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An Introduction to Data-Race Free Java

• What are we doing: reinterpreting the JMM (— changing the way Java programs execute!) 

1. We want to make it simpler to write a correct concurrent program 

2. We want to data-races to throw exceptions 

3.  We want to remove behaviour not fully defined by the JMM 

• Our goal is to be backwards-compatible  

Correctly synchronised programs should behave exactly the same as they do in Java today 

All incorrectly synchronised programs should exhibit behaviour  
that is permitted by the current JMM
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The core idea: enforced thread isolation + communication

• When a thread starts, it gets its own private snapshot of the current system 

There is no shared state 

• Synchronisation actions in the JMM are reinterpreted as communication with other threads 

Taking a lock means updating the private shapshot with changes published by other threads 

Releasing a lock means publishing private changes so that others can update their snapshots with these change 

• Thread isolation gives us structural freedom from read-write races 

Communication can detect write-write races 

Write-write races are detected at well-defined points in time: synchronisation actions 

Leakage 
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Very simple example:
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Designing Data-Race Free Java 5

1 final int[] cell = new int[1] = {0};
2 Thread t = Thread.ofVirtual().start(() -> {
3 cell[0] = 1;
4 });
5 System.out.println("Before " + cell[0]);
6 t.join();
7 System.out.println("After " + cell[0]);

6521

Main thread

The thread t

7

Happens-before

Line

Local copy

Value of cell

Program order
{0} {0} {0} {1} {1}

<end>3<start>

Value of cell

Program order
{0} {1} {1}

Time

Fig. 3. Introducing version-controlled memory. In the JMM, the read on Line 5 races with the write on Line 3;
in version-controlled memory, there is no race and the write on Line 3 becomes visible at the end of Line 6.

commits with one or two parent commits. When a thread wants to determine the value of a variable,
it !rst looks through its recent uncommitted changes. If a write to the variable is not found there, it
walks backwards from the most recent commit it has seen, searching for the last write. This de!nes
the meaning of synchronisation: when two threads’ view of the world are de!ned by the same
commit, their mapping from variables to values will be identical.
We explore two approaches—linear and branching—to tracking version histories which have

di"erent semantics in terms of when and how remote changes become visible. Their di"erences
are only visible in program executions that witness the e"ects of a data race.
In the linear model, the version history forms a single linear branch and all synchronisation

operations pulls and/or pushes from the tip of that branch. In this model, synchronisation is global
which causes changes to spread quickly through the system.

In the branching model, the version history forms a DAG of possibly overlapping branches. Each
thread maintains its own branch, and when it synchronises with another thread, DBS only those
threads’ histories are joined, synchronising DBS only the those threads’ world views at that point.
Locks point to such merge commits in the history. When a thread takes a lock, it will merge its
history with the commit pointed to by the lock, i.e., synchronising it with the view of the world
shared by previous lock holders threads at that commit point. Because synchronisation is not global,
threads that do not synchronise with each other may have di"erent views of the world.
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): all observable behaviours of a program, correctly synchronised or not, are permissable under
the JMM. Just like in the JMM, a thread does not own data, but it does own its local view of the data,
and, importantly, two threads’ views of the same data need not be consistent at all times. Notably,
because a thread only reads and writes to its private memory, execution is inherently free from
read–write data races, while write–write races are detected as failure to produce a coherent state
DBS at a merge: each write in a commit expects to replace one particular write. If an interleaving
write in the history is detected, an exception is raised.

A First Example. Consider the Java program in Fig. 3. The variable cell holds a single-element
array with the initial value 0. The thread t is spawned and sets cell[0] to 1. Concurrently with
thread t, the main thread prints the contents of cell[0] before joining with t and then prints the
contents of cell[0] again. Under the JMM, this program may output either Before 0; After 1 or
Before 1; After 1. Before 0; After 0 is not possible because the join() guarantees that t’s write to
cell[0] is visible to the main thread. Before 1; After 0 is also not possible because there is no possible
reordering that can undo the write to cell[0] after join().

DBS Need a version of the code annotated with what is being pushed and pulled by each thread at each
point! E.g., Thread t will have a t.cell=pull(cell, global) before t.cell[0]=1 and a push(t.cell, global) before it exists,
and main will have a push(main_thread.cell, global) before t.start() and a main_thread.cell=pull(cell, global)
a!er t.join(). Also clarify that within t the code is t.cell[0]=1 and in main the print statements are printing

cell =

Main’s world

{0}
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Fig. 3. Introducing version-controlled memory. In the JMM, the read on Line 5 races with the write on Line 3;
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commits with one or two parent commits. When a thread wants to determine the value of a variable,
it !rst looks through its recent uncommitted changes. If a write to the variable is not found there, it
walks backwards from the most recent commit it has seen, searching for the last write. This de!nes
the meaning of synchronisation: when two threads’ view of the world are de!ned by the same
commit, their mapping from variables to values will be identical.
We explore two approaches—linear and branching—to tracking version histories which have

di"erent semantics in terms of when and how remote changes become visible. Their di"erences
are only visible in program executions that witness the e"ects of a data race.
In the linear model, the version history forms a single linear branch and all synchronisation

operations pulls and/or pushes from the tip of that branch. In this model, synchronisation is global
which causes changes to spread quickly through the system.

In the branching model, the version history forms a DAG of possibly overlapping branches. Each
thread maintains its own branch, and when it synchronises with another thread, DBS only those
threads’ histories are joined, synchronising DBS only the those threads’ world views at that point.
Locks point to such merge commits in the history. When a thread takes a lock, it will merge its
history with the commit pointed to by the lock, i.e., synchronising it with the view of the world
shared by previous lock holders threads at that commit point. Because synchronisation is not global,
threads that do not synchronise with each other may have di"erent views of the world.
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): all observable behaviours of a program, correctly synchronised or not, are permissable under
the JMM. Just like in the JMM, a thread does not own data, but it does own its local view of the data,
and, importantly, two threads’ views of the same data need not be consistent at all times. Notably,
because a thread only reads and writes to its private memory, execution is inherently free from
read–write data races, while write–write races are detected as failure to produce a coherent state
DBS at a merge: each write in a commit expects to replace one particular write. If an interleaving
write in the history is detected, an exception is raised.

A First Example. Consider the Java program in Fig. 3. The variable cell holds a single-element
array with the initial value 0. The thread t is spawned and sets cell[0] to 1. Concurrently with
thread t, the main thread prints the contents of cell[0] before joining with t and then prints the
contents of cell[0] again. Under the JMM, this program may output either Before 0; After 1 or
Before 1; After 1. Before 0; After 0 is not possible because the join() guarantees that t’s write to
cell[0] is visible to the main thread. Before 1; After 0 is also not possible because there is no possible
reordering that can undo the write to cell[0] after join().

DBS Need a version of the code annotated with what is being pushed and pulled by each thread at each
point! E.g., Thread t will have a t.cell=pull(cell, global) before t.cell[0]=1 and a push(t.cell, global) before it exists,
and main will have a push(main_thread.cell, global) before t.start() and a main_thread.cell=pull(cell, global)
a!er t.join(). Also clarify that within t the code is t.cell[0]=1 and in main the print statements are printing

cell = {0}

t’s worldMain’s world

{0}cell =
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commits with one or two parent commits. When a thread wants to determine the value of a variable,
it !rst looks through its recent uncommitted changes. If a write to the variable is not found there, it
walks backwards from the most recent commit it has seen, searching for the last write. This de!nes
the meaning of synchronisation: when two threads’ view of the world are de!ned by the same
commit, their mapping from variables to values will be identical.
We explore two approaches—linear and branching—to tracking version histories which have

di"erent semantics in terms of when and how remote changes become visible. Their di"erences
are only visible in program executions that witness the e"ects of a data race.
In the linear model, the version history forms a single linear branch and all synchronisation

operations pulls and/or pushes from the tip of that branch. In this model, synchronisation is global
which causes changes to spread quickly through the system.

In the branching model, the version history forms a DAG of possibly overlapping branches. Each
thread maintains its own branch, and when it synchronises with another thread, DBS only those
threads’ histories are joined, synchronising DBS only the those threads’ world views at that point.
Locks point to such merge commits in the history. When a thread takes a lock, it will merge its
history with the commit pointed to by the lock, i.e., synchronising it with the view of the world
shared by previous lock holders threads at that commit point. Because synchronisation is not global,
threads that do not synchronise with each other may have di"erent views of the world.
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): all observable behaviours of a program, correctly synchronised or not, are permissable under
the JMM. Just like in the JMM, a thread does not own data, but it does own its local view of the data,
and, importantly, two threads’ views of the same data need not be consistent at all times. Notably,
because a thread only reads and writes to its private memory, execution is inherently free from
read–write data races, while write–write races are detected as failure to produce a coherent state
DBS at a merge: each write in a commit expects to replace one particular write. If an interleaving
write in the history is detected, an exception is raised.

A First Example. Consider the Java program in Fig. 3. The variable cell holds a single-element
array with the initial value 0. The thread t is spawned and sets cell[0] to 1. Concurrently with
thread t, the main thread prints the contents of cell[0] before joining with t and then prints the
contents of cell[0] again. Under the JMM, this program may output either Before 0; After 1 or
Before 1; After 1. Before 0; After 0 is not possible because the join() guarantees that t’s write to
cell[0] is visible to the main thread. Before 1; After 0 is also not possible because there is no possible
reordering that can undo the write to cell[0] after join().

DBS Need a version of the code annotated with what is being pushed and pulled by each thread at each
point! E.g., Thread t will have a t.cell=pull(cell, global) before t.cell[0]=1 and a push(t.cell, global) before it exists,
and main will have a push(main_thread.cell, global) before t.start() and a main_thread.cell=pull(cell, global)
a!er t.join(). Also clarify that within t the code is t.cell[0]=1 and in main the print statements are printing

cell = {0}

t’s worldMain’s world

{1}{0}cell =
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2 Thread t = Thread.ofVirtual().start(() -> {
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4 });
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7 System.out.println("After " + cell[0]);
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Fig. 3. Introducing version-controlled memory. In the JMM, the read on Line 5 races with the write on Line 3;
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commits with one or two parent commits. When a thread wants to determine the value of a variable,
it !rst looks through its recent uncommitted changes. If a write to the variable is not found there, it
walks backwards from the most recent commit it has seen, searching for the last write. This de!nes
the meaning of synchronisation: when two threads’ view of the world are de!ned by the same
commit, their mapping from variables to values will be identical.
We explore two approaches—linear and branching—to tracking version histories which have

di"erent semantics in terms of when and how remote changes become visible. Their di"erences
are only visible in program executions that witness the e"ects of a data race.
In the linear model, the version history forms a single linear branch and all synchronisation

operations pulls and/or pushes from the tip of that branch. In this model, synchronisation is global
which causes changes to spread quickly through the system.

In the branching model, the version history forms a DAG of possibly overlapping branches. Each
thread maintains its own branch, and when it synchronises with another thread, DBS only those
threads’ histories are joined, synchronising DBS only the those threads’ world views at that point.
Locks point to such merge commits in the history. When a thread takes a lock, it will merge its
history with the commit pointed to by the lock, i.e., synchronising it with the view of the world
shared by previous lock holders threads at that commit point. Because synchronisation is not global,
threads that do not synchronise with each other may have di"erent views of the world.
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): all observable behaviours of a program, correctly synchronised or not, are permissable under
the JMM. Just like in the JMM, a thread does not own data, but it does own its local view of the data,
and, importantly, two threads’ views of the same data need not be consistent at all times. Notably,
because a thread only reads and writes to its private memory, execution is inherently free from
read–write data races, while write–write races are detected as failure to produce a coherent state
DBS at a merge: each write in a commit expects to replace one particular write. If an interleaving
write in the history is detected, an exception is raised.

A First Example. Consider the Java program in Fig. 3. The variable cell holds a single-element
array with the initial value 0. The thread t is spawned and sets cell[0] to 1. Concurrently with
thread t, the main thread prints the contents of cell[0] before joining with t and then prints the
contents of cell[0] again. Under the JMM, this program may output either Before 0; After 1 or
Before 1; After 1. Before 0; After 0 is not possible because the join() guarantees that t’s write to
cell[0] is visible to the main thread. Before 1; After 0 is also not possible because there is no possible
reordering that can undo the write to cell[0] after join().

DBS Need a version of the code annotated with what is being pushed and pulled by each thread at each
point! E.g., Thread t will have a t.cell=pull(cell, global) before t.cell[0]=1 and a push(t.cell, global) before it exists,
and main will have a push(main_thread.cell, global) before t.start() and a main_thread.cell=pull(cell, global)
a!er t.join(). Also clarify that within t the code is t.cell[0]=1 and in main the print statements are printing

cell = {0}

t’s worldMain’s world

{1}{0}cell =



{0}

Very simple example:

8

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

Designing Data-Race Free Java 5

1 final int[] cell = new int[1] = {0};
2 Thread t = Thread.ofVirtual().start(() -> {
3 cell[0] = 1;
4 });
5 System.out.println("Before " + cell[0]);
6 t.join();
7 System.out.println("After " + cell[0]);

6521

Main thread

The thread t

7

Happens-before

Line

Local copy

Value of cell

Program order
{0} {0} {0} {1} {1}

<end>3<start>

Value of cell

Program order
{0} {1} {1}

Time

Fig. 3. Introducing version-controlled memory. In the JMM, the read on Line 5 races with the write on Line 3;
in version-controlled memory, there is no race and the write on Line 3 becomes visible at the end of Line 6.

commits with one or two parent commits. When a thread wants to determine the value of a variable,
it !rst looks through its recent uncommitted changes. If a write to the variable is not found there, it
walks backwards from the most recent commit it has seen, searching for the last write. This de!nes
the meaning of synchronisation: when two threads’ view of the world are de!ned by the same
commit, their mapping from variables to values will be identical.
We explore two approaches—linear and branching—to tracking version histories which have

di"erent semantics in terms of when and how remote changes become visible. Their di"erences
are only visible in program executions that witness the e"ects of a data race.
In the linear model, the version history forms a single linear branch and all synchronisation

operations pulls and/or pushes from the tip of that branch. In this model, synchronisation is global
which causes changes to spread quickly through the system.

In the branching model, the version history forms a DAG of possibly overlapping branches. Each
thread maintains its own branch, and when it synchronises with another thread, DBS only those
threads’ histories are joined, synchronising DBS only the those threads’ world views at that point.
Locks point to such merge commits in the history. When a thread takes a lock, it will merge its
history with the commit pointed to by the lock, i.e., synchronising it with the view of the world
shared by previous lock holders threads at that commit point. Because synchronisation is not global,
threads that do not synchronise with each other may have di"erent views of the world.
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): all observable behaviours of a program, correctly synchronised or not, are permissable under
the JMM. Just like in the JMM, a thread does not own data, but it does own its local view of the data,
and, importantly, two threads’ views of the same data need not be consistent at all times. Notably,
because a thread only reads and writes to its private memory, execution is inherently free from
read–write data races, while write–write races are detected as failure to produce a coherent state
DBS at a merge: each write in a commit expects to replace one particular write. If an interleaving
write in the history is detected, an exception is raised.

A First Example. Consider the Java program in Fig. 3. The variable cell holds a single-element
array with the initial value 0. The thread t is spawned and sets cell[0] to 1. Concurrently with
thread t, the main thread prints the contents of cell[0] before joining with t and then prints the
contents of cell[0] again. Under the JMM, this program may output either Before 0; After 1 or
Before 1; After 1. Before 0; After 0 is not possible because the join() guarantees that t’s write to
cell[0] is visible to the main thread. Before 1; After 0 is also not possible because there is no possible
reordering that can undo the write to cell[0] after join().

DBS Need a version of the code annotated with what is being pushed and pulled by each thread at each
point! E.g., Thread t will have a t.cell=pull(cell, global) before t.cell[0]=1 and a push(t.cell, global) before it exists,
and main will have a push(main_thread.cell, global) before t.start() and a main_thread.cell=pull(cell, global)
a!er t.join(). Also clarify that within t the code is t.cell[0]=1 and in main the print statements are printing

cell = {0}

t’s worldMain’s world

{1}{1}cell =
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Fig. 3. Introducing version-controlled memory. In the JMM, the read on Line 5 races with the write on Line 3;
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commits with one or two parent commits. When a thread wants to determine the value of a variable,
it !rst looks through its recent uncommitted changes. If a write to the variable is not found there, it
walks backwards from the most recent commit it has seen, searching for the last write. This de!nes
the meaning of synchronisation: when two threads’ view of the world are de!ned by the same
commit, their mapping from variables to values will be identical.
We explore two approaches—linear and branching—to tracking version histories which have

di"erent semantics in terms of when and how remote changes become visible. Their di"erences
are only visible in program executions that witness the e"ects of a data race.
In the linear model, the version history forms a single linear branch and all synchronisation

operations pulls and/or pushes from the tip of that branch. In this model, synchronisation is global
which causes changes to spread quickly through the system.

In the branching model, the version history forms a DAG of possibly overlapping branches. Each
thread maintains its own branch, and when it synchronises with another thread, DBS only those
threads’ histories are joined, synchronising DBS only the those threads’ world views at that point.
Locks point to such merge commits in the history. When a thread takes a lock, it will merge its
history with the commit pointed to by the lock, i.e., synchronising it with the view of the world
shared by previous lock holders threads at that commit point. Because synchronisation is not global,
threads that do not synchronise with each other may have di"erent views of the world.
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): all observable behaviours of a program, correctly synchronised or not, are permissable under
the JMM. Just like in the JMM, a thread does not own data, but it does own its local view of the data,
and, importantly, two threads’ views of the same data need not be consistent at all times. Notably,
because a thread only reads and writes to its private memory, execution is inherently free from
read–write data races, while write–write races are detected as failure to produce a coherent state
DBS at a merge: each write in a commit expects to replace one particular write. If an interleaving
write in the history is detected, an exception is raised.

A First Example. Consider the Java program in Fig. 3. The variable cell holds a single-element
array with the initial value 0. The thread t is spawned and sets cell[0] to 1. Concurrently with
thread t, the main thread prints the contents of cell[0] before joining with t and then prints the
contents of cell[0] again. Under the JMM, this program may output either Before 0; After 1 or
Before 1; After 1. Before 0; After 0 is not possible because the join() guarantees that t’s write to
cell[0] is visible to the main thread. Before 1; After 0 is also not possible because there is no possible
reordering that can undo the write to cell[0] after join().

DBS Need a version of the code annotated with what is being pushed and pulled by each thread at each
point! E.g., Thread t will have a t.cell=pull(cell, global) before t.cell[0]=1 and a push(t.cell, global) before it exists,
and main will have a push(main_thread.cell, global) before t.start() and a main_thread.cell=pull(cell, global)
a!er t.join(). Also clarify that within t the code is t.cell[0]=1 and in main the print statements are printing

Main’s world

{1}cell =



Simpler to write a correct concurrent program
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the

instance = null instance = null
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style

Aer optimisation !



Simpler to write a correct concurrent program

14

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Designing Data-Race Free Java
ANONYMOUS AUTHOR(S)

TBD

1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style

!

0x…

#

Aer optimisation !



Simpler to write a correct concurrent program

18

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Designing Data-Race Free Java
ANONYMOUS AUTHOR(S)

TBD

1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style

!

0x…

#

Aer optimisation !



Simpler to write a correct concurrent program

19

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Designing Data-Race Free Java
ANONYMOUS AUTHOR(S)

TBD

1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the

instance = instance = null

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

2 Anon.

But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the

instance = instance = null

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

2 Anon.

But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style
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1 Introduction
Concurrency in the form of threads with shared memory is dominant in contemporary mainstream
imperative programming [3]. Complicated memory models exist to establish a contract between
programmers and their languages, governing how statements may be reordered by compilers
and run-times, and tasking programmers with applying synchronisation correctly to avoid data
races [9]. This design is motivated by performance and predictability: it speci!es which e"ects
must be observable at synchronisation points, while permitting aggressive optimisation between
them [3, 34, 41].

Synchronisation that is both correct and e#cient is notoriously di#cult to achieve, as the follow-
ing example illustrates. Consider the Java implementation of the singleton pattern [24] in Fig. 1.

1 final class Logger {
2 private static Logger instance;
3 private String path;
4 private Logger(String path) {
5 this.path = path;
6 }
7

8 public static Logger getLogger() {
9 if (instance == null) {

10 synchronized (Logger.class) {
11 if (instance == null) {
12 instance = new Logger("f.log");
13 }}}
14 return instance;
15 }
16 }

Fig. 1. Singleton pa!ern in Java

This implementation uses the double-checked
locking pattern. The intent is that Logger
is initialised exactly once, and by the !rst
getLogger() call that reaches the inner null
check. To obtain a reference to the logger,
threads must call the getLogger() method
which is permitted to call the private logger con-
structor, initialising the instance. Threads com-
peting to initialise the logger will be ordered
by the lock on Line 10. The winning thread will
create the instance on Line 12, initialise it and
!nally write the result to the instance static
!eld in the Logger class before releasing the
lock. The next thread to acquire the lock will
observe that logger != null on Line 11. Follow-
ing the successful completion of the !rst thread,
subsequent threads calling getLogger() will see
the initialised logger already on Line 9, and
return it without even competing for the lock.

But this program is broken! The JIT compiler and the Java Memory Model [34] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
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But this program is broken! The JIT compiler and the Java Memory Model [35] (JMM) permit the
constructor to be inlined as two discrete steps: instance creation and initialisation of the path !eld.
In particular, the JMM rules permit the newly created instance to be stored directly in the instance
static !eld meaning that threads calling getLogger() may observe the logger in a partly initialised
state. Fig. 2 shows this transformation step-by-step.

Original →↑
1 instance =
2 new Logger("f.log");

After inlining →↑
1 var tmp = new Logger();
2 tmp.path = "f.log";
3 instance = tmp;

After reordering
1 instance = new Logger();
2 instance.path = "f.log";

Fig. 2. How transformation can lead to races in double-checked locking.

The program can be !xed by declaring instance as volatile: since JSR 133, this gives the !eld
release–acquire semantics, meaning writes such as path = "f.log" cannot be reordered past the
write to instance, preventing the bug in Fig. 2. The semantics of volatile are subtle, and the
consequences of omitting or misapplying it can be severe: a concurrent reader may observe path
as null, or worse, may observe the object before JVM-level initialisation (for example, zeroing
!elds) is complete, which can lead to unde!ned behaviour or even a JVM crash. To harden against
incorrectly synchronised programs, OpenJDK inserts a memory fence after every object allocation to
ensure JVM-level initialisation happens before the object becomes visible to other threads. On x86,
this fence is cheap, but on Arm the overhead is signi!cant (as we demonstrate in ??). Thus, aside
from the subtleties involved in getting shared-memory concurrency right, there are signi!cant
costs attached to shared-memory concurrency in managed languages.

Contributions
In this paper, we propose version-controlled memory an alternative approach to concurrency in
managed imperative languages such as Java and C#. Our aim is to simplify concurrency by making
it easier to make programs correctly synchronised, and turn any remaining data races into run-time
exceptions, and be fully backwards-compatible with existing (correctly synchronised) programs.

Version-Controlled Memory (§ 2). Instead of executing threads in a shared memory space, version-
controlled memory keeps threads in isolation and treats synchronisation actions, such as spawning
and joining a thread, locking, and unlocking, as explicit communication points. By making the
communication points explicit, we are able to detect write–write con"icts and alert the program to
the error. Consequently, the approach is not dynamic data-race detection (read–write races are
structurally eliminated), and it is not a transactional model (there is no rollback, and paired actions
such as lock and unlock do not delimit transactions).
Due to thread isolation and write–write con"ict detection, compilers and run-times are free

to optimise execution under data-race-freedom assumptions, which may be used to o#-set the
overhead of thread isolation. We outline several optimisation opportunities in this paper and plan
to evaluate them empirically. As with the historical evolution of garbage collection, we expect
incremental improvements to make it possible for managed languages to provide concurrency safety
alongside memory safety. This paper focuses on the models, their correctness, and design-space
exploration.
We develop two models in which synchronisation actions explicitly communicate changes

between threads through a shared history. The !rst model, linear (§ 2.1), uses a single branch where
all of the commits have a total order. The second model, branching (§ 2.2) uses multiple branches,
and commits are partially ordered. This structure more naturally captures release–acquire style

0x… 0x…

#

Aer optimisation !
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What DRF Java Is and Is Not

DRF Java is not ”just” dynamic data-race detection 

Structurally guaranteed to be free from read-write races 

Several programs that are considered incorrectly synchronised under the JMM are correctly synchronised in DRF Java 

– As exemplified by the singleton example (double-checked locking without volatiles) 

DRF Java is not software transactional memory 

No imposed nesting 

We can do e.g. hand-over-hand locking 

There is no rollback 

…
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Designing Data-Race Free Java 5

Version-Controlled Memory in Java. Table 1 summarises how each Java synchronisation action is
reinterpreted as a version-control action in the linear and branching models. In the linear model
there is a global view of memory which we refer to as 𝐿. In the branchingmodel there are per-thread,
per-lock, and per-volatile, views of memory. !"##, !"$%, and &’(()* constitute the version control
actions that the synchronisation actions are mapped to, these action assumes that they operate
with respect to the thread-local view. !"## merges another view of memory into the thread-local
view of memory, checking for any con!icts and raising an exception if the merge is not possible.
This action links the merged view to the earlier views, but does not immediately make the view
visible to other threads. !"$% commits a new version of the memory view, in the linear model this
is appended to the global version history, in the branching model this is appended to the thread’s
version history and also shares the versions (and its associated history) with the target of the
push. &’(()* applies only to the branching model, and it is half of the !"$% actions. The action
commits the thread’s view of memory and appends it to the thread’s version history, this makes
the committed version available for later threads who join with this thread. Note that when two
version control actions appear in Table 1, they are executed atomically.

LC What if we also gave a second table that had operation and interpreation for the two models?

Table 1. Overview of reinterpretation of synchronisation actions (𝐿 is the global version history). All actions
are performed by a thread 𝑀 .

Sync. Action Version Control Actions

Object Action Linear Branching

thread spawn 𝑀 → 𝑀 ↑↓ 𝐿 𝑀 ↔↓ 𝑀 →

join 𝑀 → 𝑀 ↑↔ 𝐿 𝑀 ↑↔ 𝑀 →

lock lock 𝑁 𝑀 ↑↔ 𝐿 𝑀 ↑↔ 𝑁
unlock 𝑁 𝑀 ↑↓ 𝐿 𝑀 ↔↓ 𝑁

volatile read 𝑂 𝑀 ↑↔ 𝐿 𝑀 ↑↔ 𝑂
write 𝑂 𝑀 ↑↓ 𝐿 𝑀 ↑↓ 𝑂

Table 2. Synthetic synchronisation actions and their reinterpretation as version control actions (𝐿 is the global
version history). All actions are performed by a thread 𝑀 .

Sync. Action Version Control Actions

Linear Branching

start 𝑀 ↑↔ 𝐿 —
end 𝑀 ↑↓ 𝐿 —

LC still fiddling here
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): the push and pull semantics capture the release-acquire semantics of synchronisation as
de"ned by the JMM. We claim that correctly synchronised programs have the same permissible
executions using version-controlled memory, as they would under the JMM and a shared-memory
model. We will explore this formally in § 4.

Incorrectly synchronised programs may exhibit di#erent executions due the thread-local views
of memory eliminating read–read and read-write races. However, any execution which exhibits a
write-write con!ict, using version-controlled memory, will raise an exception at runtime.
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Version-Controlled Memory in Java. Table 1 summarises how each Java synchronisation action is
reinterpreted as a version-control action in the linear and branching models. In the linear model
there is a global view of memory which we refer to as 𝐿. In the branchingmodel there are per-thread,
per-lock, and per-volatile, views of memory. !"##, !"$%, and &’(()* constitute the version control
actions that the synchronisation actions are mapped to, these action assumes that they operate
with respect to the thread-local view. !"## merges another view of memory into the thread-local
view of memory, checking for any con!icts and raising an exception if the merge is not possible.
This action links the merged view to the earlier views, but does not immediately make the view
visible to other threads. !"$% commits a new version of the memory view, in the linear model this
is appended to the global version history, in the branching model this is appended to the thread’s
version history and also shares the versions (and its associated history) with the target of the
push. &’(()* applies only to the branching model, and it is half of the !"$% actions. The action
commits the thread’s view of memory and appends it to the thread’s version history, this makes
the committed version available for later threads who join with this thread. Note that when two
version control actions appear in Table 1, they are executed atomically.

LC What if we also gave a second table that had operation and interpreation for the two models?

Table 1. Overview of reinterpretation of synchronisation actions (𝐿 is the global version history). All actions
are performed by a thread 𝑀 .

Sync. Action Version Control Actions

Object Action Linear Branching

thread spawn 𝑀 → 𝑀 ↑↓ 𝐿 𝑀 ↔↓ 𝑀 →

join 𝑀 → 𝑀 ↑↔ 𝐿 𝑀 ↑↔ 𝑀 →

lock lock 𝑁 𝑀 ↑↔ 𝐿 𝑀 ↑↔ 𝑁
unlock 𝑁 𝑀 ↑↓ 𝐿 𝑀 ↔↓ 𝑁

volatile read 𝑂 𝑀 ↑↔ 𝐿 𝑀 ↑↔ 𝑂
write 𝑂 𝑀 ↑↓ 𝐿 𝑀 ↑↓ 𝑂

Table 2. Synthetic synchronisation actions and their reinterpretation as version control actions (𝐿 is the global
version history). All actions are performed by a thread 𝑀 .

Sync. Action Version Control Actions

Linear Branching

start 𝑀 ↑↔ 𝐿 —
end 𝑀 ↑↓ 𝐿 —

LC still fiddling here
This reinterpretation of synchronisation actions is compatible with the Java Memory Model

(JMM): the push and pull semantics capture the release-acquire semantics of synchronisation as
de"ned by the JMM. We claim that correctly synchronised programs have the same permissible
executions using version-controlled memory, as they would under the JMM and a shared-memory
model. We will explore this formally in § 4.

Incorrectly synchronised programs may exhibit di#erent executions due the thread-local views
of memory eliminating read–read and read-write races. However, any execution which exhibits a
write-write con!ict, using version-controlled memory, will raise an exception at runtime.

(Ignoring thread interrupt for now)

Re-interpretation

Re-interpretation

We are exploring two different models in parallel that differ in 
how threads communicate changes with each other 

Linear model 

All synchronisation interacts with a ”global store” 

Faster convergence — aka fails faster 

More leakage 

Branching model 

Locks, volatile fields, and threads have their own stores 

Permits more divergence 

Less leakage
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t1

g

<start>

x=0

x=1

x=0
x=1

spawn t2

x=1

t2

<start>

x=1
y=1

y=1

<end>

y=1

join t2

x=0x=1
y=1

t1 t2

<start> 
x = 1 
spawn t2 
join t2

<start> 
y = 1 
<end>

y=1
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Detecting Conflicts
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t1

g

<start>

x=1

x1=0

<end>

x1=0

t2

<start>

x1=0

x=1

<end>

x2=1 x3=1
x2=1x1=0 x1=0

0123
x=0

t1 t2

<start> 
x = 1 
<end>

<start> 
x = 1 
<end>

Counter

❌ 2 ≠ 1 ❌



Linear — correctly synchronised, changes different parts of the state

Example 1
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t1 t2g

t1 t2

x = 1 
spawn t2 
join t2

y = 1

x=1

end

merge

y=1

join
merge

spawn
start
merge

merge



Branching — correctly synchronised, changes different parts of the state

Example 1
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t1 t2

t1 t2

x = 1 
spawn t2 
join t2

y = 1

x=1
merge

y=1

join
merge

spawn



Linear — incorrectly synchronised, write-write race on x

Example 2
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t1 t2g

t1 t2

spawn t2 
x = 1 
join t2

x = 1
x=1

end

merge

x=1

join
merge

spawn
start
merge

merge
✗



Branching — incorrectly synchronised, write-write race on x

Example 2
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t1 t2

t1 t2

spawn t2 
x = 1 
join t2

x = 1
x1=1

merge

x2=1

join
merge

spawn

✗



Linear — correctly synchronised, lock l orders writes to x

Example 3
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t1 t2g

t1 t2

lock l 
x = 1 
unlock l

lock l 
x = 2 
unlock l

unlock l

merge

x=2

unlock l
merge

lock l

lock l
merge

merge

x=1



Branching — correctly synchronised, lock l orders writes to x

Example 3
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t1 t2l

t1 t2

lock l 
x = 1 
unlock l

lock l 
x = 2 
unlock l

unlock

merge

x=2

unlock
merge

lock

lock
merge

merge

x=1



Linear — incorrectly synchronised, write-write race on x under different locks (”lucky" with timing)

Example 4
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t1 t2g

x=1

unlock l2

merge

x=2

unlock l1
merge

lock l1

lock l2
merge

merge

t1 t2

lock l1 
x = 1 
unlock l1

lock l2 
x = 2 
unlock l2



Linear — incorrectly synchronised, write-write race on x under different locks (not ”lucky”)

Example 4
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t1 t2g

unlock l2

merge

x=2
unlock l1

merge

lock l1

lock l2
merge

merge✗

x=1
t1 t2

lock l1 
x = 1 
unlock l1

lock l2 
x = 2 
unlock l2



Branching — incorrectly synchronised, write-write race on x under different locks (thread isolated)

Example 4
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t1 t2l1

t1 t2

lock l1 
x = 1 
unlock l1

lock l2 
x = 2 
unlock l2

x=1

unlock

merge

unlock
merge

lock

lock
merge

merge

l2

x=2



Branching — incorrectly synchronised, write-write race on x under different locks (thread join)

Example 5
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t1 t2l1

t1 t2

lock l1 
x = 1 
unlock l1  

join t2

lock l2 
x = 2 
unlock l2

x=1

unlock

merge

x=2unlock
merge

lock
lock
merge

merge

l2

✗ merge
join



Some Open Design Choices

• Example 4 shows that two threads that never synchronise can hold diverging world views 

• Example 5 showed that two such threads joining (or synchronising) will eventually raise a conflict 

• In Java, there is a synthetic join of all threads when the VM tears down 

Should we raised a conflict exception here or not? 

• Our approach: a ”ConcurrencyManager”  

Gives programmer some control over what should happen on a conflict 

Not intended for fine-grained conflict resolution 

38



The Leakage Problem
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t1 t2

lock l1 
x = 1 
unlock l1

lock l2 
print(x) 
unlock l2

(Initially x = 0)

t1 t2

lock l1 
x = 1 
lock l2 
y = 2 
unlock l2

lock l2 
print(x) 
unlock l2

(Initially x = 0, y = 0)
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Status

Completed 

Informal model 

Diagrams for communication  

Toy tool for writing litmus test programs that simulate execution 

Pen & Paper + Mechanised formalism of our models 

On-going 

Implementation in the OpenJDK 26 interpreter
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14 Anon.

𝐿 → Val exc → Exc 𝑀 → Val ↑ Exc 𝑁 → Exp ↓ (Val ↑ Exc)

𝑂 → TID 𝑃 → Loc 𝑄 → Lock 𝑅 → CommitID

𝑆 → {read 𝑃, write 𝑃 𝐿, spawn 𝑁, join 𝑂, lock 𝑄, unlock 𝑄} 𝑇 → (Val ↑ {𝑈} ↑ Exc ↑ TID) ↔ Exp

We assume a relation 𝑁
𝐿
=↗ 𝑇 that steps 𝑁 to 𝑇 , emitting e!ect 𝑆 .

ts ::= N | R | T (thread state)
𝑉 → Loc 𝐿 𝑊𝑋𝑌 (staging area)

thread ::= (ts, 𝑁, 𝑉, 𝑅 )
𝑍 → 𝑂 𝐿 thread

ls ::= free | held(𝑂) (lock state)
lock ::= (𝑎, 𝑅 )

𝑏 → 𝑄 𝐿 lock
𝑐 ::= (see § 3.1–§ 3.3)

(a) Syntax and sequential semantics.

𝑍 (𝑂) = (N , 𝑁, ↘, 𝑅 )
≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 [ 𝑂 ⇑↔𝑀𝑁 R ] ; 𝑐 ; 𝑏⇐

S!"#!

𝑍 (𝑂) = (R, 𝑀 , 𝑉, 𝑅 )
≃𝑍 ; 𝑐 ; 𝑏⇐ commit𝐿⇒⇒⇒⇒⇒⇒↔ ≃𝑍 ⇓ ; 𝑐 ⇓ ; 𝑏⇐

≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 ⇓ [ 𝑂 ⇑↔𝑀𝑁 T ] ; 𝑐 ⇓ ; 𝑏⇐
E$%

𝑍 (𝑂) = (R, 𝑁, 𝑉, 𝑅 ) 𝑁
read 𝑂
=====↗ 𝑇

𝐿 = read(𝑐 , 𝑉, 𝑅 , 𝑃)
≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 [ 𝑂 ⇑↔𝑃 𝑇 ≃𝐿⇐ ] ; 𝑐 ; 𝑏⇐

R&"%

𝑍 (𝑂) = (R, 𝑁, 𝑉, 𝑅 ) 𝑁
write 𝑂 𝑄
=======↗ 𝑇

(𝑐 ⇓, 𝑉 ⇓ ) = write(𝑐 , 𝑉 , 𝑃, 𝐿)
𝑍 ⇓ =𝑍 [ 𝑂 ⇑↔ (R,𝑇 ≃𝑈⇐, 𝑉 ⇓, 𝑅 ) ]
≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 ⇓ ; 𝑐 ⇓ ; 𝑏⇐

W#’!&

𝑍 (𝑂) = (R, 𝑁, 𝑉, 𝑅 ) 𝑁
spawn 𝑃𝑀
========↗ 𝑇 𝑍 ⇓ =𝑍 [ 𝑂 ⇑↔𝑃 𝑇 ≃𝑂 ⇓⇐ ] [ 𝑂 ⇓ ⇑↔ (N , 𝑁𝑁 , ↘, 0 ) ]

≃𝑍 ⇓ ; 𝑐 ; 𝑏⇐
push𝐿 ,𝐿 ⇓⇒⇒⇒⇒⇒⇒↔ ≃𝑍 ⇓⇓ ; 𝑐 ⇓ ; 𝑏⇐ 𝑂 ⇓ ω dom(𝑍 )

≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 ⇓⇓ ; 𝑐 ⇓ ; 𝑏⇐
S(")$

𝑍 (𝑂) = (R, 𝑁, 𝑉, 𝑅 ) 𝑁
join 𝑀 ⇓
=====↗ 𝑇 𝑍 (𝑂 ⇓) = (T , 𝑀 , _, _ ) ≃𝑍 ; 𝑐 ; 𝑏⇐

pull𝐿 ,𝐿 ⇓⇒⇒⇒⇒⇒↔ ≃𝑍 ⇓ ; 𝑐 ⇓ ; 𝑏⇐

≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 ⇓ [ 𝑂 ⇑↔𝑃 𝑇 ≃𝑀 ⇐ ] ; 𝑐 ⇓ ; 𝑏⇐
J*’$

𝑍 (𝑂) = (R, 𝑁, 𝑉, 𝑅 ) 𝑁
lock 𝑅
=====↗ 𝑇 𝑏(𝑄).𝑌𝑎 = free ≃𝑍 ; 𝑐 ; 𝑏⇐

pull𝐿 ,𝑁⇒⇒⇒⇒↔ ≃𝑍 ⇓ ; 𝑐 ⇓ ; 𝑏⇐

≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 ⇓ [ 𝑂 ⇑↔𝑃 𝑇 ≃𝑈⇐ ] ; 𝑐 ⇓ ; 𝑏[ 𝑄 ⇑↔𝑆𝑁 held(𝑂) ]⇐
L*+,

𝑍 (𝑂) = (R, 𝑁, 𝑉, 𝑅 ) 𝑁
unlock 𝑅
=======↗ 𝑇 𝑏(𝑄).𝑌𝑎 = held(𝑂) ≃𝑍 ; 𝑐 ; 𝑏⇐

push𝐿 ,𝑁⇒⇒⇒⇒⇒↔ ≃𝑍 ⇓ ; 𝑐 ⇓ ; 𝑏⇓⇐

≃𝑍 ; 𝑐 ; 𝑏⇐ ⇒↔ ≃𝑍 ⇓ [ 𝑂 ⇑↔𝑃 𝑇 ≃𝑈⇐ ] ; 𝑐 ⇓ ; 𝑏⇓ [ 𝑄 ⇑↔𝑆𝑁 free ]⇐
U$-*+,

(b) Concurrency Semantics.

Fig. 10. Syntax and semantics. Content in violet boxes is only relevant for versioned memory.

JMM

OpenJDK

DRF Java
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Thread #0 Thread #1

Winstance = 0

Spawn 1

Rinstance = 0

sync

rf

Lock l

Rinstance = 0

rf

Winstance = 100

Unlock l

Rinstance = 100

Lock l

sync

rf

Assert instance == 100

Join 1

Rinstance = 100

rf

Assert instance == 100

sync

Rinstance = 0
rf

Rinstance = 100

rf

Unlock l

Rinstance = 100

rf

Assert instance == 100

"# Construct the singleton pattern: 
"# … 

instance = 0; 

$t1 = spawn { 
  if (instance "$ 0) { 
    lock l; 
    if (instance "$ 0) { 
      instance = 100; 
    } 
    unlock l; 
  } 
  assert(instance "$ 100); 
}; 

if (instance "$ 0) { 
  lock l; 
  if (instance "$ 0) { 
    instance = 100; 
  } 
  unlock l; 
} 
assert(instance "$ 100); 

join $t1; 
assert(instance "$ 100);

Luke



Can this be sufficiently performant?

• We do not know! 

• Next step: instrument OpenJDK to measure various events to give an idea of the overhead costs 

• This also enables some optimisations that can be used to off-set the costs
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future direction for this work is to support several detection modes which may see di!erent use at
di!erent stages of development.

Second, since the error happens on a read of a "eld as opposed to of a merge between con#icting
histories, the exception raised can be very speci"c and only mention the "eld in question as opposed
to all possible write–write con#icts in the merge commit.
Third, the computations required to work out the value of a "eld are only performed for "elds

which are accessed. As Java programs have many short-lived objects, only paying a cost for
"elds read could be a powerful optimisation when implementing version-controlled memory. (An
alternative lazy approach would be to resolve con#icts per-object instead of per-"eld.)
If we delayed con#ict detection to the subsequent read, Fig. 5 would only report a con#ict on

messages if a thread reads the variable after both 𝐿1 and 𝐿2 have pushed con#icting writes to the
commit history instead of throwing the exception directly at the point when the con#icting histories
join in a merge commit on Line 8.

Con!ict Suppression on Write. These con#icts may all descend to a commit that writes to the
same location, or there may even be a write in the threads staging area.

This means that if a thread writes to share memory location, the thread no longer has to check fo

6 Implementation Costs
The idea of scanning the heap for garbage collection was once considered laughably expensive
due to th ecost of scanning the heap, but after decades of work the cost is low enough to be easily
justi"ed by the increase in simplicity and reliability. We believe the costs of version-controlled
memory (scanning local changes for con#ict) will see a similar trajectory, and that the bene"ts
of race safety will likewise become standard. As with dynamic data-race detection, maintaining
additional state introduces storage and execution overheads [4]. TW Perhaps say something about
how they fare. While the implementation cost of version-controlled memory will decrease with
optimisations, we believe that the guarantee of the absence of read-write races goes further and
provides many additional opportunities to improve baseline performance.

6.1 Examples of Existing Concurrency Taxes due to Lack of Data-Race Freedom
Modern Java run-times already pay multiple performance taxes to support concurrency. These taxes
come from implementation artifacts that are required to sanitise shared-memory parallelism and
the weak guarantees of the Java language, DBS and cannot be avoided by programmers or runtime/compiler
developers.
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Fig. 11. The cost of initialisation fencing.

Object Construction Safety. As discussed in
§ 1, the JVM employs fences to ensure syn-
chronisation beyond what is guaranteed by the
JMM. These fences ensure that an object only
becomes visible to other threads after it has
been initialised. To investigate the impact of
these fences we constructed a microbenchmark
that creates 10 000 objects, and built a version of
OpenJDK 25with the object initialisation fences
removed. We compare the allocation time of ob-
jects with one, "ve and ten Object "elds set to
null. The results are presented in Fig. 11. These
results were collected on a Mac mini with a Ap-
ple M4 chip with 10 cores and 16GB of Memory


