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- On Validity of Program Transformations in the Java Memory Model, 
(Sevcik and Aspinall, ECOOP’08)
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Java Semantics
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•The sequential semantics of Java is well-specified and well-
understood. 

•About Java concurrency: 
★Do we have a formal definition?  

★Do people understand it?
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First Try: Sequential Consistency
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•During execution, memory actions should appear to 
execute one at a time in an imaginary interleaving of 
actions on a shared memory.  

•In particular, reads of a shared variable should 
return the value written most recently to the memory. 

•Example:
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Some More SC Executions
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Sequential Consistency and Java
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SC memory model 

• Do we have a formal definition?  yes 

• Do people understand it? yes 

• Is it faithful to Java semantics and processor 

behaviour? no 
- compilers will often reorder program 

statements 
- and hardware will do the same
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Sequential Consistency and Java
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is not visible in SC

Let’s try...
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The Java Memory Model
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•Proposed in 1995, but broken.  

•New version in 2004 (JSR-133). Published POPL’05 (Manson, Pugh, Adve) 

•Also broken :-) 

•JMM tries squaring the circle 

★Guarantees for programmers 
✦Data-race free programs execute like in a SC model 
✦A (safe) formal semantics for all Java programs (incl. those with races) 

★Guarantees for optimizers 
✦Allows all various hardware reordering semantics 
✦Allows aggressive compiler optimizations 
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Happens-Before Model
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The hb relation is the smallest 

transitive relation that respects 
• program order between actions of 

same thread 
• synchronization order between 

actions of threads 
This relation should constrain the write 
actions that a read action can legally see.
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An interleaving of actions is better described without global time. 

It is in fact a consistent extension of a partial order called happens before.
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Happens-Before Model
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all executions

well-formed

executions

SC

executions

An axiomatic execution is described by a tuple�
P,A,

po�,
so�, W

⇥

Among all executions, the happens-before model selects the so-

called well-formed executions 

   Ex: a read action must not see a write that happens  after it.

Such a model  
is quite easy to understand,  
contains all SC executions, 
but is too relaxed: it does not respect the DRF property 
    allows cyclic dependencies
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Data Race Freedom
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Data race free program: 
• Intuitively: a program where two threads don’t access at 

the same time a non-volatile shared location (at least one 

of the access is a write) 

• Formally: in all executions of the model, conflicting 

actions must be in the hb relation 

Data race free model: data-race free programs only have 

SC executions. 

all executions

well-formed

executions

SC

executions
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Race Committing Sequence
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1. Start from a well-behaved execution 

2. Commit races: modifies the write-seen 

3. Restart the execution taking the race into 

Is                       allowed ?
each read sees a 

write that happens 
before it
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+ constraints on the sequence to rule out cyclic causality



Principles of Concurrency, Spring 2022

Examples
12

On Validity of Program Transformations in the Java Memory Model 29

initially x = y = 0
r1 = x r2 = y
y = 1 x = 1

initially x = y = 0
lock m1 lock m2
r1=x r2=y
unlock m1 unlock m2
lock m2 lock m1
y=1 x=1
unlock m2 unlock m1

initially x = y = 0
r1 = x r2 = y
y = r1 x = r2

A. (allowed) B. (prohibited) C. (prohibited)

Is it possible to get r1 = r2 = 1 at the end of an execution?

Fig. 1. Examples of legal and illegal executions

the write y=1 (so r2 = 1). Finally, the postponed read of x can see the value
1 written by the second thread, resulting in r1 = r2 = 1. Similar non-intuitive
behaviours could result from simple compiler optimisations, as illustrated in the
introduction.

However, there are limits on the optimisations allowed—if the programmer
synchronises properly, e.g., by guarding each access to a field by a synchronised
section on a designated monitor, then the program should only have sequentially
consistent behaviours. This is why the behaviour r1 = r2 = 1 must be prohibited
in program B of Fig. 1. This guarantee for data race free programs is called DRF
guarantee.

Even if a program contains data races, there must be some security guarantees.
Program C in Fig. 1 illustrates an unwanted “out-of-thin-air” behaviour—if a
value does not occur anywhere in the program, it should not be read in any
execution of the program. The out-of-thin-air behaviours could cause security
leaks, because references to objects from possibly confidential parts of program
could suddenly appear as a result of a self-justifying data race.

2 Transformations and Traces

In this section we give an overview of the classes of program transformations
that we have considered. Most common compiler transformations, such as com-
mon subexpression elimination, dead code elimination, and various types of loop
optimisations can be expressed as a composition of our basic transformations.
Similarly to [18], we will consider a transformation valid if it does not introduce
any new behaviours. A valid transformation may reduce the possible behaviours.
In Table 1 we classify the transformations by their validity under sequential con-
sistency (column ‘SC’), in the current Java Memory Model (column ‘JMM’), and
in the memory model modification suggested in [5] (column ‘JMM-Alt’). Note
that the JMM is in fact stricter than sequential consistency in terms of closure
under some transformations, even though the JMM is more relaxed in the sense
that any sequentially consistent execution is a JMM execution.
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Compiler Transformations
The meaning of a Java program is given by its set of traces: 
‣A transformation that does not change this set is trivially valid

13

On Validity of Program Transformations in the Java Memory Model 31

{[St, Wrv(v, 1), L(m), Rd(x, i), Wr(y, i), U(m), Ex(i), Fin] | i is a value}.

All our transformations can be generalised as transformations on memory
traces, and we will show this later in this paper when proving validity of some
transformations (Subsect. 4.2 and App. B).

2.2 Transformations

In the following paragraphs we describe the transformations that we have con-
sidered in our analysis. Our transformations are local, i.e., they should be valid
in any context.
Trace-preserving Transformations. Because the meaning of a program in the
JMM is just the set of its traces, any transformation that does not change the
set of traces must trivially be valid. E.g., if both branches of a conditional—
whose guard does not examine memory—contain the same code, it is valid to
eliminate the conditional, as illustrated by the transformation

if (r1==1)
{x=1;y=1}

else {x=1;y=1}
! x=1

y=1

Reordering. Reordering of independent statements is an important transforma-
tion that swaps two consecutive non-synchronisation memory accesses. It is often
performed in hardware [13,12,24], or in a compiler’s loop optimiser [15,10]. The
following program transformation shows a reordering of two independent writes.

x=1
y=1

!" y=1
x=1

Although Manson et al. claim this transformation to be valid in the JMM
[18, Theorem 1], Cenciarelli et al. [9] found a counterexample to this. In earlier
work [5], we suggested a simple fix and conjectured that it makes reordering
of independent memory accesses valid. We state and prove this claim precisely
in Subsect. 4.2 and App. B. Demonstrating a successful repair for this crucial
property is one of the main contributions of this paper.

Redundant (Duplicated) Read Elimination. Elimination of a redundant read is a
transformation that replaces a read immediately preceded by a read or a write
to the same variable by the value of that read/write. This transformation is
often performed as a part of common subexpression elimination optimisations
in compilers. For example, the two examples of transformations below reuse the
value of x stored in register r1 instead of re-reading x:

r1 = x
r2 = x
if (r1==r2)

y = 1

!"

r1 = x
r2 = r1
if (r1==r2)
y = 1

x = r1
r2 = x
if (r1==r2)
y = 1

!"

x = r1
r2 = r1
if (r1==r2)

y = 1
(read after read) (read after write)

Later we will show that redundant read elimination is valid in the JMM for
a read after a write, but invalid for a read after a read.

Independent writes can be reordered
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{[St, Wrv(v, 1), L(m), Rd(x, i), Wr(y, i), U(m), Ex(i), Fin] | i is a value}.

All our transformations can be generalised as transformations on memory
traces, and we will show this later in this paper when proving validity of some
transformations (Subsect. 4.2 and App. B).

2.2 Transformations

In the following paragraphs we describe the transformations that we have con-
sidered in our analysis. Our transformations are local, i.e., they should be valid
in any context.
Trace-preserving Transformations. Because the meaning of a program in the
JMM is just the set of its traces, any transformation that does not change the
set of traces must trivially be valid. E.g., if both branches of a conditional—
whose guard does not examine memory—contain the same code, it is valid to
eliminate the conditional, as illustrated by the transformation

if (r1==1)
{x=1;y=1}

else {x=1;y=1}
! x=1

y=1

Reordering. Reordering of independent statements is an important transforma-
tion that swaps two consecutive non-synchronisation memory accesses. It is often
performed in hardware [13,12,24], or in a compiler’s loop optimiser [15,10]. The
following program transformation shows a reordering of two independent writes.

x=1
y=1

!" y=1
x=1

Although Manson et al. claim this transformation to be valid in the JMM
[18, Theorem 1], Cenciarelli et al. [9] found a counterexample to this. In earlier
work [5], we suggested a simple fix and conjectured that it makes reordering
of independent memory accesses valid. We state and prove this claim precisely
in Subsect. 4.2 and App. B. Demonstrating a successful repair for this crucial
property is one of the main contributions of this paper.

Redundant (Duplicated) Read Elimination. Elimination of a redundant read is a
transformation that replaces a read immediately preceded by a read or a write
to the same variable by the value of that read/write. This transformation is
often performed as a part of common subexpression elimination optimisations
in compilers. For example, the two examples of transformations below reuse the
value of x stored in register r1 instead of re-reading x:

r1 = x
r2 = x
if (r1==r2)

y = 1

!"

r1 = x
r2 = r1
if (r1==r2)
y = 1

x = r1
r2 = x
if (r1==r2)
y = 1

!"

x = r1
r2 = r1
if (r1==r2)

y = 1
(read after read) (read after write)

Later we will show that redundant read elimination is valid in the JMM for
a read after a write, but invalid for a read after a read.

Elimination of redundant reads
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{[St, Wrv(v, 1), L(m), Rd(x, i), Wr(y, i), U(m), Ex(i), Fin] | i is a value}.

All our transformations can be generalised as transformations on memory
traces, and we will show this later in this paper when proving validity of some
transformations (Subsect. 4.2 and App. B).

2.2 Transformations

In the following paragraphs we describe the transformations that we have con-
sidered in our analysis. Our transformations are local, i.e., they should be valid
in any context.
Trace-preserving Transformations. Because the meaning of a program in the
JMM is just the set of its traces, any transformation that does not change the
set of traces must trivially be valid. E.g., if both branches of a conditional—
whose guard does not examine memory—contain the same code, it is valid to
eliminate the conditional, as illustrated by the transformation

if (r1==1)
{x=1;y=1}

else {x=1;y=1}
! x=1

y=1

Reordering. Reordering of independent statements is an important transforma-
tion that swaps two consecutive non-synchronisation memory accesses. It is often
performed in hardware [13,12,24], or in a compiler’s loop optimiser [15,10]. The
following program transformation shows a reordering of two independent writes.

x=1
y=1

!" y=1
x=1

Although Manson et al. claim this transformation to be valid in the JMM
[18, Theorem 1], Cenciarelli et al. [9] found a counterexample to this. In earlier
work [5], we suggested a simple fix and conjectured that it makes reordering
of independent memory accesses valid. We state and prove this claim precisely
in Subsect. 4.2 and App. B. Demonstrating a successful repair for this crucial
property is one of the main contributions of this paper.

Redundant (Duplicated) Read Elimination. Elimination of a redundant read is a
transformation that replaces a read immediately preceded by a read or a write
to the same variable by the value of that read/write. This transformation is
often performed as a part of common subexpression elimination optimisations
in compilers. For example, the two examples of transformations below reuse the
value of x stored in register r1 instead of re-reading x:

r1 = x
r2 = x
if (r1==r2)

y = 1

!"

r1 = x
r2 = r1
if (r1==r2)
y = 1

x = r1
r2 = x
if (r1==r2)
y = 1

!"

x = r1
r2 = r1
if (r1==r2)

y = 1
(read after read) (read after write)

Later we will show that redundant read elimination is valid in the JMM for
a read after a write, but invalid for a read after a read.Is this valid?
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Compiler Transformations
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Irrelevant Read Introduction (Speculation)

32 J. Ševč́ık and D. Aspinall

Irrelevant Read Elimination. A read statement can also be removed if the value
of the read is not used. For example, r1=x;r1=1 can be replaced by r1=1, because
the register r1 is overwritten by the value 1 immediately after reading shared
variable x, and thus the value read is irrelevant for the continuation for the
program. An example of this transformation is dead code elimination because of
dead variables. It is valid in the JMM.

Irrelevant Read Introduction. Irrelevant read introduction is the inverse transfor-
mation to the irrelevant read elimination. It might seem that this transformation
is not an optimisation, but modern processor hardware often introduces irrele-
vant reads speculatively. For example, the first transformation in

if (r1==1) {
r2=x
y=r2

}

!

if (r1==1) {
r2=x
y=r2

} else r2=x

!
r2=x
if (r1==1)

y=r2

introduces irrelevant read of x in the else branch of the conditional (assuming
that r2 is not used in the rest of the program). In terms of traces, this is equiv-
alent to reading x speculatively, as demonstrated by the program on the right.
In Subsect. 4.1, we show that this is an invalid transformation in the JMM.

Redundant Write Elimination. This transformation eliminates a write in two
cases: (i) if it follows a read of the same value, or (ii) if it precedes another write
to the same variable. For example, in the first transformation in

r = x
if (r == 1)
x = 1

"! r = x
x = 1
x = 3

"! x = 3

(write after read) (write before write)

the write x=1 can be eliminated, because in all traces where the write occurs,
it always follows a read of x with value 1. The other transformation shows the
elimination of a previous overwritten write. This transformation is often included
in peephole optimisations [4]. Similarly to the read elimination, it is valid in the
JMM before a write, but invalid after a read.

Roach-motel Semantics. Intuitively, increasing synchronisation should limit a
program’s behaviours. In the limit, if a program is fully synchronised, i.e., data
race free, the DRF guarantee promises only sequentially consistent behaviours.
One way of increasing synchronisation is moving normal memory accesses into
synchronised blocks, as in

x=1
lock m
y=1

unlock m

"!

lock m
x=1
y=1

unlock m

Is this valid?

Roach Motel Semantics

32 J. Ševč́ık and D. Aspinall

Irrelevant Read Elimination. A read statement can also be removed if the value
of the read is not used. For example, r1=x;r1=1 can be replaced by r1=1, because
the register r1 is overwritten by the value 1 immediately after reading shared
variable x, and thus the value read is irrelevant for the continuation for the
program. An example of this transformation is dead code elimination because of
dead variables. It is valid in the JMM.

Irrelevant Read Introduction. Irrelevant read introduction is the inverse transfor-
mation to the irrelevant read elimination. It might seem that this transformation
is not an optimisation, but modern processor hardware often introduces irrele-
vant reads speculatively. For example, the first transformation in

if (r1==1) {
r2=x
y=r2

}

!

if (r1==1) {
r2=x
y=r2

} else r2=x

!
r2=x
if (r1==1)

y=r2

introduces irrelevant read of x in the else branch of the conditional (assuming
that r2 is not used in the rest of the program). In terms of traces, this is equiv-
alent to reading x speculatively, as demonstrated by the program on the right.
In Subsect. 4.1, we show that this is an invalid transformation in the JMM.

Redundant Write Elimination. This transformation eliminates a write in two
cases: (i) if it follows a read of the same value, or (ii) if it precedes another write
to the same variable. For example, in the first transformation in

r = x
if (r == 1)
x = 1

"! r = x
x = 1
x = 3

"! x = 3

(write after read) (write before write)

the write x=1 can be eliminated, because in all traces where the write occurs,
it always follows a read of x with value 1. The other transformation shows the
elimination of a previous overwritten write. This transformation is often included
in peephole optimisations [4]. Similarly to the read elimination, it is valid in the
JMM before a write, but invalid after a read.

Roach-motel Semantics. Intuitively, increasing synchronisation should limit a
program’s behaviours. In the limit, if a program is fully synchronised, i.e., data
race free, the DRF guarantee promises only sequentially consistent behaviours.
One way of increasing synchronisation is moving normal memory accesses into
synchronised blocks, as in

x=1
lock m
y=1

unlock m

"!

lock m
x=1
y=1

unlock m

Interestingly, this transformation is invalid in general
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36 J. Ševč́ık and D. Aspinall

commit either one of the races or both of them. Suppose we commit the race
on y. In the second diagram we show the only restarted execution that uses this
data race; the committed actions are in brackets and the committed read sees
the value of (the write in) the data race. The non-committed read sees the write
that happens-before it, i.e., the default write. This execution gives the result
r1 = 0 and r2 = 1. The JMM can again decide to commit a data race from
the execution. There is only one such data race. Committing the data race on x
gives the last diagram, and results in r1 = r2 = 1.

4 Validity of Transformations

This sections contains the technical explanations of validity and invalidity of the
transformations. All invalidity arguments will be carried in the finite version5 of
the Java Memory Model as described in [11], but the same arguments apply to
the alternative weaker memory model JMM-Alt. On the other hand, the validity
argument will refer to the more permissive JMM-Alt. It is straightforward to
simplify the argument to prove the valid transformations of the original JMM.

4.1 Invalid Transformations

In this subsection we show and explain our counterexamples for the invalid trans-
formations. The examples follow the same pattern—at first we list a programwhere
a certain behaviour is not possible in the JMM, and then we show that after the
transformation the behaviour becomes possible (in the JMM). This shows that
the transformation in question is invalid, because any run of the transformed pro-
gram should be indistinguishable from some run of the original program. In the
Java Memory Model, the behaviour of a program is essentially the set of external
actions, such as printing, performed by the program6. In our examples, we will
consider final contents of registers being part of the program’s behaviour, because
we could observe them by printing them at the end of each thread.

Redundant Write After Read Elimination

initially x = 0
lock m1 lock m2 lock m1
x=2 x=1 lock m2

unlock m1 unlock m2 r1=x

r2=x
unlock m2

unlock m1

5 We use the finite version, because the infinite JMM is inconsistent [5].
6 The definition in [18] is slightly more complex because of non-terminating executions

and ordering, see Def. 10 for details. Our examples are always terminating.

Redundant Write-After-Read Elimination

can the store to x be removed?

Is this valid?

- No well-behaved execution contains a datarace 
- The read “r2 = x” must always see the write “x=r1” 
- Removing the redundant write allows r1 and r2 to see different 

values
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On Validity of Program Transformations in the Java Memory Model 37

First note that no well-behaved execution of this program contains a read-
write data race, so all legal executions of this program are well-behaved. More-
over, in all executions the read r2=x must see the write x=r1, because it over-
writes any other write. As the write x=r1 always writes the value that is read
by r1=x, we have that r1 = r2.

On the other hand, if a compiler removes the redundant write x=r1, the reads
r1=x and r2=x can see di!erent values in a well-behaved execution, e.g., we
might get the outcome r1 = 1 and r2 = 2.

Redundant Read After Read Elimination. The counterexample for the
elimination of a read after a read uses a trick with switching the branches of an
if statement—in the first well-behaved execution we take one branch, and then
we commit a data race so that we can take the other branch after we restart.
Let us examine the program below.

x = y = 0
r1=x r2=y
y=r1 if (r2==1) {

x=r3
} else x=1

The question is whether we can observe the result r2 = 1. This result is not
possible in this program, but it becomes possible after rewriting r3=y to r3=r2.

First we show that this is not possible with the original program: With the
initially empty commit set we can get just one well-behaved execution—the one,
where r1 = r2 = 0. In this well-behaved execution, we have two data races:
(i) between the actions preformed by y=r1 and r2=y with value 0, (ii) between
the actions performed by r1=x and x=1 with value 1. If we commit (i), we are
stuck with r2 = 0, because all subsequent restarted executions must perform
the committed read of y with the value 0. If we commit (ii) and restart, we get
an execution, where r1 = 1, so we can now commit the data race between y=r1
and r2=y with value 1. After we restart the execution, suppose we were to read
r1 = r2 = 1. Then r3=y must read a value that happens-before it; the only such
value is the default value 0, but then x=r3 must write 0, which contradicts the
commitment to perform the write of 1 to x.

On the other hand, if JVM transforms the read r3=y into r3=r2, we can
obtain the result r2 = 1 by committing the data race between r1=x and x=1,
restarting, committing the data race between y=r1 and r2=y, and restarting
again. As opposed to the original program, now we can keep the commitment to
write 1 to x, because r3 = r2 = 1 in the transformed program.

Roach Motel Semantics. We demonstrate the invalidity of roach motel se-
mantics on the program:

Suppose we rewrite to r3=r2. 
Can we now observe r1=r2=1?

- Initially only one well-behaved execution, r1=r2=0 
- Two dataraces: 

- between y=r1 and r2=y: 
- r2=0 is guaranteed 

- between r1=x and x=1 with value 1 
- now, commit datarace between y=r1 and r2=y with value 1 
- if r1=r2=1, then r3=y must read a value that happens-before it 

- there’s no datarace between r3=y and y=r1 
- thus, the only value that it can read is y=0 
- then x=r3 must write 0: contradiction 

- Transforming r3=y to r3=r2 allows r1=r2=1 
- commit the datarace betwen r1=x and x=1 
- then, commit the datarace between y=r1 and r2=y 
- can keep commitment to write x=1 since r1=r2=1


