Theorem 3.2 The consistency model among volatile vari-
ables, namely, \blatile Consistency, is equal to Sequential
Consistency.

4. Concluding Remarks

In this work we provided comparisons of Java Consis-
tency to severa well studied models. In a follow up work
[4] we present two non-operational definitions, and show
their equivalence to the memory behavior of the Java Vir-
tual Machine (which determines the implementor view of
Java). We dso give there two non-operational definitions
and show their equivalence to Java Consistency.

We mention that this work was carried out in the scope
of the Millipede project [1] with the goa of having Java
implemented distributively in a correct and efficient way.
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Processor 1  Processor 2
READ X, 1 READ Y, 1
2| WRITEY,1 WRITEX,1

[N

Figure 1. Execution valid for Coherence and invalid for
Java. As explained above, for JavaREAD denotes use and
WRITE denotesassi gn.

Processor 1  Processor 2

WRITE X, 1 READ Y, 1
WRITEX,2 READX, 1
WRITEY, 1 READ X, 2

Figure 2. An execution valid for Java but invalid for
PRAM.

Processor 1 | Processor 2 | Main Memory
l.ax, 1
2s x, 1
3.ax, 2 wx, 1;12
4.avy, 1
5s5vy, 1
6.s x, 2 wy, 1;15
ry, 1;21
L1y, 2 |r x, 1;23
2uy, 1 |wx, 2;16
31 x, 1 |r x, 2;25
4.u x, 1
51 x, 2
6.u x, 2

Figure 3. A possible timing for a Java execution imple-
menting the program from Figure 2. The comment after each
operation in the main memory column tells which| oad or
st or e instruction initiated this operation; for instance: “;
1.2” after the operationw X, 1 indicatesthat this operation
was provoked by instruction 2 in Processor 1 (s x, 1).

Processor 1  Processor 2  Processor 3 Processor 4

wXx,1 WX, 2 RX, 1 RX,2

RX, 2 RX,1

Figure 4. A valid execution for PRAM which is invalid
for Java.



Coherence for every single variable (as was shown in the
previous section), while PRAM does not.

Both processors 3 and 4 see an order consistent with pro-
gram orders of both writing processors (1 and 2). Because
PRAM does not require correlation between the views of
processors 3 and 4, there is no contradiction, and thus the
executionisvalid under PRAM. However, theconflictinthe
views of processors 3 and 4 implies that there is no legal
serialization which preserves program order for both; there-
fore, the execution is not coherent, and (as was shown in
Section 2.1) isthusinvalidin Java. "

2.3. Javavs. Processor Consistency (PC)

[2] defines two variants of PC: PCD and PCG, of which
the corresponding non-operationa definitions are taken
from[3] and [5] respectively. Both variants are shown to be
stronger than PRAM, and since we have seen an example
indicating that Javaisnot stronger than PRAM, we a so con-
cludethat Javais not stronger than either PCD or PCG. The
following theorem answers the question of whether Javais
strictly weaker than any of them.

Theorem 2.3 Java is incomparable with both PCG and
PCD.

2.3.1 Javavs. PCG

The definition of PCG, according to [2] isthefollowing:
PCG: For each processor p thereis alega seriaization
Sp of Hy4q suchthat: 1. If o1 and o, aretwo operationsin

S .
H, 1 and oy 22 0y, then oy =% 04. 2. For each variable «,
if there are two WRITE operations to = then they appear in
the same order in the serializations of all the processors.

Claim 2.5 Java isincomparablewith PCG.

Proof To prove the clam we must show that Java is not
weaker than PCG, i.e,, present an execution which is valid
for PCG and is invalid for Java. We will use the same
example given above for Coherence in Figure 1. We have
already shown that this execution isinvalid for Java. Now,
we will show that it isvalid for PCG.

The second condition of the PCG definition is trivialy
satisfied as there is only one WRITE operation to each vari-
able. In order to satisfy the first condition, we use the
seriaization 2.2, 1.1, 1.2 for Processor 1, and the seridiza-
tion 1.2, 2.1, 2.2 for Processor 2. It is easy to see that these
ordersarelegal in PCG and that theREADS yield the required
results. .

2.3.2 Javavs. PCD

The definition of the PCD consistency whichisgivenin[2],
and the proof of thefollowingclaim are omitted herefor lack

of space. The proof of the claim shows that the execution
in Figure 1 which was shown invalid for Java, isvalid under
PCD.

Claim 2.6 Java isincomparablewith PCD.

3. Volatile Variables and L ocks

Herewe consider the consistency guaranteeswhen strong
operations are employed, including the use of locks and
volatilevariables.

Inthe bytecodesthelocksareimplemented by | ock and
unl ock instructions. However, in the Java programming
language there are no explicit | ock and unl ock opera
tions. Instead, fragments of the source code may be marked
as synchronized, implying the | ock instruction at the be-
ginning of the sequence, and unl ock when it terminates.
Thus, | ock and unl ock operationsin Java always appear
inpairs.

Although the Java language defines correspondence be-
tween objectsand locks at the level of the source code, there
is no such correspondence at the bytecode level. So, | ock
and unl ock operations synchronize all the variables, and
not only the ones stored in the object whose method was
called.

We compare Javato Rel ease Consistency (RC) [3], which
is defined by distinguishing between two classes of opera
tions: regular and special. Specia operationsare: ACQUIRE
— the same as | ock in Java, and RELEASE — the same
asunl ock in Java. Javaisdifferent from Release Consis-
tency in that it associates a lock with each object, whilein
the Release Consistency there is only one global lock.

Another difference between Javaand RC isthat the | atter
does not specify how the updates of variables propagate
from one processor to another when no processor enters or
leaves a synchronized code section. In particular, it isvalid
to implement RC with no updates whatsoever, except at
synchronization points. In contrast, in Java the updates still
follow the constraints as discussed throughout the paper.
From this point of view Java is stronger than RC, as it
enforces more constraints on the execution.

The following theorem shows how code that is written
for RC can perform correctly on the Java memory model.
In other words, it shows that the programmer can rely on at
least Release Consistency when writing in Java.

Theorem 3.1 Java can simulate RC by mapping the special
operations one to one: ACQUIRE to / ock and RELEASE to
unl ock.

Now we examine the behavior of codeemploying volatile
variables only, and dub the corresponding memory model
\blatile Consistency.



parts, and an assignment of r eadsandwr i t estothemain
memory part, and a timing for the execution and the addi-
tional | oad/ st or e/ r ead/ wr i t eswhichcomplieswith
the Java constraints.

As mentioned above, execution examples for both Java
and other models use a READ instruction to refer to either
use or READ, depending on which modd is being consid-
ered. Similarly, WRITE corresponds to either assi gn or
WRITE.

2. Java Consistency and Conventional Models

In this section we compare Java Consistency to some
other model s that appear in theliterature. The sectionisor-
ganized as follows. Section 2.1 showsthat Javais coherent.
Section 2.2 shows that Java is incomparable with PRAM
Consistency. Section 2.3 shows the Java is incomparable
with both versions of Processor Consistency.

2.1. Javavs. Coherence

The definition of Coherence, asin[2], is:.

Coherence: A history H is said to be coherent if for
each variable z, thereisalega seridization S, of H |« such
that if o, and o- are two operationsin H|z and o, 2% o,

then o, g 02. A consistency model is said to be coherent
if every history under it is coherent. The corresponding
memory model is called Coherence.

Theorem 2.1 Java Consistencyisstronger than Coherence.

In order to prove the theorem we will show two things:
first, that Java is not weaker than Coherence, i.e., that any
execution that isvalid for Javaisaso valid for Coherence,
and second, that Java is not equivalent to Coherence, i.e.,
that there exists an execution that isvalid for Coherence but
isnot valid for Java.

Claim 2.1 Javaiscoherent, i.e, for each Java execution H
andavariablez thereisa global serialization of H | which
is consistent with the views of all the processors.

Claim 2.2 Java isstrictly stronger than Coherence.

To prove the claim we show in Figure 1 an execution
which is valid for Coherence and isinvaid for Java. The
details are omitted for lack of space, see[4].

We remark here that the additiona restriction on the
memory behavior which isimposed by Java but not by Co-
herence is “Causdlity”, which basicaly (and informally)
enforces writes that follow local reads to keep this order in
the view of dl processors.

2.2. Javavs. PRAM Consistency

The definition of the PRAM consistency isas follows[2]:
PRAM: A history H is PRAM if for each processor p
thereisalegal seridization S, of H, ., suchthat if o, and

. . S
0 e two operationsin Hp,, and oy 2% 04, theno; =% o,

Theorem 2.2 Java is incomparable (neither stronger nor
weaker) with PRAM.

To prove the theorem we show two example executions,
onethat isvalid under Java but isinvalid under PRAM, and
another which isvalid for PRAM but not for Java.

Claim 2.3 Java is not stronger than PRAM.

Proof Figure 2 shows an execution which isvaid for Java
and is invalid for PRAM, thus suggesting that Java is not
stronger than PRAM. Theintuitivereason for the difference
between Java and PRAM in this example is that the Java
constraintsimposevery littleconnection between operations
on different variables, whereas PRAM requiresthat program
order be preserved for al operationsin the processor. (On
the other hand, we dready know that Java imposes some
connections between operations on different variables, as it
is stronger than Coherence).

From the program order of Processor 1, the operation
WRITE X,2 precedes WRITE V,1. However, Processor 2 sees
the change of « to 2 after it sees the result of the WRITE to
y; hence, it sees WRITE X,2 after WRITE Y,1. Therefore, the
executionisinvalid under PRAM.

Now, let us show how this could happen in Java. The
st or esdone by Processor 1 to # and to y are independent,
and so it is possible for the processor to perform ast or e
intoy beforeit performsast or e intoz. Thus, theinstruc-
tions actually executed by Processor 1 (l€ft to right) could
be asfollows:

lax, 1}[s x,1]]a x,2][ay, 1}[s y, 1][s x, 2]

A possibleloca history of Processor 2 could be:

|I y,1|,|u y,1|,|| x, L[u x, 1][I x,2}]u x, 2]

Now, coupled withthe main memory agent, thiscan produce
the timing shown in Figure 3.

Sincethevaluesyielded by theus e operationsin Proces-
sor 2 are the same as these obtained by the READ operations
in Figure 2, we conclude that thisscenario isvalid under the
Java congtraints. .

Claim 2.4 PRAM is not stronger than Java.

Proof Figure 4 shows an example for an execution which
is valid for PRAM and is invalid for Java. The intuitive
reason for the difference is that the Java constraints require



We follow the definitions of notions such as history, ex-
ecution, etc. asin[2], and omit them here for lack of space.

1.2. The Java Virtual Machine (JVM)

As mentioned above, the memory behavior in the Java
Language Specification (which we call JLS, see Chapter
17 in [6]) defines Java by specifying an abstract memory
system, AMS, a set of operations, and the constraints that
are imposed upon them. The machine consists of a main
memory agent (for brevity, main memory) and threads (here
referred to as processors, as explained bel ow), each of which
has its own locd memory. Variables are stored in the main
memory, and their values are available for computation by
a thread only after they are explicitly brought to its local
memory. In somesituations, they are also written back from
the thread's local memory to the main memory. Each one
of the threads is executed by a thread engine, which can
be implemented as a separate CPU, a thread provided by
the operating system, or some other mechanism. For the
sake of consistency with previous works, we use the term
processor, which is the term used in the definition of most
conventional consistency models. Thus, when talking about
Java, the term processor refers to the notion of athread.

The operations are divided into four classes:

Operationslocal tothethread engine. The operations
are use and assi gn. Use loads the local copy
of avariableinto the engine for some cal culation, and
assi gn writes the result of the calculation into the
local copy of theresult variable. Thereare noindivid-
ual use andassi gn instructionsinthebytecode, but
the operations specified by the bytecodes use several
such instructions during the execution. For example,
X=y+z in the Java source code implies bytecode in-
struction add, which involvesuse y, use z, and
findly, assi gn Xx.

Operations between the thread and the main memory.
There are two such operations: | oad and st or e.
Load transfersthe vaue of agiven variable fromthe
main memory to thelocal copy, and st or e transfers
it back. These operations are represented by explicit
instructionsin the bytecode.

Operations performed by the main memory. They are
read and wr i t e. These operations are initiated by
the main memory as aresult of | oadsand st or es.
Read actually reads the vaue that is yielded by
the | oad instruction, and wri t e stores the value
brought by the st or e instruction.

Locking operations. They are: | ock and unl ock. They
serve for synchronization of memory and program
control flow. There are explicit | ock and unl ock

operationsin the bytecode, and they are performed in
tight coupling with the main memory agent.

For brevity, we sometimes denoteuse asu, assi gn as
a,l oadasl ,storeass,readasr andwite asw.

These operations can be seen as executing in different
layers. The use and assi gn operations follow immedi-
aely from the source code of the Java program. We say
that the program order of a thread is the order of the use
and assi gn instructions it issues. These instructions are
generated by the compiler from the source code according
to the semantics of the Javalanguage. They arelocal to the
processor, and their generation isthusindependent of mem-
ory behavior constraints, and does not interfere with the
memory consistency specification. Thel oad and st or e
instructions are inserted into the bytecode by the compiler
according to the constraints between usesassi gns and
| oads/st ores. These constraints constitute the upper
layer.

When the program is executed on aJVM, thel oad and
st or e instructionsin the bytecodeinitiate the execution of
read andwr i t e instructions, which are performed in the
main memory.

The full set of constraints from both the lower and the
upper layers determines the programmer view of Java, and
iscalled below Java Consistency, or smply Java. Sincethe
programmer explicitly influencesonly theuse andassi gn
instructions, we are interested in how these instructionscan
be seen by other processors. The use and assi gn in-
structionsare local, so aloca use seestheresult of alocal
assi gn. Theresult of theassi gn isonly seen by remote
uses (which access the same variable) at other processors
when it is propagated to them by a sequence of st or e-
wri t e-r ead-l oad operations. A local use instruction
istypically not seen by remote processors since it produces
nothing that can be propagated.

All the constraints are quoted in the full version [4] and
are omitted here for lack of space.

1.3. Java Execution, Java Consistency and Notation

The standard notation in the literature denotes the op-
erations that are executed localy by a processor as READ
and WRITE. Since these operations are originally denoted
inJLSasuse and assi gn, respectively, and sincer ead
and wite areused in JLS for operations performed by
the main memory, we chose to present Java executions by
means of sequences of usesand assi gns.

A timing for a Java execution determines, for each op-
eration, the time-step in which it is performed, where each
operation is assumed to take asingle time-step.

Java Consistency: An execution consisting of usesand
assi gnsheongsto JavaConsistency (or, Java), whenthere
is an assignment of | oads and st or es to the processor
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Abstract

We provide non-operational characterizations of Java
memory consistency model (Java Consistency, or simply
Java). The work is based on the operational definition of
the Java memory consistency as given in the Java Language
Soecification [6].

e study the relation of Java memory behavior to that of
somewel | known model's, proving that Java isincomparable
with PRAM Consi stency and with both variantsof Processor
Consistency; it isneither stronger nor weaker. WWe show that
a programmer can rely on Coherence and a certain variant
of Causality for regular variables, Sequential Consistency
for volatile variables, and Release Consistency when locks
are employed.

Proofs are omitted in this extended abstract, see the full
version [4].

1. Introduction

One of the interesting and useful features of Javais its
built-in concurrency support through multithreading, a fea-
turethat can be exploited for several purposes[7]. Programs
can use multithreading so that different threads may execute
inparalle.

A Java system consists of a compiler which, given
the source code, produces bytecodes that are platform-
independent and are thus absolutely portable, and an inter-
preter, called the Java Virtual Machine (JV M), that executes
the bytecodes on the chosen platform. To preserve porta
bility, the VM must be able to execute the bytecodes pro-
duced by a common compiler, without any modifications.
The compiler must thus comply with the standard definition
of Java, as given in the Java Language Specification book
[6] (JLS). Chapter 17 of this book provides specifications
for the memory behavior of Java.

Although the JLS provides a standard definition for the
Java memory model, the description is given in terms of an
implementation on some specific abstract memory system
(AMS). Thedefinitionin JLS consistsof aset of constraints

binding the program code with the actual execution on the
AMS. All theconstraintsgiven are operationd, i.e., defining
how possible AMS executions for a given thread can be
produced fromitsprogram code. Since Javadlowsfor some
weakening of shared memory consistency, JLS actually uses
the AM Sto describetheway multi pl e copi esof thesamedata
maintain consistency (thus implicitly defining the strength
of the derived consistency on any other memory system as
well).

In this work we are interested in providing useful non-
operationa characterizations of the Java memory model
(Java Consistency, or simply Java).

We compare Java to existing memory models for which
implementation protocol sand programming methodol ogies
have already been devised. All the conventional consistency
modelsthat werefer to arepresented intheliteratureinterms
of non-operationa definitions. Comparing them to Java
may assist in the sel ection of those programs and al gorithms
which can be adapted to Java even though they may beusing
other memory models.

The paper is organized as follows. In the rest of this
section we give definitions and explain the Java memory
model. In Section 2 we compare Java to some conventional
consistency models that appear in the literature. Section 3
discussesissuesrel ated to strong operationssuch asvol atiles
and locks. Section 4 gives some concluding remarks.

1.1. Definitions and Conventions

There are three types of instructions in this paper. We
distinguish them by font, as follows. Java code — a type-
writer font will be used: use, assi gn, | oad, st ore,
read,wite. Codein other memory modes—asmall
caps font will be used: READ, WRITE. Code for both Java
and other modés — once again, a small caps font will be
used.

In our examples we aways assume that the variables
are initialized to 0. The ingtructions in the examples are
indexed by the processor name and the instructionindex in
the processor’slocal program, soinstruction ¢ inthe program
of Processor j isdenoted as j.1.



