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Java  P la tform - Bas ics

� Object-oriented mode l

� An object is  a  triple t

� An identity, a  s ta te , a nd a  behavior

� An object is  an instance of a  class

� A class  is  a  factory for its  instances

� Ins tances  of a  class  form its  extent

� Clas ses  a re  types

� Define  a  s tructure  (fie lds ) 

� Define  a  behavior (methods)

� Define  constructors

cla ss  Line {

   int a ;
   int b;

   Line (int a , int b) {
      this .a  = a ; this .b = b;

   }
   int e quation(int x) {

      re turn a *x+b;
   }

}

int x,y;

Line  line  = ne w Line (2,3);
x = 5;

y = line .e quation(x);

int a

int b

he ader

object

clas s
oid
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Java  P la tform - Bas ics

� Object-oriented mode l

� Method invoca tion

� S ending a  me ssa ge  to an obje ct

� The  object is  ca lled the  rece iver

� The  class  dispa tches the  message

� This  is  ca lled la te  binding (finding the  code )

� Matching the  method signature  to the  method 
declared in the  class  

cla s s Line  {

   int a ;
   int b;

   Line(int a , int b) {
      this .a  = a ; this .b = b;

   }
   int e quation(int x) {

      re turn a *x+b;
   }

}

int x,y;

Line  line  = ne w Line (2,3);
x = 5;

y = line.e quatio n(x);

int a

int b

he ade r

object

cla ssoid=0x48

this=0x48 int equa tion(int)

Line (int,int)

int equa tion(int)
me thods

invoke _virtual
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Java  P la tform - Bas ics

� Object-oriented mode l

� Clas ses  a re  organized in a sub-typing hie ra rchy

� Subtype s inherit both the  s tructure  and behavior of super type s

� Do not confuse  with aggre gation

� Structura l inheritance

� All fie lds  a re  inhe rited

� No matte r the  na mes  or types

cla ss  Ba r exte nds  Foo {

   int b;
   S tring c;

   Ba r(S tring c, int b) { ... }

   
   int foo(int x) {... }

   void foo(int x, int y) {... }
   

   int bar(int x, int y) { ... }
}

cla ss  Foo {

   int a ;
   int b;

   Foo(int a , int b) {...}

   int foo(int x) {...}

   
}

int a

int b

he ader

a Foo

oid=0x48

int a

int b

he ader

a Bar

oid=0x86

String c

int b
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Java  P la tform - Bas ics

� Object-oriented mode l

� Clas ses  a re organized in sub-typing hie ra rchy

� S ubtypes  inherit both the  s tructure  and beha vior of supe r types

� Do not confuse  with aggregation

� Method inheritance

� Method overloading

� Sa me  na me, but different s igna ture s

� Method overridding

� Sa me  s ignature

cla ss  Bar e xtends Foo {

   int b;
   S tring c;

   Bar(String c, int b) { ... }

   
   int foo(int x) {... }

   void foo(int x, int y) {... }

   
   int ba r(int x, int y) { ... }

}

cla s s Foo {

   int a ;
   int b;

   Foo(int a , int b) {...}

   int foo(int x) {...}

}

ove rriding

ove rloading
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Java  P la tform - Bas ics

cla ss  Ba r exte nds Foo {

   int b;
   S tring c;

   Ba r(S tring c, int b) { ... }

   
   int foo(int x) {      }

   void foo(int x, int y) {      }

   
   int bar(int x, int y) {      }
}

cla ss  Foo {

   int a ;
   int b;

   Foo() {...}
   Foo(int a , int b) {...}

   int foo(int x) {      }

}

clas s

<init>(int,int)

int foo(int)
methods

cons tructors

clas s

<init>(String,int)

int foo(int)

methods

cons tructors

void foo(int,int)

int ba r(int,int)

1

2

3

4

1

byte code

2

byte codes
3

4

supe rclas s

String

cla ss
imports

<init>()
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Java  P la tform - Bas ics

� Java

� Introduces  inte rface  types

� Interfaces  only define  be haviors

� Interfaces  support multiple  inhe ritance

� A class  implements  one  or more  interfaces

� Abstract classes

� Classes  tha t cannot be  instantia ted

� Interfaces  a re  a lways  abs tract

� Service -oriented pa ttern

� Service contracts  a re  interfaces  or abstract classes

� Service objects  are  crea ted through a  factory pa ttern
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Java  P la tform - Bas ics

� Java

� Implicit class  link

� Ins tanceof opera tor

� The ge tCla ss () method

� Garbage collection

� Keep classes  a live  a s  long a s they have  an ins tance

� Clas ses  a re  objects

� So they a lso have  a  class

� The metaclass , ca lle d the  class  lass

one  Foo instance

cla ss  Object {

   Cla s s ge tCla s s();
   ...

}

cla ss  Foo e xtends  Obje ct {
   int a ,b;

   ...
}

Clas s _clas s

he a de r

class  Class  

ins ta nce  of itse lf

Clas s _clas s

he a de r
class  Obje ct

Clas s _clas s

he a de r
class  Foo

Clas s _clas s

he a de r

int a

int b

Clas s _supe r

Clas s _supe r

Clas s _supe r
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Java  P la tform - Bas ics

� Java

� Static fie lds

� As cons tants , both in inte rfaces  or classe s

� As non-cons tant fie lds , only in classes

� Statics  a re  named globa l va riables

� The y are  not class  fie lds , in the  proper sense

� Indeed, superclass  s ta tics  a re  shared

int a

int b

he ade r

Foo ins tance

oid

cla s s Foo {

   int a ,b;
   s ta tic int c;

}

cla s s Bar1 exte nds  Foo {
   int e ;

   s ta tic int d;
}

cla s s Bar2 exte nds  Foo {
   int e ;

   s ta tic int d;
}

int c

he ade r

class  Foo

int d

he ade r

class  Bar1

int d

he ade r

class  Bar2
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Java  P la tform - Re flection

� Java  runtime  re flection

� Reify types a t runtime

� Essentially through

� ja va .lang.Cla ss

� ja va .lang.reflect.*

� Looking a t code

� Browse  the  JDK sources

� Samples  to illustra te core  functions

� Walk meta-leve l de scription through class  objects

� Ins tantia te  obje cts

� Invoke  me thods

� Get and se t fie lds

Olivier.Gruber@inria .fr

12
Java  P la tform - Re flection

� Core  reifica tion

� Clas ses , inte rfaces , cons tructors , methods, fie lds

� Modifiers

� Access modifie rs  (public, priva te , protected)

� On fie lds , methods  and classes

� Access  and invoke

� Can ge t and se t fields

� Can invoke  methods

� Can cons truct new instances

� But

� Cannot create  new types

� Add methods  or fie lds , e tc .
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Java  P la tform - Re flection

� Java  Arrays

� Arrays  are  objects  in Java

� The  s ynthetic  fie ld length

� Spe cia l opera tor []

� Array classes  also automatica lly re ified

� Modifie rs

� Arra y cla ss es  ha ve the  acce ss  modifie rs  of their e le ment type

� An a rray of private  clas se s  is  priva te

� Arrays  a re  c lone able  and s e rializable

� Can cons truct new ins tances

� Directly:  

� int a [] = new int[3];

� Through re flection:   

� Person p[] = Array.newIns ta nce(P erson.class ,3);

Olivier.Gruber@inria .fr

14
Java  P la tform � Cla ss  Loade rs

� Sta rted S imple

� As a  sandbox for apple ts

� Wanted a  comple te  isola tion of downloaded code

� Essentia ls

� Its  own copy of classes

� Avoid sha ring s ta tics

� Avoid name a nd vers ion conflicts  be tween loaded cla sses

� Works hand-in-hand with Java  security

� Controls  accesses  to resources

� Evolved Poorly � Mixing severa l concepts

� A scoping mechanism for types

� A dynamic and lazy linker for classes

� A mechanism to define  (load) types
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Java  P la tform � Cla ss  Loade rs

� Class  Loading

� Only through the clas s  file format

� This  is  quite  unfortuna te  

� Only the  JVM ca n crea te  type s programma tica lly

� Specia l native method in the  JVM

� The na tive  method Clas s Lo ader.define(...)

� Pass ing the  byte  a rray of a  class file  to define  the  describe d type

� The  class  file  is  an exchange format

� Could have  been in XML, used a  more  efficient binary representa tion

� Produced by Java compilers  and cons ume d by c las s  loaders
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Class  Loaders  � Cla ss  File  Format

� Meta-da ta  pa rt

� A Java  type description

� A class  name and flags

� Its  superclass  and implemented interfaces

� Its  fie lds  and methods

� All linking information is  throug h names

� Naming types  (cla sses , inte rfaces)

� Naming members (fie lds and methods)

� Constant pool

� Conta ins  the  linking names

� But also some constant values

� P rimitive  type s  and s trings

� Code part

� Bytecode  sequences

� As a ttributes  on methods

ma gic number

cons tant pool s ize

cons ta nt pool

acce ss  fla gs

this  cla ss

s upercla ss

inte rface  count

interfa ces

fie ld count

fie lds

me thod count

methods

attribute  count

a trributes
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Classfile  Examples

public cla ss  Line {

   int a ;
   int b;

   Line (int a , int b) {
      this .a  = a ; this .b = b;

   }
   int e quation(int x) {

      re turn a *x+b;
   }

   public S tring toS tring() {
      re turn �a  line �;
   }

}

magic numbe r

cons tant pool s ize
cons tant pool:

  �a  line �

acce ss  fla gs : public

this  clas s: Line 
supe rclas s:  

inte rface  count: 0
inte rface s: 

fie ld count: 2   
   int a ;

   int b;
method count: 3   

   <init>(int a , int b)
   int e quation(int x)

   public S tring toS tring()

attribute  count: 3   
  byte code arra ys   

idx

ja va.la ng.Obje ct
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Classfile  Examples

package  org.pqr; 

import org.xyz.Foo; 

public cla s s Ba r e xte nds  Foo

   imple ments   IBa r {
   int b;

   S tring c;

   Bar(String c, int b) { ... }
   

   int foo(int x) {... }
   void foo(int x, int y) {... }
   

   int ba r(int x, int y) { ... }
}

package  org.xyz; 

public cla s s Foo {

   int a ;
   int b;

   Foo(int a , int b) {...}

   int foo(int x) {...}

   
}

ma gic numbe r

cons ta nt pool s ize
cons ta nt pool:

a cce ss  fla gs: public
this  cla ss : Bar 

s upercla ss :  
interfa ce count: 0

interfa ces : 

fie ld count: 2   

   int a ;
   

me thod count: 3   

   <init>(String c, int b)
   int foo(int x)

   void foo(int x, int y)
   int ba r(int x, int y) 

a ttribute  count: 4   

  byte code  a rra ys   

idx

java .lang.S tring

org.xyz.Foo

org.pqr.IBa r

idx

String c;
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Java  P la tform - Re flection

� Class  loade rs

� A scope  for Java  types

� Two class  loaders  defining the  same type  yie lds  two runtime  types

� Eve n when us ing the  sa me class file

� Beware  of equivalent names

� Name  equiva lence  does  not mean a  thing be tween class  loade rs

� Same type  name does  not mean the  s ame type

� Structura l equiva lence does not mean the  s ame type

� Two types  a re  the  same only if the  two class  objects  a re  the  sa me cla ss  object

Rule 1: two clas ses  a re  the  same if they a re the s ame class  object

Rule 2: one  class  object be longs to one  and only one clas sloader
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Java  P la tform - Re flection

� Hierarchy of scopes

� A single  tree  of class  loaders  per JVM

� A class  loader has  a  pa rent class  loader

� Types in the parent clas s  loader a re  vis ible

� Boots trap cla ss  loader

� The  root of a ll class  loaders

� Crea ted a t boots trap by the  JVM to load core  classes

� java .lang.Object, java .lang.Class

� java .lang.S tring, java .lang.Throwable , java .la ng.Exception

� Etc.
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Java  P la tform - Re flection

� Class  loading

� A tree of clas s  loaders

� A complex graph of types across  all 
class  loaders

� Reminder

� Could have  redundant loading!

Foo

cla ss

Bar

clas s

supe rclas s

String

clas s

import

Obje ct

clas s

supe rclas s

supe rclas s

pa re nt

Cla ss Loa der

Cla ss Loa de r

the  same clas s  file  may be  loaded 
in diffe rent clas s  loaders ...

it will be  diffe rent cla s s  objects  
and the re fore  different types

Olivier.Gruber@inria .fr

22
Java  P la tform - Re flection

� Dynamic and lazy class  linker

� Multi-s tage linking

� Loa ding

� P re pared

� Resolved

� Initia lize d (s ta tic initia lizer)

� Warning

� Loa ding may succeed but resolving or 
initia lizing may fa il much la te r

Foo

cla ss

Ba r

cla ss

s upercla ss

String

cla ss

import

Object

cla ss

s upercla ss

s upercla ss

parent

Clas sLoader

Cla s sLoader

Olivier.Gruber@inria .fr

23
Java  P la tform - Objects

� Java  objects

� Ins tances

� An object is an instance  of a  class

� It ha s an identity and a  s ta te  (fie ld va lue s)

� Two way to compare  objects

� Equality of ide ntities  (us ing the  ope ra tor ==)

� Equality of s ta tes  (us ing the  Object.equals (Object) method)

� Hash code

� Object.hashCode() method

� Not a  rea l identity, but it is  invariant per ins tance

� Used for collections  such as  directories  or ma ps

� WARNING

� The hash code  must work correctly with the  va lue  equality

� If equals , they mus t have  the  s ame has h code

� If you ne ed to override  one , override  both methods
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Java  P la tform - Objects

� Java is  garbage  collected

� Live  objects  are  kept

� Live  objects  a re  reachable  from roots  of pe rs is tence

� Roots  are  traditiona lly thread s tacks and s ta tic fields  in loaded clas ses

� Being g arbage  is  a s table property

� I.e . once  an object is  ga rbage , it remains garbage

root root

Ga rbage

Colle ction

root

X
A muta tor cuts  

a  re fe rence
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Java  P la tform - Objects

� Garbage  Collector

� Garbage collection is  about de tection and recla imation of ga rbage objects

� Different approaches a re pos sible

� Scave nger, mark&sweep, genera tional, e tc.

� Performance

� Limit the overhead, so run the  GC rare ly

� Avoid growing the  heap, so run the  GC often enough

� Correctnes s

� Never detect and rec laim a live  object

� Livenes s

� Detect and rec laim garbage  fas ter than objects  are  allocated
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Java  P la tform � Garbage  Collection

� Refe rence  Counting

� Each object is  a ssociated a  counte r

� Counts the  number of re fe re nces  on tha t object

� Counte r management

� Happens  on ass igning refe re nce

� De cre ment the  count of the  previous ly reference d obje ct (if a ny)

� Incre me nt the  counte r of the  ne wly refe re nce d object

� Applies  to 

� Re fe re nce  fie lds  in obje cts  as  well as  loca l va ria bles  a nd pa ra meters

� When a  counter rea ches  zero

� The  obje ct owning that counter is  garba ge

1

2

1 0

3

1
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Java  P la tform � Garbage  Collection

� Discuss ing Refe rence  Counting

� Problematic on multi-processors

� Inhe re ntly incrementa l: imposs ible  to run concurrently

� Incrementing a nd decrementing re quire  a  critica l section

� Does not require  to s can thread s tacks

� But re quires  to a ccount for loca l variables  a nd arguments  

� Introduces  a  high overhead (increment/decrement)

� Extra  paging

� Accesses  objects  even if only re ferences  a re  manipula ted

� Dirties  me mory pa ges , potentia lly increas ing the  overhead of virtua l memory paging

� Does  not rec laim cyc les
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Java  P la tform � Garbage  Collection

� Scavenger

� Copying collector, using two spaces

� Copy live  objects  from the  old space  to the  new one

� Discard the  old space

obje ct hea p

live  obje ct

root obje ct

obje ct hea p

garba ge  obje ct
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Java  P la tform � Garbage  Collection

� Scavenger de ta ils

� Live objects  are  reachable from roots  (thread s tacks and class  s ta tics)

� Leave  a  forwarder in-place  of copied objects

� Allows  to de tect cycles  (correctness  whe n copying)

� As well a s tre a t correctly shared objects

� Use  to-space  as  a  recursion s tack

from space to spa ce

object

root object

object he a p

forwa rde r

ga rbage  obje ct
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Java  P la tform � Garbage  Collection

� Discuss ing Scavenger

� Simple  when designed as  s top the world

� A s imple  depth-firs t recurs ive  wa lk of an object graph

� Cycles  a re  ea sily de tected through forwarders

� Require  to scan thread s ta cks

� Cluste ring objects  

� Depth-firs t scavenging produces  e fficient in-me mory clus tering of objects

� Efficiency

� Depends on the  ra tio of live  ve rsus  garbage  objects

� Also depends  on the  cumula tive  s ize  of live  objects

� The  fewe r live  objects , the  more  effective

� May lead to a lloca te  twice  the  heap s ize
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Java  P la tform � Garbage  Collection

� Mark & Sweep

� A two-phase  garbage  collection

� A marking phase , coloring live  obje cts

� A sweeping phase  recla iming garbage  objects  (not colored)

� Marking phase

� Walks  the  re fer-to graph from roots  (threa d s tacks  and class  s ta tics )

� Carry the  current color

object he a p

object

root object

object he a p

Live  obje ct

root object
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Java  P la tform � Garbage  Collection

� Mark & Sweep

� Sweep phase

� S weeps  seque ntia lly the  object heap to discove r garbage  objects

� Recla iming garbage

� Using free  lis ts  (non-compacting sweeping)

� Compact as  sweeping (cha llenging to ma inta in re ferences)

obje ct hea p

Live  obje ct

root obje ct

object hea p
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Java  P la tform � Garbage  Collection

� Discuss ing Mark & Sweep

� Not too sensitive  to the  live/garbage ra tio

� Requires  to scan thread s tacks

� Cavea ts  of free -lis t memory management

� Can le ad to tra ditiona l fra gmenta tion

� Costly a lloca tion (diffe rent a lgorightms  such as  firs t-fit, bes t-fit, e tc.)

� Two scans of the  object heap

� One  through refe re nces  and the  other sequentia lly

� May lead to he avy paging activity if heap la rger tha n main memory

� It defe a ts  the  LRU policy of mos t virtua l memory sys te ms

� Compacting Mark&Sweep

� Some mark&sweep do compact the  heap during the  sweep phase

� Usually done  by s lidding objects , does  not improve  loca lity

Olivier.Gruber@inria .fr

34
Java  P la tform - Fina lizers

� The problem

� Java depends  on a  lot of na tive  resources  represented by objects

� How does  one  free  those  resources?

� The fina lize  me thod

� The  object class  defines  a  method finalize ()

� Any class  may rede fine  this  fina lize  method

� A class  tha t redefines  its  fina lize  method is  sa id to have  a  finalizer

� When is  it called?

� The  fina lize  me thod is  ca lled when the  object is  detected as  be ing garbage

� If the  fina lize  method is  not redefined, it is  not ca lled

� Howeve r, the  fina lize  method is  ca lled only once

� Threads?

� The re  is  no gua ra ntee  about which threa d is  used to ca ll fina lize  me thods

� But tha t thre ad doe s not hold any user-leve l Java  monitor
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Java  P la tform - Fina lize rs

� Fina lize rs  introduces  re surection

� It is  legal for a finalize  method to  make  a g arbage  object live  ag ain

� Reminder: fina lize rs  a re called only once  per object

� Require to de tect twice  tha t an object is  ga rbage

� Impacts  ga rbage collection

� Introduce  a  new s tate: 

� Reachable  (live)

� The re  is  a  pa th from roots  to the  obje ct

� Resurrecta ble  

� The  object is  not re acha ble

� The  object may be  res urre cte d

� All obje cts  go through tha t s ta te

� Unrea chable  (garbage)

� The  object is  not re acha ble

� The  object cannot be  re surrecte d

re acha ble

re surrecta ble

unrea cha ble

new

re cla im
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Java  P la tform - Fina lizers

� Compatibility with GC a lgorithms

� Compatible  with re ference  counting

� Easy to ca ll the  fina lizer when the  counts  drop to zero

� Easy to know tha t the  obje ct re mained garbage

� Counte r s till a t zero after the  fina lizer run

� But re fe re nce  counting is  ra re ly used in practice

� Incompatible  with scavenging

� Reintroduces  a  sweep to find garbage  objects  with a  fina lizer

� Never know when to free  the  from-space  because  of resurection

� Mark&Sweep is  we ll-suited

� Easy to extend the  sweeping phase  to find objects with fina lizers

� But de la ys the  actual recla imation of ga rbage  objects

� S till requires  two marking phase  to rea lly know if an object is  garbage
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Java  P la tform - Objects

� Java  Finalizers  � complex and not enough

� Native resources  a re  often rea lly scarce  

� Garbage collection is  too asynchronous

� So na tive  resources  a re  not freed fas t enough

� Rais ing the  GC frequency is  difficult 

� Because it is  most often s top-the-world

� Because it represents  an overhead

� Marking the  obje ct graph

� Sweeping the  object hea p

� Introduce  explicit close/dispose opera tions

� On Sockets , file s

� On Widge t toolkits

� Etc.
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Java  P la tform - Re fe rences

� Introducing different semantics  for Java re fe rences

� Strong refe rences

� The  usual object re ferences  in the  Ja va  language

� Weaker re fe rences  in java.lang.ref

� S oftReference  and WeakReference

� P hantomReference

Re fe re nce

SoftReference We a kRe fe re nce P hantomReference

variable

a n object

calle d the  re fe rent
Re fe re nce

object
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Java  P la tform - Re ferences

� Java  Refe rences

� Normal s emantics  for objects  that a re s trongly reachable

� If you do not use  weaker re ferences , nothing is  diffe rent than usual Java

� Weaker re fe rences a re  managed by the  GC

� When an object is  no longe r s trongly reachable

� The GC may c lear weaker re ference s to tha t object a t any time

� Notification

� A refe re nce  may be  associa ted to a  re ference  queue  (R eference Queue  cla ss )

� Once the  GC cuts  a  re ference , it push tha t re ference  on its  associa te d queue  

varia ble

referent

que ue

references  

s haring the  
s am e que ue

cle are d

references  

Olivier.Gruber@inria .fr

40
Java  P la tform - Re fe rences

� Sta te  changes

� Reachable is  de ta illed into

� S trongly re achable

� Re acha ble  through s trong re fe re nce s

� S oftly reachable

� Not strongly re achable

� Re acha ble  through s oft reference s

� Weakly re achable

� Ne ither s trongly nor s oftly re acha ble

� Re acha ble  through we a k re fe re nces

� Unreachable

� P hantom reachable

� Not re achable  but through pha ntom re fe re nces

� Such obje cts  are  not re surrecta ble

� Unreachable

� Entire ly unrea chable

� Re ady to be re cla imed

s trongly re acha ble

re s urre ctable

unrea chable

new

re cla im

phantom

s oftly re achable

we akly rea cha ble
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Java  P la tform - Re ferences

� Discuss ing soft ve rsus  weak re fe rences

� Weak re ferences

� Weak refe re nces  mus t be  cle ared by the  GC as  soon as  the  re ferenced object is we akly 
reachable  (ne ithe r s trongly or softly re achable )

� Used for canonica l mappings

� Ke ep a  ma pping ke y to va lue

� Cle an the  mapping a s soon as  the  ke y is  no longe r us ed (rea chable )

� Soft re ferences

� Soft re ferences  must only be  cleared by the  GC before  it ra ises  an out-of-memory 
exception, but it may sooner

� It is  sugges ted tha t cle aring soft re fe re nces  follows  the  policy:

� Ke ep rece ntly crea te d and rece ntly use d s oft reference s

� Used for caching objects

� A se rvice  provide s an object

� Clie nts  ke e p a  re fe re nce  a s  long as  the y ne ed to use  the  object

� The  GC only re cla ims  the  obje ct a nd cuts  your s oft reference  if it nee ds memory
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Java  P la tform - Re fe rences

� Discuss ing phantom references

� More  powerful than just finalize rs

� Finalizers  a re  ca lled only once

� S o if objects a re  resurre cted, fina lizers  can no longer be  use d for cleanups

� Phantom re ferences introduce  post-mortem resource  management

� An object tha t is  phantom-reachable  can no longer be  re surrected

� It is  there fore  the  absolute  las t moment to do some cleanup
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Java  P la tform � Remote  Me thod Invoca tions

� Requires  extens ions  to the  Java  P latform

� Remote  refe rences... J ava re ferences a re local to a  JVM

� Remote  method invoca tions ... Java  method invoca tions  is  loca l to a JVM

� Available in the JDK 1.4

� Also as  free  software  such as  NinjaRMI (Berke ley) or Je remie (ObjectWeb)

JVM

JVM

JVM

3

3

threa d stack

2

32

remote
invoke

remote
reference

4

1

4

1
2

2

1

1

3

4

4

s tack frame

1

1

rece iver (this )
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Java  P la tform - RMI

� Remote re fe rences

� Relies  on s tubs and ske le tons

� S tubs  and ske le tons  a re  regula r Java  objects

� A stub identifies  its  remote  skele ton

� Using a  machine  IP, a  port number, and a  ske le ton identifie r

� A skele ton identifies  its  loca l object

� Using a  loca l Java  re fe re nce

Ox12 0x48

J ava  Virtua l Machine J ava  Virtua l Machine

s tub s kele ton
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Remoting Me thod Invocation 

� Remote  invoca tions

� Over remote  re fe rences , through s tubs  and ske letons

� Mashalling and unmarsha lling of pa ramete rs

...

int i;
...

i = m_ba r.ba r(2);

public int bar(int fa ctor) {

  re turn fa ctor*m_va lue ;

}

foo ba r

proce ss proce ss

Obje ct 0x12

Obje ct 0x48

Foo Ba r

method = bar(int)int

fa ctor = 2 
re plyTo = IP , port, a nd thre ad id

thre ad id

re turned va lue = 8 

s tub s ke le to n
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Remote  Me thod Invocation

(1) invoke  a  me thod

(2) wait

(3) get the  

re turne d value s

Obje ct 0x12Obje ct 0x12 Obje ct 0x48

public cla s s Foo { 

  IBa r m_bar;
  public int foo() {

    re turn m_ba r.ba r(2);
  }

}

public cla s s Bar imple ments  IBar { 

  int m_va lue ;
  public int bar(int fa ctor) {

    re turn factor*m_value ;
  }

}

Ba r:ba r()
e xecute
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Discuss ing Programming Mode ls

public cla ss  Foo { 

  IBa r m_bar;
  public int foo() {

    re turn m_ba r.ba r(2);
  }

}

public cla ss  Bar impleme nts  IBa r  { 

  int m_va lue;
  public int ba r(int fa ctor) {

    re turn fa ctor*m_va lue;
  }

}

(1) invoke 

the  method

(2) wrap a rgs

and me thod s igna ture
in mes s age

(3) unwra p

and dis patch

(4) e xe cute

(5) wra p out 

pa ra me ters

(6) unwra p out 

pa ra meters
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Java  P la tform - RMI

� Crea ting a  remote  reference

� Passed as  a rguments  or re turned

Ox12

Obje ct 0x12

Obje ct 0x48

Foo Ba r

Ox12 0x48

Ox12 0x48

0x48

Cre ate  s ke le to n

Allo cate  s ke le to n id (s ke lid)

Ske lid is  a key to

a loc al table  of s kele tons

Create  s tub

Kno ws  the  IP, po rt, and s ke lid

Inde xe d in a lo cal table  o f s tubs
s tub

s kele ton

s kele ton
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Java  P la tform - RMI

� Why s tub and ske leton table s?

� Avoids  re -crea ting s tubs or ske le tons for an object if they exis t a lready

� Avoids  overloading the  DGC and the  loca l tables

� Faste r lookups  to find a  ske le ton or a s tub

� Use  naming se rvice to boots trap

� How do we  get the  firs t remote  re fe rence?

� Use a  name se rvice  binding names  to remote  objects

� Alre ady uses  s tubs  and ske le tons

� So, how do we  bootstrap?

Ox12 0x48

s tub s ke leto n

Na me Se rvice

s tublo okup
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Java  P la tform - RMI

� Looking at a  s imple  example

� A simple  bank is  a  remote  object, tha t manages  account objects

� Can e ither e xte nd the  Unicas tRemoteObject

� Account objects  a re  a lso remote  objects , a llowing s imple  opera tions

� S ee  the  ba la nce  of the  account, credit or debut money

� Discuss ing the example

� About threads  

� Which threads  a re  used to carry remote  invocations?

� Why didn't the  serve r or client process  s top a t the  end of main?

� Service contracts

� Why use  an interface  for typing the  remote  re ference  to the  bank?

� The  account remained a remote  object... 

� What about s trings?  Are n't they objects?
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RMI � Execution Model

� Multi-threaded execution mode l

� Server objects  may be invoked from several clients

� Method invoca tions  happen in pa ra lle l

� Server objects  mus t be  developed as suming multiple  threads

� Use synchronized methods

� Use synchronized blocks

� RMI thread pool

� Manages  a  pool of threads

� Pick one  thread to ca rry one invoca tion

Se rver

Obje ct

re ques ts
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RMI thread pool

RMI � Execution Mode l

� Thread pool de tails

reques t queue

RMI dae mon thread

worker thread

Method

invoca tions

reques t 
dispa tcher

Client
Reques ts

worker thread
worker thread
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RMI � Execution Model

� The loopback problem...

� Typical of a  ca llback pa tte rn (like  in our example) or a  dis tributed cycle

� RMI uses  no concept of dis tributed thread

� Thread A and Thread C are  diffe rent Java  threads

� Waste s resources  a nd yie lds  a  high proba bility of dea dlocks

3

remote
invoke

remote
reference s

4

2

2

1

1

3

4

5

5

Thre ad A

Thre ad B

Thre ad C
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Java  P la tform � RMI Programming Mode l

� Remote objects  a re  used through remote  inte rfaces

� All remote  interfaces  extend the  java.rmi.Remote  inte rface

� All remote  methods  throw a t least the  java .rmi.RemoteException

� Remote objects

� All remote  objects  extend the  java .rmi.UnicastRemoteObject

� Why only remote inte rfaces?

� Stubs a re  regula r J ava , no specia l support in the  Java  Virtua l Machine

� Stub classes  implement the  remote  inte rfaces  of the ir ta rge t object

Ox12 0x48

s tub s kele ton

public clas s Foo { 

  IBar m_ba r;
  public int foo() {

    re turn m_ba r.ba r(2);
  }

}

public cla s s Ba r imple ments  IBar  { 

  int m_value ;
  public int bar(int factor) {

    re turn factor*m_value ;
  }

}
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Java  P la tform � RMI Programming Model

� Arguments  and returned va lues  or objects

� Two semantics: by-value  or by-re ference

� Primitive  types  are  always  passed by-va lue

� Primitive types  a re  boolean, byte, char, short, int, float, double

� What about objects? 

� Can be  e ither by-va lue or by-refe rence ...
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Java  P la tform � RMI Programming Mode l

� Objects  by-va lue

� Any object which is  �se ria lizable�

� The  class  of the  obje ct implements  java .io.Se ria lizable  

� Copy semantics

� Deep copy...  yie lds  two obje cts : both on se rver and client s ides

� An example  � a  s imple  method re turning a  re fe rence

invoke
Se rve r

Obje ct

Clie nt

Obje ct

re turn

Se rve r

Obje ct

Clie nt

Obje ct

public Object getObject();

mus t be  s erializable

made a copy
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Java  Se ria liza tion

� Deep copy

� Recurs ive depth-firs t copy of an object graph from a  root

� If any object encounte red is  not s erializable, an exception is  thrown

� Notice  tha t cycles  a re  properly handled

root rootde ep copy
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Java  Seria liza tion

� Individua l object copy

� By default, a ll instance fie lds  are  copied 

� Trans ient modifier on declared fie lds  trans ient

� S et to null when copied

� Be mindful of sha ring across  trans ient and non-trans ient re fe re nces

� Attention

� S ta tic fie lds  a re  part of the  class

� Not part of the  ins tances  of tha t cla ss

� Therefore , s tatic  fie lds  are  not s erialized

root rootdee p copy
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Java  Se ria liza tion

� Individua l object copy

� Reference  to instances of RemoteObject a re  handle r properly

� Will crea te  a  stub-ske le ton pa ir

root

copyroot de ep copy
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Java  Seria liza tion

� Java Runtime  Environment

� Most JRE clas ses  a re s e ria lizable

� Their ins tances will be  pas sed by value

� Examples

� Java collections  such as  hash tables  or vectors

� String objects

� Arrays a re s e ria lizable  objects

� Some cla sses  a re  not se rializable

� Only make sense  loca lly, such as  file s , socke ts , threads , e tc.
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Dis tributed Garbage  Collection

� Live objects

� Loca lly or remote ly reachable  from roots

� Natura l extens ion to the loca l case

� If a  s tub is  reachable , so is the  ske le ton

� If the  s tub is reachable , so is  the  remote  object

Remote

Obje ct

client

object

root
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Dis tributed Garbage  Collection

� A s imple  solution

� Mixing re ference  counting and leases

� Loca l ga rbage  collectors  a re  left unchanged

� Counts  s tub re fe rences  on skele tons

� Uses  lease  to res is t fa ilures

� Default lea se  is  10 minutes

� RMI middleware  renews  le ases  a t ha lf-life

Re mote

Obje ct

clie nt

object

root

clie nt

object

root

c ount=2
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Dis tributed Garbage  Collection

� Design

� Tracks  remote re ferences through soft re fe rences

� Renew leases  a s long a s the  soft re ferences  a re  not cleared

� RMI middleware  re news  leases  a t ha lf-life

� Only increment/decrement remote  counte rs  when s tubs a re collected

Ox12 0x48

Trac ks  s tubs  thro ug h s o ft refe rence s ...

s tub s ke leto n
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Dis tributed Garbage  Collection

� Watch for dis tributed cycles ...

� RMI DGC ne ithe r de tects  nor collects  dis tributed cycles ...

re mote

obje ct
clie nt

obje ct

root

root

X

X


