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Abstract
This paper introduces a new language model,Coqa, for deeply em-
bedding concurrent programming into objects. Every program writ-
ten in our language has built-in the desirable behaviors of atomic-
ity, mutual exclusion, and race freedom. Such a design inverts the
default mode ofe.g.Java, where programmers may write programs
highly vulnerable to surprising runtime errors if they do not take ad-
vantage ofsynchronized blocks and other advanced concurrency
features. Coqa takes advantage of basic object-oriented notions to
express important concurrent programming primitives, resulting in
a powerful but concise model that includes thread creation,shared
object access and open nesting. A key property of our model isthe
notion of quantized atomicity:all concurrent program executions
can be viewed as being divided into quantum regions of atomicex-
ecution, greatly reducing the number of interleavings to consider.
The language design draws from different schools of concurrent
language design, especially Actors, and constructs a unified design
close to mainstream object-oriented programming practice. We jus-
tify our approach both from a theoretical basis by showing that a
formal representation, KernelCoqa, has provable quantized atom-
icity properties, and by implementing CoqaJava, a Java extension
incorporating all of the Coqa features.

1. Introduction
Programming languages have continually evolved to meet thepro-
gramming demands of the times. Today it is arguable that the most
significant new demand is to make languages that match the evo-
lution to multi-core CPUs and the coming ubiquity of concurrent
computation: nearly all programs will be concurrent. This paper
is a reconsideration of the “right” concurrency model for tightly-
coupled computations that can be easily deployable on multi-core
CPUs. We begin this paper by enunciating our key concurrent lan-
guage design principles.

1.1 Concurrent Language Design Principles

Design Principle 1: Good Concurrency Properties Preservedby
Default Concurrency is particularly important to get right at this
point in time as it is clear that future software developmentis
going to rely more and more on concurrent execution on multi-core
CPUs: concurrency is fast becoming pervasive. Java was clearly
not designed with pervasive concurrency in mind, it was designed
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with the view of sequential programming as the default, but with a
standard bag of tricks to allow the critical small concurrent sections
to be written. This was not completely unreasonable at the time
of the initial design, since Java was targeted at portable Internet
applications and there were no multi-core CPUs. Java includes
language constructs such assynchronized blocks to avoid race
freedom, with the implicit meaning that thedefaultcase is no use
of these and thus no concern about concurrent access, and only
when programmersexplicitlydeclare the need is it important. In the
coming era of multi-core CPUs, we believe the default mode here
should beinverted: good properties such as race freedom, mutual
exclusion, and atomicity should bepreservedunless programmers
explicitly declare otherwise.

Design Principle 2: AlwaysEn Guarde While Sharing For all
concurrency models, one of the primary questions is whethera
shared memory is assumed. At one extreme, Actor languages [2]
take the route of the non-shared-memory model: each actor has its
own private store. This indeed makes sense for distributed program-
ming, arguably the “sweet spot” for actors. The downside is that
tightly-coupled computations are very difficult to write ina model
with such limited data sharing.

On the other end of the spectrum is Java’s “over-friendly”
shared memory model. By default, object access by differentJava
threads is not protected, so that arbitrary interleaving between
threads can happen, which in fact contributes to a wide rangeof
problems in Java concurrent programming, including data races.
Concurrent Java programs are difficult to debug due to the very
large number of possible interleavings that could happen, which as
a result introduce a large number of ugly complications including
a very complex memory model [34].

We believe a good concurrent language model should take the
middle route between the two extreme views above: we proposea
shared memory model, but where different threads look aftertheir
own interests, possibly at the expense of other threads. In such a
model, different threads do not take a “live and let live” attitude
toward others and allow free sharing; instead they compete for
(ephemeral) exclusive rights on the shared memory.

Design Principle 3: The Importance of Being Ubiquitously
Atomic A distinct challenge of concurrent programming is that
programs are difficult to reason about because there are an incred-
ibly large number of interleaving possibilities across allpossible
runs of the program. Even though this is an inherent problem for
any concurrent program, the situation today is much graver than it
was, say, two decades ago. With tightly coupled computationrun-
ning on multi-core CPUs, data sharing between threads is much
more common and the patterns are more complex. Ever-larger con-
current programs also introduce more probabilities for interleaving.
We strongly believe that some notion ofatomicity– i.e.the property
that a block of code can always be viewed as occurring atomically
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no matter what interleaving it is involved in – must be built-in to
the next generation of concurrent object models.

Language support for atomicity is by no means news. This
in fact is the primary goal of Software Transactional Memory
(STM) [23, 48, 24, 42, 12, 14, 4, 16]. These systems typically
allow programmers to explicitly declare a block of code to be
atomic. The underlying message of such a declaration however
is that atomicity is still a luxury not a necessity – code blocks are
not atomic unless explicitly declared to be. As a result, in alarge
number of STM systems [26, 6, 43, 25, 23, 48], code by default
runs in non-transactional mode with zero atomicity guarantees, and
the interleaving of this code with the transactional code infact can
break the atomicity of the latter, an unfortunate consequence known
as weak atomicity [12]. It is our belief that code in next-generation
languages should by default have some notion of atomicity inherent
from the object model itself, not optional syntax at the mercy of
programmers.

In this design principle, we are well aligned with Actors [2,3]:
there atomicity is preserved for each method because its execution
once initiated does not depend on the state of other actors and each
method is therefore trivially serializable.

Design Principle 4: Atomicity is Not Necessarily All or Nothing
At first glance, one might think atomicity is either preserved or vio-
lated, and there is no middle ground that can be useful for program-
mers. Whether this is true depends on how the notion of atomicity
is defined; different researchers have different definitions. But if we
forget about these technical differences and think of atomicity more
generally as reducing the chaos of too many interleaving possibili-
ties, then some middle ground does indeed exist.

For instance, let us consider two pieces of codeX andY. If we
knowX in its entirety can always be viewed as occurring atomically
no matter what interleaving it is involved in, and the same also
holds forY, interleaving of the two pieces of code can only have
two possibilities,XY or YX, which is very useful for reasoning.
However, suppose we are not that lucky, andX is known to contain
two sub-regions each of which has the strong guarantee mentioned
above but not the two combined together; have we lost all reasoning
power? Obviously not, now the interleaving ofX andY will still
only have three possibilities:XaYXb, YXaXb, andXaXbY. From the
perspective of facilitating reasoning, we still have a significant
improvement over the chaos of arbitrary interleavings.

It is with this notion as a guide that we have come up with our
central principle of quantized atomicity, which we describe below.

Design Principle 5: Optimistic Atomicity is Not Always the Best
Policy Programming language efforts to achieve atomicity largely
fall into two categories: thepessimistic blocking approach(such
as [18]) and theoptimistic rollback approach(such as [23]). In
the first approach, contentions are fundamentally eliminated as
any contention-inducing operations will be blocked until the con-
tention is resolved. In the optimistic rollback approach, executing
an atomic unit does not have to block at a contention point; ifat
the end of the atomic unit, it turns out that contentions did happen,
related threads roll themselves back to the beginning of theatomic
unit and retry. The atomic unit in the optimistic approach are com-
monly calledtransactions.

The optimistic approach is the modus operandi of today’s re-
search on atomicity. One fundamental reason we think the opti-
mistic approach does not serve as a good general programming
model is it discriminates against certain forms of code, especially
code with I/O. For instance, the need to roll back a network mes-
sage sent across political boundaries opens up a Pandora’s Box of
problems. This shortcoming also directly clashes with our Principle
3 above: it is not possible to have a ubiquitous notion of atomicity
in the presence of I/O if the optimistic approach is taken.

Historically speaking, the transaction-based approach arose in
database systems, a highly bounded domain. We do believe roll-
back is a useful strategy, but not a general strategy.

We take the pessimistic approach. This is also the form of
atomicity built into the actor model, but there it is much simpler
due to the very limited object sharing allowed. The two approaches
have advantages and disadvantages; rather than debating that issue
here we wait until we have outlined our core approach, and then
compare it in-depth with the STM approach in Sec. 2.3 below.

Design Principle 6: Put OO-Style Concurrency in OO Languages
A related problem with Java not being designed from the startwith
concurrency front-and-center is how a non-object-based syntax and
semantics is used for concurrent programming in Java. Language
abstractions such as library classThread and thread spawning via
its start method,synchronized blocks andatomic blocks in
various STM extensions of Java are not so different from what
was used three decades ago in non-object-oriented languages [33].
A small and uniform core is favored as it makes reasoning easier,
makes feature intervention is less likely, and the programmer’s
learning curve less steep.

1.2 Our Approach

In this paper, we describe a new object-oriented language,Coqa
(for Concurrentobjects withquantizedatomicity), which builds
concurrency and atomicity-by-design deeply into the object model.
We are more in the Actors camp than the STM camp in that
we do not use rollback to enforce atomicity, but we present a
programming model that is more direct than Actors which keeps
the programmer from having to do “control flow hacking” just to
write basic tasks. Our model also is not opposed to STM in the
sense that it could be extended to a hybrid approach [47].

We model concurrent computation as a number of threads (in
our terminology,tasks) competing to “capture” objects, obtaining
exclusive rights to them. A key property of Coqa programs is that
object methods will often have complete atomicity over the whole
method by design. But, for some tasks a method simply cannot
reasonably be atomic, and our model allows programmers to relax
this property by dividing a method into a small number of zones
of atomicity, giving a model we callquantized atomicity. From a
concurrent programming perspective the model has three desirable
properties, from higher- to lower-level as follows:

Quantized atomicity Each method is composed of several dis-
cretequanta, and execution of each quantum is serializable re-
gardless of the interleaving of the actual execution.

Mutual exclusion within tasks Our language guarantees state
change happens in a predictable way, even across different
quanta of a task.

Race freedomNo race conditions ever arise in object field access.

One of the main goals of our design is to significantly reduce
the number of interleavings possible in concurrent programruns,
to significantly ease the debugging burden for programs. If two
pieces of code each have 100 steps of execution, reasoning tools
would have to consider interleaving scenarios of101100 possibil-
ities; however, if the aforementioned 100 steps can be splitinto 3
atomic quanta, there are only43 possibilities.

The contributions of this paper include:

• We define a new object model with inherently good properties
of atomicity and mutual exclusion, rather than having bad de-
fault behavior and programmer declaration of isolated “good
zones”. Our model also is unambiguous about the guarantees it
provides to programmers, the three properties above.
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class BankMain {
public static void main (String [] args) {

Bank bank = new Bank();
bank. openAccount("Alice", 1000);
bank. openAccount("Bob", 2000);
bank. openAccount("Cathy", 3000);
bank -> transfer("Alice", "Bob", 300); //(M1)
bank -> transfer("Cathy", "Alice", 500); //(M2)
bank -> openAccount("Dan", 4000); //(M3)

}
}

class Bank {
public void transfer (String from, String to, int bal) {

Status status = new Status();
status. init(); //(A1)
Account afrom = (Account)htable. get(from); //(A2)
afrom. withdraw(bal, status); //(A3)
Account ato = (Account)htable. get(to); //(A4)
ato. deposit(bal, status); //(A5)

}
public void openAccount(String n, int bal) {

htable. put(n, new Account(n, bal));
}
private HashTable htable = new HashTable();

}

class Account {
public Account(String n, int b) {name = n; bal = b; }
public void deposit(int b, Status s) {
bal += b;
s.append("Deposit " + b + " to Acc. " + name);

}
public void withdraw(int b, Status s) {
bal -= b;
s.append("Withdraw " + b + " from Acc. " + name);

}
private String name;
private int bal;

}

class Status {
public void init() {statusinfo = some time stamp info; }
public void append(String s) {statusinfo.append(s);}
public void print() {System.out.println(statusinfo); }
private StringBuffer statusinfo = new StringBuffer();

}

Figure 1. A Banking Program: Version 1

• We take advantage of basic object-oriented notions to express
important concurrent programming primitives. In particular,
different forms of message passing are all that is needed to ex-
press creating a separate task, local messaging within a task,
and subtasking (a form of nested atomicity).

• We formalize the core language, and prove the model has the
properties of quantized atomicity, mutual exclusion, and race
freedom mentioned above.

• Lastly, we describe CoqaJava, a prototype translator imple-
menting Coqa as a Java language modification by simply re-
placing Java threads with our new forms of object messaging.
The sequential core of the language remains unchanged.

class HashTable {
public Object get(Object key) {

return buckets[hash(key)]. get(key);
}
public void put(Object key, Object data) {

buckets[hash(key)]. put(key, data);
}
private int hash(Object key) {

return key.hashcode() % 100;
}
private BucketList[] buckets = new BucketList[100];

}

class BucketList {
public Object get(Object key) {

// (*)
for (Bucket b = head; b!= null; b = b. next())

if (b. key(). equals(key)) return b. data();
return null;

}
public void put(Object key, Object data) {

head = new Bucket(key, data, head);
}
private Bucket head;

}

class Bucket {
Bucket(Object k, Object d, Bucket b)

{key = k; data = d; next = b;}
public Object key() {return key;}
public Object data() {return data;}
public Bucket next() {return next;}
private Object key;
private Object data;
private Bucket next;

}

Figure 2. HashTable

2. Informal Overview
In this section, we informally introduce the key features ofCoqa
in an incremental fashion. We first describe a barebones model
(Sec. 2.1) to illustrate the basic ideas, and then present the full
model of Coqa in Sec. 2.2.

The running example Throughout the section, we will use a
simple example of basic banking operations, including account
opening and balance transfer operations. Fig. 1 and Fig. 2 give the
barebones version the source code we start with. Bank accounts are
stored in a hash table, implemented in standard fashion withbucket
lists. For instance, after the three accountsAlice, Bob, Cathy have
been opened via the first four lines of themain method, a possible
layout for objects in the hash table is pictured in Fig. 3. Forbrevity
here we present simplified code which omits checks for duplicate
keys, unlocatable accounts, and overdrafts.

2.1 The Barebones Model

The concurrency unit and its lifecycle The concurrency unit
in our language is atask. This refers to a unit of execution that
can potentially be interleaved with other units. Tasks are closely
related to (logical) threads, but tasks come with inherent atomicity
properties not found in threads and we coin a new term to reflect
this distinction.

Since we are building an object-based language, the syntax
for task creation is also object based: tasks are created by simply
sending asynchronous messages to objects. The essence of asyn-
chronous messaging is that the sender does not expect any result
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htable :  HashTable

buckets :  BucketList[] 

buckets[1] :  BucketList 

: Bucket

“Cathy” : String “Alice” : String

“Bob” : String

: Account

buckets[0] :  BucketList 

: Bucket

: Bucket

buckets

head

head

key

key

key
data data

data

next

: Account

: Account

Figure 3. Hash Table: A UML Illustration

from the receiver, and thus it is a good point for parallelizing the
program. For example, in Fig. 1, the top-levelmain method starts
up two concurrent balance transfers by the invocations in linesM1
and M2. Syntaxbank -> transfer("Alice", "Bob", 300) in-
dicates an asynchronous messagetransfer sent to objectbank
with indicated arguments. Asynchronous message send returns im-
mediately, so the sender can continue, and a new task is created
to execute the invoked method. This new task terminates whenits
method is finished.

Tasks are selfish Figuratively, Java threads selflesslyshareob-
jects in the heap. Unfortunately such an idealistic model breaks
down in the face of concurrency: mutual exclusion, race freedom
and atomicity all require zones of exclusive use of objects,and thus
for tasks to be selfish in their control of objects. In our language,
tasks selfishlycompetefor objects in the heap. Selfish mechanisms
better satisfy selfish properties, and our model has built-in support
for atomicity, mutual exclusion, and race freedom.

The basic idea is simple. All Initially instantiated objects are not
held by any task. We may say they arefree in the heap. Whenever
a task accesses a free object, it selfishlycapturesit. At any moment
of execution, a task can be viewed as having selfishly captured a
set of objects (we say these objects are in the task’scapture set).
Objects in the capture set are all freed when the task ends. Ifa task
intends to access an object already captured by some other task, it
is blocked at that point of execution until the needed objectis freed.

Capturing is a blocking mechanism, but unlike Java where pro-
grammers need to explicitly specify what to lock and what notto
lock, the capture and blocking of objects is fundamentally built into
Coqa.

The timing and scope of capture The description of capture
above is not complete: we still must specifywhen an object is
captured andhow selfishcaptures are.

In regard to timing, we could decide to capture an object when
it is sent a message, or wait until the object actually accesses its
field. The first candidate is a more intuitive choice in that itallows
programmers to reason in an object-based fashion rather than a
per-field fashion. The second candidate is more an optimization
strategy to improve performance. For instance, in thetransfer
method of Fig. 1, when the programmer writes line(A2), his/her
intention of selfishly capturing theHashTable object referenced
by htable is expressed: synchronous messaging at a high level
expresses the fact that the task will accessing the receiver. However,
this view is more conservative than is needed: what really matters
is exclusive access to (mutable) data,i.e. the underlying fields.
So, in Coqa we define the capture points to be the field access
points. In the aforementioned example, capture of thehtable by

the invoking task occurs in the middle of executing theget method
of theHashTable, when the fieldbuckets is accessed. It is for the
same reason that we can have parallelism inM1 andM2, since the
moment of the messaging does not capture thebank object, and
running both concurrently will not lead to competition for it since
thetransfer method does not access the bank fields.

The second question is related to field access itself. The self-
ish model we have thus far described treats read and write access
uniformly. If this were so, anytransfer task must exclusively
hold theHashTable objecthtable in line (A2) until the entire
transfer task is completed. If thetransfer method included
some time-consuming operation in the middle (say a distributed
communication), different tasks oftransfer would all block for
theHashTable object and would make it a bottleneck for concur-
rency. In fact, concurrent read access alone is perfectly fine, things
only become problematic upon field write. As a further optimiza-
tion our notion of capture is further refined to use the standard two-
phase non-exclusive read lock and exclusive write lock [20]ap-
proach. When an object’s field is read, the object is said to beread
captured; when the field is written, the object is said to bewrite
captured. The same object can be read captured by multiple tasks
at the same time, but to be write captured, the object has to beex-
clusively owned,i.e.not read captured or write captured by another
other task.

One possible execution sequence of the task created by line
(M1) of Fig. 1 is illustrated in the first column of Fig. 4. As the
execution proceeds, more and more accessed objects are captured
via field reads (yellow boxes) or writes (red boxes). For space
reasons, we have omittedString objects which are immutable and
thus always read captured.

The two-phase locking strategy increases the opportunity for
parallelism, but it is known to have one disadvantage: one form
of deadlock is possible as a result. Consider the case when tasks
created by(M1) and (M2) are running in parallel. Task(M1) is
withdrawing money fromAlice’s account. It has read from her
Account object the current balance, but has not yet written the new
balance (thebal += b expression is indeed two operations: read
from bal, then write tobal). Immediately after this operation, task
(M2) intends to deposit money toAlice’s account. It has also read
from the same object the balance (bal). Note that at this particular
moment, theAccount object ofAlice has read locks from both
(M1) and(M2), and neither party can add a write lock to it, and so
neither party can proceed. To solve this matter, our language allows
programmers to declare a class with tightly coupled read/write
as anexclusive class. Exclusive classes have only one lock for
either read or write, and parallel read is prevented. For instance,
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htable :  HashTable

buckets :  BucketList[] 

status :  Status 

buckets[0] :  BucketList[] 

status :  Status 

htable :  HashTable

buckets :  BucketList[] 

buckets[0] :  BucketList[] 

status :  Status 

htable :  HashTable

buckets :  BucketList[] 

buckets[0] :  BucketList[] 

status :  Status 

 

status :  Status 

htable :  HashTable

buckets :  BucketList[] 

buckets[0] :  BucketList[] 

status :  Status 

status :  Status 

status :  Status 

htable :  HashTable

buckets :  BucketList[] 

buckets[0] :  BucketList[] 

status :  Status 

buckets[1] :  BucketList[] 

htable :  HashTable

buckets :  BucketList[] 

status :  Status 

buckets[0] :  BucketList[] 

htable :  HashTable

buckets :  BucketList[] 

buckets[0] :  BucketList[] 

status :  Status 

buckets[1] :  BucketList[] 

status :  Status 

htable :  HashTable

buckets :  BucketList[] 

buckets[0] :  BucketList[] 

status :  Status 

buckets[1] :  BucketList[] 

status :  Status 

ato : Account

ato : Account

afrom : Account

afrom : Account

afrom : Account

afrom : Account

afrom : Account

afrom : Account

afrom : Account

afrom : Account

After (A3) (B3)

After (B2)

After (A1) (B1)

After Amid (B2)(*) (*)Amid (A2)

(A2)

After (*) (*)Amid (A4) Amid (B4)

After (A4) (B4)

After (A5) (B5)

I II I  cntd. II  cntd.

Read Captured Object

Write Captured Object

Capture Set

Legend

Figure 4. Execution Sequence for the Task Created by Fig. 1 LineM1

5 2007/3/26



the Account class could have been declared asexclusive class
Account {...} and that would have prevented deadlock from
arising.

Properties The barebones model has several good properties for
tasks running in parallel: atomicity, mutual exclusion, and race
freedom.

Let us consider two tasks that run in parallel, sayX and Y.
Intuitively, if X andY do not read/write any common object at all,
they can be arbitrarily interleaved without affecting eachother. If
they do need to access the same objects, note that our philosophy
of capture is that they need to compete for them. At any particular
time and no matter howX andY have interleaved up to this moment,
we know the objectsX have accessed must either be read captured
or write captured byX. It is obviousY must not have write captured
any of these objects sinceX becomes alive. In other words, all of
these objects are not mutated byY. This fact has several appealing
consequences for the interleaving tasks ofX andY:

Atomicity : SinceY has no (mutation) effect on the objectsX cares
about, all computations performed byY can be equivalently
viewed as non-existent fromX’s perspective. TaskX can then
be viewed as running alone. The same can be said aboutY.
Together this implies that the execution ofX and Y can be
serialized.

Mutual Exclusion : Following the same reasoning,X andY have
no (mutation) effect on each other’s captured objects.

Race Freedom: As a special case of mutual exclusion,X andY
does not race to access any object field, except that both may
have been harmlessly reading from the same object field.

In our language, the only way to create a new task is to send
asynchronous messages to an object, and since our language al-
lows any object to receive asynchronous messages provided there
is such a method, it follows that running any two methods in par-
allel preserves the aforementioned properties. This is an important
observation since it correlates the properties of a highly dynamic
construct (tasks) to what programmers have in mind while coding,
the static construct (methods).

For instance, it helps programmers to be aware that a method
is in fact a complete unit of mutual exclusion, a natural connec-
tion that helps programmers to express their intentions. Our no-
tion of object mutual exclusion is much stronger than when Java
programmers declare a method to besynchronized: this dec-
laration only guarantees the object with the method is itself not
mutated by other threads, while we are guaranteeing the prop-
erty for all objects directly or indirectly accessed at run time
by the method. Even Java’s more refined language construct
synchronized(o1 , o2, . . . , on){e} is enforcing less mutual exclu-
sion: this construct specifies thato1, . . . , on are mutually exclusive,
but the method must explicitly enumerate in the parenthesesall the
object references that will directly orindirectly be used for object
access. This implies a look-ahead of the call graph to guess what
to put here and the guess may be incomplete; in our approach tasks
will capture all objects in the call graph implicitly.

2.2 Subtasking: Open Nesting with Blocking

The barebones model admits significant parallelism if most of the
object accesses are read accesses, as read capture does not prevent
concurrent access. Long waits are possible however when frequent
writes are needed. For instance, consider the parallel execution of
the two tasks spawned by(M1) and(M3). Let us suppose when
the account ofDan is added, it will become the headBucket of
bucket[0] in Fig. 3. The task started up by(M1) will label the
object ofbucket[0] (of type BucketList) to be read captured.

This will completely block the task created by(M3), since execut-
ing it will demand exclusive write capture.M3, the task of adding
Dan as a new account – can only be achieved after the completion
of M1, the totally unrelated task of transferring money fromAlice
to Bob. Intuitively, there at least should be some parallelism in run-
ning the two tasks.

The source of this problem is thetransfer task created by
(M1) always remembers it has accessed the hash table (and hence
bucket[0]) throughout the lifecycle of the task. This only makes
sense if the programmer indeed needs to make sure the hash table is
never mutated by other tasks throughout the duration, to guarantee
complete atomicity of its behavior. In the example here, this is
hardly necessary; there is nothing wrong with the fact that when
the(M1) locates the account ofAlice, the account ofDan does not
exist, but when later(M1) locates the account ofBob, the account
of Dan has already been opened.

The idea of subtasking To get around the previous shortcom-
ing, our language allows programmers to spawn off the accessof
HashTable object (and all objects it indirectly accesses) as a new
subtask. The high-level meaning behind a subtask is that it achieves
a relatively independent goal; its completion signals a partial vic-
tory so that the resources (in this case captured objects) used to
achieve this subtask can be freed.

In terms of syntax, we can change the source code oftransfer
in Fig. 4 to the following Fig. 5 which makes the twoHashTable
accesses run as subtasks. The only change is the dot (.) notation
for synchronous messaging is changed to=> for subtask creation
messaging. To distinguish the two forms of synchronous messag-
ing, the original dot-notation is hereafter calledlocal synchronous
messaging since its execution stays within the current taskand does
not start a new subtask.

public void transfer (String from, String to, int bal) {
Status status = new Status();
status. init(); //(B1)
Account afrom = (Account)htable => get(from); //(B2)
afrom. withdraw(bal, status); //(B3)
Account ato = (Account)htable => get(to); //(B4)
afrom. deposit(bal, status); //(B5)

}

Figure 5. Bank’s transfer method: Version 2

This is still a synchronous invocation,i.e., the task executing
transfer waits until its subtask executingget returns a result.
But the key difference is the subtask keeps aseparatecapture
set, and that capture set is freed when the subtask is finished.
For instance in Fig. 4, the second column illustrates a possible
execution sequence for the same task(M1) when thetransfer
method is changed to the one above. Whenhtable => get(from)
is invoked, a subtask is created. Internal to the subtask execution,
the subtask still captures objects as a task would do: in the middle
of theget method during bucket lookup, two separate capture sets
are held. Thetransfer task keeps its own objectStatus object,
and all HashTable-related objects are put in the capture set of
the subtask. When the method invocationhtable => get(from)
completes, all objects captured by the subtask are freed. Atthis
moment, the task of opening an account forDan can now access the
HashTable, rather than requiring to wait untilM1 has completely
finished.

A subtask is also a task in the sense that it prevents arbitrary
interleaving. The change at line(B2) admits some interleaving
between task(M1) and (M3) that was not allowed before, but it
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does not mean that arbitrary interleaving can happen; for example,
if M1 is in the middle of a key lookupM3 still cannotadd a new
bucket. We will discuss such concurrency properties in the presence
of subtasking later in this section.

Subtasking is a dual to open nesting in transaction-based sys-
tems [39, 12]. Open nesting is used to nest a transaction inside
another transaction, where the nested transaction can commit be-
fore the enclosing transaction runs to completion. (Nestedtrans-
actions that cannot commit before their enclosing transactions are
commonly referred to as closed nesting.) While the mechanism of
open nesting of transactions can be summarized as early commit,
subtasking can be summarized as early release.

Capture set inheritance One contentious issue for open nesting
is the case where a nested transaction and the transactions enclosing
it both need the same object. For instance in Atomos [12], theissue
is circumvented by restricting the read/write sets to be disjoint
between the main and nested transaction. When the same issue
manifests itself in the scenario of subtasking, the question is, “how
can a subtask access objects already captured by its enclosing
task(s)?”

We could in theory follow Atomos and add the restriction that
a subtask never accesses an object held by its enclosing tasks. This
however would significantly reduce programmability. Let uscon-
sider the example of theStatus object in thetransfer method.
From the programmer’s view, this object keeps track of the sta-
tus of the entiretransfer method. When theAccount objects
of Alice andBob are accessed, some status information needs to
be appended to theStatus object, which in our case is already
captured by thetransfer task. Had we disallowed the access of
Status from the HashTable task, the program would deadlock
whens.append() was invoked inside theAccount objects.

This case in Coqa is perfectly legal. In fact, we believe the
essence of having a subtasking relationship between a parent and
a child is that the parent should generously share its resources
(its captured objects) with the child. Observe that the relationship
between a task and its subtask is a synchronous one: there is no
concern of interleaving between a task and its subtask. The subtask
should thus be able to access all the objects held by its direct
or indirect ”parent” tasks without introducing any unpredictable
behaviors. For the program in Fig. 5, after line(B3), theStatus
object will be mutated to reflect a withdraw forAlice; after line
(B5), theStatus object will be mutated again to reflect a deposit
for Bob. Note that even if the reference toStatus had leaked out
of the Bank and was held by some random task (which does not
happen in this simplistic example), it would still not be possible for
theStatus to be mutated by that task.

Quantized atomicity The presence of subtasking in a method
weakens its atomicity properties: the objects captured by the sub-
task in fact can serve as a communication point between different
tasks. For a more concrete example, consider two tasksX and Y
running in parallel. Suppose taskX creates a subtask, sayZ, and in
the middle of taskZ, some objecto is read captured. According to
the definition of subtasking,o will be freed at the end ofZ. Y can
subsequently write capture it. AfterY ends, supposeX read captures
o. Observe that objecto’s state has been changed since its subtask
Z had previously reado. TaskX thus cannot assume it is running in
isolation, and so it is not fully atomic.

One the other hand, some tasks simplyshould notbe considered
wholly atomic because they arefundamentallyneeding to share
data with other tasks, and for this case it is simplyimpossibleto
have full atomicity over the whole task. In fact, the main reason
why a programmer wants to declare a subtask is to open a commu-
nication channel with other tasks. This fact was directly illustrated

in the subtasking example at the start of this subsection. Fortunately
even in such a situation, some very strong properties still hold:

Quantized atomicity: For any task, its execution sequence con-
sists of a sequence of atomic regions, theatomic quanta, de-
marcated by the task and subtask creation points.

Selective Mutual Exclusion: Any objects sent local synchronous
messages are still read/write captured by the task, and captured
throughout the lifecycle of the task, so that no other task (unless
it is its direct or indirect subtask) can mutate it,i.e. the object
always holds intuitively predictable states. For instance, for the
Status object in thetransfer method, there is no worry that
some other random task might mutate it to some unpredictable
state.

Race Freedom:Observe that the addition of subtasking still keeps
two tasks from accessing an object’s field at the same time,
unless they both read capture it.

The quantized atomicity property is weaker than the atomic-
ity property of the barebones system without subtasks, but as long
as quantized atomicity is used only when it is really needed,the
atomic quanta will each be large and significant atomicity can be
achieved. In reality, what matters is not that the entire method must
be atomic, but that the method admits drastically limited interleav-
ing scenarios. Quantized atomicity aims to strikes a balance be-
tween what is realistic and what is reasonable.

2.3 The Design Choice of Blocking vs Rollback

Coqa uses pessimistic blocking via locks to preserve atomicity. In
this section we contrast our approach with the STM approach of
transactions with optimistic execution and rollback/commit.

The rollback approach has known difficulties on rolling back
certain forms of computations, I/O in particular. GUI applications
are classic examples where concurrency is very helpful, butwhere
I/O is pervasive and thus rollback will be infeasible since output
already displayed cannot easily be taken back. In the approach we
are taking, these examples are particularly bad: we are proposing
a language where atomicity is pervasive throughall computations,
and it would be very difficult to apply a transactional technique
to such a universal setting due to problems such as I/O. So, the
fundamental fact is while transactions have great appeal, they just
do not work for our full purposes here (in fact, it would be useful
to use STM in special cases in our model as an optimizatione.g.in
regions where there is no I/O, just not everywhere).

Rollback also may not be as easy as simply discarding the
read/write set and retrying. In realistic STM languages, itis com-
mon to support primitives such as what needs to be compensated
at abort time or at violation time (AbortHandler, etc. in [12] and
onAbort etc. methods in [39]) as user-definable handlers. These
handlers themselves may introduce races or deadlocks, so some of
the appeal of the approach is lost; see [39]. Related to this point
is how the implementation of transaction-based systems arequite
complex. Earlier efforts typically needed some hardware support,
such as [23, 12]. Pure software source-to-source translations do ex-
ist, such as [42, 39]

In terms of performance there have been no clear studies that
we know of comparing the approaches. Generally there is a close
correspondence between when transaction-based systems will need
to rollback and when Coqa will need to block: rollback and block-
ing happensonly in cases where there is contention (for Coqa, re-
call that objects are locked only at actual field read or write). For
this reason there is some cancellation of overhead: the overhead of
blocking aligns with the overhead of rollback. If there is nocon-
tention, the comparison is between maintenance of locks on ob-
jects in the blocking approach, and duplicating of shared state (the

7 2007/3/26



h
h

h
h

h
h

h
h

h
h

h
hh

messaging
for programmers

why you should use it why you should not use it too much

o . m(v) strongly promotes mutual exclusion and atomicityno speed up; potential for deadlock
o => m(v) promote parallelism by encouraging early releaseloss of whole-method atomicity
o -> m(v) promote parallelism by starting up a new task no return value; no capture set inheritance

Figure 6. The three messaging mechanisms and their relative strengths

read/write sets), and performing validation at the end of the trans-
action to make sure different read/write sets do not lead to con-
tention. Arguments have been made that the locking necessary to
implement blocking is slow . We believe this is more an issue of
developing an efficient implementation; in many cases [8, 1], ac-
quiring/releasing a contended lock is as cheap as setting/clearing
a bit using atomic memory operations such as compare-and-swap
(CAS).

Blocking systems like ours are more likely to deadlock due
to the increased amount of mutual exclusion required. This is the
biggest disadvantage of the blocking approach, but the program-
ming burden has shifted from dealing with all of the other problems
to instead focus on deadlock detection and the code refactoring
needed to fix it. It significantly raises the importance of develop-
ing quality deadlock detection tools for both compile-timeand run-
time analysis to better discover and correct deadlocking code. This
also shows another fundamental difference between the blocking
and rollback approaches: blocking requires a more structured ap-
proach to programming, not every program will work. The history
of programming languages has shown that using a more structured
programming methodology is a feature, not a bug.

The counterpart to deadlock in transaction-based systems is
livelock, the case where rollbacks resulting from contention might
result in further contentions and further rollbacks,etc. How fre-
quently livelocks occur is typically gauged by experimental meth-
ods. There is nothing wrong with this, but it disqualifies transaction-
based systems from critical systems where impasse is fundamen-
tally not acceptable.

Locking has a bad reputation for several reasons. The first one
is more related to the explicit way in which locks must be usedin
e.g.Java, where the manual insertion process is widely known to
be difficult and error-prone. Our approach only uses locks inthe
underlying implementation, and programmers do not manipulate
locks directly.

One advantage of rollback-based systems is they often have a
totality to atomicity: The sequence of events can be viewed as all
happening or none happening, never half-happening [31]. While
this is a desirable property, it can never hold in Coqa because of
the combination of the infeasibility of rolling back I/O andthe
requirement to factor all execution into atomic quanta. A good
overview of the pros and cons of blocking and rollback appears
in [47].

2.4 Be a Happy Coqa Programmer

Here we summarize why Coqa is a good programming platform.

A simple model with choices Coqa has a very simple object syn-
tax: the only difference from the Java object model is a richer syn-
tax to support object messaging, and this new syntax also encom-
passes thread spawning. So the net difference in the syntax is near-
zero. We summarize the three different forms of object messaging,
along with the cases where they are the most appropriate, in Fig. 6.
If we imagine theHashTable object as a service, one feature of
Coqa is how theclient gets to decide what atomicity is needed. For
instance, both thetransfer method in Fig. 1 and in Fig. 5 are valid
programs, depending on what the programmer believes is needed
for the transfer method, full atomicity or quantized atomicity.

As another example, if the programmer does not need to account
for random audits which would sum the balance of all accounts,
the programmer could decide to havewithdraw anddeposit run
as subtasks as well, resulting the following program:

public void transfer (String from, String to, int bal) {
Status status = new Status();
Account afrom = (Account)htable => get(from);
afrom => withdraw(bal, status);
Account ato = (Account)htable => get(to);
ato => deposit(bal, status);

}

Figure 7. Bank’s transfer Method: Version 3

This version oftransfer will result in more concurrency
between(M1) and (M2), since right after(M1) withdraws from
Alice’s account, the bank will become available forM2 to deposit
into.

Powerful concurrency support Underlying the simplicity of
Coqa is powerful support for concurrency, covering features such
as direct object sharing and capture, thread creation, and support
for quantized atomicity. Despite the wide range of topics, all are
elegantly expressed within the familiar syntax of object messaging.

The object model has deep-rooted good properties. Any pro-
gram written in Coqa will observe quantized atomicity, which we
believe strikes a good balance between performance (how it pro-
motes parallelism) and provable guarantees (how it enforces quan-
tized atomicity, mutual exclusion for interested objects,and race
freedom). Coqa may share most of Java’s syntax, but the default
mode in terms of guarantees are reversed: pervasive atomicity prop-
erties hold on programs written in Coqa, whereas the same syntax
if viewed as a Java program may be filled with race conditions and
subtle interleaving bugs due to the lack of mutual exclusion.

Avoiding deadlocks There are two forms of deadlock arising in
Coqa. The first form was described in Sec. 2.1: deadlock inherent
in two-phase locking. The second form is the standard cyclically
dependent deadlock. Consider thetransfer example in Fig. 1.
If there are two tasks where one needs to transfer a balance from
Alice to Bob, while the other fromBob to Alice, deadlock hap-
pens if the first task write capturesAlice’s Account object and
waits forBob’s Account object, while the second task write cap-
turesBob’s Account object and wait forAlice’s Account object.

The two forms of deadlock can be removed by refactoring
programs. For instance, the first form of deadlock can be avoided
by declaring a class to beexclusive, while the second form of
deadlock does not exist in Fig. 7, a program withde factoequivalent
functionality. Deadlock-free programming is thus converted to the
question of how a programmer can become aware of the existence
of (potential) deadlocks.

There are many static and dynamic analysis techniques and
tools to ensure deadlock freedom; for an overview, see [44, 46].
A sound technique needs to make sure no deadlock is possible
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for all possible interleaving scenarios. The precision of static tech-
niques are reduced due to the combinational explosion of interleav-
ing. Note that since all Coqa code observes quantized atomicity,
stronger analysis results are likely to be achievable over Coqa pro-
grams because interleaving has been reduced.

I/O atomicity Coqa supports two forms of I/O, either by in-
voking the I/O methods as local sends, or via subtasking. In
the former, System.out is an exclusive object that needs
to be write captured. That way, when one task needs to print
System.out.println("hello"), the objectSystem.out will
be exclusively held by the task, and the output will not be inter-
rupted by other tasks. In the case where the I/O devices support
concurrent access by different tasks, such as a low-level socket on
a window system, the device can be messaged as a subtask which
will allow sharing of the I/O channel between tasks.

3. Formalization
In this section, we present a formal treatment of Coqa via a small
kernel language called KernelCoqa. We first present the syntax and
operational semantics of KernelCoqa. The main result of this sec-
tion is a proof of quantized atomicity for KernelCoqa using the op-
erational semantics, as well as other interesting related corollaries.

3.1 KernelCoqa Syntax

P ::=
−−−−−−−−−−−→
cn 7→ 〈l; Fd; Md〉 program/classes

Fd ::= fn fields

Md ::=
−−−−−−−→
mn 7→ λx .e methods

e ::= null | x | cst | this

| new cn instantiation

| fn | fn = e field access

| e.mn(e) local invocation

| e ->mn(e) task creation

| e =>mn(e) subtask creation

| let x = e in e continuation

l ::= exclusive | ǫ capture mode

cst constant

cn class name

mn method name

fn field name

x variable name

Figure 8. Language Abstract Syntax

We first define some basic notation used in our formaliza-
tion. We write xn as shorthand for a set{x1, . . . , xn}, with
empty set denoted as∅. −−−−−→xn 7→ yn is used to denote a mapping
{x1 7→ y1, . . . , xn 7→ yn}, where{x1, . . . xn} is the domain
of the mapping, denoted asdom(H). We also writeH(x1) =
y1, . . . , H(xn) = yn. When no confusion arises, we drop the sub-
script n for sets and mapping sequences and simply usex and
x 7→ y. We writeH{x 7→ y} as a mapping update: ifx ∈ dom(H),
H and H{x 7→ y} are identical except thatH{x 7→ y} mapsx
to y; if x /∈ dom(H), H{x 7→ y} = H,x 7→ y. H\x removes
the mappingx 7→ H(x) from H if x ∈ dom(H), otherwise the
operation has has no effect.

The abstract syntax of our system is shown in Fig. 8. Kernel-
Coqa is an idealized object-based language with objects, messag-
ing, and fields. A programP is composed of a set of classes. Each
class has a unique namecn and its definition consists of sequences
of field (Fd) and method (Md) declarations. To make the formal-
ization feasible, many fancier features are left out of KernelCoqa,
including types and class constructors.

Besides local method invocations via the usual dot (.) syn-
chronous and asynchronous messages can be sent to objects using
=> and -> , respectively.

3.2 Operational Semantics

Our operational semantics is defined as a contextual rewriting sys-
tem over statesS ⇒ S, where each state is a tripleS = H, N, T
for H is the object heap,N a task ancestry mapping, andT the
set of parallel tasks. Every task in turn has its local evaluation con-
text E. The relevant definitions are given in Fig. 9. A heapH is
the usual mapping from objectso to field records tagged with their
class namecn. In addition, an object on the KernelCoqa heap has
two capture sets,R and W , for recording tasks that have read-
captured or write-captured this object, respectively. A field store
F is a standard mapping from field names to values. A task is a
triple consisting of the task IDt, the objectγ this task currently op-
erates on and an expressione to be evaluated.N is a data structure
which maps subtasks to their (sole) parent task. This is needed to
allow children to share objects captured by their parent. When the
subtask finishes, its mapping is removed fromN . We also extend
expressione to include valuev and two runtime expressionswait t
ande ↑ e.

The complete single-step evaluation rules are presented in
Fig. 10. In this presentation, we usee; e′ as shorthand forlet x =
e in e′ wherex is a fresh variable. These rules are implicitly de-
fined over some fixed programP . Some of the rules in Fig. 10 have
labels after the rule names which are used in subsequent Definitions
and Lemmas below.

H ::=
−−−−−−−−−−−−−→
o 7→ 〈cn; R; W ; F 〉 heap

F ::=
−−−−→
fn 7→ v field store

T ::= 〈t;γ; e〉 | T ‖ T ′ task

N ::=
−−−→
t 7→ t′ subtasking relationship

R,W ::= t read/write capture set

γ ::= o | null current executing object

v ::= cst | o | null values

e ::= v | wait t extended expression

| e ↑ e | . . .
E ::= • | fn = E object evaluation context

| E.m(e) | v.m(E)
| E ->m(e) | v ->m(E)
| E =>m(e) | v =>m(E)
| let x = E in e

o object ID

t task ID

Figure 9. Dynamic Data Structures

We now give a brief overview of the rules.
The INVOKE rule is used for local synchronous messaging,

signified by dot (.) message send notation. Evaluation of a local
synchronous message is interpreted a standard function application
of the argumentv to the method body ofmn.
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TCONTEXT1
H, N, T1 ⇒ H′, N ′, T ′

1

H, N, T1 ‖ T2 ⇒ H′, N ′, T ′
1 ‖ T2

TCONTEXT2
H, N, T2 ⇒ H′, N ′, T ′

2

H, N, T1 ‖ T2 ⇒ H′, N ′, T1 ‖ T ′
2

SET
H(γ) = 〈cn;R; W ;F 〉 H′ = H{γ 7→ 〈cn;R; W ∪ {t}; F{fn 7→ v}〉} if R ⊆ ancestors(N, t) or W ⊆ ancestors(N, t)

H, N, 〈t; γ;E[ fn = v ]〉 ⇒ H′, N, 〈t; γ;E[ v ]〉

GET
H(γ) = 〈cn;R; W ;F 〉 P (cn) = 〈l; Md; Fd〉

F (fn) = v H′ =



H{γ 7→ 〈cn;R; W ∪ {t}; F 〉}, if l = exclusive and R ⊆ ancestors(N, t) or W ⊆ ancestors(N, t)
H{γ 7→ 〈cn;R ∪ {t}; W ;F 〉}, if l = ǫ and W ⊆ ancestors(N, t)

H, N, 〈t; γ;E[ fn ]〉 ⇒ H, N, 〈t; γ;E[ v ]〉

THIS
H, N, 〈t; γ;E[ this ]〉 ⇒ H′, N, 〈t; γ;E[ γ ]〉

LET
H, N, 〈t; γ;E[ let x = v in e ]〉 ⇒ H, N, 〈t; γ;E[ e{v/x} ]〉

RETURN
H, N, 〈t; γ;E[ v↑o ]〉 ⇒ H, N, 〈t; o;E[ v ]〉

INST

P (cn) = 〈l; Fd; Md〉 H′ = H{o 7→ 〈cn; ∅; ∅;
]

fn∈Fd

{fn 7→ null}〉}, o fresh,

H, N, 〈t; γ;E[new cn]〉 ⇒ H, N, 〈t; o;E[ o ]〉

INVOKE
H(o) = 〈cn; R;W ;F 〉 P (cn) = 〈l; Fd; Md〉 Md(mn) = λx .e

H, N, 〈t; γ;E[ o.mn(v) ]〉 ⇒ H, N, 〈t; o;E[ e{v/x}↑γ ]〉

TASK(t, γ, mn, v, o, t′)

t′ fresh

H, N, 〈t; γ;E[ o ->mn(v) ]〉 ⇒ H, N, 〈t; γ;E[null ]〉 ‖ 〈t′; o; this.mn(v)〉

SUBTASK(t, γ, mn, v, γ, t′)

N ′ = N{t′ 7→ t} t′ fresh

H, N, 〈t; γ;E[ o =>mn(v) ]〉 ⇒ H, N, 〈t; γ;E[wait t′ ]〉 ‖ 〈t′; o; this.mn(v)〉

TEND(t)

H′ =
]

H(o)=〈cn;R;W ;F 〉

(o 7→ 〈cn;R\t; W\t; F 〉) N(t) = null

H, N, 〈t; γ; v〉 ⇒ H′, N, ǫ

STEND(t, v, t′)

H′ =
]

H(o)=〈cn;R;W ;F 〉

(o 7→ 〈cn; R\t; W\t; F 〉) N(t) = t′

H, N, 〈t; γ; v〉 ‖ 〈t′; γ′;E[wait t ]〉 ⇒ H′, N\t, 〈t′; γ′;E[ v ]〉

Figure 10. KernelCoqa Operational Semantics Rules

Rule TASK creates a new independent task via asynchronous
messaging. The creating task continues its computation, and the
newly created task runs concurrently with its creating task. It may
look like that the messagemn is just re-sent to the target ob-
ject o in TASK. But actually, a new taskt′ is created and the
asynchronous message send becomes a local synchronous mes-
sage in this newly-created taskt′. Recall in Fig. 1, the statement
bank -> transfer(args) sends an asynchronous message to the
object bank. The result of this asynchronous message send is a
brand new task whose computation starts with method application
of argumentsargs to thetransfer method ofbank.

The SUBTASK rule creates a subtask of the current task via
synchronous messaging. The creating task (the parent) waits for the
newly created subtask (the child) to complete and return, entering
await state. Therefore, a task can have at most one subtask active
at any given time. The child-parent relationship is recorded in N .

When a task or a subtask finishes, all objects they have captured
during their executions are freed. A subtask also needs to release its
parent so it may resume execution. Since these finishing procedures
are different, there are separate TEND and STEND for ending a task
and a subtask, respectively. Notice that a new subtask always gets
a fresh task idt, and when its execution is done, the corresponding
child-parent mapping is removed fromN as specified in STEND.

Before discussing the rules for object capture, let us first intro-
duce the definition of theancestorsof a (sub)task, the set consisting
of the (sub)task itself, its parent, its parent’s parent, etc:

ancestors(N, t) =



{t}, if N(t) = null

{t} ∪ ancestors(N, t′), if N(t) = t′

As we discussed previously, every object has two capture sets,
R andW . The two sets are checked and updated lazily: when a task
actually accesses a field of an object, the system checks if the task
can be captured or already has captured the object, and updates the
R andW sets to read/write capture the task if needed. This capture
policy is implemented in rules SET and GET.

The SET rule specifies that a taskt can write capture objectγ,
the current objectt is operating on, if all write capturers or all read
capturers ofγ are t’s ancestors. GET checks the class exclusion
label of γ first. If γ requires exclusive capture to access it, taskt
has to write captureγ before the read, which is similar to how SET
works. If not, only read capture is needed. Taskt can read capture
γ if all of γ’s write capturers aret’s ancestors. It is worthwhile to
emphasize that a subtask can both capture objects independently,
and inherit objects already captured by its ancestors.
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When a task cannot capture an object it needs, it implicitly
blocks until it is entitled to capture it—the SET/GET rule cannot
progress. We call such a taskobject-blockedon the object. The
formal definition of object-blocked will be given in Sec. 3.3. Note
that in this presentation we will not address the fairness ofcapture
(or other fairness properties), but in a full presentation and in an
implementation the unblocking should be fair so as to never starve
a blocked task where the object was unblocked infinitely often.

Other rules in Fig. 10 are standard. For instance, object instanti-
ation rule INST creates a new object, initializes all fields to benull

and itsR andW are initialized to∅.

3.3 Atomicity Theorems

Here we formally establish the informal claims about KernelCoqa:
quantized atomicity, mutual exclusion in tasks, and race freedom.
The key Lemma is the Bubble-Down Lemma, Lemma 2, which
shows that adjacent steps of a certain form in a computation path
can be swapped to give an “equivalent” path, a path with the same
I/O behavior. Then, by a series of Bubblings, each quantum ofsteps
can be bubbled to all be adjacent in an equivalent path, showing that
the quanta are serializable: Theorem 1. The technical notion of a
quantum is thepmspbelow, apointed maximal sub-path. These are
a series of local steps of one task with a nonlocal step at the end,
which may be embedded (spread through) in a larger concurrent
computation path. We prove in Theorem 1 that any path can be
viewed as a collection ofpmsp’s, and allpmsp’s in the path are
serializable and thus the whole path is.

Definition 1 (Object State). Recall the global state is a triple
S = H,N, T . The object state foro, written so, is defined as
H(o), the value of the objecto in the current heapH , or null

if o 6∈ dom(H).

We write stepst = (S, r, S′) to denote a transitionS ⇒ S′

by ruler of Figure 10. We letchange(st) = (so, r, s
′
o) denote the

fact that the begin and end heaps of stepst differ at most on their
state ofo, taking it from so to s′o. Similarly, the change in two
adjacent steps which changes at most two objects is represented as
change(st1st2) = ((so1

, so2
), r1r2, (s

′
o1

, s′o2
)).

Definition 2 (Local and Nonlocal Step). A step st= (S, r, S′) is
a local step ifr is one of the local rules: eitherGET, SET, THIS,
LET, RETURN, INST or INVOKE. st is anonlocalstep ifr is one of
nonlocal rules: eitherTASK, SUBTASK, TEND or STEND.

Every nonlocal rule has a label given in Fig 10. For example,
the TASK rule has label TASK(t, γ, mn, v, o, t′) meaning asyn-
chronous messagemn was sent from objectγ in taskt to another
objecto in a new taskt′, and the argument passed was v. These
labels are used as the observable; the local rules have no labels.

Lemma 1. In any given local step st, at most one objecto’s state
can be changed fromso to s′o (so is null if st createso).

Proof. INST creates a single object. SET changes one single ob-
ject’s state. No other rules change object state.

Definition 3 (Computation Path). A computation pathp is a finite
sequence of steps st1 . . . sti such that st1st2 . . . sti−1sti =
(S0, r1, S1)(S1, r2, S2) . . . (Si−2, ri−1, Si−1)(Si−1, ri, Si).

Here we only consider finite paths as is common in process
algebra, which simplifies our presentation. Infinite paths can be
interpreted as a set of ever-increasing finite paths.

Definition 4 (Observable Behavior). The observable behavior of
a computation pathp, ob(p), is the label sequence formed by
appending all of the labels occurring on the (nonlocal) steps in
p.

Note that this definition encompasses I/O behavior elegantly
since the nonlocal messages are observables. I/O in KernelCoqa
can be viewed as a fixed object which is synchronously or asyn-
chronously sent nonlocal (and thus observable) messages. For tech-
nical reasons we also include task end steps as observables which
they are intuitively not, so we prove a somewhat stronger result
than is necessary.

Definition 5 (Observable Equivalence). Two pathsp1 andp2 are
observably equivalent iffob(p1) = ob(p2), writtenp1 ≡ p2.

Definition 6 (Object-blocked). A task t is in an object-blocked
stateS at some point in a pathp if it would be enabled for a next
stepst = (S, r, S′) for whichr is a GET or SET step on objecto,
exceptfor the fact that there is a capture violation ono: one of the
R ⊆ or W ⊆ preconditions of theGET/SET fails to hold inS and
so the step cannot in fact be the next step at that point.

Definition 7 (Task Sub-path). Given a fixedp, for somet a sub-
pathspt of p is a sequence of steps inp which are all local steps of
taskt. A maximal sub-pathis a spt in p which is longest: no localt
steps inp can be added to the beginning or the end of spt to obtain
a longer sub-path.

Note that the steps inspt need not be adjacent inp, they can be
interleaved with steps belonging to other tasks.

Definition 8 (Pointed Maximal Sub-path). For a given path, a
pointed maximal sub-pathfor t (pmspt) is a maximal sub-path spt

with either 1) it has one nonlocal step appended to its end or 2)
there are no moret steps ever in the path.

The second case is the technical case of when the (finite) path
has ended but the taskt is still running. The last step of apmspt is
called itspoint. We omit thet subscript onpmspt when we do not
care which task apmspbelongs to.

Since we have extended thepmspmaximally and have allowed
inclusion of one nonlocal step at the end, we have captured all the
steps of any path in somepmsp:

Fact 1. For a given pathp, all the steps ofp can be partitioned into
a set of pmsp’s where each step ofp occurs in precisely one pmsp.

Given this fact, we can make the following unambiguous defi-
nition.

Definition 9 (Indexedpmsp). For some fixed pathp, define pmspt,i
to be theith pointed maximal sub-path of taskt in p, where all the
steps of the pmspt,i occur after any of pmspt,i+1 and before any of
pmspt,i−1.

The pmspt,i are the units which we need to serialize: they are
all spread out in the initial pathp, and we need to show there is an
equivalent path where eachpmspruns in turn as an atomic unit.

Definition 10 (Path around apmspt,i). Thepath around apmspt,i
is a finite sequence of all of the steps inp from the first step after
pmspt,i−1 to the end of pmspt,i inclusive. It includes all steps of
pmspt,i and also all the interleaved steps of other tasks.

Definition 11 (Waits-for and Deadlocking Path). For some pathp,
pmspt1,i waits-forpmspt2,j if t1 goes into a object-blocked state in
pmspt1,i on an object captured byt2 in the blocked state. A dead-
locking pathp is a path where this waits-for relation has a cycle:
pmspt1,i waits-for pmspt2,j while pmspt2,i′ waits-for pmspt1,j′ .

Hereafter we assume in this theoretical development that there
are no such cycles. In Coqa deadlock is an error that should have
not been programmed to begin with, and so deadlocking programs
are not ones we want to prove facts about.

11 2007/3/26



Definition 12 (Quantized Sub-path and Quantized Path). A quan-
tized sub-pathcontained inp is a pmspt of p where all steps of
pmspt are adjacent inp. A quantized pathp is a path consisting of
a sequence of quantized sub-paths.

The main technical Lemma is the following Bubble-Down
Lemma, which shows how local steps can be pushed down in the
computation. Use of such a Lemma is the standard technique to
show atomicity properties. Lipton [30] first described sucha the-
ory, calledreduction; his theory was later refined by [29]. In this
approach, all state transition steps of a potentially interleaving exe-
cution are categorized based on their commutativity with adjacent
steps: a right mover, a left mover, a both mover or a non-mover.
The reduction is defined as moving the transition steps in theal-
lowed direction. The theory was later formulated as a type system
in [18, 19] to verify whether Java code is atomic. In our case,we
show the local steps are right movers; in fact they are both-movers
but that stronger result is not needed.

Lemma 2 (Bubble-down Lemma). For any path with any two
adjacent steps str1

, str2
where str1

is in pmspt1,i1
and str2

is in
pmspt2,i2

for t1 6= t2, if it is not the case that pmspt1,i1
waits-for

pmspt2,i2
and if str1

is a local step, then swapping the steps str1

and str2
by swapping the order of applyingr1 and r2 we can get

an observably equivalent computation path. More precisely, this
equivalent path starts in the same state that str1

started in, and
ends in the same state str2

ends in, but has the rulesr1 and r2

swapped.

Proof. First, observe thatt1 and t2 cannot be task and subtask
because steps of a task and its subtask are never interleaved.

Becausest1 is a local step, it can at most change one object’s
state and a local step does not changeN according to the opera-
tional semantics. So,st1 = ((H,N, T ), r1, (H

′, N, T ′)) whereH
andH ′ differ at most on one objecto.
(Case I)st2 is also a local step. Then,st2 does not changeN either,
andst2 = ((H,N, T ′), r2, (H

′, N, T ′′)). Becausest1 andst2 are
steps of different taskst1 andt2, st1 andst2 must change different
elements ofT by inspection of the rules, which means any change
made byst1 andst2 to T always commute. So in this section, we
focus only on changesst1 andst2 make onH , and omitN andT
for concision.

Now supposechange(st1) = (so1
, r1, s

′
o1

) , change(st2) =
(so2

, r2, s
′
o2

) andchange(st1st2) = ((so1
, so2

), r1r2, (s
′
o1

, s′o2
)).

If o1 6= o2, then swapping the order ofst1, st2 by applying
r2 first thenr1 results in the change((so1

, so2
), r2r1, (s

′
o1

, s′o2
)),

which is same aschange(st1st2), regardless of whatr1 andr2 are.
If o1 = o2 = o, thenchange(st1) = (so, r1, s

′
o), change(st2) =

(s′o, r2, s
′′
o ) and change(st1st2) = ((so), r1r2, (s

′′
o )). Let so =

〈cn; R;W ; F 〉.
By inspection of the rules this case only arises if both of the

rules are amongst GET, SET and INST.
Subcase a:Assumer1 is INST andchange(st1) = (null, r1, so).

First, the r2 used inst2 cannot be INST since o cannot be
created twice. And,r2 also cannot be any other local rule:o is just
created inst1 by t1. For t2 to be able to accesso, it must obtain a
reference too first. Only t1 can pass a reference ofo to t2 directly
or indirectly. As a result, ifst2 is a local step oft2 that operates on
o, it cannot be adjacent tost1, and vice visa.
Subcase b:If r1 of st1 is either GET or SET, then, trivially,r2 of
st2 cannot be INST that createso because no steps can operate on
an object before it is created.
Subcase c:, now we consider the cases wherer1 and r2 are ei-
ther GET or SET. If r1 is GET and the class ofo is declared as
exclusive thenchange(st1) = (〈cn; R; W ;F 〉, r1, 〈cn; R;W ′; F 〉),
W ′ = W ∪{t} if t1 captureso in st1 or W ′ = W if W is a subset

of the ancestors oft1. Either way, there does not exist an adjacent
st2 of t2 wherer2 is either GET or SET because if so, firing upst2
would violate the preconditions of the rules.

For the case wherer1 is GET and the class ofo is not declared
exclusive, then change(st1) = (〈cn; R;W ; F 〉, r1, 〈cn; R ∪
{t1}; W ;F 〉). In this case,r2 used inst2 can only be GET on o
because if it is SET, firing upst2 would violate the precondition of
SET. Therefore,change(st1st2) = (〈cn; R; W ;F 〉, r1r2, 〈cn; R ∪
{t1} ∪ {t2}; W ;F 〉). Swapping the application order ofr1 andr2

we getchange(st′1st′2) = (〈cn; R; W ;F 〉, r2r1, 〈cn; R′ ∪ {t2} ∪
{t1}; W ;F 〉), which is the same asst1st2 because set union com-
mutes.
Subcase d:if r1 is SET,st1 = (〈cn; R; W ;F 〉, r1, 〈cn; R; W ′; F ′〉)
andt1 ∈ W ′. Thenr2 of st2 cannot be GET or SET for the same
reason stated in case immediately above.
(Case II) Suppose now thatst2 is a non-local step. Letst1 =
((H,N, T ), r1(H

′, N, T ′)) and H ′ must differ fromH at most
on objecto sincest1 is a local step. Becausest1 andst2 are steps
of t1 and t2 respectively, they must change different elements of
T . st2 as a nonlocal step may add a new element toT . But st1
andst2 still obviously commute in terms of changes toT . So in the
following proof, we do not need to concern aboutT commutativity.
Subcase a:If r2 = TASK, thenst2 = ((H ′, N, T ′), r2, (H

′, N, T ′′)),
In this case, swappingst1 and st2 we get the adjacent steps
((H,N, T ), r2r1, (H

′, N, T ′′)) which has the same final state as
st1st2.
Subcase b:If r2 = SUBTASK, thenst2 = (H ′, N, T ′), r2, (H

′, N∪
{t2 7→ t}, T ′′) In this case, swappingst1 and st2 results in
(H,N, T ), r2r1, (H

′, N ∪ {t2 7→ t}, T ′′) which has the same
final state asst1st2.
Subcase c:If r2 = TEND, thenst2 = ((H ′, N, T ′), r2, (H

′′, N, T ′′)),
whereH ′′ =

U

H′(o)=〈cn;R;W ;F 〉(o 7→ 〈cn; R\t2; W\t2; F 〉)).
Namely,st2 removest2 from R andW sets of all objects inH ′.
Consider the case whenst1 changeso’s F but not itsR or W : tak-
ing st1 thenst2 has the same state change as taking the two steps
in reversed order because the two steps work on different regions of
the heap. ifst1 also addst1 to R or W of o, swapping the two steps
we still get the same result because the set operations commute
sincet1 6= t2.
Subcase d:If r2 = SUBEND, the proof is similar to c.

Given this Lemma we can now directly prove the Quantized
Atomicity Theorem.

Theorem 1(Quantized Atomicity). For all pathsp there exists an
observably equivalent pathp′ that is quantized.

Proof. Proceed by first sorting allpmsp’s of p into a well ordering
induced by the ordering of their points inp. Writepmsp(i) for thei-
th pmspin this ordering; there aren pmsp’s in total inp for somen.
We proceed by induction onn to show for alli ≤ n, p is equivalent
to a pathpi where the first1 . . . i pmsp’s in this ordering have been
bubbled to be quantized subpaths in a prefix ofpi. With this fact,
for i = n we havep ≡ pn = pmsp(1) . . . pmsp(n), proving the
result.

The base casen = 0 is trivial since the path is empty.
Assume by induction that allpmsp(i) for i < n have been
bubbled to be quantized subpaths and the bubbled pathpi =
pmsp(1) . . . pmsp(i) . . . has the propertypi ≡ p. Then, the path
around pmsp(i + 1) includes steps ofpmsp(i + 1) or pmsp’s
with bigger indices. By repeated applications of the Bubble-Down
Lemma, all these local steps that do not belong topmsp(i + 1)
can be pushed down past its point, defining new pathpi+1. In this
pathpmsp(i + 1) is also now a quantized subpath, andpi+1 ≡ p
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becausepi ≡ p and the shuffling which turnspi to pi+1 does not
bubble down any nonlocal steps sopi ≡ pi+1.

We can also show that KernelCoqa is free of data races, and
large zones of mutual exclusion on objects are obtained in tasks.

Theorem 2 (Data Race Freedom). For all paths, no two different
tasks can access a field of an object in adjacent steps, where at least
one of the two accesses changes the value of the field.

Proof. First, the two tasks cannot be related by ancestry because
subtasks never run in parallel with tasks. To update an object field,
a task needs to obtain a write lock which prevents other tasksfrom
reading or writing the same object. When a field is read by a task,
the task needs to be granted a read lock first which prevents other
tasks from writing the same object in the next step. Thus if one of
the steps is a write of one task, the other step cannot be a reador
write of an unrelated task.

Theorem 3 (Mutual Exclusion over Tasks). It can neverbe the
case that two taskst1 and t2 overlap execution in a sequence of
steps st1 . . . stn in a path (i.e. nether task begin or end oft1/2

occurs in these steps, andt1/2 both do take some steps in this
interval; other tasks could also step as well here), and in those
steps botht1 andt2 write the same objecto, or one reads while the
other writes the same object.

Mutual exclusion over tasks is a strong notion of mutual ex-
clusion in terms of the span of the zone of mutual exclusion –
it holds over the lifetime time of the whole task. Java’ssynchro-
nized provides mutual exclusion on an object, but it is shallow in
the sense that it only spans the code in enclosed by thesynchro-
nizedmethod/block, and not the methods that code may invoke.

4. Implementation
We have implemented a prototype of Coqa as a Java extension
which we call CoqaJava. Polyglot [41] was used to construct a
translator from CoqaJava to Java, and with this methodologynearly
all of the existing Java syntax and type system can be reused.

All language features introduced in Fig. 8 are included in the
prototype. A CoqaJava program is much like a Java program: the
o.m(arg) Java syntax is a local message send when the same syn-
tax is viewed as a CoqaJava program. The main difference is how
CoqaJava includes nonlocal synchronous/asynchronous message
sending operators=> and -> , and how it discards Java’s thread-
ing model in which threads are created and manipulated explic-
itly via objects of thejava.lang.Thread class. Instead, parallel
computations are created via asynchronous messaging and concur-
rently running tasks are coordinated via the Coqa mechanisms as
described in the previous sections. Consequently, CoqaJava pro-
grammers do not need Java’ssynchronizedmethod or block to co-
ordinate threaded computations. Note we do not claim that Coqa-
Java offers the final set of task and coordination primitives, just the
core ones. There is clearly need for higher-level coordination and
that is discussed as an extension in Sec. 5.

Translation Overview In the implementation, we introduce a new
Java base class calledCObject. This class is invisible to program-
mers, and the CoqaJava translator converts all user classesto be
subclasses of this base class.

CObject implements the algorithm for checking and updating
an object’s capture sets when a task tries to access a field of this
object. This algorithm is activated via invokingreadRequest()
or writeRequest() provided by theCObject. The CoqaJava
translator enforces that these two methods are invoked whenever
an object field is accessed.

class BankMain extends CObject{
public void main(String [] args) {

Task t = new Task(); //top-level task
bank. openAccount(t,"Alice", 1000);
...
// Translator generated code for ->
BankTransferWrapper1 _v_1 =

new BankTransferWrapper();//(A1)
_v_1.setTarget(bank);
_v_1.setArg0("Alice");
_v_1.setArg1("Bob");
_v_1.setArg2(300);
//submit the task for execution
Task.rootExecutor.submit(_v_1); //(A2)
...

}
...
// Translator generated inner class
class BanktransferWrapper1 implements Runnable {

Bank target;
String arg0, arg1;
int arg2;
void setTarget(Bank target){ this.target = target;}
void setArg0(String arg0) { this.arg0 = arg0; }
...
public void run(){

Task t = new Task(); //(A3)
target.transfer(t,arg0,arg1,arg2);
t.finish(); //(A4)

}
}

}

Figure 11. Translation of the fragmentbank -> transfer()

Task is another Java base class that CoqaJava programmers
do not directly see. ATask object represents a task or a subtask
created by=> or -> . The translator inserts code for creating a
new Task object before a (sub)task starts to run. TheTask ob-
ject then coordinates the object capture on behalf of the running
task and records captured objects so that they can be freed when
the task finishes. Fig. 11 shows by way of example how the trans-
lator maps an asynchronous message sendbank -> transfer() of
the earlier example in Fig. 1: it is wrapped up as instantiation of
a translator-generated inner classBanktransferWrapper1 (Line
A1), in which a newTask object is created (LineA3). Similarly,
Fig. 12 gives an example of translation for a synchronous mes-
sage sendhtable => get() of the earlier example in Fig. 5: it
is converted to a call to a translator-generated delegate method
get del() (Line B1) in the HashTable class, where a subtask
object is instantiated (LineB2) and the relationship between the
subtask and its creator is recorded (LineB3). When a (sub)task fin-
ishes, a call tofinish() is invoked on its representativeTask ob-
ject (Fig. 11 LineA4 and Fig. 12 LineB4). The finishing process
notifies all objects captured by the ending task so that theseobjects
can remove the task from their capture sets.

We utilize Java’s newly introducedjava.util.concurrent
package in our prototype implementation. Every CoqaJava appli-
cation has a built-inScheduledThreadPoolExecutor, named
rootExecutor. It serves as an execution engine for the tasks of
the application. Fig. 11 lineA2 shows how a task is submitted to the
executor for execution. Subtasks can always be running in the par-
ent thread in CoqaJava because their computations do not overlap.
Such an implementation strategy is calledpiggybackingin [21].
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class Bank extends CObject {
...
public void transfer(Task t, String from, String to, int b){

...
Account afrom =

(Account)htable. get_del(t, from);//(B1)
...

}
}
class HashTable extends CObject {

...
// Translator generated delegate method
Object get_del(Task t, String arg0) {
Task subTask = new Task(); //(B2)
Task.record(subTask, t); //(B3)
Object ret = get(subTask, arg0);
subTask.finish(); //(B4)
return ret;

}
}

Figure 12. Translation of the fragmenthtable => get()

Table 1 gives the complete code translation schema describing
how CoqaJava programs are mapped to Java. The remaining Java,
including the primitive datatypes,public/protectedmodifiersetc.,
that are not shown in this table are generally kept unchanged. We
currently leave some Java language features out of our implemen-
tation, including inner classes, native methods, field useswhich are
not via getters and setters, exceptions, and static fields. Section 5
discusses briefly how some of these features are not difficultto in-
clude.

As shown in Table 1, every method is translated to carry an
extra parameter,Task t, that records which task the invocation
is in. In CoqaJava, objects are restricted to have onlyprivate
fields which are accessed by getters/setters; this restriction is in
fact only there for implementation simplicity and will be lifted in
the near future. The CoqaJava translator translates all getters/setters
to capture an object on behalf of a task before it accesses a field
by calling readRequest()/writeRequest() on the object. For
instance, if a task reads an object field via its getter method, the first
thing the getter method does is to invokereadRequest() provided
by CObject on the current object. If the read request is granted,
readRequest() updates the capture sets of the object, then returns
silently. If the read is not allowed at this moment, the thread running
the task will be put into a wait state on thereadRequest. The
waiting task will be notified when the requested object becomes
available, then its read request can be fulfilled and its computation
resumes. The “exclusive” label declared in a CoqaJava classis
translated to a boolean value in an instance field ofCObject so
whenever a read request is being made by a task, theCObject will
check the label first to see if exclusive capture is needed.

5. Toward a Realistic Language
The focus of this paper is more foundational, we have not attempted
here to make a production language. The CoqaJava implementation
as just described also shows the model is directly implementable
and the overhead is surprisingly small. But, this implementation is
not yet working on all Java features, will need significant tuning for
production-level efficiency, and naturally supports a few extensions
for easier programming. Extensions to meet these three desiderata
are now outlined.

CoqaJava Code Java Code
class tn{. . .} class tn extends CObject{. . .}
e.mn(e′) e.mn(t, e′)
τ mn(τ x) {e} τ mn(Task t, τ x) {e}
τ getter() {e} τ getter(Task t) {this.readReq(t); e}
setter(τ e) {e′} setter(Task t, τ e) {this.writeReq(t); e′}
exclusive label aCObject field

e ->mn(e′)

Task t = new MnWrap();
t.setTarget(e);
t.setArg(e′);
Task.rootExecutor.submit(t);

// Translator-generated inner class
class MnWrap implements Runnable{

Task t;
τe target;
τe′ arg;
void setTarget(τe target)

{ this.target = target; }
void setArg(τe′ arg)

{ this.arg = arg; }
public void run()

{ t = new Task();
target.mn(t, arg);
t.finish(); } }

e =>mn(e′) e.mn del(t, e′)

// Translator-generated method for τe

τ mn del(Task t, τe′ arg)
{ Task nt = new Task();
Task.record(nt, t);
τe ret = mn(nt, arg);
nt.finish();
return ret; }

Table 1. CoqaJava to Java Syntax-Directed Translation

Completing CoqaJava While CoqaJava implements most of ex-
isting Java syntax, a few features were left out for simplicity which
we plan on adding shortly. These features include static fields, im-
plicit getters/setters, inner classes, and exceptions. None of these
are horribly difficult to implement; here is an outline how some of
the more challenging features can be implemented.

Currently, we don’t allow static fields in CoqaJava. Gettersand
setters of a static field would be handled differently than accessors
of an instance field: a task needs to capture theClass object of
the class where the static field is declared. The restrictionof hav-
ing explicitly coded getters/setters can be eliminated and, the Coqa-
Java translator instead can automatically generate getters/setters for
public fields. Then the CoqaJava translator automatically can con-
vert all field accesses to using these generated getter/setters. This
way, normal Java field access expressions can also be used in Co-
qaJava. Exceptions are not supported in the prototype for now, but
they are not a particular challenge in CoqaJava—unlike optimistic
transaction systems where exception handling within a transaction
that must rollback is extremely tricky [22], our pessimistic blocking
approach can always preserve the exception semantics of an execu-
tion. To extend the prototype CoqaJava with exception handling,
the most crucial thing is to ensure that tasks free their captured ob-
jects when they are terminating due to an exception.

Performance The current prototype CoqaJava is obviously not
efficient since it is a direct mapping from CoqaJava to code to
Java, without any optimizations. There are many ways that we
can optimize CoqaJava. For instance, equipping CoqaJava with the
ability to detect immutable objects can be very helpful in terms
of performance. It is always safe for multiple tasks to access an
immutable object at any time without the overhead of capturing the
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object. It is also desirable to provide programmers a means to create
immutable objects.

Static analysis such as various lock inference techniques [17,
27] can provide useful insights on finding mutual exclusion re-
gion statically so that objects in a mutual exclusion regiondoes
not require locks. Object immutability described above could alter-
natively be inferred by a program analysis and not declared.

Pushing CoqaJava object capture process into the bytecodesis
a key long-term plan since that would circumvent the overhead
introduced by using Java as an intermediate layer, and drastically
improve the overall performance of CoqaJava.

We are also interested in exploring how the rollback-based
approach can be used as an optimization strategy. Accordingto
our discussions in Sec. 2.3, there are several criteria in deciding
which one is the better choice, for instance the frequency/likelihood
of contention. It would be interesting to consider the use static
analysis or dynamic profiling techniques to decide on contention
and then having the compiler or language run-time choose either
an optimistic or a pessimistic approach.

Coarser-grained locking Currently, Coqa tracks ownership at the
object level in the sense that tasks capture objects one by one as
execution proceeds. In some cases, such an ownership granularity
may in fact betoo fine-grained. For instance, for a clustered data
structure consisting of multiple objects, it may be better to use a
single set of capture flags for the whole structure. Clustering locks
into regions so that few actual locks are needed could improve
system performance since less ownership checking and updating
are needed.

Ownership type systems [40, 15, 32] could in principle be used
to add such object clustering features to Coqa. It could alsohelp
alleviate some deadlock problem [11].

Conditional waiting Language-level support for inter-thread
waiting has proved to be useful in practice. Examples along this
line include Conditional Critical Regions (CCR) [28],wait andno-
tify primitives in Java, CCR support in STM [23], andyield r in
AtomCaml [42].

Coqa can be extended to support a similar feature, but we must
at the same time stay in line with our philosophy of an object-
centric concurrency model. Our plan is to addsynchronization
constraintsto Coqa methods. For instance in the classic buffer
read/write example [10], we can constrain theget method of the
Buffer to be enabled only when the internal buffer is not empty.
Invocations ofget are blocked (and theBuffer object is be cap-
tured) until the constraint is satisfied. This extension is not concep-
tually difficult, and synchronization constraints on objects are also a
well studied area, originally in Actors [2, 3] and later in Polyphonic
C# [10]. Adding synchronization constraints does complicate mat-
ters on systems with class inheritance, but standard solutions do
exist. See [36] for an overview.

6. Related Work
We now review related work, with a focus on how atomicity is
supported, and how concurrent object models are constructed.

6.1 Atomicity via Software Transactional Memory (STM)

The property of atomicity is commonly discussed in the context of
STM systems: systems with optimistic and concurrent execution
of code that should be atomic, and the ability to rollback when
contention happens. Early software-only systems along this line
include [43, 25]. Programming language support for STM started
with Harris and Fraser [23], and then appeared in many languages
and language extensions, such as Transactional Monitors [48] for
Java, Concurrent Haskell [24], AtomCaml [42], Atomos [12],X10

[14], Fortress [4] and Chapel [16]. We have discussed the design
choices between pessimistic and optimistic approaches in Sec. 2.3.
As a result, the following discussion will not focus on this differ-
ence.

We start from two related concepts developed in this community
[12]: weak atomicityandstrong atomicity. In proposals with weak
atomicity, transactional isolation is only guaranteed between code
running in transactions, but not between transactions and non-
transactional code. Such a strategy can lead to surprising results
if non-transactional code reads or writes data that is part of a
transaction’s read or write set, and also dwindles the appeal of
the atomicity property in the first place: to reason about programs.
In Coqa, since all method invocations are either part of a task
(o .m(v)), starting up a new task (o ->m(v)), or starting up a new
subtask (o =>m(v)), no code iseverrunning in a non-atomic mode,
and hence strong atomicity is trivially preserved. A large number of
transactional memory systems [26, 6, 43, 25, 23, 48] and languages
[14, 4, 16] only conform to weak atomicity. Strong atomicityis
supported by [24, 42, 12].

From the language abstraction perspective, the most common
abstraction for atomicity support in OO languages is to define a
program fragment as anatomic block, as in [23, 14, 4, 12]. As we
discussed earlier, this abstraction does not align well with the fact
that the base language is an OO language. In Coqa language, atom-
icity is built deeply into the object model, and atomic executions
are aligned with different forms of message passing.

The one significant exception is Atomos, which supports a form
of open nesting, but their semantics is different from Coqa’s. In
Atomos, a child transaction is able to commit all objects it has
written. If we ignore the difference between the optimisticvs. pes-
simistic approach, then Atomos’s open nesting strategy could be
viewed as a subtask in our model that early releases all objects it
has worked on, including those belonging to all its parents.This
obviously would lead to surprising results. Indeed, the Atomos au-
thors claimed (in Sec.3.3 of the same paper): “... changes from
the parent transaction can be committed if they are also written by
the open-nested child transaction, seemingly breaking theatomicity
guarantees of the parent transactions. However, in the common us-
age of open-nested transactions, the write sets are typically disjoint.
This can be enforced through standard object-oriented encapsula-
tion techniques.” In other words, the open nesting mechanism of
Atomos in itself is unsound, and it relies on either “typical” pro-
gramming patterns or extra language enforcement.

Open nesting as a language feature is studied in [38, 39]. In
[39], open nesting is linked to a notion ofabstract serializability: a
concurrent execution of a set of transactions is viewed as abstractly
serializable if the resulting abstract view of data is consistent with
some serial execution of those transactions. It remains to be seen
how open nesting can be rigorously stated or proved as a property
dependent on the semantics of data. Quantized atomicity however
clearly defines what is preserved and what is broken, regardless
of the program semantics. As another difference, [39] asks the
method writer to decide whether the method should be invokedas
an open nesting or not. Coqa however gives the decision making
to the method invoking party. Such a design gives flexibilityto
programming.

6.2 Atomicity in Non-STM Languages

Of the non-STM languages, our work is most related to actor lan-
guages. Actors [2, 3] provide a simple concurrent model where
each actor is a concurrent unit with its own local state. Inter-actor
communication is achieved by asynchronous messaging. Sucha de-
sign has many desirable properties. For instance, full atomicity is
preserved because executing each actor method does not depend on
the state of other actors and each method execution is trivially se-
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rializable. Actors are also deadlock free. Over the decades, Actors
have influenced the design of many concurrent object-oriented pro-
gramming models, such as ABCL [49], POOL [5], Active Objects
[13], Erlang [7], the E language [37], and Scala [21].

Actors however are a model more suited to loosely-coupled
distributed programming, not tightly coupled concurrent program-
ming; tightly coupled concurrent programming is a challenge. For
tightly-coupled message sequences, programming them in the pure
Actor model means breaking off each method after each send and
wrapping up the continuation as a new actor method. In terms of
the atomicity property, even though each method in actors iscom-
pletely atomic, the intuitive notion of atomicity is in factweakened
as the code is manually broken into several actor methods. Typi-
cally when Actor languages are implemented, additional language
constructs are included to ease programmability, but thereis still a
gap. Consider [21] as a representative of this category of languages.
Asynchronous messaging is provided (via theo!m(e) syntax), and
at the same time one can use expressionreceive{p} to wait for
messages wherep is a pattern matching of messages. The latter
construct indeed makes declaring a method for each return value
unnecessary. Consider a programmer intends to model the follow-
ing Java code:

x = o. m1(v);
y = o. m2(x);
...

the typical code snippet in [21] would look like:

o!m1(v)
receive {

case x => o!m2(x);
receive {

case y: ...
}

}

Note that by doing such a transformation, a few invariants which
held in Java are now not preserved. For instance, when the first
receive matches the result ofx, x might not be a return value
from the actoro. Due to concurrency, such a message in fact might
come from any actor. In addition, thereceive construct is required
to never return normally to the enclosing actor (no statement should
be following areceive block). This requires programmers to wrap
up all continuations in thereceiver blocks. If a Java program
is meant to have 10 method invocations, the resulting actor-based
program would have to have nestedreceive blocks of depth 9.
Lastly, the introduction ofreceive is essentially a synchronization
point. It will make the model loses the theoretical properties the
pure Actor model has, atomicity and deadlock freedom.

A very early language system supporting atomicity appearedin
[33]. There programmers are given the ability to declare a block of
code as atomic by enclosing it withaction andend. This language
design strongly influenced the atomic block language construct
used in STM systems, such as [23, 14, 4, 16].

Argus [31] pioneered the study of atomicity in object-oriented
languages. Like actors it is focused on loosely coupled computa-
tions in a distributed context, so it is quite removed in purpose
from Coqa but there is still overlap in some dimensions. Argus
is a transaction-based system in that actions can rollback,but un-
like STM systems they use a combination of locking and rollback
to enforce this. Argus objects are local except for special objects
calledguardians, placed one per distributed site. Only invocation of
guardian methods can lead to parallel computation (calledatomic
actions), while in our language, an asynchronous invocation to any
object can lead to parallel computation. Argus has asubaction
mechanism which is a form of closed nesting. Unlike our subtask-

ing, when a subaction ends, all its objects are merged with the par-
ent action, instead of being released early to promote parallelism
as a subtask does. Argus allows read/write locks to be inherited by
subactions, an idea Coqa shares.

The Java language of course also has built-in notions to help
enforce atomicity and mutual exclusion. Java allows programmers
to declare a block or the entire method to besynchronized. The
goal here is to ensure race freedom. Programmers can specifyat
the beginning of thesynchronized blocks what objects they are
interested in locking to ensure no race happens to those objects.
As observed by many others, race freedom itself only concerns the
consistency of access to the objects specified by thesynchronized
block, and is neither sufficient nor necessary to ensure the absence
of bugs due to unexpected interleaving of threads, a property bet-
ter captured by atomicity [18]. In Java 1.5, utilities in package
java.util.concurrent.atomic allows programmers to access
low-level data types such as integers in an atomic (serializable)
fashion. This effort does not overlap with our desire of building
high-level programming constructs with atomicity properties. Also,
as mentioned in the introduction, Java takes the approach of“no
concurrency expected unless declared otherwise”, and thismakes
programs difficult to debug since it is so easy to write code with
significant errors in terms of races, mutual exclusion, and violation
of atomicity. This also complicates the design of the Java Mem-
ory Model [34], as perfectly innocent compiler optimizations might
take on bizarre behaviors when interleaving happens. The Coqa
memory model is straightforward, as the object model fundamen-
tally removes the possibility of the problematic interleavings.

Guava [9] was designed with the same philosophy as Coqa:
code is concurrency-aware by default. The property Guava enforces
is race freedom, which is a weaker and more low-level property
than the quantized atomicity of Coqa. JShield [35] is a similar
design in spirit.

In [45], a data-centric approach is described for programmers
to express their needs for data race and atomicity. Programmers
add annotations to express how different fields or method param-
eters should be accessed. This approach is particularly elegant in
expressing single-object properties, such as data races. To express
properties involving many objects (such as atomicity), program-
mers need to have a clear picture about all objects involved (see
theowned annotation). [45] has one interesting mechanism which
overlaps with Coqa. Programmers in [45] can declare some param-
eter to beunitfor, which is mutual exclusion declaration for the
specified object. Coqa uses synchronous messaging to express the
same goal.

7. Conclusion
Coqa is a foundational study of how concurrency can be built
deeply into object models; in particular our target is tightly cou-
pled computations running concurrently on multi-core CPUs. Coqa
has a simple and sound foundation – it is defined via only three
forms of messaging, which account for (normal) local message
send, thread spawning via asynchronous message send, and atomic
subtasking via synchronous nonlocal send. We formalized Coqa as
the language KernelCoqa, and proved that it observes a wide range
of good concurrency properties, in particularquantized atomicity:
each and every method execution can be factored into just a few
quantum regions which are each atomic. We justify our approach
by implementing CoqaJava, a Java extension incorporating all of
the Coqa features. In the future, we intend to make our translator
more efficient and language more expressive.
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