Maurice Naftalin,
Morningside Light Ltd

Philip Wadler,
University of Edinburgh

TS-2890

©Sun

i I' 1"'-.\'I1'IL JEVEUHE

(Generics

arredl Ciodlpctioeis

2007 JavaOneSM Conference | Session TS-2890 |

java.sun.com/javaone




JavaOne

©Sun

The Right Tools for the Job

2007 JavaOneSM Conference | Session TS-2890 | 2 java.sun.com/javaone




JavaOne

Agenda

€ Sun

Generics
Why have them?
Implementation by erasure — benefits ...
... and problems
What next?

Collections

Trends in concurrency policy
Trends in API design

How to choose an implementation

2007 JavaOneSM Conference | Session TS-2890 | 3 java.sun.com/javaone




JavaOne

©Sun

Generics

Generics
Why have them?
Implementation by erasure — benefits ...
... and problems
What next?

Collections

Trends in concurrency policy
Trends in API design

How to choose an implementation

2007 JavaOneSM Conference | Session TS-2890 | 4 java.sun.com/javaone




JavaOne

@ Sun

Cleaner code

Before:

List ints = Arrays.asList(1,2,3);

int s = 0O;

for (Iterator it = ints.iterator();
S += it.next();

}

After:

Li st<Integer> ints = Arrays.asList(1, 2, 3);

int s = 0;
for (int n :

ints) { s +=n; }
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Detect more errors at compile-time

Strategy pattern for paying tax: Payer

N

Tr ust Per son

I nterface Strategy<P extends Payer>{ |ong conputeTax(P p); }

cl ass Defaul t Strategy<P extends Payer>
| npl ements Strategy<P> { | ong computeTax(P p){.} }

cl ass Trust TaxStrategy extends Defaul t Strategy<Trust> {
public | ong computeTax(Trust t) {
return trust.isNonProfit ? O : super.conputeTax(t);
}

}
new Trust TaxStrat egy(). conput eTax( person)
fails at compile time with generics
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Detect more errors at compile-time

ArraySt or eExcepti ons become compile errors

* Arrays:
I nteger[] ints = new Integer[]{1, 2, 3}
Nunber[] nuns = ints;
nuns[ 2] = 3. 14; [/ run-time error

| nt eger[] is a subtype of Nunber|]

» Collections:

List<Integer> ints = Arrays.asList(1, 2, 3);
Li st <Nunber> nuns = ints; // conpile-tine error
nums. put (2, 3.14);

Li st <l nt eger >is not a subtype of Li st <Nunber >
@ Sun
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More Expressive Interfaces

From | avax. nmanagenent.rel ati on. Rel ati on

- Before
i nterface Relation {
public Map get Ref erencedMBeans()

}

« After
i nterface Relation {

publ i ¢ Map<Qbj ect Nane, Li st <Stri ng>>
get Ref er encedMBeans()

}
Explicit types in client code — much easier to maintain
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Generics

Implementation by erasure — benefits ...
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Migration Compatibility

Major design constraint for generics: Binary for
legacy client must link to generified library

With erasure:

Generified Legacy
library binary — library binary

Allows piecewise generification of libraries
Erasure Eases Evolution
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From Legacy...
Library

| nterface Stack {

voi d push(bject elt);

bj ect pop();
}
cl ass ArrayStack inplenments Stack {

private List |i = new ArrayList();

public void push(Coject elt) { li.add(elt); }

public oject pop(){ return li.renove(li.size()-1); }
}

Client

Stack stack = new ArrayStack();
st ack. push("first");
String top = (String)stack. pop();

2007 JavaOneSM Conference | Session TS-2890 | 11 java.sun.com/javaone




s,

—— o
Java

JavaOne

@ Sun

...to Generic
Library
| nterface Stack<kE> {
void push(E elt);
E pop();
}
cl ass ArrayStack<E> inplenents Stack<E> {
private List<E> i = new ArraylList<E>();
public void push(E elt) { |i.add(elt); }
public E pop() { return |li.renove(li.size()-1);
}
Client

Stack<String> stack = new ArrayStack<String>();
stack. push("first");
String top = stack. pop();
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Generic Library with Legacy

Client
Library
| nterface Stack<kE> {
void push(E elt);
E pop();
}
class ArrayStack<E> i nplenents Stack<E> {
private List<E> i = new ArraylList<E>();
public void push(E elt) { |i.add(elt); }
public E pop() { return |li.renove(li.size()-1);
}
Client
Stack stack = new ArrayStack();
st ack. push("first"); /'l unchecked call

String top = (String)stack. pop();
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Legacy Library with Generic
Client

Three options

* Minimal changes (surface generification)
« Stubs
« Wrappers - not recommended!
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Minimal Changes

Library with “Surface Generification”

cl ass ArrayStack<E> i npl enents Stack<E> {
private List |I = new ArrayList();
public void push(E elt){li.add(elt);} //unchecked call

public E pop(){
return (E)li.renove(li.size()-1); //unchecked cast
}
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Stubs
Stubs

cl ass ArrayStack<E> inpl enents Stack<E> {

public void push(E elt) { throw new StubException(); }
public E pop() { throw new StubException(); }

Compile with stubs, execute with legacy library

$ javac -classpath stubs dient.java
$ java -ea -classpath I egacy dient
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Wrappers (not recommended!)
Generified wrapper class

| nterface GenericStack<E> {
void push(E elt);
E pop();
public Stack unwap();
}
cl ass StackW apper<E> i nplenents CGenericSt ack<E> {
private Stack st = new ArrayStack();
public void push(E elt) { st.push(elt); }

public E pop(){ return (E)st.pop(); } //unchecked cast

Generic client

Generi cStack<String> stack = new StackW apper<String>();

st ack. push("first");
String top = stack. pop();
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Problems With Wrappers

» Parallel class hierarchies
+ St ack/ Generi cSt ack etc

» Nested structures lead to multiple wrapper layers
» E.g. a stack of stacks

 Library essentially in two versions
» For generified and legacy clients

Wrappers recreate the problems that
erasure solves
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Problems of Erasure

« Parameter types are not reified — they are not
represented at run-time

« Constructs requiring run-time type information
don’t work well (or don’t work)

» Casts and i1 nst anceof
« Parametric exceptions

* Problems with arrays
* array run-time typing doesn’t play well with erasure
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No Arrays Of Generic Types

Converting a collection to an array:

cl ass Conversi onAtt enpt One {
static <T> T[] toArray(Collection<T> c) {

T[] a = new T[c.size()]; // conpile error
int i = 0;
for (T x : c) {
al[i ++] = x;
}
return a;
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The Principle of Truth in Advertising

Converting a collection to an array:

class Attenpt Two {
static <T> T[] toArray(Collection<T> c) {
T[] a = (T[])new Object[c.size()]; // unchecked cast
int i = 0;
for (T x : c) {
a[i ++] = x;
}

return a;

}

Is the return type from t 0Ar r ay an honest description?
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The Principle of Truth in Advertising

An innocent client tries to use At t enpt Two

public static void nmain (String[] args) {
List<String> strings = Arrays. asLi st("one", "two");
String[] sa =
Attenpt Two. t oArray(strings); //C assCast Excepti on!

}
What happened?
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The Principle of Truth in Advertising

This is At t enpt Two after erasure:

cl ass Attenpt Two {
static Object[] toArray(Collection c) {
bject[] a = (Object[])new oject[c.size()];

return a;

}
And this is the innocent client:

String[] sa = (String[])Attenpt Two.toArray(strings);
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The Principle of Truth in Advertising

Static type of the Compiler inserts Reified (ie run-time)
array cast to static type type is Obj ect [ ]

.

String[] sa = (String[]) AttenptTwo.toArray(strings);

The reified type of an array must be a subtype

of the erasure of its static type
(and here, it's not)
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Converting A Collection To An Array

Get type information at run-time from array or class token

cl ass Successful Conversion {
static <T> T[] toArray(Collection<T> ¢, T[] a) {
If (a.length < c.size())
a = (T[])Array. newm nstance( // unchecked cast
a. get Cl ass(). get Conponent Type(), c. si ze());

int i =0; for (T x : c¢) a[i++] = x;
if (i <a.length) a[i] = null;
return a;

}

static <T> T[] toArray(Collection<T> c, U ass<T> k) {
T[] a = (T[])Array. /'l unchecked cast

new nst ance(k, c.size());

int i =0; for (T x : c¢) a[i++] = x;
return a;

}

}
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Principle of Indecent Exposure

Don’t ignore unchecked warnings!

class Cel I <T> {
private T val ue;
Cell (T v) { value = v; }
T getValue() { return value; }

}

cl ass DeceptivelLi brary {
static Cell<Integer>[] createlntCell Array(int size) {
return (Cell <lInteger>[]) /'l unchecked cast
new Cel | [ si ze];
}
}

cl ass I nnocentdient {
Cell <Integer>[] intCellArray = createlntCell Array(3);
Cel | <? extends Nunber>[] nunCell Array = intCell Array;
nuntCel | Array[ 0] = new Cel | <Doubl e>(1.0);
int i = intCellArray[0].getValue(); //C assCastException
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Principle of Indecent Exposure

return (Cell<lnteger>[])new Cell[size];

Don’t publicly expose an array whose

components do not have a reifiable type
(and here, we have done)
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What Next For Generics?

+ Reification?
- The debate rages on...
» Technically feasible?
« Compatibility problems

» One possible approach: distinguish reified type

parameters with new syntax

 Interface NewCol | ecti on<cl ass E> extends
Collection<E> { ... }

- Discussion on Java 7 still in early stages
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Collections

Trends in concurrency policy

2007 JavaOneSM Conference | Session TS-2890 |

31

java.sun.com/javacne




JavaOne

Collections concurrency policy
How has it changed?

- JDK 1.0
» Synchronized collection methods

- JDK 1.2

- Java Collections Framework — unsynchronized
. Optional method synchronization with synchronized wrappers

« Java b

« Java.util.concurrent (JSR166)
. Thread-safe classes designed for efficient concurrent access
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Many java.util Collections Aren’t
Thread-Safe (by design)

From java.util.ArraylLi st

public bool ean add(E e) {
ensur eCapaci ty(size + 1);
el enent Dat a[ si ze++] = e;
return true;

}
The value in el enent Dat a is set, then si ze is incremented
Two threads could execute add concurrently, with si ze == 0 initially:

1. Thread A sets el enent Dat a[ 0]
2. Thread B sets el enent Dat a[ 0]
3. Thread A increments si ze
4. Thread B increments si ze

Unsynchronized method access leaves the ArrayLi st in an
inconsistent state
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Some java.util Collections Are Thread-
Safe (at a cost)

From java.util.Vector (JDK 1.0)
public synchroni zed voi d addEl enent (E obj) {
ensur eCapaci t yHel per (el enent Count + 1)
el enent Dat a[ el enment Count ++] = obj ;

}
From java.util.Collections (JDK 1. 2)

static class SynchronizedLi st<E> i npl enents List<E> {
final List<E> final Object nutex;
Synchroni zedLi st (List<E> list) {this.list = 1list;}
public void add(int index, E elenent) {
synchroni zed(nmutex) {list.add(index, elenent);}

}
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Thread-Safe '= Concurrent
Even thread-safe java.util collections have fail-fast iterators

List<String> sl = new ArrayList<String>();
sl . addAl | (Col | ecti ons. nCopi es( 1000000, "x"));

» Thread A:

for( Iterator<String> itr = sl.iterator();
itr.hasNext(); ) {
Systemout.printin(itr.next());

}
» Thread B:
for( int i =999999; i > 0; i-- ) {
sl.renove(i);
}

Thread A throws Concurrent Modi fi cati onExcepti on
Immediately after thread B first modifies the List
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Using java.util Collections

Concurrently
Additional safeguards needed for concurrent access

+ Use client-side locking
» Subclass or wrap the collection:

public class WappedLi st<T> i npl enents List<T> {
private final List<T> |ist;
public WappedList<T> list){ this.list =1list; }
public synchroni zed void addl f Absent (T x) {
1 f (!'list.contains(x))
|1 st.add(Xx);
}

}

/| del egate other nethods

}

For concurrent use, | ava. ut i | collections must often
be locked for all operations, including iteration!
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Concurrent Collections
No safeguards needed for java.util.concurrent classes

Collections inj ava. uti| . concurrent don't
require external locking:

- Atomic operators provided where necessary
« Concurr ent Map operations

- atomic test-then-act: put | f Absent, renove, repl ace

« Bl ocki ng{ Queue| Deque} operations
 blocking operations: t ake, put

« operations from Queue or Deque now required to be atomic

* |terators are snapshot or weakly consistent
* Never throw Concurrent Modi fi cati onExcepti on
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Concurrent Collections
Two kinds of iterator behavior

« Copy-on-write collections
« CopyOnWiteArraySet, CopyOnWiteArrayli st
« snapshot iterators
« underlying array is effectively immutable
* Iterators do not reflect changes in underlying collection
* never fail with Concur rent Modi fi cati onExcepti on

» Other concurrent collections
- weakly consistent (wc) iterators

- Iterators may reflect changes in underlying collection
» never fail with Concur rent Modi fi cati onExcepti on
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Java Collections Framework at Java 2

Interface-based API:

Col I ecti on
Set Li st I\/Ep
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Implementations: JDK 1.2 -JDK 1.4

Increasing choice of implementations:

Col | ecti on

PN -

,vset L/l it . "”” /, % ‘\
Pl ;. ldentityHashMap- N
Hashéet 4 N - .
A ArraylLi st LinkedLi st behwap VeakHashMap
! SortAedSet | Sor t edMap
. : ! A
Li nkedHashSet | Li nkedHashMap
TreeMap
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Collections Iin Java 5 and Java 6
Additions to the Collections Framework

Top-level Interface

 Queue

Subinterfaces

- Deque, Navi gabl eMap, Navi gabl eSet

« Concurrent interfaces in j ava. util . concurrent

» Bl ocki ngQueue, Bl ocki ngbDeque,
Concurrent Map, Concurrent Navi gabl eMap

+ 18 implementation classes
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Collections In Java 5 and Java 6
Eight new interfaces

Col | ecti on

<N

Li st Map Queue
Sor t edSet Sor t edVap Bl ocki ngQueue Deque

| / ~N

Navi gabl eSet  Navi gabl eMap Concurrent Map Bl ocki ngDeque

@ Sun

'\/

Concurr ent Navi gabl eMap
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Queue and Deque

» Queues hold elements prior to processing
+ yield them in order for processing
* typically in producer-consumer problems

 Java. util . Queue

- of fer/add, poll/renove, peek/elenent

» Implementations provide FIFO, delay, or priority
ordering

 Java. util . Deque

- of ferLast/addLast, pollFirst/renoveFirst,

peekFi rst/ el ement Fi r st
* FIFO or LIFO ordering
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Navigable Collections

* Navi gabl e{ Set | Map} improve on Sort ed{ Set | Map}
* Navi gabl eXXX extends and replaces Sort ed XXX

« TreeSet and Tr eeMap retrofitted to implement new
Interfaces

» Concurrent implementations: Concur r ent Ski pLi st Set ,
Concur rent Ski pLi st Map

» Operations on Navi gabl eSet

- ceiling/floor, higher/lower,
pol | First/poll Last

» headSet, tail Set, subSet overloaded to allow choice of
Inclusive or exclusive limits (unlike Sort edSet operations)
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Example Use of NavigableSet

A set of dates suitable for use in an events calendar

A date is in the set if there is an event on that date
We use org. j oda. ti ne. Local Dat e to represent dates

Navi gabl eSet <Local Dat e> cal endar = new TreeSet <Local Dat e>() ;
Local Date today = new Local Date();

cal endar.ceiling(today); // the next date, s

ta
/] today, that is in

rting wth
t he cal endar

the first date in the future

cal endar. hi gher (today); //
[/ that is in the cal endar
/] the first date in the cal endar

cal endar.tail Set (today, f al se);
[/ all future dates in the cal endar

cal endar. pol | First();
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Collections

How to choose an implementation
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Choosing a Collection
Implementation

» Choose on the basis of
» Functional behavior
« Performance characteristics
» Concurrency policies

» Not all combinations available

» Like buying a car — if you want VXR trim, you have to
have the 2.8i engine

+ Some customization
+ Synchronized wrappers
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Choosing a Set Implementation

Special-purpose implementations:
Enuntset — for sets of enum — not thread-safe; wc iterators
CopyOnW it eArr aySet — thread-safe, snapshot iterators, used
when there are more reads than writes and set is small
General-purpose implementations:

HashSet , Li nkedHashSet — not thread-safe; fail-fast iterators
Li nkedHashSet faster for iteration, provides access ordering

add contains next
HashSet O(1) O(1) O(n/h)
LinkedHashSet O(1) O(1) O(1)

TreeSet, Concurrent Ski pLi st Set — provide ordering
Concurrent Ski pLi st Set thread-safe, slower for large sets
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Choosing a List Implementation

» Special-purpose implementation:

« CopyOnWiteArrayli st —thread-safe, snapshot iterators, used
when there are more reads than writes and list is small

« General-purpose implementations:
» Li nkedLi st — not thread-safe; fail-fast iterators
« May be faster for insertion and removal using iterators
 ArraylLi st —notthread-safe; fail-fast iterators
- Still the best general-purpose implementation (until Java 77?)

iterator.

get add(e) add(i,e) remove
Arrayli st O(1) O(1) O(n) O(n)
Li nkedLi st O(n) O(1) O(1) O(1)
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Choosing a Queue
Implementation

« Don’t need thread safety?
* FIFO ordering — use Arr ayDeque (not Li nkedLi st!)
* Priority ordering — Pri ori t yQueue

* Thread-safe queues:

» Specialised orderings:
 PriorityBl ocki ngQueue, Del ayQueue

- Best general purpose non-blocking thread-safe queue:
* Concurrent Li nkedQueue

+ Blocking queue without buffering
* Synchr onousQueue

» Bounded blocking queues, FIFO ordering:
« Li nkedBIl ocki ng{ Queue| Deque}, ArrayBl ocki ngQueue

« Li nkedBl ocki ngQueue typically performs better with many threads
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Choosing a Map Implementation

Special-purpose implementations:
EnunmVap — mapping from enums — non-thread-safe, wc iterators
| denti t yHashMap - keys on identity instead of equality
WeakHashMap — allows garbage collection of “abandoned” entries

General-purpose implementations:

HashMap, Li nkedHashMap — non-thread-safe, fail-fast iterators

Li nkedHashMap faster for iteration, provides access ordering, useful
for cache implementations

Tr eeMap, Concur r ent Ski pLi st Map — provide ordering
Concur r ent Ski pLi st Map thread-safe, slower for large maps
Concurrent Map - thread-safe, uses lock striping
Map divided into separately locked segments (not locked for reads)
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Summary

» Generics and new Collections major step in Java
Platform evolution

* Generics are a quick win in client code
* Primary use-case: collections
« Understand the corner cases for API design

* Collections Framework evolution
* Fixing many deficiencies

 Jjava. util.concurrent —great new toolset for the
Java programmer
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For More Information

« Angelika Langer’s Generics FAQ

e http://www.angelikalanger.com/GenericsFAQ/JavaGenericsFAQ.html

« Java Concurrency in Practice (Goetz, et al)
Addison-Wesley, 2006

« JavaDoc forjava.util, java.util.concurrent

» Concurrency-interest mailing list
e http://gee.cs.osweqo.edu/dl/concurrency-interest/index.htmi
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For Much More Information

Java Generics and T T P
Collections
(Naftalin and Wadler)
O’Reilly, 2006

- Everything discussed today, plus T‘-’ﬁr 1 ‘
« Subtyping and Wildcards Gel’l(—_il*lcs
* Reflection T
- Effective Generics
- Design Patterns CPREILLY" e

Collection Implementations
« The Collections class

* And lots more!
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Maurice Naftalin
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