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Abstract

The need to allow threadsto abort an attempt to ac-
quire a lock (sometimescalled a timeout) is an interest-
ing new requirementdriven by state-of-the-art datatase
applications with soft real-time constraints. This paper
presentsa new composite atortable lock (CAL), a com-
bination of alortable queue-lasal (QL) and test-and-
sethbasal backo (BL) lock mechanisms,which provides
non-blacking atorts while ensuring low space require-
ments without need for a memory reclamation scheme.
The key observation motivating our approach is that
the fast lock hand-o achieva by QLs only requiresthe
rst fewthreadsto be queue (not all waiting threads),
and that the remaining threads can run as in a BL.
We developgd an algorithm that usesonly a short xed
size structure for queueing, allowing most threads to
back-o. This reduces worst-case space overhed dra-
matically, and improvesperformance by eliminating the
need for expensive and complicated memory manage-
ment mechanisms.

Experimental results showthat our new CAL algo-
rithm not only saveson space, it actually outperforms
Sott's state-of-the-art nonblacking alortable QL un-
der contention, and evenmore so whenthere are more
threads than processors. Moreover, as the rate of lock
alorts increases, the CAL continues to perform well,
while Smtt's algorithm deteriorates rapidly.

1. Intro duction

Someparallel applications require threads to be able
to abandonan attempt to acquire alock if it takestoo
long, for exampleto break deadlocks and to meet soft
real-time requiremerts [10]. In attempting to acquire
a lock that supports sud functionality, a thread spec-
i es a patience value, indicating how long it is willing
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to wait to acquire the lock. If the thread does not
acquire the lock in the speci ed time, it returns with
an indication that it failed to acquire the lock. Locks
supporting this functionality are sometimescalled try
locks [10Q]; we call them abortable locks

While lock abortabilit y is easyto support with tra-
ditional back-o locks (BLs), theselocks do not scale
well under heavy cortention. The state-of-the-art scal-
able abortable lock for cache-coherem multipro cessors
is the nonblacking alortable CLH Queue-leck due to
Scott [9]. Though it signi cantly outperforms BLs un-
der cortention, Scott's algorithm su ers from various
drawbadks comparedto BLs: it hasa high spaceover-
head, it requiresspecializedmemory managemen, and
its performanceis inferior under preemption.

1.1. Comp osite Ab ortable Lo cks

This paper preseris a new scalable composite
alortable lock (CAL) which provides non-blocking
aborts while ensuring low space requiremerts, and
without needfor a memory reclamation scheme. The
new CAL algorithm is basedon the obsenation that
the fast lock hand-o achieved by QLs only requiresthe
rst fewthreadsto be queued,not all waiting threads.
The remaining threads can simply badk-o. Basedon
this obsenation, we build a lock that combinesthe key
algorithmic featuresof the BL and QL algorithms.

In a nutshell, our CAL algorithm works as follows.
We keepa small xed sizearray of lock nodes (in our
bendimarks on a 30 processormachine we usedan ar-
ray of size4). Each thread accessingthe lock selects
a node to usein its acquisition attempt. If the node
is in use by another thread, the thread badks o ex-
ponertially and retries, either on the samenode or a
di erent oneselectedat random. If the thread succeeds
it usesthe nodein a\mini" CLH style queue-lak algo-
rithm basedon a linked list implemented in the array.



The thread spins on the node precedingit in the list,
and whenthe thread owning the precedingnode signals
that it has nished its critical section, the thread ac-
cesseghe critical section. It releasesits node in-turn
when it completes. If a thread needsto abort while
owning a node, it leavesit after a minor update of the
node state. If it needsto abort while badking-o, it
simply leaves.

This medanism provides seweral interesting algo-
rithmic properties. It distributes backed-o accessat-
tempts onto seweral locations, reducing cortention. It
providesthe scalablequick-hando medanism of CLH
queue locks for the nodeson the lock's critical access
path. It providesnonblocking aborts without the need
for memory managemen since all aborts that occur
while a thread is backed-o have zero-costasin BLs,
and for onesthat happen while holding a node, one
can simply leave the array node around since some
other thread will selectit at random for future use.
For L locksand T threads, the new algorithm requires
only O(L) spacein the worst case,as compared with
O(L T) for Scott's abortable QL algorithms. Given
all these advantages, one needsto keepin mind that
the newalgorithm doesnot provide the sameFIF O lock
accesdairnessasnon-abortable QL. Scott's algorithms
do.

1.2. Performance

We ran a set of experiments on a 30-processorSun
Enterprise 6000, a cadce-coherem NUMA machine.
Our new CAL not only scalesas well as Scott's al-
gorithm, but alsonoticeably outperformsit. This scal-
ability veri es the key insight that only the front part
of the QL is necessaryto ensurefast lock hando in
a scalableway. As we increasethe number of threads
beyond the number of processors,the percertage of
failed (timed-out) acquisition attempts increasesonly
modestly for BL and CAL algorithms, yet the degrada-
tion is sewere with Scott's algorithm. This is because
its queueis signi cantly longer than that of the CAL,
and preemption within the queue has a high perfor-
mance cost. Finally, when we measurethe number of
failed acquisition attempts as the patience value de-
creaseswe seethat our new CAL degradesgracefully
while Scott's algorithm deteriorates rapidly.

1.3. Related W ork

Traditional test-and-set (TAS) locks represert lock
ownership in a single word, and a thread wishing to
acquire the lock repeatedly attempts to atomically
changethe lock from \free" to \owned" (for example)

using an atomic syndironization instruction sudc as
test-and-set  or compare-and-swap (CAS). Design-
ing an abortable version of such locks is trivial: If a
thread exceedsdts patience without acquiring the lock,
it simply givesup and returns.

However, TAS locks are known to perform poorly
under heavy load becauseof the memorytrac caused
by the repeated atomic instructions on the samemem-
ory location [1]. TAS locks can be improved somewhat
by reading the lock word rst, and attempting to ac-
quire it only if it is not held, yielding so-calledtest-and-
test-and-set (TATAS) locks. TAS and TATAS locks
can be further improved by using backo : When a
thread fails to acquire the lock, it delays for sometime
beforetrying again, thereby reducing contention for the
lock. While thesetechniqueshelp somewhat, TAS and
TATAS locks are still not scalable. Furthermore, it is
dicult to makethreadsbadko just the right amount,
and as a result, handing the lock o from one thread
to another cantake signi cantly longerthan necessary
resulting in limited throughput.

TAS and TATAS locks have the additional disadvan-
tage of exhibiting very unfair behavior becausethey
impose no ordering whatsoever between threads at-
tempting to acquire the lock. Becausea thread that
has just releasedthe lock has it caded, it can often
acquire the lock again without allowing other threads
an opportunit y to do so. While this can appearto pro-
duce high throughput, it actually starvesother threads
for long periods of time, which is undesirablein many
applications.

The shortcomings of these simple locks have lead
to extensive researd into scalable queuelocks (QLS)
[1, 2, 3, 7, 8], which generally arrange for threads to
form a queuesothat ead thread \spins" on adierent
memory location, allowing thoselocationsto be cached
until the spinning thread is informed by its predecessor
in the queuethat it canacquirethe lock. Most of these
locks do not allow threads to abort, however.

Scott and Scherer [10] proposedabortable versions
of two classic queue-laks: the MCS lock [8] and the
CLH lock [2, 7]. Howewer, theselocks require an abort-
ing thread to wait for another thread, undermining
the value of being able to abort to meet soft real-
time requiremerts. Scott [9] subsequetly proposed
non-blacking versions of these locks to overcomethis
problem. Although these nonblocking abortable QLs
are as scalable as the original QLs, their worst-case
spacerequiremerts are unbounded. Scott doessuggest
an approad for limiting memory usageto O(L T)
for L locks, where T is the number of threads in the
system, but he doesnot considerthis approach worth-
while in practice. He suggeststhat the spaceoverhead



may be a theoretically unavoidable limitation of the
non-blocking abortabilit y property of queue-laks.

Jayanti [5] proposedanother abortable queuelock,
but this lock hasthe sewere practical disadvantages of
best-case spaceoverheadthat is linear in the number
of threads that might accessthe lock, as well as the
needto know an upper bound on the number of suc
threads.

Lim and Agarwal [6] suggestedthe reactive lock,
which switchesamong seweral lock types, viz. QL and
BL, basedon the concurrency/load level on the lock.
They did not show how to allow aborts. While their
scheme can probably be extendedto allow aborts, by
using abortable QLs (e.g., [5, 9]) in place of regular
ones, such a scheme would inherit the disadvantages
of these QLs already discussed,including high space
overheadand complicated memory managememn mecd-
anisms. The composite lock approad carefully com-
bines the advantages of BLs and QLs, while avoiding
their disadvantages, rather than attempting to switch
amongdi erent schemes.

The remainder of this paper is organizedas follows.
In Section 2, we presert a high-level overview of our
CAL approad, and in Section 3, we presert a speci c
example of a CAL lock basedon the well-known CLH
lock, and discusssomeimportant optimizations. We
presert performance experiments in Section 4. Con-
cluding remarks appear in Section 5.

2. Overview

The key insight underlying our
Abortable Lock (CAL) approadh is that

Composite

1. Only the front part of the QL needsto exist in or-
der to provide the tightly timed behavior of the
algorithm. All other threads can exponertially
badko but neednot be in atight list.

2. Distributing the backo mecnism onto multiple
locations will reducee ects of corntention incurred
by the single location in the BL.

Thusin a sensewe conbine the best featuresof QLs
and BLs, namely tight coordination at the front of the
queueand low spaceoverhead. A number of locks may
be implemented by the Composite Lock approad. In
this section, we provide a brief high-level description
of such locks, and in the next section we presert one
speci ¢ implementation in detail, and describe an op-
timization to it.

In most QLs, ead thread attempting to acquire the
lock allocatesa queuenode, which it insertsinto a FIFO
queue. Having doneso, the thread then spinson a node

in the queue|usually its own node or its predecessom
the queue|un til a changeto this node indicatesthat it
cannow erter its critical section. The needfor onenode
per thread accourts for the spaceoverheadof QLs, and
alsonecessitatessomeform of memory managemei for
these nodes, which is more complicated in algorithms
that support aborts.

Rather than allocating a node per thread, and using
memory managemen techniquesto reclaim nodesafter
use,CAL algorithms basedon our approach usea small
array of C nodesfor someconstart C. Thesenodesare
usedto in a manner similar to the nodesin existing QL
algorithms to create an order betweenwaiting threads,
but becausewe only aim to tightly coordinate a few
threads at the front of the queue,we do not needone
node per thread.

The basicstructure of algorithms basedon our CAL
approad is that, rather than allocating a node before
beginning, a thread acquires one of the C pre-allocated
nodesin the array. Having acquired a node, a thread
usesit in a queueingalgorithm similar to those in the
literature. Threadswaiting to acquirea node can badk-
0 in a variety of dierent ways to reduce contention
and memory trac. Becausethe threads that have ac-
quired nodesare tightly coordinated in the queue,this
badking o doesnot a ect the time it takesfor athread
to hando the lock to another thread, asis the casein
pure badko locks.

The number C of nodes neededfor the array will
depend on a variety of factors including architecture,
application behavior, etc. While we preseri the speci ¢
algorithm in the next sectionin terms of a xed-sized
array, it is not hard to grow the array dynamically if
necessary

CAL implementations may employ a variety of tech-
niques for selecting a node to acquire. For example,
this selection may be completely random (as in the
concreteCAL algorithm presened in the next section),
systematic (where threads use speci ¢ nodesthat are
assignedto clusters of threads basedon somesystem-
speci ¢ heuristic), or a combination of both (for adapt-
ing to the runtime workload; for example, threads usu-
ally backo on a xed subsetof nodes, but occassion-
ally backo on randomly selectednodesif the load on
their default node subsetincreasesabove a particular
threshold). If the chosenslot is already owned by an-
other thread, the current thread may chooseto bado
for sometime beforeretrying the slot acquisition step,
and it may try againto acquire the samenode, choose
a dierent node, etc. Additional heuristics to make a
thread badko and retry on multiple nodes (that are
selectedrandomly or in a speci ¢ order) may also be
usedto increasethe chancesof early node acquisition



by the thread.

Similarly, a variety of badko strategies can be em-
ployed by threads waiting to acquire a node.

Supporting aborts in CALs is in generalmuch sim-
pler than in previous abortable QL algorithms. First,
if a thread decidesto abort its attempt to acquire the
lock before acquiring a node in the array, no further
action is necessaryjt cansimply leave, just asin BLs.
Presumably aborts are most commonunder heavy con-
tention, and so this is the most common case. Even
for a thread that does acquire a node before decid-
ing to abort, aborting is generally signi cantly sim-
pler in CALs basedon our approac than in previous
abortable QLs. This is becauseby usinga xed array
of nodes, we avoid the complicated memory manage-
ment techniques of previous abortable QLs, and thus
an aborting thread doesnot needto interact with such
mechanisms. For example, in the specic CAL algo-
rithm preserted in the next section, a thread that de-
cidesto abort after acquiring a node performs two sim-
ple storesbefore leaving.

We presernt a composite abortable lock basedin the
CLH lock [2, 7] in the next section.

3. A CLH-based CAL

The example Composite Abortable Lock we presert
in this sectionis basedon the CLH lock [2, 7]. Briey,
the CLH lock works as follows. To acquire the lock,
a thread rst allocatesa node, sets the node's status
to W (for \wait") and inserts it into a wait-queue. If
the node is the rst in the queue, the thread imme-
diately enters its critical section. Otherwise, it spin-
waits on the status of its predecessonode, waiting for
it to becomeR (for \release"). When a thread com-
pletesits critical section, it setsthe status of its node
to R, thereby releasingthe next thread in the queue
(if any) into its critical section. The order of nodesin
the wait-queue can be represened explicitly by having
ead thread store the addressof its predecessor'siode
in its own node, or implicitly by having ead thread
remenber its predecessotin a private variable. In the
CLH-based CAL preserted below, a thread recordsits
predecessorimplicitly in a private variable until suc
time asit aborts, in which caseit storesthe predecessor
explicitly in its node, allowing other threads to clean
up its aborted node. This approad avoids the shared
memory store in the common case, where threads do
not abort their lock acquisition attempt.

We now describe our CLH-based CAL in more de-
tail. The data typesand initialization are shown in Fig-
ure 1, along with pseudacode for the release method,
and pseudaode for the acquire method is shown in

Figure 2. Each lock L consistsof a constart size (C)
node array bu er[1..C] (Lines 1to 4). Each node con-
sists of a state eld and a pointer to the next node
in the CLH wait-queue (Lines 9 to 13). The queue's
Tail (Lines 5 to 8) consists of a pointer to the tail
node of the wait-queue, and a version number of the
Tail . A versionnumber is required to avoid the ABA
problem 1. At any point in time, the Tail pointer is
either NULLor a pointer to the last node inserted in
the wait-queue. A node may be in any of the four fol-
lowing states (Lines 10 and 11): waiting (W), released
lock (R), aborted (A), or free (F) . We now describe the
acquire method that athread usesto acquirethe lock.
We begin by describing the general structure of this
method without regardto abort functionality, which is
described later.

A node is in state F initially . A thread intend-
ing to acquire the lock randomly selectsa node for
use (Line 18) and if the node is in state F, atomi-
cally switchesit to state W, using a CAS (Line 23). If
however, the node is not in state F, the thread retries
(the loop from Line 22 to 43) with exponertial badk-
o (Line 39) betweenfailed attempts, until its atomic
acquisition (Line 23) succeeds.Essernially, the thread
doesa TAS lock with badko on the node.

After a thread has successfully acquired a node
(Line 44 onwards), which is now in state W, it attempts
to atomically insert the node at the wait-queue's Tail
(Lines 44 to 51). Then, if the inserted node is the rst
in the queue,the thread has successfullyacquired the
lock (Lines 53 and 54). If not, the thread spin-waits on
the next node in the queueuntil the node switchesto
state R (Lines 56to 68). The thread then setsthe state
of the node on which it wasspinning to F (Line 69), al-
lowing the node to be reusedlater. After executing its
critical section, the thread releasegthe lock by updat-
ing its node's state to R (Line 14), thereby informing
the next thread in the queue,if any, that it can enter
the critical section.

1The ABA problem is a side eect of atomic
compare-and-swap (CAS) instruction's semartics.
CAS(addr,old,new) atomically checks to see if the value

at address addr is the same as old, and if so, swaps new into
addr. Hence, if thread T1 reads a value, say A, from location
L, and before it doesa CAS(L,A,C), thread T2 modies L to a
new value, say B, and later writes back A into L, thread T1's
CAS will succeed even though thread T2 modied L seweral
times between the read and CAS of L by T1. Because the
intention behind such uses of CAS is usually that the CAS
should succeed only if the variable accesseddoes not change
between the load and the CAS, this often leads to incorrect
behavior. By augmenting the variable with a version number
that is incremented on every update, we avoid this problem in
practice.



3.1. Ab ort Capabilit y

As mertioned earlier, our lock supports timeout ca-
pability wherein a thread may abort waiting for a lock
after it runs out of patience. If the thread isin the badk-
ing o stage(i.e. it hasnot acquired a node yet) then it
can abort its attempt without informing other threads
becauseit has not yet entered the queue (Lines 41
and 42). If the thread decidesto abort when already
in the wait-queue, to presere a consistert queuestruc-
ture, it makesthe next node in the wait-queue (that
the thread is spinning on) explicit (Line 63); the thread
then setsits node's state to A (using a memory store
instruction, Line 64), e ectiv ely aborting its attempt of
acquiring the lock, and leaves. In this case,the thread,
if any, that owns the node immediately behind this re-
certly aborted node in the wait-queue is responsible
for cleaning up that aborted node (Lines 57 to 61).
The thread doesso by changing its predecessoto the
aborted node's predecessofLine 59), and then setting
the aborted node's state to F, preparing it for future
reuse(Line 60). Both updates can be done with sim-
ple memory stores. The thread subsequetly spin-waits
on the new predecessomode. If the new predecessor
is alsoin state A, that node is also cleanedup in the
samefashion. As described below, if there is no node
behind a recertly aborted node (i.e. the aborted node
is the Tail ), then the aborted node can be cleanedup
by athread that subsequetly insertsits acquired node
at the Tail , behind the aborted node.

According to the algorithm as preseried thus far,
if a thread intends to acquire a node that is in either
state A or state R, the thread waits for the node to be
cleanedup by another thread. However, if the node is
the wait-queue's Tail , no other thread will cleanit up.
We require a di erent medanism to handle this case.
The mechanism we present in our algorithm (Line 27
to 38) allows the thread intending to acquire a node to
clean up that node if the node is the current Tail of
the wait-queue and to simultaneously acquire the node.
To ensurethat only one thread successfullyacquires
the node, this is achieved by changing the Tail using
CAS, sothat it no longer points to the node. Having
thus acquired the node, the thread then stores W in
the node's state eld (Line 34), and then proceedsas
usual to link the node into the queue. The new value
storedin the Tail pointer during this special-casenode
acquistion dependson the state of the node:

State R: If the state of the acquired node was R, then
the node wasnecessarilythe only nodein the wait-
gueue (since the node must becomethe head of
the queue before switching to state R). In this
case,the new value of the Tail pointer is NULL

(Line 30 to 33), indicating that the wait-queue is
now empty. The next thread that inserts its node
into the wait-queue (perhaps the same one that
setthe Tail pointer to NULL) will have implicitly
acquiredthe lock (Line 52to 54), sincethere exists
no predecessomnode in the queue.

State A: Becausethe rst thread to link a node into
the queue after the queueis empty immediately
enters the critical section, it doesnot abort. Fur-
thermore, whenit leavesthe critical section, it sets
its node to state R. Therefore, whenewer the queue
is not empty, its rst nodeis always in state W or
state R. This implies that, if the state of the node
acquired during the above-descriked tail clearup
was A, then the node was not at the head node of
the wait-queue; i.e., there must exist at least one
node aheadof that node in the wait-queue. There-
fore, in this case,the new Tail pointer stored by
the clearup is the predecessorof the node being
cleanedup and acquired (Line 30to 32).

3.2. An Imp ortan t Optimization

We designed the algorithm described above with
performanceand scalability under heavy contention in
mind. Howewer, performancein the absenceof con-
tention is also important. Ideally the lock should be
almost as simple and streamlined asa simple TAS lock
in this case. In the algorithm as preseried above, we
will often have to move the Tail pointer o a released
node, claim the node, and then spliceit into the queue
in the uncontended case. In this section, we briey
describe an optimization that aims to make the lock
behave very similarly to a simple TAS lock in the ab-
senceof contention.

The key idea behind our optimization is to allow
a thread to acquire the lock without acquiring a node
and splicing it into the queueif there is no other thread
holding or requesting the lock. We achieve this by
adding a locked _by_unqueuedthread bit to the Talil
variable (which still has a node pointer and a version
number as before). A thread that nds the pointer
to be NULL and the locked _by_unqueuedthread bit
false can acquire the lock by simply using CAS to set
the bit to true (while ensuringthat the pointer is still
NULL). Thus, an uncontended acquire in this opti-
mized algorithm is almost the sameas a simple TAS
lock.

The main challenge involved in making this opti-
mization work is making it compatible with queueing
threads as before under contention. We also need to
addresshow we get bad to the simple, uncontended
mode after a period of high contention.



We considereda number of optimization approades,
and found seweral that appearedto be workable. In
some of our optimizations, we went to great lengths
to keep uncontended behavior as faithful as possible
to a simple TAS lock. In particular, we worked hard
to ensurethat a thread that acquiresthe lock in the
absenceof contention can releasethe lock using a sim-
ple store, as opposedto a more expensive CAS op-
eration. While we did achieve such an algorithm, it
was signi cantly complicated by our e orts to avoid
using CAS for an uncontended release. Furthermore,
we found that using CAS for an uncontended release
did not harm performance signi cantly. We therefore
decided on a simpler optimization, which is described
below.

If a thread wishing to acquire the lock nds the
locked _by_unqueuedthread bit set, then there is con-
tention for the lock, sothe thread acquiresa node and
splicesit into the queue, largely in the sameway as
in the algorithm described above. However, because
of the thread holding the lock without getting in the
queue,the thread cannot infer that it hasacquired the
lock simply becauseit is rst in the queue, as before.
Instead, the rst thread in the queue must wait until
the locked _by_unqueuedthread bit is setto false by
the unqueuedthread. The race betweenthe unqueued
thread releasingthe lock and a new thread splicing its
node into the queueexplains why the unqueuedthread
must usea CAS to releasethe lock.

Threads that do join the queue behave largely the
samein the optimized algorithm asthey do in the un-
optimized one described previously exceptthat, asde-
scribed above, athread at the front of the queuecannot
acquirethe lock until the locked _by_unqueuedthread
bit is false. Suc operations never modify the
locked _by_unqueuedthread bit; this is doneonly by a
thread that acquiresthe lock without joining the queue.

After a period of contention in which the queueis
used, there are a number of safeways to resetthe Tall
to NULL sothat the lock againbehaveslikea TAS lock
until contention arisesagain. In our implemertation,
this is the responsibility of the next thread to acquire
the lock. This thread obsenesthat the Tail pointer
points to anodein R state, or anodein A state with a
NULL next eld, indicating that the queueis empty. In
this case,the thread usesCAS to setthe Tail pointer
to NULL and the locked _by_unqueuedthread bit to
true, thereby acquiring the lock, and restoring it into
uncontended mode.

We examine the performance of our algorithm, and
the e ect of the optimization just described, through a
seriesof experiments in the next section.

1. typedef struct f
2: TailNode Tail; /I contains pointer to tail node
/I and a version number
QNodebuffer[C]; /I C is a constant
g Lock;

rw

typedef struct f
QNode*pNode;
unsigned int version;

g TailNode;

©NOA

9: typedef struct f
10: unsigned int state; Il free (F), waiting (W),

11: /I released (R), or aborted (A)
12: QNode*next;
13: g QNode;
initially:
L->Tail = <NULL,0>
for all i = 1.C: L->buffer[i].state =F

void release(Lock *L, QNode*acq_node)
14: acq-node->state = R;

Figure 1. Data types, initialization, and code

for release method.

4. Exp erimen tal Results

In this sectionwe presen results of the experiments
we conducted to compare our CALs with the TAS-
Backo lock and the CLH-based QL with nonblocking
aborts [9]. Our experiments show that our CAL scheme
is as scalableas this CLH QL and consistertly outper-
forms it under contention. They also show that our
algorithm degradessigni cantly more gracefully than
the CLH-based QL under adverse conditions such as
preemption and small patience values.

We performed our experiments on a 30-processor
Sun Enterprise 6000, a cace-coheren NUMA ma-
chine formed from 15 boards eac with two 366MHz
UltraSPARCT 11 processorsand 2GB of RAM. The C
code was compiled with a Sun cc compiler 5.3, with the
ags -xO5 and -xarch=v8plusa . Each plotted data
point represerts an average over three executions in
which ead thread performs 100,000lock acquisition
attempts.

In order to test the locks under heavy contention,
we created an arti cial microbendimark in which ead
thread repeatedly attempts to acquire the lock and ex-
ecutesa critical sectionif it succeeds.The critical sec-
tion is a tight 300 nanosecondloop, where a thread
accessesnly its processor'shigh resolution timer. The
non-critical work (betweenconsecutie attempts to ex-
ecutethe critical section)alsoconsistsof a 300nanosec-



QNode*acquire(Lock *L,

15:
16:
17:

I
22:
23:

52:
53:
54:
55:
56:
57:
58:
59:
60:
61:

68:
69:
70:

g
: g while(!CAS(&L->Tail,cur

unsigned long patience)
unsigned long start _time = CurrNanoTime();
int nano_backoff = INIT -BACKOFF;
unsigned int tail _version;

int index = ChooseRandomInt(0,C-1);
QNode*acq_node = &L->buffer[index];
QNode*implicit _next = NULL;

: TailNode currTail;

acquire a node
while(TRUE) f
if(CAS(&acq _node->state,F,W))
break;
currTail = L->Tail;
int node_state = acg_node->state;
if((node _state == A) || (node_state == R)) f
ifacqg -node == currTail.pNode) f
QNode*next _-node = NULL;
if(node _state == A)
next _node = acg_node->next;
if(CAS(&L->Tail,currTa il, <next _node,
currTail.version+1>)) f
acg_node->state = W;
break;

g

g

backoff(ChooseRandomint( 0,na no_backoff));

nano_backoff <<= 1;

if((CurrNanoTime()
return NULL,

- start _time) > patience)

-9

splice node into queue

:dof

currTail = L->Tail;

if((CurrNanoTime() - start _time) > patience)
acg-node->state = F;
return NULL;

rTail,
<acg_node,currTail.version+1> ));
wait for predecessor to release lock
QNode*implicit _next = currTail.pNode;
if(implicit _next == NULL)
return acq._node;
int next_state = implicit
while(next _state != R) f
iflnext _state == A) f
QNode*tmp = implicit
implicit _next = implicit
tmp->state = F;

_next->state;

_next;
_next->next;

)

if((CurrNanoTime()
acg-node->next = implicit
acg_node->state = A,
return NULL;

- start _time) > patience)
_next;

g

next _state = implicit
g
implicit
return

_next->state;

_next->state = F;
acg_node;

Figure 2. Code for acquire method.
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Figure 3. Performance and Scalability: With a
large patience value, and varying the number
of threads from 1to 30 we nd that our CALs
are as scalable as QLs.

ond loop. In all of our experiments, we used a node
array of size4.

4.1. Performance and Scalabilit y

In our rst experiment, wevary the number of active
threads betweenl and 30, and ead thread attempts to
acquire the lock specifying a very large patience value.
Thus, this experiment tests the performanceand scala-
bilit y of the locks in the absenceof aborts. The results
are shown in Figure 3. The curve labelled \Scott-AL"
is the algorithm published in [9], and the one labelled
\Scott-AL-OPT" is the samealgorithm with an opti-
mization we applied to it (described below). Similarly,
we use\new-CAL" and \new-CAL-OPT" for our CAL
algorithm and the optimized versionof it, respectively.
\T AS-Backo " represernts the TAS lock with badko .

We rst considerthe performanceof the algorithms
whenonly onethread is active, sothere is no contention
for the lock. The TAS-Badko lock performs best in
this case,as expected. The Scott-AL and Scott-AL-
OPT algorithms perform almost aswell, and new-CAL
performs signi cantly worse. We can seethat the opti-
mization described in Section 3.2 indeed improvesthe
single-threaded performance (new-CAL-OPT), but it
still does not perform as well as the Scott-AL algo-
rithms. Becausethe critical path through lock acquisi-
tion and releaseis so short in the simple uncontended
case,optimizations at a lower level than we haveimple-
mented so far becomeimportant. We believe we can
close the gap between new-CAL-OPT and the TAS-



Backo and Scott-AL locks signi cantly, and plan to
report this in the nal version of the paper.

Next we consider scalability with increasing num-
bersof threads. We obsenethat TAS-Backo performs
increasingly poorly as contention increases,consistert
with numerous previous studies, e.g. [9]. We seethat
Scott-AL scaleswell with increasing contention, also
consistert with [9].

In the release() method of Scott-AL, athread per-
forms a CAS to attempt to changethe Tail to NULL
if it still points to the thread's node. However, this
is usually not the caseunder contention becauseother
threads have joined the queue, so the CAS is usually
wasted. We applied a common optimization wherely
the thread readsthe variable and avoids an expensive
CAS operation in caseit would fail anyway. We see
from Figure 3 that the optimization improvesthe per-
formance of Scott-AL signi cantly.

Our CALs not only scaleas well as Scott-AL and
Scott-AL-OPT, but also noticably outperform them.
The scalability veri es the key insight that only the
front part of the QL is necessaryto ensure fast lock
hando in a scalableway.

Our CALs perform better than Scott-AL and Scott-
AL-OPT under contention becauseof our approac of
avoiding the needto reclaim queuenodesby having a
small xed number of them. In the release() method
of our algorithm, a thread hands o the lock to the
next queuedthread and freesthe node for subsequenh
reusesimply by storing R to its node's status eld. In
contrast, the Scott-AL and Scott-AL-OPT algorithms
require two separateactions: oneto ched whether the
Tail still points to its node (which it generally does
not under contention), and one to releasethe lock to
the next thread. These actions occur on two di erent
cadhe lines, one of which (the Tail pointer access)is
unlikely to be cadhed in the presenceof contention,
whereasour release() method requiresonly a single
cache line accesswhich will typically be a cace hit.

4.2. Eect of Preemption

Our next experiment studies the e ect of preemp-
tion on the various locks by using more threads than
there are processorsn the system. We repeat the same
experiment as before, but now we vary the number of
threads from 30 to 40, we use a patience of 512 mi-
crosecondsand we measurethe percertage of lock ac-
quisition attempts that fail dueto timeout. The results
are shown in Figure 4.

With 30 threads (i.e., exactly one per processor),
all of the QLs have almost zero failures, while TAS-
Backo has almost 30% failures; becauseof the poor

Scott-AL —+—
140 Scott-AL-OPT - 1
new-CAL ----x---
new-CAL-OPT &
120 + TAS-Backoff --a-- 1

100

80 |
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40

% of Failures in Lock Acquisition

20

34 36 38 40
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Figure 4. Preemption Tolerance: Preemp-
tion has a severe effect on the success rate
for the Scott-AL algorithms because when a
thread is preempted in the queue, all oth-
ers behind it in the queue must wait, and are
likely to be preempted themselves.

performance due to excessie contention, many lock
acquisition attempts timeout before succeeding.

As we increasethe number of threads, the percert-
age of failed acquisition attempts increasesonly mod-
estly for TAS-Backo and both of the new-CAL algo-
rithms. Somedegradation is to be expected, because
occasionally a thread is preempted while holding the
lock, and all others must wait until the preempted
thread is rescteduled, resulting in excessie waiting
leading to timeout.

However, the degradation is sewere for both Scott-
AL algorithms. The reasonis that these algorithms
gueue all waiting threads. Note that if a thread is
preempted while in the queue,all threads behind it in
the queuemust wait for it to berestheduledbeforethey
can acquire the lock. While they are waiting, they too
may be preempted, and a pathological situation results
in which almost no acquisition attempts succeed.More
recertly, He et. al. have extendedScott's algorithms for
preemption adaptivity [4].

In contrast, becauseour new-CAL algorithms queue
only a small number of threads (at most 4 in our exper-
iments), this e ect is much lesspronounced: threads
spend lesstime in the queue, and are therefore less
likely to be preempted while in the queue. Note that
the preemption of a thread that hasnot yet acquired a
node has no e ect on other threads.



4.3. Degradation

In our last experiment, we ran 30 threads, and mea-
sured the percertage of failed acquisition attempts as
we reducedthe patience of the threads. The results are
shown in Figure 5.

We rst obsene that at the highest patience value
in this test (144 microseconds),the TAS-Backo lock
has about 60% failures while the Scott-AL algorithms
achieve almost no failures. This is explained by a phe-
nomenonpreviously obsenedin TAS-Backo locks [9].
These locks are very unfair in that there is no rea-
sonwhy onethread cannot acquire the lock repeatedly
while another fails to acquireit. In fact, becauseeleas-
ing the lock requires exclusive ownership of the cache
line containing the lock word, the thread that has just
releasedthe lock is very likely to succeedin acquiring
it again. While this happensrepeatedly, other threads
are kept waiting, and eventually they time out, which
explains the high failure rate for TAS-Backo .

In contrast, becausethe Scott-AL algorithms queue
all threads attempting to acquire the lock, they are
very fair: at worst a thread hasto wait for every other
thread to acquire and releasethe lock once. Thus, pro-
vided the patience value is large enoughto accommo-
date one lock acquisition and release,no timeouts oc-
cur.

The new-CAL algorithms do not queueall waiting
threads, solas with TAS-Backo |it is possible for
onethread to acquire the lock multiple times while an-
other thread repeatedly fails to do so. However, even
the short queuethat formsin this algorithm is su cien t
to avoid the pathological scenariodescribed above for
TAS-Backo, in which unfairnessis almost guaranteed.
Therefore, with patience of 144 microseconds,we ob-
sene the new-CAL algorithms su ering somefailures,
but much fewer than TAS-Backo .

We next examine the behavior of the algorithms as
we gradually reducethe patience value. For the TAS-
Backo and our new-CAL algorithms, the failure rate
gradually increasesas we reduce the patience. This
is becauseall aborts for TAS-Backo and almost all
aborts for the new-CAL algorithms (i.e., those that
occur before the thread has acquired a queue node)
have no further e ect on the performance of the other
threads.

In contrast, becausethe Scott-AL algorithms im-
mediately queueevery thread, all aborts happen while
the aborted thread has a node in the queue. When
a thread aborts while it is in the queue, this impacts
the performance of other threads, which are left with
the responsibility of cleaning up and deallocating the
aborted thread's node. This additional work makes

Scott-AL —+—
140 Scott-AL-OPT -
new-CAL ----x---
new-CAL-OPT &
120 + TAS-Backoff --a-- 1
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Figure 5. Degradation Test: The QL algo-
rithms degrade suddenly as patience value
decreases, while TAS-Backoff and our new
CAL algorithms degrade gracefull y. This
is because aborts in TAS-Backoff and most
aborts in our algorithm do not have any effect
on the performance of other threads, while
in the QL algorithms an abort requires other
threads to do additional work, therefore be-
coming more likely to timeout themselves.

that thread wait longer, and therefore it is more likely
to abort itself. Thus we have a \cascading" e ect, in
which aborts causemore aborts. This e ect is clearly
obsened in Figure 5, where the Scott-AL algorithms
are obsened to quickly approach 100% failure when
the patience value becomessmall enoughthat aborts
begin to occur.

These results showv a clear advantage of our new
CAL locks over the Scott-AL algorithms, becausetheir
successrates degrade gracefully as the load becomes
large enoughthat somethreads start aborting.

5. Concluding Remarks

We have proposeda new form of abortable mutual
exclusion lock, which we call a Composite Abortable
Lock. This lock shows signi cant performancebene ts
over known abortable locks. The keyinsight behind our
approad is that, in order to achieve scalable perfor-
mance under contention, we must tightly coordinate a
few threads to allow a fast hando usinglocal spinning
techniques, but that it is not necessaryto tightly co-
ordinate all waiting threads, as previous scalablelocks
do. Basedon this obsenation, we show that it is pos-



sible to achieve the required coordination by queue-
ing only a small number of threads, allowing others
to simply backo asin simple, nonscalablelocks. We
also show how to usea small, xed structure to form

this

queue, eliminating the need for complicated and

expensive memory managemei techniques, and also
dramatically reducing worst-casespaceconsumption.

References

[1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

9]

(10]

T. E. Anderson. The performance of spin lock alterna-
tiv es for shared-money multipro cessors.|[EEE Trans-
actions on Parallel and Distributed Systems 1(1):6{
16, 1990.

T. S. Craig. Building fo and priorit y-queuing spin
locks from atomic swap. Technical Report TR 93-02-
02, Department of Computer Science, University of
Washington, Feb. 1993.

G. Granunke and S. Thakkar. Synchronization algo-
rithms for shared-memory multipro cessors.Computer,
23(6):60{69, 1990.

B. He, W. N. Scherer |11, and M. L. Scott. Preemption
adaptivit y in time-published queue-basedspin locks.
In Proceedings of the 11th International Conference
on High Performance Computing, Dec. 2005.

P. Jayanti. Adaptiv eand e cien t abortable mutual ex-
clusion. In Proceedings of the Twenty-Second Annual
Symposium on Principles of Distributed Computing,
pages295{304, 2003.

B.-H. Lim and A. Agarwal. Reactive synchronization
algorithms for multipro cessors.In ASPLOS-VI: Pro-
ceedings of the sixth international conference on Archi-
tectural support for programming languagesand oper-
ating systems pages25{35, 1994.

P. S. Magnusson, A. Landin, and E. Hagersten. Queue
locks on cache coherert multipro cessors. In Proceed-
ings of the 8th International Symposium on Parallel
Processing pages165{171, 1994.

J. M. Mellor-Crummey and M. L. Scott. Algorithms
for scalable synchronization on shared-memory multi-
processors.ACM Transactions on Computer Systems
9(1):21{65, 1991.

M. L. Scott. Non-blocking timeout in scalable queue-
based spin locks. In Proceedings of the 21st Annual
Symposium on Principles of Distributed Computing,
pages31{40, 2002.

M. L. Scott and W. N. Scherer I1l. Scalable queue-
based spin locks with timeout. Proceedings of the 8th
Symposium on Principles and Practice of Parallel Pro-
gramming, 36(7):44{52, 2001.



