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What does Inheritance do, after all?

class Bu®erf
void put(Object v) f ...; g
void get() f ...; g
...

g

class Lock f
...

void lock() f ...; g
void unlock() f ...; g

g

In°uenceBu®erinheriting behaviourfrom Lock.

class LockableBu®erextends Bu®er, Lockf g

Do you expect a Bu®erwhich is locked/unlockedvia Lock?
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Objects and Concurrency

Objects: A fundamental,state-of-the-art conceptfor engineeringcomplexsoftware
systems.(Design Patterns, Refactoring, . . . )

Concurrency: A fundamentaltechnologyto meet today's demandson software
functionalities. (Internet, Mobile and Embedded Devices, Software Agents, . . . )

Alas, a difficult marriage

Synchronisation of concurrentactivities and inheritance do not mix:

Inheritance Anomaly (Yonezawa[1987])

So bad to justify banning inheritancefrom OO languages!(America [1991])

The plan

Explain the phenomenon via examples;

Illustrate the driving lines of the main existing approaches;

Design and implementation of the programming language Jeeg.
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Concurrency and Interference

The problem: x := 0; ( x := x+ 1kx := x+ 2 ). Then, x 2 f 1, 2, 3g.

The solutions:

Operational Mechanisms: Semaphores and Locks, . . .

Linguistic Constructs: Critical Regions and Monitors, . . .

Alternative Models: Message Passing, Resource-Based, . . .

Their relevance: In the end the problem is in the concurrencymodel
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The Java Concurrency Model

public class Buffer {

protected Object[] buf;

protected int MAX, current = 0;

Buffer(int max) {

MAX = max;

buf = new Object[MAX];

}

public synchronized Object get() throws Exception {

while (current <= 0) wait();

Object ret = buf[--current];

notifyAll();

return ret;

}

public synchronized void put(Object v) throws Exception {

while (current >= MAX) wait();

buf[current++] = v;

notifyAll();

}

}
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Business and Synchronisation Code
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In sequential programming, clientscan be asked to behavewell. E.g., don't get
unlessyou haveput. (Synchronisationcodeand Businesscode.)
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In sequential programming, clientscan be asked to behavewell. E.g., don't get
unlessyou haveput.

In concurrency, the resourcemust contain synchronisation code. This results
essentiallyin methods not being available at certain momentsin time.

Concurrentobject orientedprogramsin commonprogramminglanguagesconsistof
businesscodeinextricablyinterwoven with synchronisationcode.
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The Inheritance Anomaly

Inheritance Anomaly: Adding a new method morally unrelated,forcesthe
rede¯nition of all other methods of a class.

class Buffer {

...

void put(Object el) {

if ("buffer not full ") ...

}

Object get() {

if ("buffer not empty ") ...

}

}

Add a method freeze.

Chancesare that the synchronisationcodein Bu®ermust be totally rewritten for that.

All approachesto the anomalyso far consistof disentangling businessand
synchronisationcode. Noneis very successful.

JEEG – pp.7/33
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Partitioning of States

State Partition: Introducean explicit partitionof the object's state, and explicit
enablingconditionsfor methods.

Example. In the caseof Bu®er, chooseempty, partial, full and the declarations:

put: requires not full
get: requires not empty

Then
Object get() f

...

if ("buffer is now empty ") become empty;
else become partial;
return res;

g
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¿ ≪ ≫ À

Partitioning of States

State Partition: Introducean explicit partitionof the object's state, and explicit
enablingconditionsfor methods.

Example. In the caseof Bu®er, chooseempty, partial, full and the declarations:

put: requires not full
get: requires not empty

Then
Object get() f

...

if ("buffer is now empty ") become empty;
else become partial;
return res;

g

JEEG – pp.8/33



¿ ≪ ≫ À

Partition of States

This solvesthe problemonly very partially.

Consideraddingget2which retrievestwo elements
at once. Then, the partition empty and full is not
enoughanymore.

Needto distinguishthosestateswherethere is exactlyoneelement: single.

Correspondingly, re¯ne it to be:
get2: requires not empty or single

Object get() f ...

if ("buffer is now empty ") become empty;
else if ("buffer is singleton ") become single;
else become partial;
return res;

g

JEEG – pp.9/33



¿ ≪ ≫ À

Partition of States

This solvesthe problemonly very partially.

Consideraddingget2which retrievestwo elements
at once. Then, the partition empty and full is not
enoughanymore.

Needto distinguishthosestateswherethere is exactlyoneelement: single.

Correspondingly, re¯ne it to be:
get2: requires not empty or single

Object get() f ...

if ("buffer is now empty ") become empty;
else if ("buffer is singleton ") become single;
else become partial;
return res;

g

JEEG – pp.9/33



¿ ≪ ≫ À

Partition of States

This solvesthe problemonly very partially.

Consideraddingget2which retrievestwo elements
at once. Then, the partition empty and full is not
enoughanymore.

Needto distinguishthosestateswherethere is exactlyoneelement: single.

Correspondingly, re¯ne it to be:
get2: requires not empty or single

Object get() f ...

if ("buffer is now empty ") become empty;
else if ("buffer is singleton ") become single;
else become partial;
return res;

g

JEEG – pp.9/33



¿ ≪ ≫ À

History-Sensitiveness of Acceptable States

When methods' enablingdependson the history of objects,we havea form of the
anomalyso-calledhistory-sensitive.

For instance,a method withdraw availableonly after a method authenticatehasbeen
completed.

To exemplify, we want to add to Bu®era method
ggetenabledonly if the last method invoked of
Bu®erwas other than get.
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History Buffer

public class HistoryBuffer extends Buffer {

boolean afterGet = false;

public HistoryBuffer(int max) super(max);

public synchronized Object gget() throws Exception {

while ( current <= 0 || afterGet ) wait();

Object ret = buf[--current]; afterGet = false;

notifyAll();

return ret;

}

public synchronized Object get() throws Exception {

while (current <= 0) wait();

Object ret = buf[--current]; afterGet = true;

notifyAll();

return ret;

}

public synchronized void put(Object v) throws Exception {

while (current>=MAX) wait();

buf[current++] = v; afterGet = false;

notifyAll();

}

}
JEEG – pp.11/33
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History Buffer, again

public class HistoryBuffer extends Buffer {

boolean afterGet = false;

public HistoryBuffer(int max) { super(max); }

public synchronized Object gget() throws Exception {

while ( current <= 0 || afterGet) wait();

afterGet = false;

return super.get();

}

public synchronized Object get() throws Exception {

Object o = super.get();

afterGet = true;

return o;

}

public synchronized void put(Object v) throws Exception {

super.put(v);

afterGet = false;

}

}
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¿ ≪ ≫ À

Modification of Acceptable States

Anomalywhenmix-in classes are usedto add behaviourto object via multiple
inheritance.
class Lock f

...

void lock() f ...; g
void unlock() f ...; g

g

Trying to in°uencethe enablingconditionsof a class,by inheritance.

class LockableBuffer extends Buffer, Lockf g

Of course, this does no much towards having a
lockablebu®er,in any languageI know of.

Question: Is the InheritanceAnomalynonsense or a genuine problem?
If you look at it from the OO standpoint, it is genuine.

JEEG – pp.13/33
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JEEG

Jeeg tacklesthe (History-Sensitive) InheritanceAnomaly. It is:

an aspect-orientedsuperimposition of two separate languages

Java (no synchronized(), wait(), notify(), and notifyAll()for businesscode);

Linear Time Temporal Logic for synchronisationcode (method guards).

public class MyClassf
sync f

m : φ;

....

g
...// Standard Java class definition

g
m is a method id and φ, the guard, is a formula in a givenconstraint language.
Whenm is invoked, the thread is kept on hold unlessφ. When the condition is
true, all waiting threadsare awaken. m is implicitly synchronized.

If φ is a booleanexpression,this is just a declarative versionof Javaconcurrency.

JEEG – pp.14/33
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The logic

Logic: a trade-o®betweenexpressiveness and efficiency: its formulaemust be
veri¯ed at everymethod invocation!

Linear temporal logic (pasttense)

φ ::= AP j !φ j φ || φ j Previousφ j φ Sinceφ

AP are purebooleanexpressionswith no:

side-effects,
references to objects.

method invocations,
and it only refersto private/protected ¯elds of the classit belongsto.

Derived connectives:

φ && ψ , !(!φ ||!ψ); Sometimeφ , true Sinceφ; Alwaysφ , !Sometime!φ.

This yield a rather expressivelanguageCL, yet easyto implement.

JEEG – pp.15/33
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An Object’s History

A genericcomputationπ from o's perspective.

h0
0 ¢¢¢h0

j 0
o.m1h

1
0 ¢¢¢h1

j 1
o.m2h

2
0 ¢¢¢h2

j 2
. . .

Hereonly the part of hk
j k

containingthe valuesof private/protected,non-reference
variablesof o, say σk , can a®ectevaluation.Therefore, we take

H o(π) ´ σ0
m 1! σ1

m 2! σ2
m 3! σ3 . . .

We think of Ho(π) as
H o ´ σ0σ1σ2σ3 . . .

whereσi bindsthe special identi¯er event to (a valuerepresentingmethod) mi .

n
  = 0

inc
 ()


n
  = 1

dec
 ()


n
  = 2
n
  = 1

inc
 ()
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Concurrent Objects’ Histories
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Interpretation of Formulae on Object Histories

Let Σ denoteH o(π). For all indexesk in Σ, we de¯ne Σk j= φ, that is φ holdsat
time k, by structural induction on φ as follows.

Σk j= p iff σk j= p (p is true at σk )

Σk j= !φ iff not Σk j= φ

Σk j= φ || ψ iff Σk j= φ or Σk j= ψ

Σk j= Previousφ iff k > 0 andΣk−1 j= φ

Σk j= φ Sinceψ iff Σj j= ψ for somej · k,

and Σi j= φ for all j < i · k

Finally, we convenethat Σ j= φ i®Σ0 j= φ.

JEEG – pp.18/33
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Buffer in JEEG

public class Buffer {

sync {

put : current < MAX;

get : current > 0;

}

protected Object[] buf;

protected int MAX, current = 0;

Buffer(int max) {

MAX = max; buf = new Object[MAX];

}

public Object get() throws Exception {

Object ret = buf[--current];

return ret;

}

public void put(Object v) throws Exception {

buf[current++] = v;

}

}

JEEG – pp.19/33
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History Buffer in JEEG

public class HistoryBuffer extends Buffer {

sync {

gget: Previous (event != get) && current > 0;

}

public HistoryBuffer(int max) {

super(max);

}

public Object gget() throws Exception {

Object ret = buf[--current];

return ret;

}

}
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Lockable Buffer in JEEG

public interface Lock {

public void lock();

public void unlock();

}

public class LockBuf extends Buffer implements Lock {

sync {

get : super.getConstr && !Previous (event == lock);

put : super.putConstr && !Previous (event == lock);

lock : !Previous (event == lock);

unlock : true;

}

public LockBuf(int max) { super(max); }

public void lock() { }

public void unlock() { }

}

JEEG – pp.21/33
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Expressiveness of JEEG

It is generallyhard to formaliseto what extent the anomalyis removed.
Nicely, Jeeg allows for a “quantitative” analysis.

Expressiveness of LTL: A set of statesequencesX is the set of all Σs that satisfya
givenφ if and only if X is a star-freeregularlanguage.(Zuck [1986])

Star-free Regular Languages:

re ::= ε j a j re ¢re j re+ re j : r (j re¤)

State for : p 2 AC ½ AP; Sequence of states: P 2 A∗C . (Σ j= P i®
Σk j= Pk )

Theorem (Characterizing CL). For φ a formula on C, X = f Σ j Σ j= φg i®
there existsre on AC suchthat Σ 2 X i®Σ j= P for someP 2 re.

Special case: Only atomicpropositionsof the kind event == m.

Then CL would capturepreciselythosesequencesof eventswhich are star-freeregular
languages(i.e., enforce synchonisationpoliciesso expressible).

JEEG – pp.22/33



¿ ≪ ≫ À

Expressiveness of JEEG

It is generallyhard to formaliseto what extent the anomalyis removed.
Nicely, Jeeg allows for a “quantitative” analysis.

Expressiveness of LTL: A set of statesequencesX is the set of all Σs that satisfya
givenφ if and only if X is a star-freeregularlanguage.(Zuck [1986])

Star-free Regular Languages:

re ::= ε j a j re ¢re j re+ re j : r (j re¤)

State for : p 2 AC ½ AP; Sequence of states: P 2 A∗C . (Σ j= P i®Σk j= Pk )

Theorem (Characterizing CL). For φ a formula on C, X = f Σ j Σ j= φg i®
there existsre on AC suchthat Σ 2 X i®Σ j= P for someP 2 re.

Special case: Only atomicpropositionsof the kind event == m.

Then CL would capturepreciselythosesequencesof eventswhich are star-freeregular
languages(i.e., enforce synchonisationpoliciesso expressible).

JEEG – pp.22/33



¿ ≪ ≫ À

Expressiveness of JEEG

It is generallyhard to formaliseto what extent the anomalyis removed.
Nicely, Jeeg allows for a “quantitative” analysis.

Expressiveness of LTL: A set of statesequencesX is the set of all Σs that satisfya
givenφ if and only if X is a star-freeregularlanguage.(Zuck [1986])

Star-free Regular Languages:

re ::= ε j a j re ¢re j re+ re j : r (j re¤)

State for

�

: p 2 AC ½ AP; Sequence of states: P 2 A∗C . (Σ j= P i®Σk j= Pk )

Theorem (Characterizing CL). For φ a formula on C, X = f Σ j Σ j= φg i®
there existsre on AC suchthat Σ 2 X i®Σ j= P for someP 2 re.

Special case: Only atomicpropositionsof the kind event == m.

Then CL would capturepreciselythosesequencesof eventswhich are star-freeregular
languages(i.e., enforce synchonisationpoliciesso expressible).

JEEG – pp.22/33



¿ ≪ ≫ À

Expressiveness of JEEG

It is generallyhard to formaliseto what extent the anomalyis removed.
Nicely, Jeeg allows for a “quantitative” analysis.

Expressiveness of LTL: A set of statesequencesX is the set of all Σs that satisfya
givenφ if and only if X is a star-freeregularlanguage.(Zuck [1986])

Star-free Regular Languages:

re ::= ε j a j re ¢re j re+ re j : r (j re¤)

State for

�

: p 2 AC ½ AP; Sequence of states: P 2 A∗C . (Σ j= P i®Σk j= Pk )

Theorem (Characterizing CL). For φ a formula on C, X = f Σ j Σ j= φg i®
there existsre on AC suchthat Σ 2 X i®Σ j= P for someP 2 re.

Special case: Only atomicpropositionsof the kind event == m.

Then CL would capturepreciselythosesequencesof eventswhich are star-freeregular
languages(i.e., enforce synchonisationpoliciesso expressible).

JEEG – pp.22/33



¿ ≪ ≫ À

Examples

HistoryBuffer: the temporal constraint

Previous event != get

can be expressedby the following star-free regular expressions.

: (A∗ ¢get) whereA∗ , ε+ : ε.

The temporal constraint

Sometime m , true Since m.

correspondsto
A∗ ¢m ¢A∗.
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Limitations of LTL: No Counting

public class SharedResource {

sync {

request: true;

release: true;

}

public void request() { ... }

public void release() { ... }

...

}

De¯ne a classSeizableResource which allows exclusiveaccessto the shared resource:
An additionalmethod exclusiveRequest must be provided.

Clearly, this leadsto identify a pattern of eventssuchas:
M ::= ε | request M release | MM | ...

It is well known that this languageis not regular. Methods request and release will
haveto be rede¯ned. The anomaly surfacesagainhere.
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Runtime Evaluation of CL Expressions

Givena¯nite traceΣ andaLTL formulaφ, doesΣ j= φ ?
Traditionally: build a Buchi automata to `model-check'sequences.Dealingwith
past tenseoperators givesus an advantage:an `online' algorithm.

Build the syntaxtreeof the formula;

Associate variablesbeforeand now to everynode, initially set to false;

Visit the tree depth-¯rst and simultaneouslyassignφ.before := φ.now and
φ.now as follows.

previous now := φ0.before

since now := φ1.now or (before and φ0.now)

or now := φ0.now or φ1.now

not now := not φ0.now

AP now := eval(φ)

(/).*-+,

Á1::
::

::
:

Á0 ¥¥
¥¥
¥¥
¥

before, now

(/).*-+,

Á0

before, now

(/).*-+,

Á0

before, now

(/).*-+,
before, now

(/).*-+,
before, now
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An Example

Example: Let us considerthe evaluationof the temporal formula

Previous(x == 1)

x
  = 0
 x
  = 1

inc
 ()
 inc
 ()


Previous

now = false

before = false


x == 1

now = false

before = false


Previous


now = false

before = false


x == 1


now = true

before = false


Previous


now = true

before = false


x == 1


now = false

before = true


x
  = 2

dec
 ()


x
  = 1


Previous


now = false

before = true


x == 1


now = true

before = false
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The Synchronisation Manager

Formulaemust be evaluatedafter everymethod execution.This is doneby a
synchronization manager via Method Call Interception. It

takescontrol at method call and checks(not evaluates) the constraint for the
method.

If it holds,control goesto the method code; otherwisethe synchronization
managerperforms a wait(), putting the object to sleep.

After the method execution,control shiftsback to the manager,which now
re-evaluatesthe synchronizationconstraints.

After updating the formulaelogic value,the managerissuesa notifyAll()
statement. Blocked methods may then attempt to proceedagain.

To haveaccessto private/protected̄elds, the synchronizationmanageran inner class
of the object it manages.
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Benchmarks: Object Creation
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Object creation triggers the creation of data structures for formulas

JEEG – pp.28/33



¿ ≪ ≫ À

Benchmarks: Method Call
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Method calls trigger the evaluation of formulas
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Benchmarks: Details of Method Call

1

30


50

73


122


1
2
4
8
16
32
64

0


200


400


600


800


1000


1200


Ti
m

e 
in

 m
s


Constr
ain

t S
ize




Threads


Machine 2
 Machine 3


1

30


50

73


122


1
2
4
8
16
32
64

0


200


400


600


800


1000


1200


1400


1600


Ti
m

e 
in

 m
s


Constr
ain

t S
ize




Threads


Formulae evaluation triggers mutual exclusion protocols
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Benchmarks: Comparison

0


20


40


60


80


100


120


140


0
 50
 100
 150
 200
 250


Threads


T
im

e 
in

 m
s


Machine 3


Java


Machine 1


However, synchronisation must be performed also in Java!
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Performance Evaluation

Testing shows that:

Under low-load (below 70 threads)evencomplexsynchronizationconstraints
yield little performanceoverhead.

Low-end machinesfaceworsescalability problemsdue object locking: The
slower the evaluationalgorithm, the longera large number of threadsare
keptwaiting.
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Conclusion

Jeeg

Synchronizationconstraintswritten in LTL and speci¯ed in a aspect-oriented,
declarative manner.

CL is helpful in treating the inheritanceanomaly.

Characterisationof CL in terms of regular languages

E±ciently implementable(availableat http://www.brics.dk/~milicia/Jeeg).

Future Work:
Quanti¯ed linear temporal logic (QLTL) or monadicsecondorder logic
(MSOL), `secondorder' variations of LTL of greaterexpressiveness.

optimizingthe LTL evaluationprocedureby usingad-hoc static-analysis
techniques.
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