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Abstract

This paper introduces a new language mo@eka for deeply em-
bedding concurrent programming into objects. Every pnognait-
ten in our language has built-in the desirable behaviorgarhi-
ity, mutual exclusion, and race freedom. Such a design tisnke
default mode o€.g.Java, where programmers may write programs
highly vulnerable to surprising runtime errors if they da take ad-
vantage okynchronized blocks and other advanced concurrency
features. Coga takes advantage of basic object-orientii@hsdo
express important concurrent programming primitivesyltesy in

a powerful but concise model that includes thread creasibared
object access and open nesting. A key property of our modieéis
notion of quantized atomicityall concurrent program executions
can be viewed as being divided into quantum regions of atemic
ecution, greatly reducing the number of interleavings tosader.
The language design draws from different schools of coeotirr
language design, especially Actors, and constructs a driéisign
close to mainstream object-oriented programming pradfiegus-
tify our approach both from a theoretical basis by showirgj th
formal representation, KernelCoga, has provable quahttem-
icity properties, and by implementing CogaJava, a Javaneiie
incorporating all of the Coqa features.

1. Introduction

Programming languages have continually evolved to megpritre
gramming demands of the times. Today it is arguable that t& m

with the view of sequential programming as the default, bitit &
standard bag of tricks to allow the critical small concutisgctions

to be written. This was not completely unreasonable at tine ti
of the initial design, since Java was targeted at portaltierriet
applications and there were no multi-core CPUs. Java ieslud
language constructs such agnchronized blocks to avoid race
freedom, with the implicit meaning that tldefaultcase is no use
of these and thus no concern about concurrent access, anpd onl
when programmersxplicitly declare the need is it important. In the
coming era of multi-core CPUs, we believe the default mode he
should beinverted good properties such as race freedom, mutual
exclusion, and atomicity should Ipgeservedunless programmers
explicitly declare otherwise

Design Principle 2: AlwaysEn Guarde While Sharing For all
concurrency models, one of the primary questions is whegher
shared memory is assumed. At one extreme, Actor languages [2
take the route of the non-shared-memory model: each actatha
own private store. This indeed makes sense for distributegtam-
ming, arguably the “sweet spot” for actors. The downsidehi t
tightly-coupled computations are very difficult to writearmodel
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 diffefava
threads is not protected, so that arbitrary interleavinyvben
threads can happen, which in fact contributes to a wide rafige
problems in Java concurrent programming, including datasa

significant new demand is to make languages that match the evo Concurrent Java programs are difficult to debug due to the ver

lution to multi-core CPUs and the coming ubiquity of coneumtr
computation: nearly all programs will be concurrent. Thaper
is a reconsideration of the “right” concurrency model faghtiy-
coupled computations that can be easily deployable on tooité
CPUs. We begin this paper by enunciating our key concuresmnt |
guage design principles.

1.1 Concurrent Language Design Principles

Design Principle 1: Good Concurrency Properties Preserveyl
Default Concurrency is particularly important to get right at this
point in time as it is clear that future software developmint
going to rely more and more on concurrent execution on ncolte
CPUs: concurrency is fast becoming pervasive. Java waslclea
not designed with pervasive concurrency in mind, it was designe

[Copyright notice will appear here once 'preprint’ opti@réemoved.]

large number of possible interleavings that could happéicmas
a result introduce a large number of ugly complicationsuidiig
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 propose
shared memory model, but where different threads look #itsr
own interests, possibly at the expense of other threadsudh a
model, different threads do not take a “live and let live'itatte
toward others and allow free sharing; instead they compate f
(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 areceetdin
ibly large number of interleaving possibilities across ksible
runs of the program. Even though this is an inherent problem f
any concurrent program, the situation today is much grdwean it
was, say, two decades ago. With tightly coupled computation
ning on multi-core CPUs, data sharing between threads ihimuc
more common and the patterns are more complex. Ever-laoger ¢
current programs also introduce more probabilities fareaving.
We strongly believe that some notionatbmicity—i.e.the property
that a block of code can always be viewed as occurring atdiyica
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no matter what interleaving it is involved in — must be builtto
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 kware
not atomic unless explicitly declared to be. As a result, large
number of STM systems [26, 6, 43, 25, 23, 48], code by default
runs in non-transactional mode with zero atomicity guaastand
the interleaving of this code with the transactional codfagt can
break the atomicity of the latter, an unfortunate consegaé&nown
as weak atomicity [12]. It is our belief that code in next-geation
languages should by default have some notion of atomiditgrient
from the object model itself, not optional syntax at the ngest
programmers.

In this design principle, we are well aligned with Actors 8,
there atomicity is preserved for each method because itugza
once initiated does not depend on the state of other actdreauh
method is therefore trivially serializable.

Design Principle 4: Atomicity is Not Necessarily All or Nothg
At first glance, one might think atomicity is either presehes vio-
lated, and there is no middle ground that can be useful fagraro-
mers. Whether this is true depends on how the notion of atmic
is defined; different researchers have different definiti@ut if we
forget about these technical differences and think of atidynnore
generally as reducing the chaos of too many interleavingipibis
ties, then some middle ground does indeed exist.

For instance, let us consider two pieces of cadendy. If we
knowX in its entirety can always be viewed as occurring atomically
no matter what interleaving it is involved in, and the sansoal
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, arid known to contain
two sub-regions each of which has the strong guarantee omeati
above but not the two combined together; have we lost albréag
power? Obviously not, now the interleaving fand Y will still
only have three possibilitie,YX, YX. X, andX,X,Y. From the
perspective of facilitating reasoning, we still have a #igant
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 deseriielow.

Design Principle 5: Optimistic Atomicity is Not Always thee3t
Policy Programming language efforts to achieve atomicity largely
fall into two categories: thg@essimistic blocking approactsuch
as [18]) and theoptimistic rollback approach{such as [23]). In
the first approach, contentions are fundamentally elirethads
any contention-inducing operations will be blocked urtii tton-
tention is resolved. In the optimistic rollback approackeauting
an atomic unit does not have to block at a contention poirdt if
the end of the atomic unit, it turns out that contentions a@iggen,
related threads roll themselves back to the beginning chtbenic
unit and retry. The atomic unit in the optimistic approach esm-
monly calledtransactions

The optimistic approach is the modus operandi of today’s re-
search on atomicity. One fundamental reason we think thie opt

Historically speaking, the transaction-based approackeamn
database systems, a highly bounded domain. We do believe rol
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 pler
due to the very limited object sharing allowed. The two apples
have advantages and disadvantages; rather than debattrigstie
here we wait until we have outlined our core approach, and the
compare it in-depth with the STM approach in Sec. 2.3 below.

Design Principle 6: Put OO-Style Concurrency in OO Languagje
A related problem with Java not being designed from the wtitint
concurrency front-and-center is how a non-object-basethgyand
semantics is used for concurrent programming in Java. Lageu
abstractions such as library claBsread 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 lang{z&je
A small and uniform core is favored as it makes reasoningegasi
makes feature intervention is less likely, and the progransn
learning curve less steep.

1.2 Our Approach

In this paper, we describe a new object-oriented langu@gea

(for Concurrentobjects with quantizedatomicity), which builds
concurrency and atomicity-by-design deeply into the diajecdel.

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 keep
the programmer from having to do “control flow hacking” just t
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,taskg competing to “capture” objects, obtaining
exclusive rights to them. A key property of Coga program#$ t
object methods will often have complete atomicity over tholg
method by design. But, for some tasks a method simply cannot
reasonably be atomic, and our model allows programmerdag re
this property by dividing a method into a small number of zone
of atomicity, giving a model we cafjuantized atomicityFrom a
concurrent programming perspective the model has threeatbs
properties, from higher- to lower-level as follows:

Quantized atomicity Each method is composed of several dis-
cretequantg 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
guanta 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 prograns,
to significantly ease the debugging burden for programswidf t
pieces of code each have 100 steps of execution, reasorolygy to
would have to consider interleaving scenarioslof'® possibil-
ities; however, if the aforementioned 100 steps can be isptit3
atomic quanta, there are onl possibilities.

mistic approach does not serve as a good general programming  The contributions of this paper include:

model is it discriminates against certain forms of codegesly
code with I/O. For instance, the need to roll back a network-me
sage sent across political boundaries opens up a Pandara’'sfB
problems. This shortcoming also directly clashes with aundiple

3 above: it is not possible to have a ubiquitous notion of atdyn

in the presence of I/O if the optimistic approach is taken.

e 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 tjoo
zones”. Our model also is unambiguous about the guararttees i
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

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() 9% 100;
}

private BucketList[] buckets = new BucketList[100];

}

class BucketList {
public Object get(Object key) {
/7 (%)
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 featuresCafga

in an incremental fashion. We first describe a barebones Imode

(Sec. 2.1) to illustrate the basic ideas, and then presenfuth
model of Coga in Sec. 2.2.

The running example Throughout the section, we will use a
simple example of basic banking operations, including acnto
opening and balance transfer operations. Fig. 1 and Figie2the
barebones version the source code we start with. Bank atscats
stored in a hash table, implemented in standard fashionbwitket
lists. For instance, after the three accouritsce, Bob, Cathy have
been opened via the first four lines of thein method, a possible
layout for objects in the hash table is pictured in Fig. 3. fi@vity
here we present simplified code which omits checks for daf#ic

 We take advantage of basic object-oriented notions to ezpre keys, unlocatable accounts, and overdrafts.

important concurrent programming primitives. In partanl

different forms of message passing are all that is needextto e 2.1 The Barebones Model

press creating a separate task, local messaging withirka tas The concurrency unit and its lifecycle The concurrency unit

and subtasking (a form of nested atomicity). in our language is @ask This refers to a unit of execution that

can potentially be interleaved with other units. Tasks dosely
related to (logical) threads, but tasks come with inherémhiity
properties not found in threads and we coin a new term to teflec
this distinction.

e Lastly, we describe CogaJava, a prototype translator imple  Since we are building an object-based language, the syntax
menting Coqa as a Java language modification by simply re- for task creation is also object based: tasks are createdhiplys
placing Java threads with our new forms of object messaging. sending asynchronous messages to objects. The essengmof as
The sequential core of the language remains unchanged. chronous messaging is that the sender does not expect any res

¢ We formalize the core language, and prove the model has the
properties of quantized atomicity, mutual exclusion, aader
freedom mentioned above.
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I: htable : HashTable :I

buckets[0] : BucketList

ad ‘l
[ : Bucket

next

: Bucket

buckets

+ key

data

\détl + key

[“Cathx” : String ] [

- Account ] [“Alicc” : String ] [ . Account ]

Y
I: buckets : BucketList|

- head
buckets[1] : BucketList H

]
O

[“Bob” Strin ] [

: Account ]

Figure 3. Hash Table:

from the receiver, and thus it is a good point for parallelizthe
program. For example, in Fig. 1, the top-lexalin method starts
up two concurrent balance transfers by the invocationsigshi1
andM2. Syntaxbank - transfer("Alice", "Bob", 300) in-
dicates an asynchronous messagensfer sent to objecbank
with indicated arguments. Asynchronous message senchsdatur
mediately, so the sender can continue, and a new task idreat
to execute the invoked method. This new task terminates vthen
method is finished.

Tasks are selfish Figuratively, Java threads selflesslijare ob-
jects in the heap. Unfortunately such an idealistic modebks
down in the face of concurrency: mutual exclusion, racedoee
and atomicity all require zones of exclusive use of objeats, thus
for tasks to be selfish in their control of objects. In our laage,
tasks selfishigompetdor objects in the heap. Selfish mechanisms
better satisfy selfish properties, and our model has hustipport
for atomicity, mutual exclusion, and race freedom.

The basic idea is simple. All Initially instantiated objeetre not
held by any task. We may say they dreein the heap. Whenever
atask accesses a free object, it selfisgfalgturest. At any moment
of execution, a task can be viewed as having selfishly cagtare
set of objects (we say these objects are in the tasigure set
Objects in the capture set are all freed when the task endgatfk
intends to access an object already captured by some otfheiitta
is blocked at that point of execution until the needed obigfreed.

Capturing is a blocking mechanism, but unlike Java where pro
grammers need to explicitly specify what to lock and whattoot
lock, the capture and blocking of objects is fundamentalijt mto
Coqga.

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

In regard to timing, we could decide to capture an object when
it is sent a message, or wait until the object actually ae=efis
field. The first candidate is a more intuitive choice in thatlibws
programmers to reason in an object-based fashion ratharaha
per-field fashion. The second candidate is more an optiioizat
strategy to improve performance. For instance, inthensfer
method of Fig. 1, when the programmer writes li(e2), his/her
intention of selfishly capturing thBashTable object referenced

A UML lllustration

the invoking task occurs in the middle of executing gee method
of theHashTable, when the fieltbuckets is accessed. It is for the
same reason that we can have parallelismiirandM2, since the
moment of the messaging does not capturetirek object, and
running both concurrently will not lead to competition fosince
thetransfer method does not access the bank fields.

The second question is related to field access itself. THe sel
ish model we have thus far described treats read and wrigsacc
uniformly. If this were so, anytransfer task must exclusively
hold theHashTable objecthtable in line (A2) until the entire
transfer task is completed. If theransfer method included
some time-consuming operation in the middle (say a didiibu
communication), different tasks afransfer would all block for
theHashTable object and would make it a bottleneck for concur-
rency. In fact, concurrent read access alone is perfecty firings
only become problematic upon field write. As a further optiani
tion our notion of capture is further refined to use the steshtl@o-
phase non-exclusive read lock and exclusive write lock 2]
proach. When an object’s field is read, the object is said tehe
captured when the field is written, the object is said to \eite
captured The same object can be read captured by multiple tasks
at the same time, but to be write captured, the object has &x-be
clusively ownedj.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 aneethpt
via field reads (yellow boxes) or writes (red boxes). For spac
reasons, we have omittedring objects which are immutable and
thus always read captured.

The two-phase locking strategy increases the opportupity f
parallelism, but it is known to have one disadvantage: omm fo
of deadlock is possible as a result. Consider the case wis&s ta
created by(M1) and (M2) are running in parallel. TaskM1) is
withdrawing money fromidlice's account. It has read from her
Account object the current balance, but has not yet written the new
balance (theval += b expression is indeed two operations: read
frombal, then write tobal). Immediately after this operation, task
(M2) intends to deposit money td ice’s account. It has also read
from the same object the balanaal). Note that at this particular
moment, theAccount object of Alice has read locks from both

by htable is expressed: synchronous messaging at a high level (M1) and (M2), and neither party can add a write lock to it, and so

expresses the fact that the task will accessing the recefearever,
this view is more conservative than is needed: what reallitersa
is exclusive access to (mutable) dat&, the underlying fields.

neither party can proceed. To solve this matter, our langadgws
programmers to declare a class with tightly coupled reaté#wr
as anexclusive class. Exclusive classes have only one lock for

So, in Coga we define the capture points to be the field accesseither read or write, and parallel read is prevented. Fdmirte,

points. In the aforementioned example, capture oftitieble by
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[ htable : HashTable ]
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After (A2)i (BZ)i After (AS)l (BS)i

After  (A3) i (B3) i

After (*) i Amid (A4) *) iAmid (B4)

Legend

:] Read Captured Object
- Write Captured Object

] |: buckets : BucketList :I E _________ ,
i : - i Capture Set
:[buckets[O]: BucketList[]] A !

...................

Figure 4. Execution Sequence for the Task Created by Fig. 1 Mine
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the Account class could have been declaredelusive 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 exclusiondamace
freedom.

Let us consider two tasks that run in parallel, saynd Y.
Intuitively, if X andY do not read/write any common object at all,
they can be arbitrarily interleaved without affecting eather. If
they do need to access the same objects, note that our gihkpso
of capture is that they need to compete for them. At any pdatiic
time and no matter howandy have interleaved up to this moment,
we know the object¥ have accessed must either be read captured
or write captured b¥. It is obviousy must not have write captured
any of these objects sincebecomes alive. In other words, all of
these objects are not mutated YayThis fact has several appealing
consequences for the interleaving task¥ ahdy:

Atomicity : SinceY has no (mutation) effect on the obje&tsares
about, all computations performed hycan be equivalently
viewed as non-existent from's perspective. Task can then
be viewed as running alone. The same can be said ahout
Together this implies that the execution »fand Y can be
serialized.

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

Race Freedom: As a special case of mutual exclusicghandy

This will completely block the task created §43), since execut-

ing it will demand exclusive write captur&d3, 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 framice

to Bob. Intuitively, there at least should be some parallelisruim-r
ning the two tasks.

The source of this problem is theransfer task created by
(M1) always remembers it has accessed the hash table (and hence
bucket [0]) throughout the lifecycle of the taskhis only makes
sense if the programmer indeed needs to make sure the héststab
never mutated by other tasks throughout the duration, tcegtee
complete atomicity of its behavior. In the example heres tBi
hardly necessary; there is nothing wrong with the fact thiagnv
the (M1) locates the account @fiice, the account aban does not
exist, but when latefM1) locates the account @ob, 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 aazkess
HashTable object (and all objects it indirectly accesses) as a hew
subtaskThe high-level meaning behind a subtask is that it achieves
a relatively independent goal; its completion signals diglavic-
tory so that the resources (in this case captured objecés) tas
achieve this subtask can be freed.

In terms of syntax, we can change the source codeaisfer
in Fig. 4 to the following Fig. 5 which makes the tilashTable
accesses run as subtasks. The only change is the Yobi{ation
for synchronous messaging is changed=tofor subtask creation
messaging. To distinguish the two forms of synchronous atess

does not race to access any object field, except that both maying, the original dot-notation is hereafter calledal synchronous

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 langbage a

lows any object to receive asynchronous messages provigee t
is such a method, it follows that running any two methods in pa
allel preserves the aforementioned properties. This isrguoitant
observation since it correlates the properties of a higlglyadchic
construct (tasks) to what programmers have in mind whilénznd
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 @mn
tion that helps programmers to express their intentions. rd
tion of object mutual exclusion is much stronger than wheraJa
programmers declare a method to dfgnchronized: this dec-
laration only guarantees the object with the method isfitset
mutated by other threads, while we are guaranteeing the- prop
erty for all objects directly or indirectly accessed at run time

messaging since its execution stays within the currentaadidoes
not start a new subtask.

public void transfer (String from, String to, int bal) {
Status status new Status(Q);
status. init();
Account afrom

//(B1)
(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 invocationge., the task executing
transfer waits until its subtask executinget returns a result.

by the method. Even Java's more refined language constructg i the key difference is the subtask keepseparatecapture

synchronized(os, 02, ..., 05){e} is enforcing less mutual exclu-
sion: this construct specifies that, . . . , o, are mutually exclusive,
but the method must explicitly enumerate in the parenthatbése
object references that will directly andirectly be used for object
access. This implies a look-ahead of the call graph to guéss w
to put here and the guess may be incomplete; in our approsks$ ta
will capture all objects in the call graph implicitly.

2.2 Subtasking: Open Nesting with Blocking

The barebones model admits significant parallelism if mbsthe®
object accesses are read accesses, as read capture daevewt p
concurrent access. Long waits are possible however whgodre
writes are needed. For instance, consider the paralleLiéracof
the two tasks spawned b§1) and (M3). Let us suppose when
the account oban is added, it will become the hea&hcket of
bucket [0] in Fig. 3. The task started up b§11) will label the
object ofbucket [0] (of type BucketList) to be read captured.

set, and that capture set is freed when the subtask is finished
For instance in Fig. 4, the second column illustrates a ptessi
execution sequence for the same tgat) when thetransfer
method is changed to the one above. Wheable = get (from)
is invoked, a subtask is created. Internal to the subtastuéoa,
the subtask still captures objects as a task would do: in ibdlen
of theget method during bucket lookup, two separate capture sets
are held. Theransfer task keeps its own objestatus object,
and all HashTable-related objects are put in the capture set of
the subtask. When the method invocatioteble = get (from)
completes, all objects captured by the subtask are freedhist
moment, the task of opening an accountfas can now access the
HashTable, rather than requiring to wait until1 has completely
finished.

A subtask is also a task in the sense that it prevents anpitrar
interleaving. The change at line82) admits some interleaving
between taskM1) and (M3) that was not allowed before, but it
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does not mean that arbitrary interleaving can happen; famgie,
if M1 is in the middle of a key lookup3 still cannotadd a new
bucket. We will discuss such concurrency properties in thegnce
of subtasking later in this section.

Subtasking is a dual to open nesting in transaction-based sy
tems [39, 12]. Open nesting is used to nest a transactiodensi
another transaction, where the nested transaction can itdrmam
fore the enclosing transaction runs to completion. (Nestaals-
actions that cannot commit before their enclosing trainsastare
commonly referred to as closed nesting.) While the mechais
open nesting of transactions can be summarized as early icpmm
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 transactidosiag
it both need the same object. For instance in Atomos [12]isthee
is circumvented by restricting the read/write sets to bgotis

in the subtasking example at the start of this subsectiotufately
even in such a situation, some very strong properties siitl:h

Quantized atomicity: For any task, its execution sequence con-
sists of a sequence of atomic regions, &temic quantade-
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, andreapt
throughout the lifecycle of the task, so that no other taskess
it is its direct or indirect subtask) can mutateiié. the object
always holds intuitively predictable states. For instarfoethe
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.

between the main and nested transaction. When the same issue

manifests itself in the scenario of subtasking, the questip“how
can a subtask access objects already captured by its englosi
task(s)?”

We could in theory follow Atomos and add the restriction that
a subtask never accesses an object held by its enclosirgy Tagk
however would significantly reduce programmability. Letaos-
sider the example of thgtatus object in thetransfer method.
From the programmer’s view, this object keeps track of tlae st
tus of the entiretransfer method. When théccount objects
of Alice andBob are accessed, some status information needs to
be appended to thetatus object, which in our case is already
captured by theransfer task. Had we disallowed the access of
Status from the HashTable task, the program would deadlock
whens. append () was invoked inside th&ccount objects.

This case in Coqa is perfectly legal. In fact, we believe the
essence of having a subtasking relationship between atpamdn
a child is that the parent should generously share its ressur
(its captured objects) with the child. Observe that theti@iahip
between a task and its subtask is a synchronous one: theee is n
concern of interleaving between a task and its subtask. Ottask
should thus be able to access all the objects held by itstdirec
or indirect "parent” tasks without introducing any unpedble
behaviors. For the program in Fig. 5, after liGeg3), theStatus
object will be mutated to reflect a withdraw falice; after line
(B5), theStatus object will be mutated again to reflect a deposit
for Bob. Note that even if the reference saatus 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 pite for
theStatus to be mutated by that task.

Quantized atomicity The presence of subtasking in a method
weakens its atomicity properties: the objects capturechbystib-
task in fact can serve as a communication point betweenréiffe
tasks. For a more concrete example, consider two tasksd Y
running in parallel. Suppose tagkcreates a subtask, s@ayand in
the middle of taskz, some objecb is read captured. According to
the definition of subtaskingy will be freed at the end df. Y can
subsequently write capture it. Aftérends, supposkread captures
o. Observe that object’s state has been changed since its subtask
Z had previously read. TaskX thus cannot assume it is running in
isolation, and so it is not fully atomic.

One the other hand, some tasks singhpuld nobe considered
wholly atomic because they afandamentallyneeding to share
data with other tasks, and for this case it is simiphpossibleto
have full atomicity over the whole task. In fact, the mainsaa

The quantized atomicity property is weaker than the atomic-

ity property of the barebones system without subtasks, bldray
as quantized atomicity is used only when it is really needeel,
atomic quanta will each be large and significant atomicity ba
achieved. In reality, what matters is not that the entirehoeimust
be atomic, but that the method admits drastically limitedrieav-
ing scenarios. Quantized atomicity aims to strikes a balde
tween what is realistic and what is reasonable.

2.3 The Design Choice of Blocking vs Rollback

Coga uses pessimistic blocking via locks to preserve aiomio
this section we contrast our approach with the STM approdch o
transactions with optimistic execution and rollback/coinm

The rollback approach has known difficulties on rolling back
certain forms of computations, I/O in particular. GUI applions
are classic examples where concurrency is very helpfulwbetre
I/O is pervasive and thus rollback will be infeasible sincapot
already displayed cannot easily be taken back. In the approa
are taking, these examples are particularly bad: we areopihog
a language where atomicity is pervasive throafjlcomputations,
and it would be very difficult to apply a transactional techre
to such a universal setting due to problems such as 1/0. ®o, th
fundamental fact is while transactions have great appleey, just
do not work for our full purposes here (in fact, it would be fute
to use STM in special cases in our model as an optimizatignn
regions where there is no 1/O, just not everywhere).

Rollback also may not be as easy as simply discarding the
read/write set and retrying. In realistic STM languagess tom-
mon to support primitives such as what needs to be compehsate
at abort time or at violation time\portHandler, etc.in [12] and
onAbort etc. methods in [39]) as user-definable handlers. These
handlers themselves may introduce races or deadlocksns® G
the appeal of the approach is lost; see [39]. Related to thiigt p
is how the implementation of transaction-based systemsjte
complex. Earlier efforts typically needed some hardwargpstt,
such as [23, 12]. Pure software source-to-source traoskatio 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 isseclo
correspondence between when transaction-based systémeeui
to rollback and when Coga will need to block: rollback andcklo
ing happen®nly in cases where there is contention (for Coqa, re-
call that objects are locked only at actual field read or Writ®r
this reason there is some cancellation of overhead: théneadrof
blocking aligns with the overhead of rollback. If there is cun-

why a programmer wants to declare a subtask is to open a commu-tention, the comparison is between maintenance of locksben o

nication channel with other tasks. This fact was directlystrated

jects in the blocking approach, and duplicating of sharategthe
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for programmers . .
messaging why you should use it why you should not use it too much
o .m(v) strongly promotes mutual exclusion and atomicjtyno speed up; potential for deadlock
o = m(v) promote parallelism by encouraging early releasdoss 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 stiength

read/write sety and performing validation at the end of the trans-
action to make sure different read/write sets do not leadotoe ¢
tention. Arguments have been made that the locking negetsar
implement blocking is slow . We believe this is more an isstie o
developing an efficient implementation; in many cases [8at]
quiring/releasing a contended lock is as cheap as settgiicy

a bit using atomic memory operations such as compare-aag-sw
(CAS).

Blocking systems like ours are more likely to deadlock due
to the increased amount of mutual exclusion required. Ehthé
biggest disadvantage of the blocking approach, but theranog
ming burden has shifted from dealing with all of the otherpems
to instead focus on deadlock detection and the code refagtor
needed to fix it. It significantly raises the importance ofelep-
ing quality deadlock detection tools for both compile-tiered run-
time analysis to better discover and correct deadlockimtg c®his
also shows another fundamental difference between theéibpc
and rollback approaches: blocking requires a more stredtap-
proach to programming, not every program will work. The drigt
of programming languages has shown that using a more steakctu
programming methodology is a feature, not a bug.

The counterpart to deadlock in transaction-based systsms i
livelock the case where rollbacks resulting from contention might
result in further contentions and further rollbacksc How fre-
guently livelocks occur is typically gauged by experimémeth-
ods. There is nothing wrong with this, but it disqualifiessaction-
based systems from critical systems where impasse is fusrgam
tally not acceptable.

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

One advantage of rollback-based systems is they often have
totality to atomicity: The sequence of events can be viewedlla
happening or none happening, never half-happening [31]léNVh
this is a desirable property, it can never hold in Coga bexafis
the combination of the infeasibility of rolling back 1/0 arte
requirement to factor all execution into atomic quanta. Adjo
overview of the pros and cons of blocking and rollback appear
in [47].

2.4 Be a Happy Coga 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 nidya-
tax to support object messaging, and this new syntax alsonenc
passes thread spawning. So the net difference in the sysiteear-
zero. We summarize the three different forms of object ngisga
along with the cases where they are the most appropriatég i F

If we imagine theHashTable object as a service, one feature of
Coga is how thelient gets to decide what atomicity is needed. For
instance, both theransfer method in Fig. 1 and in Fig. 5 are valid
programs, depending on what the programmer believes isdeed
for the transfer method, full atomicity or quantized atomicity.

a

As another example, if the programmer does not need to atcoun
for random audits which would sum the balance of all accqunts
the programmer could decide to havithdraw 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 ft to deposit
into.

Powerful concurrency support Underlying the simplicity of
Coga is powerful support for concurrency, covering featugech
as direct object sharing and capture, thread creation, apiost
for quantized atomicity. Despite the wide range of topidsaee
elegantly expressed within the familiar syntax of objecsgagjing.
The object model has deep-rooted good properties. Any pro-
gram written in Coqa will observe quantized atomicity, whige
believe strikes a good balance between performance (hoveit p
motes parallelism) and provable guarantees (how it erdagjoan-
tized atomicity, mutual exclusion for interested objeetsd race
freedom). Coga may share most of Java’s syntax, but the ltlefau
mode in terms of guarantees are reversed: pervasive atpmiop-
erties hold on programs written in Coga, whereas the samtexsyn
if viewed as a Java program may be filled with race conditiovs a
subtle interleaving bugs due to the lack of mutual exclusion

Avoiding deadlocks There are two forms of deadlock arising in
Coqga. The first form was described in Sec. 2.1: deadlock amtter
in two-phase locking. The second form is the standard caityic
dependent deadlock. Consider theansfer example in Fig. 1.
If there are two tasks where one needs to transfer a balaowe fr
Alice to Bob, while the other fronBob to Alice, deadlock hap-
pens if the first task write captur@dice’s Account object and
waits forBob’s Account object, while the second task write cap-
turesBob’s Account object and wait foAlice's Account object.

The two forms of deadlock can be removed by refactoring
programs. For instance, the first form of deadlock can bedadbi
by declaring a class to bexclusive, while the second form of
deadlock does not exist in Fig. 7, a program vdghfactoequivalent
functionality. Deadlock-free programming is thus congdrto the
guestion of how a programmer can become aware of the exétenc
of (potential) deadlocks.

There are many static and dynamic analysis techniques and
tools to ensure deadlock freedom; for an overview, see [84, 4
A sound technique needs to make sure no deadlock is possible
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for all possible interleaving scenarios. The precision of statibt
niques are reduced due to the combinational explosion efl@gv-
ing. Note that since all Coga code observes quantized aitymic
stronger analysis results are likely to be achievable owga(ro-
grams because interleaving has been reduced.

/0 atomicity Coqga 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 oObject that needs

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

Besides local method invocations via the usual dgt gyn-
chronous and asynchronous messages can be sent to objagts us

to be write captured. That way, when one task needs to print -, gnd - respectively.

System.out.println("hello"), the objectSystem.out will

be exclusively held by the task, and the output will not berint
rupted by other tasks. In the case where the I/O devices suppo
concurrent access by different tasks, such as a low-lewies@n

a window system, the device can be messaged as a subtask whicly

will allow sharing of the I/O channel between tasks.

3. Formalization

In this section, we present a formal treatment of Coqa via alsm
kernel language called KernelCoga. We first present thexgyartd
operational semantics of KernelCoqga. The main result af$bic-
tion is a proof of quantized atomicity for KernelCoqa usihg bp-
erational semantics, as well as other interesting relateallaries.

3.1 KernelCoga Syntax

P = cn— (I; Fd; Md) program/classes
Fd :=Tn fields
Md == mne— Az.e methods
e m=null | z | cst | this
| new cn instantiation
| fn | fn=e field access
| eemn(e) local invocation
| e->mn(e) task creation
| e=>mn(e) subtask creation
| letz =ecine continuation
l = exclusive | € 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 7, as shorthand for a sefxi,...,z.}, with
empty set denoted & 7, — yn is used to denote a mapping
{1 — y1,...,2n — yn}, Where{z1,...z,} is the domain
of the mapping, denoted akom(H). We also writeH(z,) =
Y1, ..., H(zn) = y». When no confusion arises, we drop the sub-
script n for sets and mapping sequences and simply @isend
T — y. We writeH{z — y} as a mapping update:if € dom(H),

H andH{z — y} are identical except thai{z — y} mapsz

toy; if ¢ ¢ dom(H), H{z — y} = H,z — y. H\z removes
the mappinge — H(z) from H if z € dom(H), otherwise the
operation has has no effect.

3.2 Operational Semantics

Our operational semantics is defined as a contextual regyrsys-
tem over state$' = S, where each state is a tripe= H, N, T
r H is the object heapN a task ancestry mapping, affdthe
set of parallel tasks. Every task in turn has its local ev@nacon-
text E. The relevant definitions are given in Fig. 9. A heHpis
the usual mapping from objectsto field records tagged with their
class namen. In addition, an object on the KernelCoga heap has
two capture setsR and W, for recording tasks that have read-
captured or write-captured this object, respectively. Adfigtore
F' is a standard mapping from field names to values. A task is a
triple consisting of the task ID, the objecty this task currently op-
erates on and an expressioto be evaluatedy is a data structure
which maps subtasks to their (sole) parent task. This isaténl
allow children to share objects captured by their parentekivine
subtask finishes, its mapping is removed frdfm We also extend
expressiore to include valuey and two runtime expressioreait ¢
ande 7 e.

The complete single-step evaluation rules are presented in
Fig. 10. In this presentation, we usge’ as shorthand fotet x =
e in ¢/ wherez is a fresh variable. These rules are implicitly de-
fined over some fixed prograf. Some of the rules in Fig. 10 have
labels after the rule names which are used in subsequentitiefi
and Lemmas below.

—_—
H n= o (Cn Ry W F) heap
F =fn—w field store
T = (tyse) | T T task
PE— . . .
N =ttt subtasking relationship
R W =1 read/write capture set
= o | null current executing object
v n= c¢st | o | null values
e = v | waitt extended expression
lete] ... _ _
E ze|fn=E object evaluation context
| E.om(e) | v.m(E)
| E>m(e) | v>m(E)
| E>m(e) | v>m(E)
| letz =Eine
object ID
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 functidicatam
of the argument to the method body afin.
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TCONTEXT1 TCONTEXT2
H,N, Ty = H' N, T} H,N, Ty = H',N',T}

H,N, T\ | T = H',N', T} | T» H,N,Ty | T = H',N',T1 | T}

SET
H(y) = (cn, Ry, W; F) H' = H{y~ (cn B; W U {t}; F{fn— v})} if R C ancestors(N,t) or W C ancestors(N,t)

H,N,{t;v;E[fn=v]) = H', N, (t;v; E[v])

GET
s R, W F) P(cn) = (l; Md; Fd)

H(v) = (cn
t}; F)}, ifl = exclusive and R C ancestors(N,t) or W C ancestors(N,t)
}
t

H{vy > (cn, R, W U {t};

(c

F
—_— [

Ffny=v H' = { H{y — (cn. RU {t} W;F)}, ifl=ecand W C ancestors(N, t)

N, (t;v; E[fn]) = H, N, (t;v; E[v])

THIS LET
H, N, (t;v; E[this]) = H', N, (t; v; E[v]) H,N,(t;v;E[letz =vine]) = H,N, (t;v; E[e{v/z}])
INST
P(cn) = (I; Fd; Md H =H cn; 0;0; [+ {fn 1})}, o fres
RETURN (e = ) {o—| [H {fn — null})}, o fresh

fneFd
H,N,(t;v;E[newcn]) = H,N, (t; o; E[0])

H,N, <t§’WE[UT0D = H, N, <t3 OZE['UD

INVOKE
H(o) = (cnm R;W; F) P(cn) = (I; Fd; Md) Md(mn) = Az.e

H, N, {t;v; E[o.mn(v)]) = H, N, (t; o; E[e{v/z}T~])

TASK(t,y,mn v, o,t")
t’ fresh
H,N,{;vE[o>mnv)]) = H,N, (t;; E[null]) || (¢; o; this.mn(v))

SUBTASK(t, 7y, mn v, ~,t’)
N' =N{t' —t} ¢ fresh
H,N, (t;v;E[o=>mn(v)]) = H, N, {t;v; E[wait t']) || (¢'; o; this.mn(v))

TEND(t) STEND(t,v,t)
H' = ) (0 — (cn; R\t; W\t; F))  N(t) = null H = ) (0 (cn; R\t; W\t; F))  N(t) =t
H(o)=(cmR;W;F) H(o)=(cmR;W;F)
H,N,(t;v;v) = H',N,e H,N, (t;v;0) || (¢57' s E[wait t]) = H', N\t, (t';7; E[v])

Figure 10. KernelCoga Operational Semantics Rules

Rule Task creates a new independent task via asynchronous  Before discussing the rules for object capture, let us fitsb#
messaging. The creating task continues its computatich,tize duce the definition of thancestorof a (sub)task, the set consisting
newly created task runs concurrently with its creating téskay of the (sub)task itself, its parent, its parent’s paremt, et
look like that the messagewn is just re-sent to the target ob-
ject o in TASK. But actually, a new task’ is created and the (0 N (1) 1
asynchronous message send becomes a local synchronous me _ th,1 t) =nu
sage in this newly-created tagk Recall in Fig. 1, the statement Encestors(N,1) = { {t} Uancestors(N,t'),if N(t) =
bank > transfer (args) sends an asynchronous message to the
objectbank. The result of this asynchronous message send is a
brand new task whose computation starts with method apialica
of argumentsargs to thetransfer method ofbank.

The SUBTASK rule creates a subtask of the current task via
synchronous messaging. The creating task (the pareng feaihe
newly created subtask (the child) to complete and returterieny ol
await state. Therefore, a task can have at most one subtask activéo
at any given time. The child-parent relationship is recdriheN.

When a task or a subtask finishes, all objects they have eaptur
during their executions are freed. A subtask also needddase its
parent so it may resume execution. Since these finishinggdtwes
are different, there are separateNizand STED for ending a task
and a subtask, respectively. Notice that a new subtask algets
a fresh task id, and when its execution is done, the corresponding
child-parent mapping is removed from as specified in STED.

As we discussed previously, every object has two captus set
R andWW. The two sets are checked and updated lazily: when a task
actually accesses a field of an object, the system checks thtk
can be captured or already has captured the object, andegyitiet
R andW sets to read/write capture the task if needed. This capture
icy is implemented in ruleser and GeT.
The ST rule specifies that a tagkcan write capture objeet,
the current object is operating on, if all write capturers or all read
capturers ofy aret’s ancestors. &T checks the class exclusion
label of  first. If v requires exclusive capture to access it, task
has to write capture before the read, which is similar to hove$s
works. If not, only read capture is needed. Taslan read capture
~ if all of ~’s write capturers aré's ancestors. It is worthwhile to
emphasize that a subtask can both capture objects indegbnde
and inherit objects already captured by its ancestors.

10 2007/3/26



When a task cannot capture an object it needs, it implicitly
blocks until it is entitled to capture it—theeS/GET rule cannot
progress. We call such a taskject-blockedon the object. The
formal definition of object-blocked will be given in Sec. 38ote
that in this presentation we will not address the fairnessapture
(or other fairness properties), but in a full presentatiod a an
implementation the unblocking should be fair so as to netzeve
a blocked task where the object was unblocked infinitelyrofte

Other rules in Fig. 10 are standard. For instance, objetdritis
ation rule NST creates a new object, initializes all fields tordvell
and itsR andW are initialized to).

3.3 Atomicity Theorems

Here we formally establish the informal claims about KeGuzja:
quantized atomicity, mutual exclusion in tasks, and raeedom.
The key Lemma is the Bubble-Down Lemma, Lemma 2, which
shows that adjacent steps of a certain form in a computatim p
can be swapped to give an “equivalent” path, a path with theesa
1/0 behavior. Then, by a series of Bubblings, each quantustepis
can be bubbled to all be adjacent in an equivalent path, styothat
the quanta are serializable: Theorem 1. The technical matia
guantum is thggmspbelow, apointed maximal sub-patfThese are

a series of local steps of one task with a nonlocal step atritle e

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

Definition 5 (Observable Equivalence)lwo pathsp; and p» are
observably equivalent itfb(p1) = ob(p2), writtenp, = po.

Definition 6 (Object-blocked) A taskt is in an object-blocked
stateS at some point in a patp if it would be enabled for a next
stepst = (S, r,8") for whichr is a GET or SET step on objecb,
exceptfor the fact that there is a capture violation enone of the
R C or W C preconditions of th&EeT/ 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-
pathsp, of p is a sequence of stepspnwhich are all local steps of
taskt. Amaximal sub-patls a sp in p which is longest: no loca
steps inp can be added to the beginning or the end qftspobtain
a longer sub-path.

Note that the steps isp, need not be adjacent i they can be

which may be embedded (spread through) in a larger condurren jterleaved with steps belonging to other tasks.

computation path. We prove in Theorem 1 that any path can be

viewed as a collection gpmsps, and allpmsps 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 fob, written s,, is defined as
H (o), the value of the object in the current heapH, or null
if o ¢ dom(H).

We write stepst = (5,7, S’) to denote a transitiols = S’
by ruler of Figure 10. We lethangést) = (s, r, s,,) denote the
fact that the begin and end heaps of ssediffer at most on their
state ofo, taking it from s, to s,,. Similarly, the change in two
adjacent steps which changes at most two objects is repegsas
changdstist) = (o, o), 7172, (sh, , 5b, ))-

Definition 2 (Local and Nonlocal Step)A step st= (S,r,5’) is
a local step ifr is one of the local rules: eitheGET, SET, THIS,
LET, RETURN, INST or INVOKE. st is anonlocalstep ifr is one of
nonlocal rules: eithelTASK, SUBTASK, TEND or STEND.

Every nonlocal rule has a label given in Fig 10. For example,
the Task rule has label &sK(t,~y, mn,v,o0,t') meaning asyn-
chronous messagen was sent from object 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 &ls.lab

Lemma 1. In any given local step st, at most one objeststate
can be changed from, to s, (s, is null if st createso).

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

Definition 3 (Computation Path) A computation pathp is a finite
sequence of steps;st . st; such that stst, . . . sti_1st; =
(So,71,51)(S1,72,52) ... (Siz2,7i-1,8i-1)(Si-1,7:, S:).

Here we only consider finite paths as is common in process

algebra, which simplifies our presentation. Infinite paths be
interpreted as a set of ever-increasing finite paths.

Definition 4 (Observable Behaviar) The observable behavior of
a computation pattp, ob(p), is the label sequence formed by
appending all of the labels occurring on the (nonlocal) stép

p.
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Definition 8 (Pointed Maximal Sub-path)For a given path, a
pointed maximal sub-patior ¢ (pmsp) is a maximal sub-path sp
with either 1) it has one nonlocal step appended to its end)or 2
there are no more steps ever in the path.

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

Since we have extended thenspmaximally and have allowed
inclusion of one nonlocal step at the end, we have captuteteal
steps of any path in sonmmsp

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

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

Definition 9 (Indexedpmsy). For some fixed path, define pmsp;
to be thei™ pointed maximal sub-path of taskn p, where all the
steps of the pmsp occur after any of pmsp , ; and before any of
pmsp,; ;-

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

Definition 10 (Path around @msp ;). Thepath around gmsp ;
is a finite sequence of all of the stepspifirom the first step after
pmsp ,_, to the end of pmsp inclusive. It includes all steps of
pmsp ; and also all the interleaved steps of other tasks.

Definition 11 (Waits-for and Deadlocking PathJor some pattp,
pmsp, ; waits-forpmsp, , if £, goes into a object-blocked state in
pmsp, ; on an object captured b4 in the blocked state. A dead-
locking pathp is a path where this waits-for relation has a cycle:
pmsp, ; waits-for pmsp, ; while pmsp, ;, waits-for pmsp, .

Hereafter we assume in this theoretical development tleseth
are no such cycles. In Coga deadlock is an error that showlel ha
not been programmed to begin with, and so deadlocking pnogra
are not ones we want to prove facts about.
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Definition 12 (Quantized Sub-path and Quantized Path)quan- of the ancestors af;. Either way, there does not exist an adjacent
tized sub-paticontained inp is a pmsp of p where all steps of st; of t; wherers is either GET or SET because if so, firing upt
pmsp are adjacent irp. A quantized patlp is a path consisting of would violate the preconditions of the rules.

a sequence of quantized sub-paths. For the case where, is GET and the class of is not declared
exclusive, then changést;) = ({cn; R;W;F),r1,{cn R U
{t1}; W; F)). In this casey2 used inst; can only be GT on o
because if it is 8T, firing up st would violate the precondition of
SET. Thereforechangéstist) = ({(cn, R; W; F), rire, (cn; RU
{t1} U {t2}; W; F')). Swapping the application order of andr;

we getchangéstist,) = ({cn, R; W; F),ror1, (cny R' U {t2} U

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 sucthe-
ory, calledreduction his theory was later refined by [29]. In this
approach, all state transition steps of a potentially lagsting exe- 11 e ; }
cution are categorized based on their commutativity wifla@eht r{rfagégv 7)), which is the same s, because set union com
steps: a right mover, a left mover, a both mover or a non-mover Subce{sedif r1is SET, st = ((cn; Ry W FY, v, (cns B; W'; F'))
The reduction is defined as moving the transition steps irathe andt, € W’ Then’f'2’0f st canr710t7 be 7(ET7OI‘ ’SET 7for7the 7same
lowed direction. The theory was later formulated as a tyfstesy reason statéd in case immediately above.

in [18, 19] to verify whether Java code is atomic. In our case, (Case Il) Suppose now thast, is a non-local step. Lest
show the local steps are right movers; in fact they are batliens 2 I : L=
P g y ((H,N,T),r(H',N,T")) and H' must differ from H at most

but that stronger result is not needed. ) . X

on objecto sincest; is a local step. Becausg; andst. are steps
Lemma 2 (Bubble-down Lemma) For any path with any two of t1 andt. respectively, they must change different elements of
adjacent steps st, st., where st, is in pmsp, ; and st, is in T. stz as a nonlocal step may add a new elemenftdBut st;
pmsp, ;, for t1 # iz, if itis not the case that pmgp, waits-for andst; still obviously commute in terms of changesKoSo in the
pmsp, ;, and if st, is a local step, then swapping the stepg st  following proof, we do not need to concern ab@utommutativity.
and st, by swapping the order of applying andr. we can get Subcase alf ro = TAsk, thenst = ((H', N, T"),r2, (H', N, T")),

an observably equivalent computation path. More precjsislig In this case, swappingti and st we get the adjacent steps
equivalent path starts in the same state that started in, and ((H,N,T),rar1, (H', N,T")) which has the same final state as
ends in the same state.stends in, but has the rules; and r sty sb.

swapped. Subcase bif 7o = SUBTASK, thenst, = (H', N, T"),r2, (H', NU

{t2 — t},T") In this case, swappingti and st results in
(H,N,T),ror1,(H',N U {tz — t},T") which has the same
final state ast; st.

Subcase cif ro = TEND, thenst, = ((H', N, T"),r2, (H", N, T")),
where H” = LﬂH%a)i(cn;R;W;F)(O = (o R\t Wta; F))).

Proof. First, observe that; and ¢, cannot be task and subtask

because steps of a task and its subtask are never interleaved
Becausest; is a local step, it can at most change one object’s

state and a local step does not chaidgeaccording to the opera-

tional semantics. Ssty = ((H, N, T),r1, (H', N,T")) where H Namely, st removest, from R and W sets of all objects irff’.
and H' differ at most on one objeet Consider the case whety changes’s F' but not itsR or W: tak-
(Case I)st; is also a local step. Theat; does not chang# either, ing st thenst, has the same state change as taking the two steps
andst = ((H,N,T’),r2, (H',N,T")). Becausest; andst, are in reversed order because the two steps work on differeitne@f

steps of different taskly andt», st; andst. must change different ~ the heap. ist; also adds, to 2 or W of o, swapping the two steps
elements ofl" by inspection of the rules, which means any change We still get the same result because the set operations ctemmu
made byst; andst, to T’ always commute. So in this section, we  Sincet: # ta.

focus only on changest; andst, make onH, and omitN and7’ Subcase dif r = SUBEND, the proof is similar to c.

for concision. |
Now supposechangést) = (so,,71,5,,) , changést) =

(S04, T2, 86,) @andchangéstist) = ((Soy, Sos), 7172, (S6y, Sy))- Given this Lemma we can now directly prove the Quantized

If o1 # o2, then swapping the order af;, st: by applying Atomicity Theorem.
7 first thenr, results in the chang€(so, , S0, ), 7271, (Sb; 5 S, ),

which is same ashangést; st,), regardless of what, andr. are. Theorem 1(Que_1ntized Atomicity._) For all _pathSp there exists an
If 01 = 05 = o, thenchangést) = (s,, 71, s,,), changést,) = observably equivalent patf that is quantized.

(sh,r2,5,) and changdstisb) = ((so),r172,(sy)). Let s, =

(cny R; W F). Proof. Proceed by first sorting afimsys of p into a well ordering
By inspection of the rules this case only arises if both of the induced by the ordering of their pointspnWrite pmsg) for thei-

rules are amongst &, SET and INST. th pmspin this ordering; there are pmsgs in total inp for somen.

Subcase aAssumer; is INSTandchangést;) = (null, 1, s,). We proceed by induction omto show for alli < n, p is equivalent
First, thers used inst; cannot be NST since o cannot be to a pathp; where the first . . . s pmsgs in this ordering have been

created twice. Andy2 also cannot be any other local rutets just bubbled to be quantized subpaths in a prefipofWith this fact,

created irst; by ¢1. Fort, to be able to access it must obtain a for i = n we havep = p, = pmsg1)...pmsgn), proving the

reference tw first. Only ¢, can pass a reference oto t. directly result.

or indirectly. As a result, it is a local step of, that operates on The base cases = 0 is trivial since the path is empty.

o, it cannot be adjacent t&t;, and vice visa. Assume by induction that alpmsgi) for ¢ < n have been

Subcase bif r; of st; is either GET or SeT, then, trivially, r2 of bubbled to be quantized subpaths and the bubbled path-
st; cannot be NST that create® because no steps can operate on pmsg1)...pmsg:) ... has the property; = p. Then, the path
an object before it is created. around pmsgi + 1) includes steps opmsgi + 1) or pmsps
Subcase ¢: now we consider the cases whereand r, are ei- with bigger indices. By repeated applications of the Bukbésvn
ther GET or SET. If r; is GET and the class ob is declared as Lemma, all these local steps that do not belongtesg: + 1)
exclusive thenchangdst)) = ({cn; R; W; F),r1, (cn; R;W'; F)),  can be pushed down past its point, defining new path. In this
W' =W U {t}if t, captures inst, or W’ = W if W is a subset pathpmspg: + 1) is also now a quantized subpath, and, = p
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because; = p and the shuffling which turng; to p;+1 does not
bubble down any nonlocal stepsso= pit1- O

We can also show that KernelCoga is free of data races, and
large zones of mutual exclusion on objects are obtainedsksta

Theorem 2 (Data Race Freedom)For all paths, no two different
tasks can access a field of an object in adjacent steps, whirast
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 btfigd,

a task needs to obtain a write lock which prevents other tisks
reading or writing the same object. When a field is read by la tas
the task needs to be granted a read lock first which prevenés ot
tasks from writing the same object in the next step. Thus & oh

the steps is a write of one task, the other step cannot be soread
write of an unrelated task.

Theorem 3 (Mutual Exclusion over Tasks)lt can neverbe the
case that two tasks, andt. overlap execution in a sequence of
steps st...st, in a path (i.e. nether task begin or end &f),
occurs in these steps, ard,, both do take some steps in this
interval; other tasks could also step as well here), and iosth
steps both; andt2 write the same objeet, 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. Javaygchro-
nized provides mutual exclusion on an object, but it is shallow in
the sense that it only spans the code in enclosed bgyhehro-
nized method/block, and not the methods that code may invoke.

4. Implementation

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

.-

// Translator generated inner class
class BanktransferWrapperl implements Runnable {
Bank target;
String arg0, argl;
int arg2;
void setTarget(Bank target){ this.target = target;}

//(A2)

void setArgO(String arg0) { this.arg0d = arg0Q; }
public void run(){
Task t = new Task(); //(A3)
target.transfer(t,arg0,argl,arg2);
t.finish(); //(A4)

}
}

Figure 11. Translation of the fragmemtank > transfer ()

We have implemented a prototype of Coga as a Java extension

which we call CogaJava. Polyglot [41] was used to construct a
translator from CogaJava to Java, and with this methodahegyly
all of the existing Java syntax and type system can be reused.

All language features introduced in Fig. 8 are included & th
prototype. A CogaJdava program is much like a Java program: th
o.m(arg) Java syntax is a local message send when the same syn
tax is viewed as a CogaJava program. The main differencews ho
CogaJava includes nonlocal synchronous/asynchronousages
sending operators> and -, and how it discards Java’s thread-
ing model in which threads are created and manipulated expli
itly via objects of thejava.lang.Thread class. Instead, parallel
computations are created via asynchronous messaging andreo
rently running tasks are coordinated via the Coga mechangsn
described in the previous sections. Consequently, Cogadias
grammers do not need Javaimchronizedmethod or block to co-
ordinate threaded computations. Note we do not claim thga€o
Java offers the final set of task and coordination primitijest the
core ones. There is clearly need for higher-level cooré@naand
that is discussed as an extension in Sec. 5.

Translation Overview Inthe implementation, we introduce a new
Java base class calledbject. This class is invisible to program-
mers, and the CogaJava translator converts all user cl&sdes
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 fieldsof t
object. This algorithm is activated via invokingzadRequest ()
or writeRequest() provided by theCObject. The CogaJava
translator enforces that these two methods are invoked evieen
an object field is accessed.

13

Task is another Java base class that CogaJava programmers
do not directly see. Arask 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. Thesk ob-

ject then coordinates the object capture on behalf of thaingn

task and records captured objects so that they can be freed wh
the task finishes. Fig. 11 shows by way of example how the{rans
lator maps an asynchronous message sand -> transfer () of

the earlier example in Fig. 1: it is wrapped up as instamatf

a translator-generated inner cla&&mktransferWrapperl (Line

A1), in which a newTask object is created (Lin@3). Similarly,

Fig. 12 gives an example of translation for a synchronous-mes
sage senchtable = get () of the earlier example in Fig. 5: it
is converted to a call to a translator-generated delegatbade
get_del() (Line B1) in the HashTable class, where a subtask
object is instantiated (Lin®2) and the relationship between the
subtask and its creator is recorded (LB#. When a (sub)task fin-
ishes, a call tdinish () is invoked on its representatiTask ob-
ject (Fig. 11 LineA4 and Fig. 12 LineB4). The finishing process
notifies all objects captured by the ending task so that thbgets
can remove the task from their capture sets.

We utilize Java's newly introduceglava.util.concurrent
package in our prototype implementation. Every CogaJapdi-ap
cation has a built-inScheduledThreadPoolExecutor, named
rootExecutor. It serves as an execution engine for the tasks of
the application. Fig. 11 ling2 shows how a task is submitted to the
executor for execution. Subtasks can always be runningeip#n-
ent thread in CogaJava because their computations do ndapve
Such an implementation strategy is calfgdgybackingn [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, argO);

subTask.finish(); //(B4)

return ret;

Figure 12. Translation of the fragmenitable = get ()

Table 1 gives the complete code translation schema desgribi

how CogaJava programs are mapped to Java. The remaining Java

including the primitive datatypepublic/protected modifiersetc,
that are not shown in this table are generally kept unchanged
currently leave some Java language features out of our imgsie
tation, including inner classes, native methods, field udgsh are
not via getters and setters, exceptions, and static fieklsid® 5
discusses briefly how some of these features are not diffiwirt
clude.

As shown in Table 1, every method is translated to carry an

extra parametelTask t, that records which task the invocation
is in. In CogaJava, objects are restricted to have galyvate
fields which are accessed by getters/setters; this reéstrict in
fact only there for implementation simplicity and will bétéd in
the near future. The CogaJava translator translates tdrgbtetters

to capture an object on behalf of a task before it accessedda fie

by calling readRequest ()/writeRequest () on the object. For
instance, if atask reads an object field via its getter metthadfirst
thing the getter method does is to invakeadRequest () 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 tdraaning
the task will be put into a wait state on theadRequest. The
waiting task will be notified when the requested object bezom
available, then its read request can be fulfilled and its adatwn
resumes. The “exclusive” label declared in a CogaJava dtass
translated to a boolean value in an instance field@fject so
whenever a read request is being made by a tasicabigect 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 notrgited

CogaJava Code | Java Code

classtn{...} class th extends CObject{. . .}
e.mn(e’) e.mn(t,e’)

mn(t z) {e} 7 mn(Task t, 7 x) {e}

7 getten() {e}
sette(r ) {e’}
exclusive label

7 gette(Task t) {this.readReq(t); e}
sette(Task t, 7 €) {this.writeReq(t); e’}
aCObject field
Task t = new MnWrap();
t.setTarget(e);

e~>mn(e’) t.setArg(e’);
Task.rootExecutor.submit (t);
// Translator-generated inner class
class MnWrap implements Runnable{
Task t;
Te target;
Ter Arg;
void setTarget (7. target)

{ this.target = target; }

void setArg(7,/ arg)

{ this.arg = arg; }

public void run()

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

e=>mn(e’) e.mndel(t, e’)

// Translator-generated method for T7e
7 mndel(Task t, 7,/ arg)
{ Task nt = new Task();
Task.record(nt, t);
Te Tet = mn(nt, arg);
nt.finish();
returnret; }

Table 1. CogaJava to Java Syntax-Directed Translation

Completing CogaJava While CogaJava implements most of ex-
isting Java syntax, a few features were left out for simplisihich
we plan on adding shortly. These features include statiddjéin-
plicit getters/setters, inner classes, and exceptionaeNid these
are horribly difficult to implement; here is an outline howrs® of
the more challenging features can be implemented.

Currently, we don’t allow static fields in CogaJava. Gettard
setters of a static field would be handled differently thaceasors
of an instance field: a task needs to capturehess object of
the class where the static field is declared. The restricifdmav-
ing explicitly coded getters/setters can be eliminated tr@Coqa-
Java translator instead can automatically generate gistétters for
public fields. Then the CogaJava translator automaticalty aon-
vert all field accesses to using these generated getteriserthis
way, normal Java field access expressions can also be used in C
gaJava. Exceptions are not supported in the prototype for mat
they are not a particular challenge in CogqaJava—unlikenoptic
transaction systems where exception handling within as&etion
that must rollback is extremely tricky [22], our pessintdilocking
approach can always preserve the exception semantics géan-e
tion. To extend the prototype CogaJdava with exception hagdl
the most crucial thing is to ensure that tasks free theiruraptob-
jects when they are terminating due to an exception.

here to make a production language. The CogaJava impletioenta
as just described also shows the model is directly impleatdet
and the overhead is surprisingly small. But, this impleragat is

Performance The current prototype CogaJava is obviously not
efficient since it is a direct mapping from CoqgaJava to code to
Java, without any optimizations. There are many ways that we

not yet working on all Java features, will need significamirg for
production-level efficiency, and naturally supports a feveasions
for easier programming. Extensions to meet these thredefasa
are now outlined.
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can optimize CogaJava. For instance, equipping CogaJakatvei
ability to detect immutable objects can be very helpful ime
of performance. It is always safe for multiple tasks to ascas
immutable object at any time without the overhead of capgutihe
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object. Itis also desirable to provide programmers a meatcieate
immutable objects.

Static analysis such as various lock inference technigliés [
27] can provide useful insights on finding mutual exclusien r
gion statically so that objects in a mutual exclusion regioes
not require locks. Object immutability described aboveld@lter-
natively be inferred by a program analysis and not declared.

Pushing CogaJava object capture process into the bytetodes
a key long-term plan since that would circumvent the ovedhea
introduced by using Java as an intermediate layer, andichtgt
improve the overall performance of CogaJava.

We are also interested in exploring how the rollback-based
approach can be used as an optimization strategy. Accotding
our discussions in Sec. 2.3, there are several criteria ¢idihg
which one is the better choice, for instance the frequeikejithood
of contention. It would be interesting to consider the usdicst
analysis or dynamic profiling techniques to decide on cdigen
and then having the compiler or language run-time choosereit
an optimistic or a pessimistic approach.

Coarser-grained locking Currently, Coqga tracks ownership at the
object level in the sense that tasks capture objects one &yasn
execution proceeds. In some cases, such an ownership grignul
may in fact betoo fine-grained. For instance, for a clustered data
structure consisting of multiple objects, it may be betteuse a
single set of capture flags for the whole structure. Clusgelocks
into regions so that few actual locks are needed could ingrov
system performance since less ownership checking andingdat
are needed.

Ownership type systems [40, 15, 32] could in principle beduse
to add such object clustering features to Coqga. It could laédp
alleviate some deadlock problem [11].

Conditional waiting Language-level support for inter-thread
waiting has proved to be useful in practice. Examples aldmg) t
line include Conditional Critical Regions (CCR) [28}ait andno-
tify primitives in Java, CCR support in STM [23], agdeld_r in
AtomCaml [42].

Coga 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 adgnhchronization
constraintsto Coga methods. For instance in the classic buffer
read/write example [10], we can constrain gt method of the
Buffer to be enabled only when the internal buffer is not empty.
Invocations ofget are blocked (and thBuffer object is be cap-
tured) until the constraint is satisfied. This extensionosaoncep-
tually difficult, and synchronization constraints on oltgeare also a
well studied area, originally in Actors [2, 3] and later inlfgzhonic
C# [10]. Adding synchronization constraints does compdicaat-
ters on systems with class inheritance, but standard ephkitilo
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 consttucte

6.1 Atomicity via Software Transactional Memory (STM)

The property of atomicity is commonly discussed in the cxindé
STM systems: systems with optimistic and concurrent exacut
of code that should be atomic, and the ability to rollback mwhe
contention happens. Early software-only systems alorg lthe
include [43, 25]. Programming language support for STMtethr
with Harris and Fraser [23], and then appeared in many layegia
and language extensions, such as Transactional Monit8igdd
Java, Concurrent Haskell [24], AtomCaml [42], Atomos [12],0

15

[14], Fortress [4] and Chapel [16]. We have discussed thiggdes
choices between pessimistic and optimistic approachesdnZs.
As a result, the following discussion will not focus on thiffet-
ence.

We start from two related concepts developed in this comtyuni
[12]: weak atomicityandstrong atomicity In proposals with weak
atomicity, transactional isolation is only guaranteedusen code
running in transactions, but not between transactions ard n
transactional code. Such a strategy can lead to surprisisigjts
if non-transactional code reads or writes data that is phm o
transaction’s read or write set, and also dwindles the dpplea
the atomicity property in the first place: to reason abougpams.

In Coqa, since all method invocations are either part of & tas
(o m(v)), starting up a new taslo & m(v)), or starting up a new
subtask ¢ = m(v)), no code i®verrunning in a non-atomic mode,
and hence strong atomicity is trivially preserved. A largenbber of
transactional memory systems [26, 6, 43, 25, 23, 48] anduzyes
[14, 4, 16] only conform to weak atomicity. Strong atomicisy
supported by [24, 42, 12].

From the language abstraction perspective, the most common
abstraction for atomicity support in OO languages is to @efin
program fragment as artomic block, as in [23, 14, 4, 12]. As we
discussed earlier, this abstraction does not align weh tie fact
that the base language is an OO language. In Coga languagg, at
icity is built deeply into the object model, and atomic exémus
are aligned with different forms of message passing.

The one significant exception is Atomos, which supports afor
of open nesting, but their semantics is different from Ceghi
Atomos, a child transaction is able to commit all objectsash
written. If we ignore the difference between the optimissc pes-
simistic approach, then Atomos’s open nesting strategydcbe
viewed as a subtask in our model that early releases all 3bijec
has worked on, including those belonging to all its parefitss
obviously would lead to surprising results. Indeed, therAds au-
thors claimed (in Sec.3.3 of the same paper): “... changas fr
the parent transaction can be committed if they are alsaenrty
the open-nested child transaction, seemingly breakingttheicity
guarantees of the parent transactions. However, in the conus:
age of open-nested transactions, the write sets are tipitisjoint.
This can be enforced through standard object-orientedpsnta:
tion techniques.” In other words, the open nesting mechamt
Atomos in itself is unsound, and it relies on either “typicato-
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 abstract serializabilitya
concurrent execution of a set of transactions is viewed sisadily
serializable if the resulting abstract view of data is cstsit with
some serial execution of those transactions. It remaing teelen
how open nesting can be rigorously stated or proved as a fpyope
dependent on the semantics of data. Quantized atomicitgvew
clearly defines what is preserved and what is broken, regssdl
of the program semantics. As another difference, [39] akks t
method writer to decide whether the method should be invalsed
an open nesting or not. Coga however gives the decision makin
to the method invoking party. Such a design gives flexibitdy
programming.

6.2 Atomicity in Non-STM Languages

Of the non-STM languages, our work is most related to actor la
guages. Actors [2, 3] provide a simple concurrent model wher
each actor is a concurrent unit with its own local state.riatgor
communication is achieved by asynchronous messaging.&deh
sign has many desirable properties. For instance, full @igms
preserved because executing each actor method does natidape
the state of other actors and each method execution isllyigie:
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rializable. Actors are also deadlock free. Over the decaiet®rs
have influenced the design of many concurrent object-ariepto-
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 concurrerdggram-
ming; tightly coupled concurrent programming is a chalkenigor
tightly-coupled message sequences, programming thene ipute
Actor model means breaking off each method after each sethd an
wrapping up the continuation as a new actor method. In tefms o
the atomicity property, even though each method in actarerns-
pletely atomic, the intuitive notion of atomicity is in faseakened
as the code is manually broken into several actor methods: Ty
cally when Actor languages are implemented, additionajuage
constructs are included to ease programmability, but tisesgll a
gap. Consider [21] as a representative of this categoryngiiages.
Asynchronous messaging is provided (via#he(e) syntax), and
at the same time one can use expressieteive{p} to wait for
messages wherg is a pattern matching of messages. The latter
construct indeed makes declaring a method for each retuae va
unnecessary. Consider a programmer intends to model tlogvfol
ing Java code:

x = o0.ml(v);
y = 0.m2(x);

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

o!mi(v)
receive {
case x => o'!'m2(x);
receive {
case y:
, }

Note that by doing such a transformation, a few invariantgwvh
held in Java are now not preserved. For instance, when the firs
receive matches the result of, x might not be a return value
from the actow. Due to concurrency, such a message in fact might
come from any actor. In addition, theceive construct is required

to never return normally to the enclosing actor (no statesteould

be following areceive block). This requires programmers to wrap
up all continuations in theeceiver blocks. If a Java program

is meant to have 10 method invocations, the resulting dmsed
program would have to have nestedceive blocks of depth 9.
Lastly, the introduction ofeceive is essentially a synchronization
point. It will make the model loses the theoretical propertihe
pure Actor model has, atomicity and deadlock freedom.

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

Argus [31] pioneered the study of atomicity in object-otesh
languages. Like actors it is focused on loosely coupled ectaap
tions in a distributed context, so it is quite removed in s
from Coga but there is still overlap in some dimensions. Argu
is a transaction-based system in that actions can rolldadkin-
like STM systems they use a combination of locking and ralba
to enforce this. Argus objects are local except for spedigais
calledguardians placed one per distributed site. Only invocation of
guardian methods can lead to parallel computation (catechic
actiong, while in our language, an asynchronous invocation to any
object can lead to parallel computation. Argus hasuéaction
mechanism which is a form of closed nesting. Unlike our ssibta
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ing, when a subaction ends, all its objects are merged wilp#n-
ent action, instead of being released early to promote |péisah
as a subtask does. Argus allows read/write locks to be iteukiby
subactions, an idea Coqa shares.

The Java language of course also has built-in notions to help
enforce atomicity and mutual exclusion. Java allows pnognars
to declare a block or the entire method todyechronized. The
goal here is to ensure race freedom. Programmers can specify
the beginning of theynchronized blocks what objects they are
interested in locking to ensure no race happens to thosetebje
As observed by many others, race freedom itself only coscire
consistency of access to the objects specified bgghehronized
block, and is neither sufficient nor necessary to ensureliberece
of bugs due to unexpected interleaving of threads, a prpjbet:
ter captured by atomicity [18]. In Java 1.5, utilities in page
java.util.concurrent.atomic allows programmers to access
low-level data types such as integers in an atomic (seaialé)
fashion. This effort does not overlap with our desire of gy
high-level programming constructs with atomicity propest Also,
as mentioned in the introduction, Java takes the approa¢hoof
concurrency expected unless declared otherwise”, andrthies
programs difficult to debug since it is so easy to write codtwi
significant errors in terms of races, mutual exclusion, gothtion
of atomicity. This also complicates the design of the JavanMe
ory Model [34], as perfectly innocent compiler optimizatiomight
take on bizarre behaviors when interleaving happens. ThgaCo
memory model is straightforward, as the object model furefam
tally removes the possibility of the problematic interlees.

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

In [45], a data-centric approach is described for prograrsme
to express their needs for data race and atomicity. Progeasm
add annotations to express how different fields or methodrpar
eters should be accessed. This approach is particuladyreién
expressing single-object properties, such as data racesxpress
properties involving many objects (such as atomicity),gpam-
mers need to have a clear picture about all objects involsed (
the owned annotation). [45] has one interesting mechanism which
overlaps with Coga. Programmers in [45] can declare sonanpar
eter to beunitfor, which is mutual exclusion declaration for the
specified object. Coga uses synchronous messaging to sxpees
same goal.

7. Conclusion

Coga is a foundational study of how concurrency can be built
deeply into object models; in particular our target is tigtttou-
pled computations running concurrently on multi-core CRTzga
has a simple and sound foundation — it is defined via only three
forms of messaging, which account for (hormal) local messag
send, thread spawning via asynchronous message sendparid at
subtasking via synchronous nonlocal send. We formalizeghGs

the language KernelCoqga, and proved that it observes a aidger

of good concurrency properties, in particutarantized atomicity
each and every method execution can be factored into justa fe
guantum regions which are each atomic. We justify our aggroa
by implementing CogaJava, a Java extension incorporating a
the Coqa features. In the future, we intend to make our tators|
more efficient and language more expressive.
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