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Abstract

We describe a methodology for transforming a large class of
highly-concurrent linearizable objects into highly-cament trans-
actional objects. As long as the linearizable implemeotasiatis-

es certain regularity properties (informally, that evenethod has

an inverse), we de ne a simple wrapper for the linearizalnte i
plementation that guarantees that concurrent transactidout
inherent con icts can synchronize at the same granularstyhe
original linearizable implementation.

Categories and Subject DescriptorsD.1.3 [Programming Tech-
nigue§: Concurrent Programming — Parallel Programming; D.3.3
[Programming Languagés Language Constructs and Features
— Frameworks; Concurrent programming structures; Béatd
Structure§ Distributed data structures; F.3.dgics and Mean-
ings of Programp Specifying and Verifying and Reasoning about
Programs

General Terms Algorithms, Languages, Theory

Keywords Transactional Boosting, non-blocking algorithms, ab-
stract locks, transactional memory, commutativity

1. Introduction

Software Transactional Memory (STM) has emerged as amaker
tive to traditional mutual exclusion primitives such as ritors and
locks, which scale poorly and do not compose cleanly. In aM ST
system, programmers organize activitiesrassactionswhich are
executed atomically: steps of two different transactioonsidt ap-
pear to be interleaved. A transaction ntaynmit making its effects
appear to take place atomically, or it malyort, making its effects
appear not to have taken place at all.

To our knowledge, all transactional memory systems, botti-ha
ware and software, synchronize on the basieatl/write con icts
As a transaction executes, it records the locations (orctsjjet
read in aread set and the memory locations (or objects) it wrote
in a write set Two transactiongon ict if one transaction's read
or write set intersects the other's write set. Con ictingrisactions
cannot both commit. Con ictletectioncan be eager (detected be-
fore it occurs) or lazy (detected afterwards). Conriesolution(de-
ciding which transactions to abort) can be implemented iargety
of ways.
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Synchronizing via read/write con icts has one substargiad
vantage: it can be done automatically without programmetigba
pation. It also has a substantial disadvantage: it canalgwend un-
necessarily restrict concurrency for certain shared ¢hjéicthese
objects are subject to high levels of contention (that isythre
“hot-spots”), then the performance of the system as a whalg m
suffer.

Here is a simple example. Consider a mutable set of integers
that providesadd(x), removegx) and contains(x) methods with
the obvious meanings. Suppose we implement the set as a sorte
linked list in the usual way. Each list node has two elds, areger
value and a node referenagext. List nodes are sorted by value,
and values are not duplicated. Integeis in the set if and only if
a list node hawvalue eld x. Theadd(x) method reads along the
list until it encounters the largest value less tixa\ssumingx is
absent, it creates a node to haldand links that node into the list.

Consider a set whose statefi; 3; 59. TransactiomA is about
to add 2 to the set and transactBris about to add 4. Since neither
transaction's pending method call depends on the othérsetis
no inherent reason why they cannot run concurrently. Neetass,
calls to add(2) and add(4) do have read/write conicts in the
list implementation, because no matter héwandB's steps are
interleaved, one must write to a node read by the other. €nlik
conicts between short-term locks, where the delay is tafic
bounded by a statically-de ned critical section, if traosan A is
blocked byB, thenA is blocked whileB completes an arbitrarily
long sequence of steps.

By contrast, a high level of concurrency can be realized in
a lock-based list implementation such lask coupling[2]. All
critical sections are short-lived, and multiple threads taverse
the list concurrently. Moreover, there also exist well-4kmdock-
freelist implementations [20] that provide even more ne-gedn
concurrency, relying only on individuabmpareAndSet()calls for
synchronization.

Several “escape” mechanisms have been proposed to address
the limitations of STM concurrency control based on reaténr
con icts. For exampleppen nested transactiofig2] (discussed in
more detail later) permit a transaction to commit the effedtcer-
tain nested transactions while the parent transactioiilissming.
Unfortunately, lock-coupling's critical sections do naircespond
naturally to properly-nested sub-transactions. Lock tinggan be
emulated using ararly releasemechanism that allows a transac-
tion to drop designated locations from its read set [13], ibig
dif cult to specify precisely when early release can be usafely,
and the technique seems to have limited applicability. Viéerat
aware of any prior escape mechanism that approaches thefeve
concurrency provided by common lock-free data structures.

We are left in the uncomfortable position that well-knowrdan
ef cient data structures can easily be made concurrentandzrd
non-transactional models, but appear to be inherentlyessigl in



all known STM models. If transactional synchronizationdgain
wide acceptance, however, it must support roughly the theesa
level of concurrency as state-of-the-art lock-based an#-free
algorithms, among transactions without real data depeme&n
This challenge has two levels: transaction-level and thieeel.
At the coarse-grained, transactional level, a transaetieting 2 to
the set should not have to wait until a transaction adding #hé¢o
same set completes. Equally important, at the ne-graitnedatd
level, the concurrent calls should be able to execute atahees
degree of interleaving as the best existing lock-based ak-fieee
algorithms.

This paper introducetransactional boostinga methodology
for transforming a large class of highly-concurrent lineaile ob-
jects into highly-concurrent transactional objects. Wecdibe how
to transform a highly-concurrent linearizaldase objectimple-
mented without any notion of transactions, into an equadlyccir-
rent transactional object.

Transactional boosting treats each base objectdeck box It
requires only that the object providespeci cation characterizing
its abstract statgfor example, it is a set of integers), and how its
methods affect the state (for exampad(x) ensures thak is
in the set). Transactional boosting also requires ceregularity
conditions (basically, that methods have inverses) whiehwill
discuss later.

Transactional boosting complements, but does not contplete
replace conventional read/write synchronization andwvego We
envision using boosting to implement libraries of hightyacurrent
transactional objects that might be synchronization ipotss while
ad-hoc user code can be protected by conventional means.

This paper makes the following contributions:

To the best of our knowledge, transactional boosting is tisé
STM technique that relies on objesemanticsto determine
con ict and recovery.

Because linearizable base objects are treated as blacls,boxe
transactional boosting allows STMs to exploit the consider
able work and ingenuity that has gone into libraries such as
java.util .concurrent

Because we provide a precise characterization of how to use
the technique correctly, transactional boosting avoidsigad-
lock and information leakage pitfalls that arise in opentegs
transactions [22].

We identify and formally characterize an important clasdisf
posablemethod calls whose properties can be exploited to pro-
vide novel transactional approaches to semaphores, nefere
counts, free-storage management, explicit privatizathonl re-
lated problems.

Preliminary experimental evidence suggests that traiosedt
boosting performs well on simple benchmarks, primarily be-
cause it performs both conict detection and logging at the
granularity of entire method calls, not individual memony a

quire the ability to register user-de ned handlers calldtew trans-
actions commit or abort (as provided by DSTM2 [12] and SXM
[1]). We now describe our methodology in more detail, posipo
formal de nitions to Section 5.

Any transactional object must solve two taskgnchronization
and recovery Synchronization requires detecting when transac-
tions con ict, and recovery requires discarding specuathanges
when a transaction aborts.

The speci cation for a linearizable base object de nesam
stract statgsuch as a set of integers), ancancrete statésuch as a
linked list). Each method is usually speci ed bypeecondition(de-
scribing the object's abstract state before invoking théhoe) and
apostconditiondescribing the object's abstract state afterwards, as
well as the method's return value.

Informally, two method invocationsommutef applying them
in either order leaves the object in the same state and eetben
same response. In Set, for example,add(x) commutes with
add(y) if x andy are distinct. This commutativity property is the
basis of how transactional boosting performs con ict detec

We de ne anabstract lock[22] associated with each invoca-
tion of a boosted object. Two abstract loaan ict if their invoca-
tions do not commute. Abstract locks ensure that non-corativat
method calls never occur concurrently. Before a transactidls a
method, it must acquire that method's abstract lock. Thiec#
delayed while any other transaction holds a con icting I¢§tke-
outs avoid deadlock). Once it acquires the lock, the traimac
makes the call, relying on the base linearizable objectémginta-
tion to take care of thread-level synchronization. In thteger set
example, the abstract locks fadd(x) andadd(y) do not con ict
whenx andy are distinct, so these calls can proceed in parallel.

A method callm hasinversem? if applying m® immediately
afterm undoes the effects ah. For example, a method call that
addsx to a set not containing has as inverse the method call that
removesx from the set. A method call that addgto a set already
containingx has a trivial inverse, since the set's state is unchanged.

When inverses are known, recovery can be done at the granular
ity of method calls. As a transaction executes, it logs aarnsw for
each method call in a thread-local log. If the transactiommits,
the log is discarded, and the transaction's locks are reteadow-
ever, if the transaction aborts, the transaction revisddg entries
in reverse order executing each inverse. (A transactionattided
X to the set would caltemovex).) When every inverse has been
executed, the transaction releases its locks.

Sometimes it is convenient to delay certain method calls un-
til after a transaction commits or aborts. For example, iclamsan
object that generates unique IDs for transactions. Thectbjeb-
stract state is the pool of unused IDs. It providesaasignIY)
method that returns an ID not currently in use, removingatrfr
the pool, and aeleasel(x) method that returns IR to the pool.
Any two assignlY) calls that return distinct IDs commute, and a
releaselx) call commutes with every call except assignIY)
call that returnx. As a result, if a transaction that obtakaborts,

cesses. Moreover, the number of aborted transactions (andWe can postpone returningto the pool for arbitrarily long, per-

wasted work) is substantially lower.

It must be emphasized that all of the mechanisms we deplgy ori
inate, in one form or another, in the database literaturm ftioe
70s and 80s. Our contribution is to adapt these techniqussfto
ware transactional memory, providing more effective sohg to
important STM problems than prior proposals.

2. Software Transactional Memory

We assume an STM where transactions can be serialized in the

order they commit, a property callelynamic atomicity30]. For
brevity, we assume for now that transactions are not negtede-

haps forever. For example, if the ID generator is implemérte
a counter, then it is sensible never to returto the pool. We call
thesedisposablemethod calls.

There are other examples of disposable methods. One can im-
plement atransactional semaphorthat decrements a counter im-
mediately, blocking while the counter value is zero, buttposes
incrementing the counter until the calling transaction outs. Ref-
erence countsvould follow a dual strategy: the reference count is
incremented immediately, but decremented lazily aftetrttuesac-
tion commits. (When an object's reference count is zercsptce
can be freed.) Reference counter decrements can also lpppedt
allowing deallocation to be done in batches. Similar dispdgy



tradeoffs apply to transactionalalloc() and free(), and counters
used to manage “privatization” of objects shared by tratiaal
and non-transactional threads.

A boosted object can also be accessed outside of a transactio
as long as the thread acquires the appropriate abstract. I8¢k
cessing a boosted object outside of a transaction does e r
other transactions from accessing the same object. Hoywaker
stract locks ensure that all transactional operations lwHi not
commute with the non-transactional operations are delayxil
the non-transactional thread releases the abstract lgogoBrast,
external access is dif cult in traditional STM implemeritats be-
cause non-transactional threads modify memory withoutiisicg
locks, and their effects cannot be aborted. This is prectbelpri-
vatizationproblem discussed in [28].

Transactional boosting is not a panacea. It is limited t@ctsj
(1) whose abstract semantics are known, (2) where commeitati
method calls can be identi ed, and (3) for which reasonalily e
cient inverses either exist or can be composed from existiat-
ods. This methodology seems particularly well suited tdection
classes, because it is usually easy to identify inversaseffam-
ple, the inverse of removing is to put it back), and many method
calls commute (for example, adding or removingommutes with
adding or removing, for x 6 y).

Further, transactional boosting supports a clean separhg-
tween low-level thread synchronization, which is the resail-
ity of the underlying linearizable object implementatiamd high-
level transactional synchronization, which is handled hy &b-
stract locks and undo log. Non-con icting concurrent tractsons
synchronize at the level of the linearizable base objeqgplyimg
for example, that if the base object is non-blocking for eonc
rent threads, then it is non-blocking for concurrent non-iobing
transactions. No prior STM technique can achieve this kinde
grained thread-level parallelism.

3. Examples

We now consider some examples illustrating how highly-corent
linearizable data structures can be adapted to providethe sne-
grained thread-level concurrency in transactional systéur pre-
sentation is informal, postponing more precise de nititasSec-
tion 5.

For each example we provide a speci cation, such as that of
the Set in Figure 1. We use the notatiorethod(v)=r to indicate
the invocation ofmethod with argumentv and response. In
some cases the response is inconsequential to commuytatiwit
is denoted and void method calls are simply denoteéthod(v).
Finally, we use the in x symbo] to mean that its two arguments
commute, an& when they do not.

3.1 Sets

A Set is a collection ofitemswithout duplicates. Like the in-
teger set described above,Set provides add(x), removegXx),
and contains(x) methods. A call tcadd() or remove) returns

a Boolean indicating whether the set was modi ed. Each of¢he
calls has an inverse. Aemovex) call that returnstrue has in-
verseadd(x), and vice-versa. Note that the inverse of a call often
depends on its result: the inverse toemovegx) call that returns
falseis vacuous.

Many calls commute: either order yields the same results and
produces the same nal state. For example, consider a s¢at@ s
f 5; 16; 29g. If we call add(3) andremovg29) in either order, both
returntrue, and the set ends up in stdt8; 5; 16g. Transactional
boosting allows transactions to call commutative methoitlsout
blocking, independently of how the set is actually impletedn|f
either transaction aborts, the inverse method calls withjglied,

Set Speci cation
Method Inverse
add(x)=false noop()
add(x)=true removex)=true
remove(x)=false noop()
remove(x)=true add(x)=true
contains(x)=_ noop()
Commutativity
insert (x)=_, insert(y)=,x6y
remove(x)=_, removely)=_,X 6 y
insert (x)=_, remove(y)=_,x 6y
add(x)=false, removex)=false, contains(x)=_

Figure 1. Speci cation of aSet

1 public class SkipListkey f

2 ConcurrentSkipListSet< Integer> list;
3 LockKey lock;

4

5 public boolean add( nal int v) f

6 lock . lock(v);

7 boolean result = list .add(v);

8 if (result) f

9 Thread.onAbort( new Runnable() f
10 public void run() f list .remove(v);gg
11 );

12

13 return result ;

14 g

15

16 g

Figure 2. The SkipListKeyclass

undoing the aborted transaction's changes to $ta#s abstract
state.

Figure 1 summarizeSetmethods' inverses and commutativity.
Indeedany call to add(x), removey), or contains(z) commutes
with the others so long as they have distinct arguments.

Skip List Implementation A skip list [23] is linked list in
which each node has a set of short-cut references to latesrind
the list. A skip listis an attractive way to implemen$atbecause it
provides logarithmic-timeadd() , remove), and contains() meth-
ods.

To illustrate our claim that we can treat base linearizaltle
jects as black boxes, we describe how to transactionalhgtiine
ConcurrentSkipListSetclass from thejava.util .concurrent li-
brary. This class is a very ef cient, but complicated, Idc&e skip
list. We will show how to transform this highly-concurreimeariz-
able library class into an equally concurrent transactitibeary
class without the need to understand how the linearizaljcols
implemented.

Figure 2 shows part of thekipListkey class, a transac-
tional Set implementation that is constructed by boosting the
ConcurrentSkipListSetobject using d.ockKey for synchroniza-
tion. For brevity, we focus on implementing a set of integers
calledkeys Before we describe the implementation of the boosted
ConcurrentSkipListSetclass, we consider some utility classes.

ThelLockKeyclass, as shown in Figure 3, associates an abstract
lock with each key. Key-based locking may block commutative
calls (for example, two calls tadd(x) whenx is in the set), but
it provides enough concurrency for practical purposesty(iddly,
transactional boosting does not require the programmexioie
all commutative methods.) This class's commit and abortteas
release the locks (on abort, after replaying the log). The'$o

(o]



1z public class LockKey f

18 ConcurrentHashMag: Integer,Lock> map;

19 public LockKey() f

20 map = new ConcurrentHashMag: Integer,Lock> ();
212 g

22 public void lock(int key) f

23 Lock lock = map.get(key);

24 if (lock == null) f

25 Lock newLock = new ReentrantLock();

26 Lock oldLock = map.putlfAbsent(key, newLock);
27 lock = (oldLock == null) ? newLock : oldLock;
28 g

20 if (LockSet.add(lock)) f

30 if ('lock.tryLock(LOCK_TIMEOUT,

a1 TimeUnit.MILLISECONDS);) f

32 lockSet.remove(lock);

33 Thread.getTransaction (). abort ();

3 throw new AbortedException();

35 g

36 g

37 0

38

39 0

Figure 3. TheLockKeyclass

map eld is a ConcurrentHashMap(Line 18) that maps integers
to locks! The lock(k) method rst checks whether there exists a
lock for this key, and if not, creates one (Lines 23-28).

Each transaction has a thread-locatkSettracking the locks
it has acquired that must be released when the transactiomite
or aborts. The transaction must register commit and abodIbes
instructing the STM to release all locks (after replaying tbg, if
necessary). The transaction tests whether it already otk
(Line 29). If so, nothing more needs to be done. Otherwigeigis
to acquire the lock (Line 31). If the lock attempt times otigborts
the transaction (Lines 31-35).

In the boosted skip list shown in Figure 2, add(v) call rst
acquires the lock fov (Line 6), and then calls the linearizable base
object'sadd(v) method (Line 7). If the return value indicates that
the base object's state has changed, then the caller resstbort
handlerto call the inverse method (Line 8). All acquired abstract
locks are automatically released when the transaction dtsmon
aborts.

3.2 Priority Queues

A priority queue (PQueug is a collection of keys, where the
domain of keys has a natural total order. UnliRets, PQueues
may include duplicate keys. A priority queue providesaaitl(x)
method that adds to the collection, aemoveMin() method that
returns and removes tHeastkey in the collection, and anin()
method that returns but does not remove the least key.

Priority queue methods and their inverses are listed inreigu
The inverse for aemoveMin() call that return is justadd(x). In
most linearizable heap implementations, removirgnd adding it
again may cause the internal structure of the heap to beicasted,
but such changes do not cause synchronization con ictsuseca
the PQueueés abstract set is unchanged. Tiren() method does
not change the queue's state, and needs no inverse.

Most priority queue classes do not provide an inverssedti{x).
Nevertheless, it is relatively easy to synthesize one. \Watera
simple Holder class containing the key and a Booledeleted

1We use maps and locks from the Java concurrency packages.

Priority Queue Speci cation
Method Inverse
removeMin() =x add(x)=_
min() =x noop()
add(x)=_ addinversgx)=_

Commutativity
add(x)=_, add(y)=
removeMin()=x, add(y)=_,x vy
min()=x, min()=x

Figure 4. Speci cation of a Priority Queue

40 public class HeapRW f

41 ConcurrentHeap< Holder> heap;
42 LockRW lock;

43 public void add(int item) f

44 lock .readLock();

45 heap.add(new Holder(item));

46 Thread.onAbort( new Runnable() f

47 public void run() fholder.deleted = true;g
48 9);

49 0

so  public int removeMin() f

51 Holder holder;

52 lock . writeLock ();

53 do f

54 holder = heap.removeMin();

55 g while (holder . deleted );

56 if (holder != null) f

57 Thread.onAbort( new Runnable() f

58 public void run() f heap.add(holder); g
59 9);

60 g

61 return holder . value;

62 0

Figure 5. TheHeapRWclass

eld, initially false Holders are ordered by their key values. Instead
of adding the key to th®Queue we add its holder. To undo the
effects of anadd() call, the transaction sets thidblders deleted
eld to true, leaving theHolder in the queue. We change the
transactionatemoveMin) method to discard any deleted records
returned by the linearizable base objecesnoveMin(). (We will
show an example later.)

All add() calls commute. AdditionallyyfemoveMin()=x com-
mutes withadd(y) if x  y. Here too, commutativity depends on
both method call arguments and results.

Heap Implementation Priority queues are often imple-
mented asheaps which are binary trees where each item in the
tree is less than its descendants. We implemented the ilinear
able concurrent heap implementation due to Hetrél. [16]. The
removeMin)) method removes the root and re-balances the tree,
while add(x) places the new value at a leaf, and then “percolates”
the value up the tree. This implementation uses ne-graineks.
(Because locks are not nested, this algorithm is not a goodica
date for open nested transactions.)

Figure 5 shows part of the boosted heap implementation. The
heap eld (Line 41) is the base linearizable heap, and tbek
eld (Line 42) is a two-phase readers-writers lock. TheadLock)
method acquires the lock in shared mode, amiieLock() in ex-
clusive mode. All such locks are released when the tramsacti
commits or aborts. Eachdd() call acquires a shared-mode lock
(Line 44), relying on the base object's thread-level sypnoira-
tion to coordinate concurreiaidd() calls. As described earlier, the



add() method does not add the key directly to the base heap, but
instead createstdolder containing the key and a Boolealeleted

ag (Line 45). For recovery, it logs a call to mark that keylder

as deleted (Line 46).

63 public class BlockingQueue< T> f

62  BlockingDeque< T> queue;

es  TSemaphore full; // block if full

66  TSemaphore empty;// block if empty

67 public BlockingQueue(int capacity) f

68 gueue = new LinkedBlockingDeque< T > (capacity);
69 full = new TSemaphore(capacity);

70 empty = new TSemaphore(0);

71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

89 g

public void oer( nal
full . acquire ();
gueue. o erLast (value);
empty.release ();
Thread.onAbort( new Runnable() f
public void run() fqueue.takeLast();g

9;

T value) f

9
public T take() f
empty.acquire ();
T result = queue.takeFirst ();
full . release ();
Thread.onAbort( new Runnable() f
public void run() f queue. oerFirst (result); g

return result ;
g

Figure 6. TheBlockingQueueclass

3.3 Pipelining

Pipelining is a well-established way to achieve concuryencer-
tain applications. Algorithms employing pipelining areramon in
areas such as networking or graphics. In typical pipelingglia
cations, one thread (or transaction) is in charge of eadiesth
the pipeline. Because different pipeline stages may neednga
amounts of time, threads communicate by bounded queuesicall
buffers

Transactional pipelining introduces the need &mnditional
synchronizationa transaction that encounters an empty (or full)
buffer should block until that buffer becomes non-emptyr{on-
full). The need for conditional synchronization impliesitimot all
existing STMs support pipelining.

We now consider thélockingQueuemethods and their in-
verses. Following Java conventions, BleckingQueueclass pro-
vides two methods:o er () enqueues a work item on a queue,
while take() dequeues a work item. If the queue is full, how-
ever, oer () blocks until there is room, and if the queue is
empty, take() blocks until a work item is available. Because
BlockingQueuedoes not provide inverses, we take as linearizable
base class a blockindouble-ended queuglockingDEQueug
taken fromjava.util .concurrent This class provides the methods
o erFirst (x), oerLast (x), takeFirst(), and takeLast)). A
transactionalo er (x) call results in a linearizableo erFirst (x)
call, with inversetakeFirst ().

BecauseaBlockingQueueobjects are shared by pairs of transac-
tions, of which one repeatedly caltser (), and the other repeat-
edly callstake(), we care only about commutativity between these
two methods. Here, commutativity depends on the queuetsaaibs
state: o er () commutes withtake() if and only if the buffer is
non-empty. The full pipeline speci cation is given in thecFmical
Report [11].

Unique ID Generator Speci cation
Method Inverse Post-Abort

assigniD()=x  noop() releaselD(x)=_

Commutativity
assignID()=x, assigniD()=y x 6 y
assignID() =x < assignID() =x

Figure 7. Speci cation of a Unique ID Generator

Pipeline Implementation To detect wherBlockingQueue
methods within a pipeline can proceed in parallel, we intgeda
transactional semaphomass TSemaphore to mirror the queue's
committed state. Figure 6 shows tBéockingQueueimplemen-
tation. It uses two transactional semaphores: thié semaphore
blocks the caller when the queue is full by counting the num-
ber of empty slots. It is initially set to the queue capacitiné
69). Theempty semaphore blocks the caller while the queue is
empty by counting the number of items in the queue. It is ini-
tially set to zero (Line 70). As noted above, thequire() method,
which decrements the semaphore, takes effect immediatelyk-
ing the caller while the semaphore's committed state is.ZEhe
releasd) method is disposable: it takes effect only when the trans-
action commits. We discuss another example of disposabie-me
ods in the next subsection. Note also that transactionahgkares
cannot be implemented by conventional read/write syndhaen
tion: they require boosting to avoid deadlock.

The oer () method decrements théull semaphore before
calling the base queue's erLast () method (Line 73). When
the decrement returns, there is room. After placing the item
the base queueg er () increments theempty semaphore (Line
75), ensuring that the item will become available after thegac-
tion commits. Thetake() method increments and decrements the
semaphores in the opposite order.

3.4 Unique Identi ers

Generating unique IDs is a well-known problem for STMs based
on read/write conicts. The obvious approach, incremegtin
shared counter, introduces false read/write con icts. &mnmans-
actional boosting, we would de ne an ID generator class finat
vides anassignlY) method that returns an ID distinct from any
other ID currently in use. Note thaissignI) =x commutes with
assignli)=y forx 6 vy.

If a thread aborts after obtaining 1B from assignlY) then,
strictly speaking, we should put back by callingreleaselXx),
which returnsx to the pool of unused IDs. Nevertheless, release
is disposable: we can postpone puttiadpack (perhaps forever).
As long asx is assigned, no transaction can observe (by calling
assignl)) ) whetherx is in use. Figure 7 shows the commutativity
speci cation for a unique ID generator. Transactional kimmsnot
only permits a transactional unique ID generator to be impleted
as agetAndAdd() counter, it provides a precise explanation as to
why this implementation is correct.

4. Evaluation

We now describe some experiments testing the performance of
transactional boosting.

Stanford STAMP Benchmarks We modied two of the
StanfordSTAMPbenchmarks [5] (written in C) to use boosting.
The vacation benchmark simulates a travel reservation system in
which client threads interact with a database consisting obl-
lection of red-black trees. In our transactionally-bodsted-black
tree implementation, methods synchronize by short-terntuaiu
exclusion locks, and each key is assigned its own two-phiass-t
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Figure 8. Throughput for boosted STAMP benchmarks normal-
ized against the throughput of conventional TL2, which rteiirs
shadow copies.

actional lock by hashing into an array of locks. Both long and
short-term locks are test-and-test-and-set spin locks.

The kmeansbenchmark assigns objects to onekotlusters
based on a similarity function. Adding an object to one dust
commutes with adding an object to a different cluster. Wenglkd
fewer than 15 lines of code to boost this algorithm, usingtstesm
mutual exclusion locks and two-phase transactional locks.

Figure 8 shows the normalized throughput of four STAMP
benchmark testsvacation with low and high contention and
kmeanswith low and high contentich These tests were run on
a multiprocessor with four 2.0 GHz Xeon processors, each one
two-way hyper-threaded, for a total of eight threads. Infailr
tests, boosting substantially improved throughput redato the
baseline TL2 [7] implementation (normalized here to 1).

Lock-Free Skip List The remaining tests were implemented
in Java using the DSTM2 [12] software transactional memgsy s
tem and thejava.util .concurrent libraries. These experiments
were run on a Sun Microsystems T2000 system with 32 cores.

To test the effect of transactional lock granularity, wegdgwo
boosted implementations of the lock-fr@ncurrentSkipListSet
base class. The rst uses a single transactional lock famathod

Figure 9. Throughput for transactionally-boosted skip lists using
simple (left) and key-based (right) two-phase locks.
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Figure 10. Throughput for boosted heap implementations using an
exclusive lock (left) and a shared/exclusive lock (right).

calls, while the second uses a lock per key. Because they use

the same base object, difference in throughput can be wtttdb
entirely to differences in parallelism. Transactions mhsed re-
move random keys from disjoint ranges. Figure 9 shows that n
grained transactional synchronization can have a drameffect
on throughput, especially when combined with ne-graineead-
level synchronization.

Concurrent Heap Figure 10 shows the relative throughput
of two heap implementations executing hatfd() calls and half
removeMin) calls. As noted above, the base object is protected by
areaders/writers lock, wheagld() calls acquire the shared reader's

2We used the following switches, which STAMP recommends dor &nd

high contention contention, respectively. See [5] for tamantics of each
switch.

Low switches: n4 90
High switches: n8 q10

3Low switches: m40 n40
High switches: m20 n20

u80 r65536 14194304
u80 65536 14194304

t0.05 i inputs/random1000 _12
t0.05 i inputs/random1000_12

lock, andremoveMin() calls the exclusive writer's lock. This ex-
periment suggests that using a read/write lock to discineirbe-
tweenadd() andremoveMin() calls is worthwhile.

5. Formal Model

We now summarize the formal model. A full discussion, cortgle
with examples, can be found in the Technical Report [11]sThi
model is adapted from Weihl [30] and from Herlihy and Wing].15

5.1 Histories

A computation is modeled astastory, that is, a sequence of in-
stantaneousvents Events associated with changes in the status of
a transactiom includehT init i, AT commiti, AT aborti indicat-

ing thatT starts rolling back its effects, atd aborted indicating
thatT nishes rolling back its effects. Additionally, the eveht,
xm(v) i indicates thaT invokes methodn of objectx with argu-



mentv, and the evenhT, v i indicates the corresponding return
valuev. For example, here is a history in which transac#toadds
3 to a skip list:

hA initi hA, list.add3)i hA,true i hA commiti

A single transaction run in isolation de nessaquential historyA
sequential speci catiorfor an object de nes a set dégal sequen-
tial histories for that object. Aoncurrent historyis one in which
events of different transactions are interleaved.

A subhistorydenotedhjT is a subsequence of the eventshof
restricted to a transactiofi. Two historiesh and h® are equiva-
lent if for every transactiomA, hjA = h9%A. If h is a history,
committed (h) is the subsequence bfconsisting of all events of
committed transactions.

De nition 5.1. A historyh is strictly serializablef committed (h)
is equivalent to a legal history in which these transactierecute
sequentially in the order they commit.

De nition 5.2. Historiesh andh®de ne the same staié for every
historyg, h gislegal if and only ih® gis.

De nition 5.3. For a historyh and any given invocatioh and re-
sponseR, letl andR ! be theinverseinvocation and response.
That is, the invocation and response such that the statédeshaf-
terthe histosh | R | ! R !isthe same as the state reached
after historyh.

In the Skip List example, if an element is added to a list aed th
removed, the list is returned to its initial state. For thkample,
remove) is the inverse ofinsert() (eliding item values for the
moment).

If I does not modify the data structure, its invetsé is triv-
ial; we denote itnoop() . Note that inverses are de ned in terms
of method calls (that is, invocation/response pairs), mebda-
tions alone. For example, one cannot de ne an inverse for the
removeMin)) method call of a heap without knowing which value
it removed.

De nition 5.4. Two method call$; R and! % R° commuteif: for
all historiesh, ifh | R andh 1° R%are both legal, then
h 1 R 1° R%ndh 1° R® | R are bothlegal and de ne
the same state.

Commutativity identi es method calls that are in some sease

5.2 Rules and Correctness
A transactional boosting system must follow these rules.

1. Commutativity Isolation. For any non-commutative method
callsl1;R1 2 Ty andl2; Rz 2 To, eitherT; commits or aborts
before any additional method calls Ta are invoked, or vice-
versa.

Informally, commutativity isolation stipulates that metts
which are not commutative can be executed, so long as they are
not executed concurrently. Note that this rule does notigpec
a locking discipline, but rather speci es a property of bist
ries resulting from all possible (correct) disciplinesphactice,
choosing a locking discipline is an engineering decisiodiA
cipline that is optimal in the sense that no two commutatjye o
erations are serialized may suffer performance overhead fr
the computation involved in implementing the locking disci
pline. By contrast, an overly conservative approximaticaym
inhibit all concurrency. In Section 4 we quanti ed this teadff
with some examples.

. Compensating Actions For any historyh and transactioit , if
HT aborted 2 h, then it must be the case thgf = HT init i
lo Ro Ii Ry hTaborted I, ' R, * I,' Ry*

hT aborted wherei indexes the last successfully completed

method call.

This rule concerns the behavior of an aborting transac#an.
the point when a transaction decides to abort, it must subse-
quently invoke the inverse method calls of all method calls
completed thus far. The transaction need not acquire lacks t
undo its effects. This property is important because farali-
tive techniques, such as nested open transactions, catéeus
taken to ensure that compensating actions (the analogerfsav
methods) do not deadlock.

Disposable Methodg~or any historyh and transactioi, any
method calhT; xm(v) i hT; ri that occurs afteliT commiti
or afterhT aborti must be disposable.

As a result of this rule, ifT generates a method call after

it commits, regardless of how far into the future the method
call occurs, the history is legal. The timing of these dethye

disposable methods is an engineering decision, as distirsse

Section 3.

3.

thogonal and have no dependencies on each other. In the Skip

List example, we can take advantage of the commutativityhef t
insert() method for distinct values. No matter how these method
calls are ordered, they leave the object in the same nagstat

For a historyh, let G be the set of historieg such thah g is
legal.

De nition 5.5. A method call denoted R is disposableif,
892G,ifh I Randh g | Rarelegal,therh I R g
andh g | R arelegal and both de ne the same state.

In other words, the method cdll R can be postponed arbitrarily
without anyone being able to tell that R did not occur. When

I R does occur it may alter future computation, but postponing
it still results in a legal history. In the above de nition vggantify
over all possible histories that proceednd end with  R.

In the Unique ID Generator example, a transaction may delay

the release of an identi er until after it commits. SincaeaselY)
is a disposable method, regardless of how long it is postharten-
putation yields legal histories; other transactions aegalternate
identi ers.

Theorem 5.1. (Main Theorem) For any STM system that obeys the
correctness rules, the history of committed transacti@nstiictly
serializable.

All proofs are available in [11].

6. Related Work

Transactional memory [14] has gained momentum as an alterna
tive to locks in concurrent programming. This approach heenb
investigated in hardware [14, 21], in software [8, 9, 13,, Zfd
in schemes that mix hardware and software [6, 25]. Existiiyl$
synchronized via read/write con icts, which may cab&migncon-
icts (see Harris et al [10]). Here, we describe how to symctize
in a way that exploits objectemantics

Open nested transactiorj22] (ONT) have been proposed as
a way to implement highly-concurrent transactional olgec¢h
ONT, a nested transaction can be designatedpes If an open
transaction commits, its effects immediately become 1gsib all
other transactions. The programmer can register handbetse t
executed when transactions enclosing the open transactiomit
or abort.



Although transactional boosting and ONT both use abstract
method-based locks, the two approaches are starkly diverge
Open nested transactions armachanismnot a methodology. By
themselves, they provide no guidance as to how they can kit use
correctly. As noted by Net al. [22], care must be taken to avoid
deadlocks in abort handlers, and to avoid unexpected bt
may occur if an open nested transaction's read set intersgear-
ent's write set. In transactional boosting, however, iseganethods
called by an aborting transaction cannot deadlock withrathgo-
ing transactions because the aborting transaction asquiraddi-
tional locks. Moreover, because the base object's methmsat
called in a nested transaction, read/write con icts betwparents
and open children do not arise.

When comparing boosting to ONT, it is important to distirgjui
between different kinds of potential deadlocks. Like McRb]|
transactional boosting uses two-phase locking, which liserable
to deadlock, but can be avoided by timeouts. Deadlocks dn loc
acquisition are qualitatively different from the deadlsc¢kat arise
in ONT because it is possible to recover from lock acquisitio
deadlock by aborting and retrying a transaction that timets o
By contrast, in ONT, there is no way to recover if an aborting
transaction deadlocks while executing its abort handler.

Open nested transactions also have certain limitationsires-
sive power. It is unclear how to map open nested transactiotts
algorithms that use techniques such as lock coupling, wiare
chronization regions are not properly nested. Moreovecabse
transactions enforce isolation, there is no possibilitthofad-level
concurrency between open nested transactions, and treenedo
way to exploit existing thread-level synchronization éikes. Fi-
nally, using open nested transactions to construct, sajgldyh
concurrent transactional hash table, requires re-impi¢ing the
hash table itself, while transactional boosting wouldtttba hash
table as a black box.

Harris and Stipi€ [10] recently proposed “abstract nestads-
actions” (ANTSs). Although ANTs also aim to reduce benign-con
icts, the approach is substantially different from oursllide our
methodology, memory access during an abstract nestedutaons
is logged, and this log is used to detect conicts. As a commit
time optimization, ANT re-evaluates expressions (closyurehich
are part of conicting data access to ensure the expressiduev
has not changed since it was rst computed. While this apgris
well-suited to mostly-functional languages, itis uncleaw well it
could be used in a language where re-evaluating closurehanay
side effects. Transactional boosting does not need to rackory
access as an executing transaction will not con ict with ather.

Many of the mechanisms used by transactional boosting are
well-known from other contexts. Other work on commutativit
based synchronization includes Bernstein [4], Steele, [RP®jiz
and Rinard [24], Weihl [30], Schwartz and Spector [26], B§&];
and Korth [17].

Transactional boosting also bene ts from logging highelev
method calls, instead of low-level memory accesses, a matio
troduced by Lomet, and by Schwarz and Spector [19, 26].

Kulkarni et al.[18] describe Galios, a system that exploits com-
mutativity and inverses for ef cient thread-level spedida. Mora-
van et al.[21] and Zilles and Baugh [31] observe that constructs
similar to open nested transactions can be used to allowacan
tions to execute non-transactional code, such as systésn cal

7. Conclusion

We have presented a methodology for translating a large dbs
highly-concurrent linearizable objects into highly-cament trans-
actional objects. Given only a well-de ned speci cationablack-
box object, transactional boosting allows concurrentatiseto in-
teract with the object within a transaction, and no log of rogm

access is needed neither for con ict detection nor for recpdrom
aborted transactions. We have shown that for many work|dhds
additional run-time burden of transactional boosting iféset by
the performance gain of eliminating memory access logdhig.
nally, our approach guarantees that the history of comioutaie-
mains strictly serializable in the presence of arbitranilgny con-
current transactions and abortions.

We defer one matter to future work. Deadlock is possible if
two threads attempt to acquire two of the same abstract liocks
opposite order. One possible solution is to introduce adiumehen
a thread is attempting to acquire a lock; when the timeouiresp
the thread can partially abort itself with the hope of rellegghe
lock that another thread is attempting to acquire.

There are many ways in which transactional boosting can be
extended. It could encompass STMs based on nested tramsacti
using techniques similar to those employed by LogTM [21§n&-
actions could be extended to encompass multiple threaithg, als-
stract locks for transactional synchronization, and rejyon the
base object for thread-level synchronization. In a hybystesm that
combines small hardware transactions with STM, one couflém
ment base method calls as hardware transactions, usintgrzpts
managed long-lived software transactions.
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