ Key-Len(int) ‘ Val-Len(int) | Key(byte[]) | Value(byte[]) ‘
Filelnfo
Size or Item Num
Datalndex Last key(byte(l)
FileInfo Avg key len(int)
Oracle Column == ek Avg val len(int)
_ Comparator(classname)
HBase Key-Value — _
User define
HBase’s cell is Key-Value structure. pie L i
Index of Meat block 0
’ .
So HBase’s table is not strong-structured as Oracle.
Index of Data block n Index of Meta block n
Keylen(int) Key(byte [1)

L{ Offset(long) ‘ Data size(int)
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Oracle 9i HBase 0.9

Similar to each other in outlook.

But very different in structure, Hbase span across multiple servers.
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[ | [ |
Oracle Instance * *

Shadow
Thread

| Shared Pool System Global Area

:E Library Cache j [ Database

: Buffer Cache
| Data Dictionary Cache
(e ry Cache

]

_____________ .

Memory
Structures

1. Data is written into MemStore and Hlog first.

2. After triggered, the data is flushed into StoreFile , which is the handler to HFile.

3. After StoreFile grows beyond a threshold, start compacting, merge StoreFiles .
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Data is written into MemStore
and HLog first.

One RegionServer has only
one HLog.

Various Regions’ logs are
multiplexed in the HLog.

When recovering RegionServer,
we have to split the HLog,

corresponding to
 HiogKey | HLogkey different regions.
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Client:

1. Gateway of HBase.
2. Cache the region positions.

Zookeeper cluster

9 @ -

Zookeeper  Zookeeper  Zookeeper

Master:

1. Dispatch Regions to RegionServers.

2. Assign RegionServers.

Region server cluster

Region server Region server  Region server Region server

Master

Zookeeper:

1. Ensure only one active master.
= 2. Store index —ROOT-.
3. Monitor RegionServer’s aliveness.

O

('
DDDDDD DDDDDD DDDDD
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Zookeeper file:

Keep the pointer to the -ROOT- Region.

-ROOT- and .META.

1. Tree-structure index.

2. Store in RegionServer. 5 g L

3. Fully cached in RAM. " _—
zookeeper file -ROOT- :

UserTableN

i  SSESET v

:;E::: ‘::::::;_'fE::

HBase

Hadoop

DDDDDD DDDDDD
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UserTable1

mera | Bmies
sockaspar e || mooT- ;“ ? Zookeeper file:
e <Us°'m§N Keep the position of the -ROOT- Region.
Q:::::: —-

-ROOT- Region:

tablel
. . . Regiaon
The first region in .META. Table.
-ROOT- keeps the positions of other .META. Regions. Sl
META. fedico
Region table2
@/f_ Region
~ Region
Ly Region
SfEE—1 il
Region .. | regionfiHiE table3
E8 Region Region
REgIOl"l Regign [
Region
. Region
.META. Region:
Keep every HBase table’s every region’s position. Region
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HBase 0.9 = Google Bigtable 2006

RegionServer = TabletServer

Zookeeper = Chubby

Store = Tablet

StoreFile = SSTable

HDFS DataNode = GFS ChunkServer
Ll LILIL] | I O ] O ] L L ] LJL]
OOooaon y aOooodn 100000 || OO0O0fod
000000 || 000000 || 0OD0o0 (| 000000

i !
J . Datal NUUS < Jatan - ,

VUK

Hadoop

e J—

4
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Benchmark tests of Bigtable 2006:

Each operation read/write 1 KB.

The number of ops per second, per
tablet server.

random reads 1212 503 479 241

# of Tablet Servers

Experiment 1 30 [ 230 | 500

random reads (mem) 10811 8511 S000 | 6250

random writes 8830 3745 | 3425 | 2000
sequential reads 4425 2463 | 2625 | 2469
sequential writes 8347 3623 | 2451 | 1905
scans 15385 | 10526 | 9524 | 7843

Aggregate number of ops per second:

Scan tables (sequentially) is fast.
Read from cache is fast.

Random read from disk is very slow.
Write to disk is slow.

-

S My e scans .

E — #— random reads (mem) f_,--"'"-

v i o

T IM —%— random wries o -

= — 4— sequential rads - -

— —— sagquential writas =

‘= 2M 94— +— random reads m-

=

.

E -

g IM & - e ——

i ~ —

=

- _ T

_.-..':". IIIIII T IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
100 204} 300 400 3040

NMumber of tablet servers
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Hadoop HBase / Google Bigtable:
Column-family based storage. Loosely-structured {key, value} data.

One table can span onto multiple RegionServers / TabletServers:
Each table may consist of multiple Stores / Tablets.

Each Store / Tablet consists of multiple StoreFiles / SSTables.
Each StoreFile / SSTablets consist of multiple DataBlocks.

Each DataBlock consists of multiple ColumnFamilies.

Data are written into cache and log first:
Data are flushed from cache to file, then merge later,
The logs are used for recovering.

Tree-structure index:

Zookeeper points to the -ROOT- Region,

-ROOT- Region contains the positions of .META. Regions,

.META. Region contains the positions of each region on each regioin-server.



» No stupid questions, but it is stupid if not ask.

* When sleepy, the best trick to wake up is to ask questions.
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