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Int roduct ion
 Af ter  a quick  overview  of  Derby, I w i l l  

present  some of  the internals of  the 
technology.

 Internal  f eatures w i l l  be covered at  a 
h igh level , including some of  the 
lessons learnt  over  the years.

 Please f eel  f ree to ask  quest ions as w e 
go.

 This is not  a complete guide to the 
internals of  Derby, f or  that  read the 
source code!



Agenda
 Derby Overview
 System internals
 Language internals
 Store internals



Apache Derby
 IBM cont r ibuted the Cloudscape 

source code to the Apache Sof tw are 
Foundat ion as Derby

 Apache DB project  sponsored Derby 
into incubat ion at  Apache

 Derby now  up and running at  Apache
 Derby is an ef f or t  undergoing incubat ion at  the Apache 

Sof tw are Foundat ion.  Incubat ion is required of  al l  
new ly accepted projects unt i l  a f ur ther  review  indicates 
that  the inf rast ructure, com m unicat ions, and decision-
mak ing process have stabi l ised in  a m anner  consistent  
w i th other  successful  ASF projects.  Whi le incubat ion 
status is not  necessar i ly a ref lect ion of  the 
completeness or  stab i l i t y of  the code, i t  does ind icate 
that  the project  has yet  to be f u l ly endorsed by the ASF. 



Br ief  History
 1996 – Cloudscape, Inc star tup – Oak land, 

CA
 1997 – JBMS 1.0
 Apr  1999 – Cloudscape 2.0
 Dec 1999 – Acquired by Inform ix Sof tw are
 June 2001 – Cloudscape 4.0
 July 2001 – Acquired by IBM
 Dec 2001 – IBM Cloudscape 5.0
 2003 – IBM Cloudscape 5.1, 5.1FP1 & FP2

➢ Signi f icant  IBM use as a com ponent

 August  2004 – Open Sourced as Derby at  
ASF



Derby Embedded Engine
 Pure Java
 Embedded Database
 Smal l  Footpr int
 Standards Based
 Complete Relat ional  Database Engine



Pure Java
 Completely w r i t t en in Java
 Suppor ts J2SE 1.3/ 1.4/ 1.5 w i th single 

jar
 Runs anyw here – Linux, Window s, 

MacOS, Solar is, i - Ser ies, z- Ser ies
 Database f ormat  p lat f orm  

independent  too



Embedded Database
 Database engine becomes integral  

par t  of  t he Java appl icat ion
 No addi t ional  process

➢ Appl icat ion 's JDBC cal ls now  just  resul t  in  
method cal ls w i t h in same JVM

 Just  a Jar  f i le to the appl icat ion
 Database invisib le to end user  of  

appl icat ion



Embedded w i th Appl icat ion
Java Vir tual  Machine

Derby engine

Database(s)
on d isk

Appl icat ion

JDBC

-  Database only accessib le f rom
single JVM
-  Java/ JDBC only
-  No netw ork  connect iv i t y

-  Typical ly is sing le appl icat ion
per  JVM (but  could be m ul t ip le)



Embedded in  Appl icat ion 
Server

Java Vir tual  Machine

Derby engine

Database(s)
on d isk

It ’s just  an em bedded use of
Derby w here the appl icat ion
server  is the appl icat ion

Ap p

App Server

App App App Web- cl ients

JDBC



Smal l  Footpr int

 Engine jar  f i le is around 2Mb
➢ Opt ional  Jar  f i les

●Netw ork  server  ~ 150k
●Tools ~ 200k

 Runt ime memory use
➢ Dependent  on appl icat ion, data caching, 

etc.
➢ Can run w hen Java heap m em ory 

rest r icted to 4Mb
➢ Have run in m achines w i th only 16Mb 

physical  m em ory



Standards

 SQL
➢ SQL92,  SQL99, SQL2003, SQL/ XML, 

…
 Java

➢ J2SE 1.3, 1.4
➢ JDBC 2.0 & 3.0
➢ J2EE – cer t i f ied as a JDBC dr iver  f or  

J2EE 1.4 & 1.3
➢ J2ME/ OSGi

 DRDA



Complete Relat ional  Engine

 Mult i - user , m ul t i - t hreaded, t ransact ions, 
row  lock ing, isolat ion levels, lock  deadlock  
detect ions, crash recovery, backup & restore

 SQL
➢ Tables, indexes, view s, t r iggers, 

procedures, f unct ions, tem p tables
➢ Foreign key and check  const raints
➢ Joins, cost  based opt im izer

 Data caching, statem ent  caching, w r i te ahead 
log, group com m it

 Mult ip le databases per  system
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Or ig inal  Cloudscape 
Intent ions

 Database engine f or  h ighly pervasive 
market

 Smal l  f ootpr int  f or  PDAs
 Writ ten in Java f or

➢ Plat f orm  independence
➢ Data independence

 Suppor t  mul t ip le APIs
➢ Possib le low  level  storage API
➢ Possib le execute only engine



What  Was Bui l t
 JDBC dr iver  that  is a database engine

➢ Trying to isolate JDBC f rom  rest  of  engine increased 
f ootpr int , needless conversions

 Footpr int  t oo b ig f or  PDAs
➢ No PDAs running Java back  in 1997

➢ Ran on Psion 5mx w i th 16Mb, but  boot  t ime 40 
seconds

➢ Ear ly custom ers w anted al l  the t yp ical  SQL features

 No low - level  API, but  much code 
inf rast ructure to suppor t  i t
➢ Adds code, mul t ip le connect ion and t ransact ion state 

ob jects



Typical  JDBC Code
 PreparedStatement ps = conn.prepareStatement(

“SELECT ORDERID, COST FROM ORDERS 
            WHERE CID = ? AND COST > ?”);

ps.setInt(1, customer);
ps.setBigDecimail(2, threshold);

ResultSet rs = ps.executeQuery();
while (rs.next()) {
    int orderId = rs.getInt(1);
    BigDecimal cost = rs.getBigDecimal(2);
    // process order
}

rs.close();
ps.close();

 Typical  f or  w eb- appl icat ions, cl ient  appl icat ions w i l l  re- use 
PreparedStatem ent  m ul t ip le t im es.



Typical  JDBC Code
 PreparedStatement ps = conn.prepareStatement(

“SELECT ORDERID, COST FROM ORDERS 
            WHERE CID = ? AND COST > ?”);

ps.setInt(1, customer);
ps.setBigDecimal(2, threshold);

ResultSet rs = ps.executeQuery();
while (rs.next()) {
    int orderId = rs.getInt(1);
    BigDecimal cost = rs.getBigDecimal(2);
    // process order
}

rs.close();
ps.close();

 Every m ethod cal l  in  red is a cal l  in to the JDBC dr iver



JDBC Threading Model
 (T1) conn.prepareStatement(

“SELECT ORDERID, COST FROM ORDERS 
            WHERE CID = ? AND COST > ?”)

(T2) ps.setInt(1, customer)
(T7) ps.setBigDecimal(2, threshold)

(T4) ps.executeQuery()
(T7) rs.next()
(T1) rs.getInt(1)
(T9) rs.getBigDecimal(2)

(T2) rs.close()
(T3) ps.close()

 Dr iver  has to assum e every cal l  could  be f rom  a d i f f erent  
thread

 99.99% of  the t im e, i t  w on't  be



Tim ing
 (T1) conn.prepareStatement(

“SELECT ORDERID, COST FROM ORDERS 
            WHERE CID = ? AND COST > ?”)
// could be significant time between prepare and execute

(T2) ps.setInt(1, customer)
(T7) ps.setBigDecimal(2, threshold)

(T4) ps.executeQuery()
// could spend significant time in executeQuery
(T7) rs.next()
(T1) rs.getInt(1)
(T9) rs.getBigDecimal(2)

(T2) rs.close()
(T3) ps.close()

 Tw o chances f or  under lying tab le to be m odi f ied, betw een 
prepare and execute, and in execute w hi le w ai t ing f or  intent  
locks on tab le



Logical  Archi tecture

Embedded JDBC Layer

Query Parser &
Compiler

Query Execution

Virtual Table Interface Store

Monitor

Services



Module Archi tecture

Moni tor

Persistent  Serv ice

ServiceSystem  Modules

Service Modules

Service Modules

Pr im ary

Pr im ary

serv ice.proper t ies



Module
 Set  of  usable f unct ional i t y
 Well  def ined API – “protocol”
 Protocol  separated f rom  im plem entat ion
 Typical ly declared as set  of  Java 

inter f aces
 Ident i f ied by sing le Java inter f ace, 

“ f actory class” .
➢ e.g. 

org.apache.derby.iap i .services.lock s.LockFactor
y

 May reference other  m odule protocols
 Zero or  m ore im plem entat ions in a 

running system
 Im plem entat ion can im plem ent  cont rol  

inter f aces to:
➢ Def ine addi t ional  boot  & shutdow n act ions
➢ Def ine su i tab i l i t y f or  requested f unct ional i t y



Service
 Col lect ion of  co- operat ing m odules 

provid ing a com plete set  of  f unct ional i t y.
 Single pr im ary m odule def in ing external  

API
 Persistent

➢ Boot - up state in sing le service.proper t ies f i le, 
includ ing the requi red pr im ary m odule 
ident i f icat ion (as the protocol , not  the 
im plem entat ion)

 Non- persistent
➢ Purely run- t im e def in i t ion.

 Modules alw ays booted through m oni tor



Moni tor
 Manages Derby system
 Boots & shutdow n Services
 Finds service.proper t ies f i le based upon 

service boot
 Maps requests f or  a m odule protocol  to 

an im plem entat ion.
Based upon:
➢ Vir tual  m achine environm ent  (J2ME/ J2SE 

1.3/ 1.4)
➢ Avai lab le classes (e.g. JCE encrypt ion 

classes)
➢ Sui tabi l i t y f or  cur rent  service 

 Ensures system  is not  garbage 
col lected aw ay



Database Engine System

Moni tor

Database -   / usr / d jd / salesdb

JDBC Dr iverEr ror  Logging,
Context  Manager  Modules

services, sq l , store Modules

com .ibm .db2j .database.Database protocol

java.sq l .Dr iver  protocol

serv ice.proper t ies



Why a Complex Moni tor?
 Protocol  separat ion f rom  im plem entat ion

➢ Good programm ing pract ice
➢ Al low ed ear ly rapid  development
➢ Al low s speci f ic uni t  level  m odule test ing

 Single jar  f i le suppor ts mul t ip le Java 
environm ents w i th no set t ings f rom  
appl icat ion or  user  (ease of  use)
➢ JDK 1.1, J2ME, J2SE 1.2, 1.3, 1.4

 Suppor t s d i f f erent  im plem entat ions f rom  
sing le source t ree
➢ Database,  Cloudsync server , Cloudsync 

target
 Suppor t s d i f f erent  store im plem entat ions 

w i th no change to language
➢ Disk , read- only, database in a jar , database 

on HTTP server



Issues w i th Moni tor
 Select ion betw een implementat ions 

that  sat isf y requirements is not  
def ined.

 Implementat ion l ist  in  sing le resource 
(modules.proper t ies), no abi l i t y to add 
addi t ional  implementat ions in 
separate jar

 Al low ing dynam ic implementat ion 
select ion could compr ise secur i t y.



Session State & Er ror  Cleanup
 Design goals

➢ Avoid bugs in er ror  handl ing code
➢ Consistent  resource cleanup
➢ Modular  state objects



Consistent  Except ion Clean 
Up

 Single except ion model  
(StandardExcept ion)

 SQLExcept ion throw n through JDBC
➢ Hence conversion alw ays needed

 Five possib le act ions f or  an except ion
➢ Statem ent  rol led back
➢ Transact ion rol led back
➢ Session (connect ion) closed
➢ Database close
➢ System  shutdow n



Except ion Model
 Or ig inal ly f ive sub- classes, e.g. 

Transact ionExcept ion
➢ Compl icates sever i t y check ing, adds code

 Now  al l  act ion dr iven by integer  
sever i t y level

 Except ion cleanup f or  regular  path as 
w el l . Connect ion.close() throw s a close 
session sever i t y except ion

 Ensures cleanup code is cor rect , no 
hidden bugs due to inf requent ly 
executed cleanup



Context  Cleanup
 Each session has a stack  of  context  

objects
 Each context  object  maintains session 

state and handles cleanup
Database

LanguageConnect ion

Transact ion

Statem ent

Statem ent

Com pi le

JDBC Connect ion

Each context  is passed the
except ion & per form s
i t s ow n cleanup, including
possib ly popping i t sel f  of f
the stack
Indicates i f  i t  is the last
context  f or  that  sever i t y



Thread to Context  Mapping
 Derby & JDBC do not  hard l ink  Thread 

to Connect ion
 Appl icat ion may use any Thread to 

execute methods on any Connect ion or  
JDBC object

 Derby l inks appl icat ion Thread to 
Session/ Connect ion f or  the l i f et ime of  
the JDBC method cal l
➢ Al l  w ork  per f orm ed using appl icat ion 's 

thread, not  Derby w orker  threads



Single Act ive Thread per  
Session A

p
p

lica
ti

o
n

D
e

rb
y

S1A

C1 C2

S1B S2A

Thread A Thread CThread B

A Blocks B

executeQueryexecute close

JDBCJDBC

Session C2 l inked
to Thread C

Session C1 l inked
to Thread A

Whi le in Derby space Thread can f ind i t s
Context  Stack  object  w i th no state 



Thread Mapping 
Implem entat ion

 Or ig inal ly used HashMap w i th Thread 
reference as key, stack  as value
➢ Slow , sing le threaded

 Now  use Java 2 ThreadLocal
➢ Faster , but  st i l l  cost ly
➢ Not  suppor ted on some J2ME 

conf igurat ions
 Opt im ised to avoid mapping w hen not  

st r ict ly required
➢ Resul tSet .getXXX() m ethods, too 

expensive to m ap Thread to context  every 
t ime



Improved Context  Mapping
 Ensure Context  stack  is alw ays 

avai lable through method cal l  
parameters
➢ Direct ly as passed parameter
➢ Ind irect ly through f ields or  methods in 

passed parameters
 Large amount  of  code to re- w ork
 JDBC requires stateless mapping due 

to connect ion access in server  side 
methods
➢ Dr iverManager .getConnect ion

(“ jdbc:def aul t :connect ion” );



Thread Safe
 Single act ive thread per  session 

simpl i f ies state management  w i th in a 
session

 Derby code st i l l  mul t i - t hread aw are 
f or  shared resources such as data 
cache, lock  m anager , statement  cache, 
etc.

 Thread safe but  not  opt im ised f or  
mul t ip le CPUs, h idden in 
implementat ions of  caches and lock  
manager



Gener ic Cache/ Lock  
Managers

 Cache Manager  caches objects that  im plem ent  
a Cacheable inter f ace

 Handles aging, pruning, etc.

 Caches pages, statem ents, st r ing t ranslat ions, 
open f i les, d ict ionary objects 

 LockManager  locks objects that  im plem ent  a 
Lockable inter face

 Lock  com pat ib i l i t y def ined by Lockable, not  
m anager

 Cent ral izes “hard”  thread- safe issues
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SQL Com pi lat ion
 PreparedStatement  ps =  

conn.prepareStatement (
“SELECT * FROM T WHERE ID =  ?” );

1)  Look  up in cache using exact  text  
match
(sk ip  t o 5 i f  p lan f ound in cache)

2)  Parse using JavaCC generated parser

3)  Bind to d ict ionary, get  t ypes, etc.

4)  Generate code f or  p lan

5)  Create instance of  p lan



Parse Phase
 Tree of  Query Nodes created
 Many Nodes, one per  operat ion t ype

➢ From BaseTable, MethodCal lNode, 
Dist inctNode, Cur renUserNode, ...

➢ Bulk  of  code f ootpr int  is SQL compi ler
 Sw itch to smal ler  num ber  of  bui ld ing 

b locks?
 No execut ion code in Query Nodes, 

leads to sim i lar  set  of  execut ion 
Resul tSets

 Dupl icate check ing of  state in Query 
Nodes and Resul tSets



Generate Phase
 Generate Java byte code d i rect ly, in to 

in- memory byte ar ray
 Load w i th special  ClassLoader  that  

loads f rom the byte ar ray
 Single ClassLoader  per  generated 

class
➢ Al low s statem ents to be aged out  

independent ly
 Generated class extends an internal  

class BaseAct ivat ion w hich provides 
suppor t  methods, common 
f unct ional i t y



Act ivat ion – Instance of  p lan
 Instance of  generated class cal led 

Act ivat ion
 Holds query speci f ic state, parameters, 

etc.
 Connected indirect ly to JDBC 

PreparedStatement  through 
holder / w rapper  class that  implements 
Act ivat ion inter f ace

 Holder  al low s compi led p lan to change 
w i thout  know ledge of  appl icat ion, 
t ransparent  to PreparedStatement
➢ Recompi le f or  bet ter  p lan, or  due to DDL change such 

as DROP INDEX



Act ivat ion – Execut ion 
 PreparedStatement .execute methods
 Creates t ree of  internal  Resul tSet  

objects that  map to SQL operat ions
➢ ScanResul tSet
➢ Sor tResul tSet
➢ IndexScanResul tSet

 Generated code main g lue code
 Expressions are generated as methods 

in generated class



Statement  Resul t s

Act ivat ion

LRS

LRS

LRS

LRS

LRS

PS

RS

(Language) ResultSet Tree
Generated by act ivat ion
execut ion, per f orm s updates,
f etches row s, etc.
e.g. ProjectRest r ictResul tSet
on top of  IndexScanResul tSet

JDBC PreparedStatement

JDBC Resul tSet
Accesses row s f rom  top
LRS in t ree to present  them
as a JDBC Resul tSet

UC

Update Count
(int ) f or  non- quer ies

Holder



Benef i t s of  Generated Code
 No need to have Derby speci f ic 

interpreter  w r i t t en in Java, just  use 
JVM

 Generated code w i l l  get  JIT'ed and 
thus gain the per f ormance benef i t s

 Tight  integrat ion w i th Java cal ls f rom  
SQL, e.g. SQL f unct ions w r i t t en in Java. 
 No use of  (slow ) ref lect ion, just  
compi le method cal l  in to generated 
class



Issues w i th Generated Code
(1)

 First  run on a new  Java Vir tual  
Machine pret t y much guaranteed to 
break , f ind VM bugs
➢ Derby generates code to JVM 

speci f icat ion
➢ VMs tended to only expect  code as 

generated by Java compi lers
➢ Much bet ter  in  recent  years
➢ Sun and IBM use Cloudscape database 

test s in their  n ight ly VM test ing



Issues w i th Generated Code
(2)

 Debugging – hard, no source, no byte 
code f i le, no l ine numbers, no mapping 
to elements in SQL statement
➢ Debug opt ions to:

●dump byte code f i le
●add “ l ine num bers”  that  m ap to byte code 

of f sets

 In system w i th mul t ip le act ive 
statem ents can be hard to f igure out  
w hich generated class maps to w hich 
SQL statement



Generator  History
 Generator  module in i t ial ly used Java 

source code & javac f or  speed of  
implementat ion

 Then di rect  byte code implementat ion, 
using sam e APIs (inter f aces)

 Byte code used f or  product , java 
source f or  debugging

 Compi lat ion w as slow , signi f icant  t ime 
spent  in  generat ion 



ByteCode Generator  Issues
 Too many objects created – object  per  

byte code inst ruct ion
 Too many classes – f ootpr int  issues
 Tree of  ob jects represent ing 

generated class m im iced st ructure of  
class f ormat  generator

 API w as not  neut ral , t ranslated 
natural ly into Java source, not  into 
byte code



ByteCode Improvements
 Changed API to match f ast  byte code 

generat ion – dropped Java source im plem entat ion

 QueryNodes generate almost  at  the 
byte code level , def in i te know ledge of  
stack  based VM

 Number  of  classes reduced to 16 
(4,12) f rom 65 (14,51)

 Close integrat ion w i th class f ormat  
bui lder

 Method code ar rays bui l t  as- you- go



Generator  Opt im izat ions
 Methods added to act ivat ion inter f ace 

f or  10 expressions, al low s d i rect  
execut ion rather  than through 
ref lect ion
➢ St i l l  suppor t  arb i tary num ber  of  

expressions, others w i l l  be cal led through 
ref lect ion

 Generated second class to act  as an 
Act ivat ion f actory, avoids use of  
ref lect ion to create instance of  
generated class
➢ Not  used as most  JVMs now  opt im ize 

same code path w i th sim i lar  t echnique



Ar t i f act  of  Compi le Model
 Each SQL statement  involves class 

generat ion and loading, per f ormance 
hur t  by mul t ip le statements l ike
➢ INSERT INTO T VALUES(1, 'f red ');

➢ INSERT INTO T VALUES(2, 'f red ');

➢ INSERT INTO T VALUES(3, 'nancy');

 Correct  approach is 
PreparedStatements
➢ INSERT INTO T VALUES(?, ?);

➢ Standard recom m ended JDBC pract ice, w i l l  per f orm  bet ter  
on al l  databases, but  ear ly JDBC program m ers st i l l  use 
separate statem ents.
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Store Archi tecture

Store Access Inter f ace

Heap BTree RTree? ...

Data Log Transact ions

Conf igurable encrypt ion using JCE

Fi le
System

Jar HTTP Mem oryAnything

Access
(Row s)

Raw
(Pages)

Storage

Store Raw  Inter f ace



Store Notes
 Store unaw are of  SQL semant ics
 Index to heap l inkage cont rol led by 

language layer , not  store
 Al l  language access through row s in a 

container , no concept  of  pages
 Fixed row  model  – enables row  level  

lock ing



Flexib le Store
 Designed to store ser ial ized Java 

objects
 Var iab le length w i th no maximum 

def ined
 Hence no l im i t s on column size or  row  

size
 Side ef f ect  of  ease of  use

➢ Row  alw ays f i t s, regard less of  page size
 Also considered:

➢ Java class pre- processing
➢ Shadow  Java classes f or  storage



Flexib i l i t y Dow nside
 Column f ield  lengths stored in each 

value
 No opt im izat ion f or  f ixed length f ields

➢ E.g. SMALLINT value is prepended by tw o 
status bytes
●Field state (NULL b i t )
●Field length (alw ays 2) -  “ com pressed 

integer ”

 No f ast  access to N t h f ield, need to 
w alk  through previous f ields



Transact ion Logging
 Ar ies logging system for  rol lback  and 

recovery
 Order  of  a change – w r i te ahead 

logging
➢ Write log record
➢ Modi f y data page
➢ On com m it  f lush log up to point  

contain ing commit  record
➢ On data page f lush, ensure log records 

f or  al l  modi f icat ions are f lushed to d isk



Log Record
 On recovery in i t ial ly the 'do' act ion of  

a log record is made
 Subsequent ly the 'undo' act ion may 

occur  i f  t ransact ion w as not  
commit ted bef ore crash

 Log Records are objects in  Derby
 'do' method used f or  runt ime 

appl icat ion as w el l  as recovery
 'undo' method used f or  runt ime 

rol lback  and recovery
 Single code path, no recovery speci f ic 

bugs



Resources
 Apache si te – w w w .apache.org
 Derby si te – 

incubator .apache.org/ derby
 IBM Cloudscape – 

w w w .ibm .com/ developerw orks/ clouds
cape

 JDBC – java.sun.com/ jdbc

 Dan Debrunner

➢ debrunne@us.ibm .com (IBM)

➢ djd@debrunners.com  (Apache Derby)


