
Polymorphic Con ten tion Managemen t

Rachid Guerraoui1, Maurice Herlihy2?, and Bastian Pochon1

1 School of Computer and Communication Sciences,EPFL
2 Brown Univ ersity and Microsoft Research Cambridge

Abstract. In software transactional memory (STM) systems,a contention manager resolves con-

icts among transactions accessingthe samememory locations. Whereasatomicit y and serializabil-
it y of the transactions are guaranteed at all times, the contention manager is of crucial importance
for guaranteeing that the system as a whole makesprogress.
A number of di�eren t contention management policies have been proposed and evaluated in the
recent literature. An empirical evaluation of these policies leads to the striking result that there
seemsto be no \univ ersal" contention manager that works best under all reasonablecircumstances.
Instead, transaction throughput can vary dramatically depending on factors such as transaction
length, data accesspatterns, the length of contended vs. uncontended phases,and so on.
This paper proposespolymorphic contention management, a structure that allows contention man-
agers to vary not just across workloads, but across concurrent transactions in a single workload,
and even across di�eren t phasesof a single transaction. The abilit y to mix contention managers
or to change them on-the-
y provides performance bene�ts, but also posesnumber of questions
concerning how a contention manager of a given classcan interact in a useful way with contention
managers of di�eren t, possibly unknown classes.We address these questions by classifying con-
tention managers in a hierarchy, based on the cost associated with each contention manager, and
present a general algorithm to handle con
ict between contention managers from di�eren t classes.
We describe how our polymorphic contention management structure is smoothly integrated with
nested transactions in the SXM library .

1 In tro duction

Becauseit is getting harder and harder to make processorsrun faster, chip manufacturers are focusingon
multicore architectures, in which multiple processors(cores) communicate directly through sharedhard-
ware caches[6]. The next generationof processorswill provide increasedconcurrencyinstead of increased
clock speed,and programming languagesand APIs will needto exploit this increasedparallelism.

The limitations of conventional synchronization techniques,basedon locks and condition variables[1]
are well-known [11,10]. Coarse-grainedlocks, which protect relatively large amounts of data, simply do
not scale.Threads block oneanother even when they do not really interfere, and the lock itself becomesa
sourceof memory contention. Fine-grained locks are more scalable,but they are di�cult to usee�ectiv ely
and correctly. In particular, they intro ducesubstantial software engineeringproblems,asthe conventions
associating locks with objects becomemore complex and error-prone. Locks also causevulnerabilit y to
thread failures and delays: if a thread holding a lock is delayed by a pagefault, or context switch, other
running threads may be blocked.

An alternativ e to locking is to synchronizeby light-weight in-memory transactions, an approach called
transactional memory. A transaction [2] is a �nite sequenceof memory readsand writes executedby a
single thread. Transactions are atomic [19]: each transaction either commits (it takes e�ect) or aborts
(its e�ects are discarded).Transactionsare serializable[14]: they appear to take e�ect in a one-at-a-time
order. (Unlik e databasetransactions, we are not concernedherewith backing up changesto non-volatile
memory.)

Software transactional memory (STM) systemshave been the focus of much recent research [7,10,
8,16,17]. Most of these systemsguarantee a relatively weak progressproperty called freedom from ob-
struction [9]: if a transaction runs long enoughwithout overlapping a con
icting transaction, then it will
commit. Obstruction-freedom does not rule out livelock or starvation, so stronger progressproperties
are typically provided \out-of-band" by a user-provided module called a contention manager. Roughly
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speaking, if transaction A is about to take a step that will causea synchronization con
ict with transac-
tion B , then A consults its contention manager to decidewhether to proceed,thus causingB to abort,
or elseto back o� for a bounded duration, giving B a chanceto �nish.

Contention managersa�ect liveness,not safety. The most natural way to evaluate a contention man-
ager is by its throughput, the number of transactions committed per unit of time. A bad transaction
manager provides low throughput, but cannot produce unsaferesults (except perhaps by throwing un-
expected exceptions).

A number of di�eren t contention management policies have beenproposed[5,10,16,17]. In contrast
with a recent publication [17], a striking result of our evaluation (discussedin more details below) is that
there seemsto be no \univ ersal" contention managerthat works best under all reasonablecircumstances.
Instead, transaction throughput can vary dramatically depending on factors such as transaction length,
data accesspatterns, length of contended vs. uncontended phases,and soon. We expect this uncertainty
to be even more drastic in large scaleconcreteapplications.

Figure 1 illustrates how contention manager performance depends on context. The �gure features
contention managersthat have recently appearedin the literature (we give more details on theselater in
the paper). The two scenariosillustrated di�er in the contention pattern amongcon
icting transactions.
Both scenariosuse a red-black tree data structure in which a number of threads insert and remove
elements. The number of transactions committed within a constant time period of one second,under
various contention management policies, is depicted, with respect to a number of threads ranging from
1 to 32. The scenarioon the left reducescontention by making each thread executesa time-delay loop
at the end of every transaction. The scenarioon the right exhibits a contention-in tensive scenario, in
which threads continuously insert and remove elements from the red-black tree. Elements are taken from
a small set of 256 integers to force contention to happen within the tree. Benchmarks were run on a
4-processorIntel Xeon machine with hyperthreading turned on.

When situations such as those of Figure 1 simultaneously appear within a single application, the
application bene�ts from associating distinct contention managersto di�eren t groups of transactions,
according to the situation encountered by each particular group. The diversity of contention managers
within a single application may also be motivated by the change,over the lifetime of the application, of
parameters a�ecting the throughput of committed transactions, for instance the number of threads or
the number of tables in a database.In this case,running transactions with a default contention manager
from sometime on, may lead to con
icts with transactions that are still running with the previousdefault
contention managerand have not yet committed.

We propose polymorphic contention management, a structure that allows contention managers to
vary not just acrossworkloads, but acrossconcurrent transactions in a single workload, and even across
di�eren t phasesof a single transaction. The abilit y to mix contention managersor to change them on-
the-
y providesperformancebene�ts, but alsoposesnumber of questionsconcerninghow onecontention
manager of a given class3 can interact in a useful way with contention managersof di�eren t, possibly
unknown classes.We intro duce a hierarchy of contention managerclasses,basedon the cost associated
with each contention manager class, and identify general groups of contention manager classes.We
present a generalalgorithm to handle contention betweencontention managersfrom di�eren t classes.

Our polymorphic contention management structure is presented in the context of SXM, a new soft-
ware transactional memory library which we implemented in C#. SXM supports distinct contention
management policies at the level of individual, possibly nested [13], transactions. We associate trans-
actions with methods in SXM, which makes it natural to isolate nested transactions from parents, and
concurrent transactions from one another. Our polymorphic scheme promotes a 
exible programming
style where the contention manager of a nested transaction can be interactive: the thread of control is
returned to the application after the transaction is aborted a certain number of times. This allows the ap-
plication for possibly changing at runtime the contention managerof the transaction (e.g., if the number
of threads increases).The full code of SXM is available on the web for further experimentation [15].

The remainder of the paper is organizedas follows. Section 2 givesan overview of elements of SXM
that areneededto describeour polymorphic contention management structure. Section3 explainsin more
details contention management in SXM and comparesdi�eren t contention managers.Section4 discusses
the mixing of contention managers.Section 5 describes how to associate a contention manager with a

3 Throughout the paper, the notion of \con tention manager class" is to be taken in the object-oriented sense,
i.e., a set of instances implementing the samecontention manager policy.
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Fig. 1. Comparison of various contention management policies under low (left) and high (righ t) contention
scenarios

transaction in SXM. Section 6 presents the implementation of SXM in C#, including a postprocessor
approach to declaring transactions. Section 7 discussesrelated work.

2 Overview of SXM

Before describingour polymorphic structure, we provide herea short overview of our transaction model,
illustrated in Figure 2, and an example of a program using our SXM library . In Section 6, we will give
more details about the implementation of SXM and the polymorphic contention management schemein
C#.

2.1 Transactions

Weconsidera systemmadeof n threads.Each thread executesindependently of other threads,and follows
a program assignedto it. Beside normal code, a thread may execute transactions [2]. A transaction
is a basic unit of computation that appears to take place atomically [19] to every other transaction
(thread). When a thread �nishes a transaction, the transaction may either commit, and every modi�cation
performed during the transaction instantaneously takesplace, or abort , in which caseno modi�cation is
e�ectiv ely performed.

We consideran object-basedmemory model. In this model, threads shareobjects. Within a transac-
tion, a thread accessestransactional objects. A transactional object is an object supporting additional
methods, for being accessedfrom within a transaction. Roughly speaking, every transactional object
supports a clone operation. When a thread executeswithin a transaction, the thread works on a copy
of the transactional object, obtained using the clone method. When the thread obtains a copy of the
transactional object to work on, we say the thread acquires the transactional object. Upon completion,
the transaction atomically commits every modi�cation done on every copy acquired, to the original
transactional object. If the transaction fails to commit, the thread may restart the transaction.

2.2 Con ten tion managers

A transaction Ta may fail to commit becauseanother transaction Tb hasaccessedthe sametransactional
object O, invalidating the copy Ta has obtained. When Tb acquiresO, Tb detects a con
ict with Ta . At
this point however, it is not clear whether Tb, which we call the attacking transaction, should abort Ta ,
which we call the victim transaction, or whether Tb should just wait and give more time to Ta to �nish.
It is possible that Ta never commits if it is always aborted by other transactions. Hence the choice of
mediating con
icts among transactions with a contention manager.

More precisely, a contention managerinstanceis associated with each transaction. In caseof a con
ict,
the contention manager of the attacking transaction decides, possibly based on the computation of
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the transactions, which of the attacking or the victim transaction should abort. On the one hand, a
transaction that has aborted many times should be given a change to commit, and thus should not be
aborted too easily. On the other hand, a transaction may be blocked, e.g. waiting for swapped-out data
to be swapped in, and aborting the blocked transaction in favor of others may lead to better throughput.
Clearly, the contention manageris crucial to the performanceof a STM system.

By eventually aborting any con
icting transaction if called su�cien tly many times, a contention
manager may easily ensure freedom from obstruction [9], a relatively weak livenessguarantee. More
sophisticated contention management policies ensurestronger livenessguarantees[5,16].

2.3 Transactions and Con ten tion Managemen t in SXM

In SXM, the transaction invocation tree is mapped onto the method invocation tree, through a few
programming conventions, following the current \library" approach of SXM. Section 6.3 describes an
alternativ e postprocessorapproach to declare transactions in SXM.

A transaction is explicitly constructed from a method and the transactional objects must be marked
with the Atomic attribute and support the ICloneableinterface. We assumehere that a particular con-
tention managerhasbeenchosenand speci�ed elsewhere,and we explain how this is e�ectiv ely achieved
in Section 3.

Figure 3 depictsa simpleexampleof a counter in SXM. There are two classes,Applicationand Counter.
The classApplication represents the application class,and de�nes a method Increment, to be run as a
transaction. The class Counter implements ICloneableand is marked with Atomic: hence instances of
Counterare transactional objects, and may be accessedthrough the C# property inc, de�ned in Counter.
(We useproperties instead of methods becauseproperties make an explicit distinction betweenget and
set accesses,that we respectively associate with read and write accesses.This allows for distinguishing,
within a transaction, objects that are accessedread-only, i.e. through a get property, or read-write,
i.e. through set property).

The body of the Incrementmethod consistsin accessinga single transactional object, counter, instan-
tiated from the class Counter, by invoking the incrementproperty on it. The Main method declaresa
transaction corresponding to the Incrementmethod, in three steps(line numbers refer to Figure 3):

1. Create �rst a delegate,representing the method to run as a transaction (line 6, secondcolumn). (A
delegateis a C# feature that represents a kind of type-safepointer on a method.)

2. Create a transaction, represented as an instance of SXMAction, from this delegate (line 8, second
column).

3. Launch the transaction by invoking the Run method on the SXMAction instance (line 11, second
column). (In a real application, running the transaction would obviously occur within a new thread.)

3 Specifying a Con ten tion Manager

3.1 Con ten tion Managemen t Metho ds

Every transaction is associated with a particular contention manager,where the task of the contention
manager is to resolve con
icts encountered with other transactions. The contention manager resolves
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1: class Application
2: Counter counter; // Transactionalobject

3: public Application()
4: this.counter =

hobtain a fresh Counter instancei ;

5: // Increment will be run as transaction
6: public void Increment()
7: this.counter.increment;

8: static public void Main(string argv[ ])
9: // Create the application

10: Application application = new Application();

11: // Createa delegate
12: Delegatedelegate= new

SXMDelegate(application.Increment);

13: // Create the transaction
14: SXMAction incrementAction =

SXMAction.Create(delegate);
15: . . .
16: // Run the transaction
17: incrementAction.Run();

1: // Classrepresentingtransactional objects
2: [Atomic]
3: class Counter : ICloneable
4: private int balance;

5: public Counter(int balance)
6: this.balance= balance;

7: public object Clone()
8: return new Counter(this.balance);

9: // Property that incrementsthe balance
10: property int increment
11: set
12: balance= balance+ 1;

Fig. 3. Example of a counter in SXM

con
icts basedon the computation performed by its associated transaction. In this sense,the contention
manager is informed by its associated transaction of the evolution of the computation.

A contention manager exports noti�c ation and feedback methods: noti�cation methods enable the
transaction to inform the contention managerof its computation, whereasfeedback methods enable the
contention manager to inform the transaction of what to do in speci�c situations.

Noti�cation methods include methods such as BeginTransaction, TransactionCommitted, Transaction-
Aborted, aswell asmethods to indicate an attempt in acquiring a transactional object (OpenReadAttempt
and OpenWriteAttempt), and successin acquiring a transactional object (OpenReadSucceededand Open-
WriteSucceeded).

A feedback method is invoked by a transaction on its own contention manager, in situations where
the expertise of the contention manager is needed.We consider two feedback methods:

{ The method ResolveCon
ictis invokedon the contention managerof a transaction whenever a con
ict
is detected with another transaction. Roughly speaking, the contention manager of the attacking
transaction may decidein this case,according to its speci�c contention management policy (we give
examplesin the next section), whether to abort the victim transaction, or whether to send to sleep
the attacking transaction and give more time to the victim transaction to �nish.

{ The method ShouldBeginis invoked on the contention managerof a transaction whenever the trans-
action (re)starts. This method returns whether the transaction should wait, or whether it may start.
In a typical contention manager implementation, ShouldBeginblocks the transaction, basedon its
speci�c contention management policy, yielding in favor of other threads. The contention manager
sendsthe transaction to sleepuntil it is appropriate for the transaction to start.

3.2 Examples of Con ten tion Managers

Several contention managershave been de�ned in the literature [5,16,17]. The Aggressivecontention
managersystematically aborts the victim transaction. The Polite contention managerexponentially backs
o� for a �xed number of attempts, and eventually aborts the con
icting transaction. The Randomized
contention manager aborts the victim transaction with someprobabilit y p, and waits with probabilit y
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1: static public void Main(string argv[ ])
2: Application application = new Application();
3: Delegatedelegate= new SXMDelegate(application.Increment);
4: SXMAction incrementAction = SXMAction.Create(delegate,typeof(Greedy));
5: . . .
6: incrementAction.Run();

Fig. 4. Specifying a contention manager

1� p. Greedyand Timestampcontention managersassociate a timestamp to a transaction whenit is run for
the �rst time. The idea is that an old transaction (one with a lower timestamp) haspriorit y over a young
one(one with a higher timestamp). In caseof con
ict, if the victim hasa higher timestamp, it is aborted.
With Greedy, if the victim transaction is waiting, then the attacking transaction aborts it; otherwise, the
attacking transaction waits, until the victim either commits, aborts, or waits. With Timestamp, if the
attacking transaction is not older than the victim, the attacking transaction then waits for a seriesof
�xed intervals. After attempting half the number of intervals, the contention manager of the attacking
transaction 
ags the victim as possibly defunct. After attempting the full number of intervals, if the
victim has the defunct 
ag set, the contention managerof the attacking transaction aborts the victim;
meanwhile, if the victim transaction performs any transaction-related operation, its contention manager
resets the defunct 
ag. Karma and Polka contention managers increase the priorit y of a transaction
whenever the transaction successfullyacquires a transactional object. When two transactions are in
con
ict, the attacking transaction makesa number of attempts equal to the di�erence among priorities
of both transaction, with a constant backo� between each attempt (Karma), or with an exponential
random backo� betweensuccessiveattempts (Polka). The Eruptioncontention manageralsomaintains the
number of transactional objects successfullyacquired, denoted objs, and givesto a transaction an initial
priorit y of zero. In caseof con
ict, if the victim transaction hasa higher priorit y than the attacking one,
the contention managerof the attacking transaction adds objs to the priorit y of the victim transaction,
and then sendsthe attacking transaction to sleep for an exponential random backo�. Otherwise, the
contention manageraborts the victim transaction. The idea behind the Eruption contention manager is
to increasethe priorit y of the transaction behind which other transactions are waiting.

Figure 4 illustrates, following the exampleof Section2, how wecreatea transaction from the Increment
method, and associate with this transaction a Greedycontention manager [5].

3.3 Benc hmarks

The benchmarks in this section provide someguidelines for choosing adequatecontention managersin
di�eren t parts of a given concurrent application. In fact, a programmer is encouragedto experiment with
di�eren t contention management policies, especially sincesafety is not impacted.

Figures 1 and 5 show the number of committed transactions in a constant period of one second
with respect to the number of threads, ranging from 1 to 32, with di�eren t contention management
policies and in three di�eren t scenarios.Figure 1 depicts, on the left, a red-black tree application with
low contention among transactions and, on the right, a red-black tree application with high contention
among transactions. Figure 5 depicts a red-black forest application, a data structure made of �ft y red-
black trees, in which threads continuously insert and remove elements, in either one or all trees on a
random basis; the length distribution of the transactions produced which a red-black forest exhibits a
high variance.

As conveyed by the left part of Figure 1, when there is no contention among transactions at the
end of the computation, for various length of uncontented periods, and transactions are approximately
of the same size, the Greedycontention manager [5] provides the best throughput. Intuitiv ely, this is
becauseGreedydoes not maintain costly data structures for assigningpriorit y to transactions. On the
other hand, the right part of Figure 1 shows that Karma [16] and Polka [17] provide a better through-
put in a contention-in tensive scenario.This might be explained by the fact that the priorit y assigned
to transactions, though more costly to update, reveals itself a good estimator of the intuition that a
transaction that has performed a lot of work should have a higher priorit y than a transaction that has
performed lesswork.
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Fig. 5. Red-black forest application

In Figure 5(a), transactions are of irregular length, and the best contention management policies
seemuncertain. More precisely, it highly varies depending on the number of threads (we comeback to
this in Section 4).

4 Polymorphic Con ten tion Managemen t

4.1 Mixing Con ten tion Managers

In SXM, each transaction may be associated with a distinct contention manager class. Obviously, we
would like to associate with each transaction within an application the contention managerfor which the
best throughput is obtained. This is not necessarilythe samecontention manager class for all (groups
of) transactions.

Figure 5(b) shows the throughput of committed transactions per secondswhen the contention man-
ager associated with any new transaction adapts to the current number of threads, within the same
application.

To illustrate this situation, considera server responding to client requestsover the Internet, designed
such that each client is served by a di�eren t thread within the server. Consider that at somepoint, a
high number of clients simultaneously send a request to the server. The number of threads within the
application is then high, and the application bene�ts from switching the default contention manager to
be usedfor any new transaction, to onethat is e�cien t with a high number of threads. When the number
of clients later decreases,the number of threads on the server decreases.The application then bene�ts
from switching the default contention manager to one that is e�cien t with a low number of threads.

A programmer may also want to implement her own contention managers,for the purpose of her
application. On the other hand, shemight also want to usea contention managerthat already exists for
other transactions.

Clearly, addressingthe con
ict resolution (a priori) by consideringevery possiblepair of contention
managersin the ResolveCon
ictmethod is simply not possible.In the following, we discusshow that can
be done in a dynamic manner.

4.2 Coping with Div ersit y

When two or more contention manager classesare mixed within a single application, two con
icting
transactions are not necessarilyassociated with the samecontention managerclass.Considerfor example
a transaction Ta managedby a Greedycontention managerdenoted M a and a transaction Tb, attacking
Ta , managedby a Karma contention manager denoted M b. In the ResolveCon
ictmethod, M b needsto
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Fig. 6. Tb is attacking victim transaction Ta with a contention manager of a di�eren t class

decide whether to abort the victim transaction Ta, monitored by M a . Although M b has a referenceto
M a , M b doesnot know the dynamic type of M a (Greedy). In fact, M a is available to M b as a reference
of type IContentionManager, a simple interface implemented by all contention manager implementations
in SXM.

To cope with the diversity of contention managers,the easiestpolicy we may imagine is that any
contention managerimmediately aborts a con
icting transaction managedby a di�eren t contention man-
ager. In fact, this is the behavior of the Aggressivecontention manager[16]. In this case,any contention
manager is an Aggressivecontention manager in face of a contention managerof an unknown class.

We classify contention managersin a hierarchy. The hierarchy is basedon the cost associated to each
contention manager,from the lesscostly ones(those that do not useany bookkeeping)to the most costly
ones(those that maintain much information about the current transaction, the other transactions, etc.).
The hierarchy is shown in Figure 7, and includes the contention managersde�ned in [5] and [16].

More precisely, Figure 7 depicts three generalgroups of contention managers:(a) ad-hoc contention
managerswhich always adopt the samestrategy independently of the computation of transactions, (b)
contention managerswhich basetheir decisionon information local to transactions, and (c) contention
managerswhich basetheir decisionon the computation and previous interactions of transactions. This
is re
ected in the implementation of the contention managersby (a) no variable at all, (b) simple data
structures, and (c) complex data structures. Becausecontention managersin group b maintain simpler
data structures and lessbookkeepingthan contention managersin group c, but, at the sametime, base
their decisionson elements of the computation of the transaction, in contrast with contention managers
in group a, we usethis classas the common denominator among all contention managers.

Furthermore, two transactions that are associated with distinct contention managerswere probably
not planned to con
ict initially . Henceusing contention management policies such as Karma or Polka to
addressthe con
ict doesnot really make sensein this case,becausethe number of transactional objects
that have been accessedso far is probably not comparable. Making a decision basedon the number of
objects acquired by each transaction doesnot really re
ect the priorit y among transactions.

To cope with this issue,we de�ned an abstract Priority contention manager,from which every concrete
contention manager class inherits. This contention manager class associates a priorit y to every trans-
action, when the transaction is run. The Priority contention manager class exports a concrete con
ict
resolution ResolveCon
ictmethod, basedon this priorit y.

Consider the scenariodepicted in Fig. 6, wherea transaction Tb attacks a transaction Ta, and denote
by M a (resp. M b) the contention managerof Ta (resp. Tb), and by ResolveCon
icta (resp. ResolveCon
ictb)
the original ResolveCon
ictof contention manager M a (resp. M b). When the SXM library detects the
con
ict, it invokesthe ResolveCon
icton M b. Within the method, the con
ict resolution algorithm now
works as follows:

1. If M b and M a are of the same class, or M b is of a superclassof M a , then apply ResolveCon
ictb
betweenTa and Tb.
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Rank Contention manager Data structures
0

a
IContentionManager |

1 Aggressive, Polite |
2

b
Greedy, Killblocked Birthdate

3 (Published)Timestamp Birthdate, variable
4

c
Kindergarten List of transactions

5 Karma, Polka, Eruption List of objects

Fig. 7. A hierarchy of contention managers
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2. If M b and M a are of incomparable classes,then apply the ResolveCon
ictmethod as de�ned by the
Priority contention manager,betweenTa and Tb.

We usethe priorit y and con
ict resolution algorithm of the Greedycontention managerasthe common
priorit y and con
ict resolution algorithm of the Priority contention manager. The Greedycontention
managerrecordsthe time at which a transaction starts for the �rst time. When two transactions con
icts,
these timestamps are used as priorit y, with the idea that older transactions have higher priorit y than
recent transactions. Consider a victim transaction Ta and a transaction Tb attacking Ta . We associate
timestamp tsa (resp. tsb) with Ta (resp. Tb). The ResolveCon
ictmethod of the Greedycontention manager
proceedsas follows (recall that Tb is attacking Ta):

1. If tsa > tsb (Ta was started more recently than Tb) or Ta is waiting, then abort Ta .
2. Otherwise, wait until Ta commits, aborts or starts waiting. (If Ta starts waiting, then seeRule 1.)

5 Associating Con ten tion Managers with Transactions

In Section 3 we pointed out how a particular contention managermay be associated with a transaction
at the top level. We go onestep further, and allow for decomposinga transaction into nestedtransactions
(following the method invocation tree), and associating di�eren t contention managerswithin the same
top level transaction. We discussnow the issuesbehind nesting transactions and explain how each nested
transaction may be associated with a distinct contention manager.

5.1 Issues behind Nesting Transactions

In SXM, the transaction boundaries are mapped on the method boundaries. Consider an application
wherea method A invokesa method B . In the application, we declaretransaction Ta (resp. Tb) associated
with method A (resp. B ). There are two possibilities for running transaction Tb:

1. Tb runs within transaction Ta .
2. Tb runs as a separatetransaction nested in Ta .

Running transaction Tb as a nestedtransaction (possibility 2) is more costly than running Tb within
Ta (possibility 1), since it requires creating a fresh transaction state. (We give more details on what it
takesto createa transaction in Section6.) To illustrate the usefulnessof possibility 2, assumethat before
invoking Tb, Ta performs a long computation consuming a lot of resources.If a con
ict is encountered
when executing Tb with a third transaction Tc, we would prefer restarting Tb without restarting Ta .
In this case,it is convenient to run Tb as a separatetransaction, which may be aborted and restarted
separatelyfrom Ta. In this case,Ta is not impacted by the con
ict encountered by Tb, and the execution
of Ta may resumewhen Tb eventually commits.

Whether oneapproach is more appropriate than the other dependson the context. Hencewe consider
both approaches,as either one may be appropriate in di�eren t situations: our SXM library provides the
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1: static public void Main(string argv[ ])
2: Application application = new Application();
3: bool runAsNestedTransaction= true;
4: Delegatedelegate= new SXMDelegate(application.Increment);
5: SXMAction incrementAction = SXMAction.Create(delegate,typeof(Greedy),runAsNestedTransaction);
6: . . .
7: incrementAction.Run();

Fig. 9. Specifying nested transaction semantics

programmer with the possibility, for every transaction, to choosewhich approach to use.When creating
a transaction from a method, the programmer may specify, using a boolean parameter, whether the
transaction should run within its parent transaction, or as a nested transaction. Figure 9 shows the
syntax for declaring a transaction which should be nested in a parent transaction.

In terms of contention management, SXM de�nes on the one hand noti�cation methods speci�c to
the casewhere a transaction is run within another transaction, for instance to inform the contention
managerabout the depth of the transaction. On the other hand, when running a transaction Tb nested
in a transaction Ta, SXM enablesto associate with Tb a contention manager that is distinct from the
contention managerof Ta .

Whereas the implementation of possibility 1 is trivial and only requires declaring additional noti�-
cation methods, the implementation of possibility 2 is more involved. With possibility 2, if Tb aborts,
our SXM library restarts it, without impacting Ta , whereasif Tb reachescompletion without aborting,
then Tb returns the thread of execution to Ta . When Tb terminates, Tb cannot really commit, because
its parent transaction Ta is not �nished yet, and may still be aborted later on. If Tb commits, and Ta is
later aborted, we would have to roll back the changesof Tb, which is cumbersome.

In SXM, when any nestedtransaction �nishes, the parent transaction inherits the objects acquiredby
the nestedtransaction, asshown in Figure 8. When the parent transaction later commits, all the objects
it hasacquired, included those inherited from nestedtransactions, are committed. (We give more details
on the actual implementation of nestedtransactions in Section 6.)

5.2 In teractiv e Con ten tion Managemen t

As part of resolving a con
ict among two con
icting transactions, a contention manager may perform
several actions: abort the victim transaction, backo� for a random or exponential time, accessdata
structures for bookkeeping,changethe priorit y of the attacking or of the victim transaction, etc.

SXM features the Interactivecontention manager, that returns the thread of execution to the parent
transaction (or to the executing thread if already at the top level), assoon asa nestedtransaction aborts.
This allows for de�ning more complex schemes,for instance trying an alternativ e transaction in caseof
the �rst transaction aborts (similarly to the orElseconstruct of [7]). This is key to dynamically changing
the contention manager of the nested transaction, if one feels that another contention manager would
then perform better.

The Interactivecontention manageris parametrized with another contention manager,as the Interac-
tive contention managerdoesnot feature any contention management policy on its own. Figure 10depicts
an example of the Interactive contention manager. In this example, a parent transaction is associated
with the Interactivecontention manager(line 9), which was previously parametrized with the Aggressive
contention manager(line 5), and a nestedtransaction is associated with the Greedycontention manager
(line 10). The nestedtransaction is created in such a way it will be run asa separatetransaction by SXM
(line 10). In casethe nestedtransaction aborts, the Interactivecontention managerthrows an exception.
In the exceptionhandler (line 8, secondcolumn), the parent transaction assignsanother contention man-
ager classto the nested transaction (line 12, secondcolumn), before restarting it (while loop at line 4,
secondcolumn). When the nestedtransaction succeeds,the parent transaction may resumeits execution.

6 Implemen tation of SXM in C#

In SXM, when a transaction invokes an operation on a transactional object, a synchronization code
is transparently executed before the operation is e�ectiv ely performed. This synchronization code is
generatedand added to the program at runtime, using the re
exiv e API of C#. Roughly speaking, this
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1: class Nesting
2: static SXMAction parentAction;
3: static SXMAction childAction;

4: static public void Main(string[ ] argv)
5: Interactive.ManagerType = typeof(Aggressive);
6: Nesting example= new Nesting();
7: Delegateparent = new

SXMDelegate(example.ParentMethod);
8: Delegatechild = new

SXMDelegate(example.ChildMethod);
9: parentAction = SXMAction.Create(parent,

typeof(Interactive));
10: childAction = SXMAction.Create(child,

typeof(Greedy),true);
11: . . .
12: parentAction.Run();

1: public void ParentMethod()
2: . . .
3: // Repeat while nestedtransaction aborts
4: while true do
5: try
6: childAction.Run();
7: break;
8: catch InteractiveException
9: . . .

10: // Associate another manager
11: // with child transaction if it aborts
12: childAction.ManagerType = typeof(Karma);
13: . . .

14: public void ChildMethod()
15: . . .

Fig. 10. The Interactive contention manager

code allows for detecting con
icts among transactions, upon acquiring a transactional object. In this
section, we give more details on implementation issuesin SXM.

6.1 Transactional Ob ject Structure

For an object to be transactional, its classis markedwith the Atomic attribute and implements the IClone-
ableinterface. Get properties within this classare (implicitly) consideredasread operations, whereasset
properties are (implicitly) consideredas write operations. The �elds of an Atomic classare declaredpri-
vate, sothat they are not accessiblefrom the outside of the object by accident, preventing the transaction
abstraction from being broken.

To create a transactional object in a program, maybe in a transaction, a thread usesa transactional
object factory, SXMObjectFactory. Behind the scenes,a transactional object of classType is represented
by an instance of classTX Type, which inherits from Type. ClassTX Type is created at runtime by the
SXMObjectFactory, which is given class Type as a parameter, and return class TX Type. As TX Type
inherits from Type, instancesof classTX Type returned by the factory may be referencedas instancesof
classType, hencea full transparency for the programmer.

An instance of class TX Type has a single �eld, denoted stmObject, of type SynchState.4 Roughly
speaking, the instance of classSynchStatesupports the methods necessaryfor acquiring a copy of the
object. The SynchStateobject referencesa Locator object. A Locator referencesin its turn an XState
instance and two instancesof classType. An XState object represents the state of the transaction, and
may have three values: ACTIVE, COMMITTED or ABORTED. When a fresh XState instance is created
for a transaction, it is in the ACTIVE state. In a Locator instance, the XState instancecorrespondsto the
state of the transaction which acquired the transactional object the most recently .

Initially , the SynchStateinstance referencedby TX Type, referencesa Locator instance containing the
COMMITTED transaction state, and the original version of the transactional object is referencedby the
new object. Figure 11 illustrates the structure of a transactional object.

When a transaction attempts to invoke a method on the transactional object, the transaction really
invokes the method with the samesignature on the TX Type instance. (Recall that each instance of a
classmarked with the Atomic attribute is created from the SXMObjectFactory, which returns instances
of classTX Type.)

TX Type declaresthe sameproperties, with the samesignature, asType. The body of a get (resp. set)
property in classTX Type adds synchronization code before calling the original get (resp. set) property.
More precisely, it is implemented as follows:

1. An invocation of OpenRead(resp. OpenWrite) method on stmObject object is performed. Roughly
speaking, this encapsulatesthe stepsnecessaryto obtain a fresh copy of the object, and to make sure

4 The SynchStateobject corresponds to the TMObject in the DSTM system of [10].
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1: [Atomic]
2: class Node : ICloneable
3: private Node next;
4: private int element;

5: public Node(Node next, int element)
6: this.next = next;
7: this.element= element;

8: public object Clone()
9: return new Node(this.next,this.element);

10: property Node Next
11: get
12: return this.next;
13: set
14: this.next = value;

15: property int Element
16: get
17: return this.element;
18: set
19: this.element= value;

(a) Class Node

1: class TX Node : Node
2: private SynchStatestmObject;

3: public TX Node() : base()
4: this.stmObject = new SynchState(this);

5: property Node Next
6: get
7: Node target = stmObject.OpenRead();
8: return target.Next;
9: set

10: Node target = stmObject.OpenWrite();
11: target.Next = value;

12: property int Element
13: get
14: Node target = stmObject.OpenRead();
15: return target.Element;
16: set
17: Node target = stmObject.OpenWrite();
18: target.Element= value;

(b) Class TX Node, generated from Node at runtime

Fig. 12. ClassesNode and TX Node

no other transaction has a copy of the object. Corresponding to the contention management policy,
this meansto either abort a con
icting transaction, or to sendits transaction to sleepfor sometime.

2. The original get (resp. set) property of classType is invoked on the copy returned, and the result is
returned to the user (resp. the copy is modi�ed with the given value).

For instance,considera linked list data structure. A list is composedof zeroor morenodes,represented
by classNode. A node contains two �elds, a integer element, representing the value stored in the node,
and a referencenext, on the next node in this list. Both �elds are accessedthrough get (resp. set)
properties, which only return the value in the �eld (resp. set the �eld with the new value). Node is shown
in Figure 12(a) and TX Node generatedfrom Node at runtime through the SXMObjectFactory is shown
in Figure 12(b).

We discussthe OpenWrite method, the OpenReadmethod works in an analogousway.
In OpenWrite, a referenceto the Locator installed in the SynchStateinstance is obtained �rst. In the

Locator, we may read the status (i.e., the XState �eld) of the transaction that most recently updated
the object, to determine which of the old or new object is the current version of the object: if the status
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of the transaction is COMMITTED, then the new version is the current version, whereasif the status is
ACTIVE or ABORTED, then the old object is the current version.

Weinstantiate a freshLocator object, with an ACTIVE status �eld, and a cloneof the current versionof
the object (as determined above) referencedthe old object (recall that the object supports the ICloneable
interface).

If the state of the last transaction that updated the object is ACTIVE, we are in presenceof a con
ict.
In this case,the transaction calls ResolveCon
icton its contention manager. If the contention manager
decidesto abort the other transaction, it atomically swaps the status of the other transaction, from
ACTIVE to ABORTED. The contention managermay otherwise decidesto wait for sometime, and retry
from the beginning of the OpenWrite method.

After aborting any con
icting transaction, the transaction atomically updatesthe SynchStateinstance
(with compare-and-swap) to install the newly created Locator in place of the previous Locator.

At last, the transaction commits by atomically swapping its state from ACTIVE to COMMITTED. If
this succeeds,all the new versionsof the objects accessedby the transaction becomethe current versions.
Committing fails if another transaction has already swapped the state to ABORTED.

The OpenReadmethod implementation di�ers from the OpenWrite method implementation, in that
two transactions reading the sametransactional objects do not con
ict with each other.

Note that the indirection induced by the SynchStateinstance is not strictly necessary. In fact, we
could program the full OpenReadand OpenWrite methods directly within TX Type. However, this would
require to write the full body of OpenReadand OpenWrite at runtime by using the C# re
ection API.
For the sake of simplicit y, we intro duce this extra object indirection.

6.2 Transaction Structure

Upon running a transaction, by invoking the Run method of the SXMAction object, SXM createsa new
transaction state (a freshXState instance in the ACTIVE state), and associatesthis new transaction state
instance with the new transaction. The transaction state is then later available, when the transaction
later acquirestransactional object (through OpenReadand OpenWrite methods).

When a transaction starts, a depth counter is incremented. A zero valuecorrespondsto the transaction
at the top level. If the depth is more than zero, then the parameter provided by the programmer is
used to determined whether to run the transaction as a nested transaction and associate with it a
new contention manager instance, or to run the transaction within the parent transaction. SXM then
invokes the transactional method by simply invoking the delegate. When the delegate returns, SXM
tries to atomically commit the modi�cations (by swapping the state of the transaction from ACTIVE to
COMMITTED). If the transaction fails to commit, then SXM createsa fresh XState instance, associates
this instance with the transaction, and invokesthe delegateonceagain.

If a nested transaction aborts, this meansthat its state object has been swapped from ACTIVE to
ABORTED. However, the parent transaction, which doesnot share its state with nestedtransactions, is
not a�ected. HenceSXM only restarts the nestedtransaction.

If the nestedtransaction endswithout aborting, the parent transaction inherits the objectsaccessedby
the nestedtransaction. To achieve this, SXM modi�es, oneafter another, the Locator objects referencing
the transactional objects accessedby the nested transaction. The modi�cation consistsin changing the
transaction state reference,from the nestedtransaction state, to the parent transaction state (for which
we keepa referencewithin the nestedtransaction).

{ If SXM notices that, after having modi�ed the Locator of every transactional object accessedby the
nestedtransaction, the transaction state of the nestedtransaction has status ABORTED, then SXM
aborts the parent transaction (it atomically swaps the state of the parent transaction from ACTIVE
to ABORTED), and then restarts the parent transaction from the beginning.

{ If SXM succeedsin modifying each Locator object of the transactional objects acquired by the
nested transaction, without the nested transaction being aborted, then SXM returns the thread of
execution to the parent transaction, which may continue executing. In this case,every transactional
object modi�ed by the nestedtransaction now referencesthe parent transaction in its Locator object.

When the parent transaction ends, SXM tries to commit the transaction by atomically swapping
its state from ACTIVE to COMMITTED. This signals, for each transactional object modi�ed by the
transaction and now including the objects inherited from nestedtransactions, that the new object is the
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1: class Application
2: Counter counter;

3: public Application()
4: this.counter = new Counter();

5: [Transactional(Greedy,true)]
6: public void Increment()
7: this.counter.increment;

8: static public Main(string[ ] argv)
9: Application application = new Application();

10: application.Increment();

1: [Atomic]
2: class Counter
3: private int balance;

4: property int increment
5: set
6: balance= balance+ 1;

Fig. 13. A postprocessingapproach to an example of a counter in SXM

current version of the transactional object. If SXM fails to commit (indicating contention with another
transaction), SXM restarts the parent transaction from the beginning.

6.3 Postpro cessor Approac h to Declaring Transactions

SXM could alsobe ported asan extensionof the CIL postprocessor.CIL is the commonintermediate
languageemitted by the C# compiler. More precisely, we proposeextensionsto the postprocessorfor
declaring transactional methods in SXM.

The Transactionalattribute marks methods that are transactional. The transaction starts when the
method beginsand endswhen the method ends.As before, the Atomic classattribute marks the shared
objects that may be accessedby transactional methods. (The ICloneableinterface is implemented auto-
matically with the Atomic attribute.)

Figure 13 revisits the example of the counter, implemented in SXM with postprocessingextensions.
The classApplicationde�nes a transactional method Increment, which acts on an instanceof the Counter
class.The Counterclassis declaredwith the Atomic attribute.

To specify which contention manager type to use with a transaction, the programmer may give a
parameter to the Transactionalattribute. The programmer may also specify, with a parameter to the
Transactionalattribute, whether a transaction should be executed as a nested transaction (true), or
within the parent transaction (false), in casethe transaction is run as a nestedtransaction.

7 Concluding Remarks

In [10], Herlihy et al. proposed a dynamic software transaction memory (DSTM) system in Java for
transactions accessinga set of objects not �xed or known in advance. In DSTM, a single contention
managerclassis usedto monitor all transactions.

Harris and Fraserdescribed in [7] a transaction schemeresembling conditional critical regions(CCR).
They also proposeda simple form of nesting transactions, where committing a transaction occurs only
when the top-level transactions returns. The contention manageris �xed, and a transaction that encoun-
ters a con
ict systematically aborts, after waiting for the con
icting transaction to �nish.

Harris et al. proposedin [8] a STM systemin Concurrent Haskell, in which transactions are declared
using an atomic block. Transactionscan be composedwhile preserving the atomicit y of the composition.
Contention management was not discussed.

Scherer and Scott comparedin [16] many contention managers,consideringvarious kind of metrics for
prioritizing transactions. They electedone (Polka) as the best contention managerand did not consider
the questionof integrating di�eren t contention managerswithin a singleapplication whenthe concurrency
pattern varies over the life of the application. Taking into account alternativ e contention managers
(Greedy[5]) aswell asdi�eren t load situations led us to revisit the \univ ersality" of Polka, and intro duce
our polymorphic structure.

The way transactions are nested and mapped to method boundaries in SXM resembles that of Ar-
gus [12]. Argus intro duced object wrappers called guardians. A guardian object is similar to a transac-
tional object as de�ned in this paper, and encapsulatesobjects to be accessedwithin a transaction to
provide atomicit y guarantees.Argus usesa lock-basedapproach to ensureatomicit y of transactions.
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Our transaction schemeis morepragmatic than in Argus asit leavesit up to the programmer to decide
whether the method invocation runs in a nestedtransaction or remains within the parent. Moreover, we
only pay the price of nesting transaction upon usage.In this sense,our schemeis closerto that of ACS [4].
Contention management was however not factored out neither in Argus nor in ACS, and concurrency
control was achieved using locking: when a nestedtransaction returns, the parent inherits the locks.

Modular concurrency control approaches [3,18,20] considered the semantics of the operations to
enable transaction interleaving. High-level atomicit y is preserved, independently of the order in which
commutativ eatomic operationsareexecuted.On the other hand, identifying an operation ascommutativ e
when it is not, may lead to a violation of safety; whereassafety is alwaysguaranteedin a STM application.
In a sense,a contention manager in a STM application extracts a part of concurrency control that is
only concernedwith progress(and cannot hamper safety).
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