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Abstract

Scalable busy-wait syndronization algorithms are es-
serial for achieving good parallel program performance
on large scalemultipro cessors.Sud algorithms include
mutual exclusion locks, reader-writer locks, and bar-
rier synchronization. Unfortunately, scalable syncro-
nization algorithms are particularly sensitive to the ef-

fects of multiprogramming: their performancedegrades

sharply when processorsare sharedamongdi erent ap-
plications, or even amongprocesse®f the sameapplica-
tion. In this paper we describethe designand evaluation
of scalable scheduler-consciousmutual exclusion locks,
reader-writer locks, and barriers, and show that by shar-
ing information acrossthe kernel/application interface
we can improve the performance of scheduler-oblivious
implemenrtations by more than an order of magnitude.
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Most busy-wait syndronization algorithms assumea
dedicated machine with one processper processor.The
intro duction of multiprogramming can causese\ere per-
formance degradation for these algorithms, especially
for the variants designedto scalewell on dedicated ma-
chines. Performance degradesin the presenceof multi-
programming under the following circumstances:

A process is preempted while holding a lock.
This situation arisesin both mutual exclusionand
reader-writer locks when a processis preemptedin
its critical section. It hasbeenaddressedby se\eral
researters |2, 4, 7, 15].

A processis preemptedwhile waiting for alock and
then is handedthe lock while still preempted. This
situation can arisein locks that enforcea predeter-
mined ordering, either for the sake of fairnessor to
minimize contention on large-scalemachines [21].

A processspins waiting for its peers when some
of them are preempted. This situation arises
with locks, but is satisfactorily addressedby tech-
niques that choose dynamically between spinning
and yielding, basedon obsened lengths of critical

sections[9]. A more sewere version of the problem
occurs with barriers, where the decision between
spinning and yielding needsto be based not on
critical section lengths, but on whether there are
preempted processeghat have not yet reached the
barrier [10]. Scalablebarriers exacerbatethe prob-
lem by requiring portions of the barrier code in dif-

ferent processedo beinterleavedin a deterministic
orderlan order that may con ict with the schedul-
ing policy on a multiprogrammed processorleading
to an unreasonablenumber of context switches[14].

We have deweloped a simple set of medanisms to
handle synchronization di culties arising from multi-
programming. The key idea is to share information



acrossthe application-kernel interface in order to elimi-
nate the sourcesof overhead mentioned above. Speci -
cally, the kernel exports the number of processordn the
partition, * the state of ead application process,and the
identities of the processe®n eadh processor.Each pro-
cessindicates when it is performing critical operations
and should not be preempted. Critical operations in-
clude portions of the synchronization algorithms them-
selves,and the critical sectionsprotected by locks. Plac-
ing limits on when the kernel honors a request for dis-
abling preemption allows the kernelto maintain cortrol
of the processor.

In previous work we used the concept of ker-
nel/application information sharing to design small-
scale scheduler-conscious barriers [10] and scalable
scheduler-conscioudocks [21] for multiprogrammed ma-
chines. In this paper we extend this work to encompass
three important busy-wait syndronization algorithms
that have not previously been addressed. Speci cally
we provide algorithms for:

1. A mutual-exclusion ticket lock. The ticket lock
has lower overheadthan a queuedlock in the ab-
senceof contention, and scalesalmost aswell when
equippedwith proportional badko . It hasconstart
spacerequiremerts and is fairer than a test-and-set
lock. For multiprogrammed, large scale multipro-
cessorsour results indicate that the ticket lock is
the best-performing software mutual exclusion al-
gorithm.

2. A gueue-basedeader-writer lock. The versionpre-
serted in this paper provides fair serviceto both
readersand writers. Versionsthat give preference
to readersor to writers can also be devised using
the samekernel interface.

3. A scalabletree-basedbarrier. This algorithm em-
ploys a certralized barrier within a processorand
a tree barrier across processors. Our code uses
kernel-provided information to identify the bor-
der between the certralized and tree portions of
the barrier, to decide between spinning and block-
ing for the certralized portion, and to re-organize
the barrier data structures when processorsare re-
partitioned among applications.

The rest of the paper is organizedasfollows. Section2
discussesrelated work. We describe our scheduler-
consciousalgorithms in section 3. Section 4 discusses
performanceresults. Conclusionsappear in section 5.

10ur barrier algorithm assumesthat processorsare partitioned
among applications (i.e. that each processoris dedicated to a
particular application), as suggested by seweral recent studies [6,
13, 22, 20]. Our lock algorithms work in a more general, time-
shared setting; for them, the current \partition" is simply the set
of processorson which the application's processesare running (or
ran last if not currently running).

2 Related Work

Mutual exclusion algorithms in which many processes
spin on the samelocation can incur large amouns of
contention on scalable multipro cessors,degrading par-
allel program performance. Se\eral researtiers|1, 8, 16]
have obsened that the key to good performanceis to
minimize active sharing by spinning on local locations.
Similar approades have been adopted for more com-
plex syndhronization primitiv es, including barriers [16]
and reader-writer locks [12, 17].

The e ciency of syndironization primitiv es depends
in large part on the scheduling discipline used by the
operating system. A growing body of evidencel[6, 13,
20, 22] suggestghat throughput is maximized by parti-
tioning processorsamong applications. Unfortunately,
if an application receives fewer processorsthan it has
processesthe resulting multiprogramming can degrade
performance by allowing processeso spin while their
peers could be doing useful work. Seweral researters
have shovn how to avoid preempting a processthat
holdsalock [7, 15], or to recover from such preemption if
it occurs[2, 4]. Others have showvn how to guesswhether
a lock is going to be held long enough that it makes
senseto yield the processor,rather than busy-wait for
access[9, 18, 23]. In previous work we have shawvn
how to make an optimal decisionbetweenspinning and
yielding in a small-scale certralized barrier [10]. We
have alsoshowvn how to maintain good performancein a
multiprogrammed ervironment for queue-basednutual-
exclusion locks [21]. Other researters [5, 19 have
shovn how to extend our work to real-time ernviron-
merts.

As noted in the introduction, scalable synchroniza-
tion algorithms are particularly susceptibleto scheduler-
induced performance problems on multiprogrammed
machines. They may give locks to preempted processes,
spin at a barrier that hasnot yet beenreached by a pre-
empted peer,or forcethe schedulerthrough unnecessary
context switches. Tecniquesthat avoid or recover from
preemption in critical sections,or that make spin ver-
sus yield decisionsbasedon estimated critical section
lengths do not addressthese problems.

3 Algorithms

In this sectionwe preseri three scalablesyndchronization
algorithms that perform well in the presenceof multi-
programming. The rst isamutual-exclusionticket lock
that useshandshakingto detect preemptedwaiting pro-
cessesand avoid giving them the lock. The secondis a
sctheduler-conscioudair reader-writer lock basedon the
scheduler-oblivious code of Krieger, Stumm, and Un-
rau [12]. The third is a scheduler-conscioustree bar-
rier. It incorporates our counter-basedbarrier [10] into



a two-level barrier scheme, and adjusts dynamically to
the available number of processorsin an application's
partition. Two-lewvel barriers employ a single counter
on ead processor,and a scalablebarrier between pro-
cessors. They were originally proposedby Axelrod [3]
to minimize requiremerts for locks; Markatos et al. [14]
rst suggestedtheir useto minimize overhead on mul-
tiprogrammed systems.

The ability to perform well in the presenceof multi-
programming is a conbination of intelligent algorithms
and extensionsto the kernel interface. We have ex-
tended the kernel interface in three ways:

1. The kernel and application cooperate to maintain
a state variable for ead process.This variable can
have one of four values: preemptable , preempted,
self _unpreemptable, and other _unpreemptable.
Preemptable indicates that the processis run-
ning, but that the kernel is free to preempt
it. Preempted indicates that the kernel has pre-
empted the process. Self _unpreemptable and
other _unpreemptable indicate that the processis
running and should not be preempted. The kernel
honors this request whenewer possible, deducting
any time it adds to the end of the current quan-
tum from the beginning of the next. A process
changesits state to self _unpreemptable before it
attempts to executecritical-section code. Its peers
canchangeits state to other _unpreemptable when
handing it a lock. Synchronization algorithms can
inspect the state variable to avoid such things
as passing a lock to a preempted process. Most
changesto the state variable are valid only for a
particular previous value (e.g. user-lewel code can-
not changea state variable from preempted to any-
thing else). To enforce this requiremert, changes
are made with an atomic compare.and_store 2 in-
struction.

2. The kernel and application also cooperate to main-
tain a per-processBoolean ag. The kernel setsthe
ag whenewer it wants to preempt the process,but
honors a requestnot to do so. Upon exiting a crit-
ical section, the application should changeits state
variable to preemptable and then voluntarily yield
the processorif the Boolean ag is set. (The kernel
clearsthe ag whene\er the processstopsrunning.)
Thesecorvertions su ce to avoid preemption dur-
ing a critical section, provided that critical sections
take lessthan one quantum to execute.

3. The kernel maintains a data structure that indi-
catesthe number of processorsavailable to the ap-

2Compareand_store(location,expected _value,new _value)
inspects the contents of the speci ed location and, if they match
the expected value, overwrites them with the new value. It returns
a status code indicating whether the overwrite occurred.

plication, the number of processedeing scheduled
on ead processor,and the processoron which eath
processis running or is scheduled to run. It also
maintains a geneation count for the application's
partition. The kernel incremerts this count eadh
time it changesthe allocation of processego pro-
cessors.

Extensions (1) and (2) are basedin part on ideas
introduced in Symunix [7], and described in our work
on queuedlocks [21]. Extension (3) is a generalization
of the interface described in our work on small-scale
scheduler-consciousbarriers [10]. None of these exten-
sionsrequiresthe kernelto maintain information that it
doesnot already have available in its internal data struc-
tures. Furthermore, the kernel requiresno knowledge of
the particular syndironization algorithm(s) being used
by the application, and does not need to accessany
user-lewvel code or data structures. Although we have
run our experimens in user spaceas described in sec-
tion 4, a kernel-lewvel implementation of our ideaswould
not be hard to build.

The rest of this section describes the sdeduler-
conscious syndironization algorithms in more de-
tail. Pseudacode for these algorithms can be found
in a technical report [11] (it is omitted here to
save space). C code for all algorithms is avail-
able via anorymous ftp from cs.rochester.edu in
directory /pub/packages/sched _conscious _synch le
multiprogramming-sync-code.tar.Z

3.1 Ticket Lock

The basic idea of the ticket lock is reminiscert of
the \please take a number" and \now serving" signs
found at customer service counters. When a pro-
cesswishesto acquire the lock it performs an atomic
fetch _and.increment on a \next available number"

variable. It then spins until a \now serving" variable
matches the value returned by the atomic instruction.

To avoid cortention on large-scalemachines, a process
should wait betweenreadsof the \now serving" variable
for a period of time proportional to the di erence be-
tweenthe last read value and the value returned by the
fetch _and.increment of the \next available number"

variable. To releasethe lock, a processincremerts the
\now serving" variable.

The sdceduler-consciousversion of the ticket lock is
implemented using a handshaking technique to ensure
that the releaserand acquirer agreethat the lock has
passedfrom one to the other. After incremerting the
\now serving" ag, the releaserwaits for con rmation
from the acquirer. If that con rmation doesnot arrive
within a certain amourt of time, it withdraws its grant
of the lock, and re-incremerts the \now serving" ag in
an attempt to nd another acquirer.



For nested locks we need to make sure that releas-
ing the inner lock does not reset the state variable to
preemptable . We can acdhieve this by keepingtrack of
the nestdepth and clearing the state variable only when
we releasethe outermost lock.

3.2 Reader-W riter Lock

Our scheduler-consciouseader-writer lock is fair in that
it gives equal preferenceto both readersand writers.
The algorithm usesthe rst two kernel extensions.

When a processattempts to acquire a lock it inserts
itself into a doubly-linked queue. If the processat the
tail of the queueis an active readerand the new process
is also a reader, then the newcomer may cortin ue; oth-
erwiseit will needto spin, on a local location, waiting
for its predecessoto indicate that it may go.

When releasingthe lock, a processremovesitself from
the queue. It then cheds to seewhether its successor
is preempted. If a process nds that its successoris
preempted, it links that successowout of the queueand
setsa ag in the successor'gjueuerecordindicating that
it needsto retry the lock when it wakesup.

To avoid race conditions when manipulating queue
links, processesacquire and release mutual exclusion
locks in the individual queuerecords. Becausetheseare
test_and_setlocks in our code, they may leadto spinning
on non-local locations on a non-cate-coheren machine.
We could replacethem with locks that spin only on local
locations, but performancewould su er: the expected
level of cortention is low enoughthat minimum critical
path lengths (especially in the expected casein which
preemption doesnot occur) are the overriding concern.
Nesting of reader-writer locks is handled in the same
way aswith the ticket-lock.

3.3 Scalable Barrier

Our scalable scheduler-consciousbarrier usesthe third
kernel extension. Processesunning on the same pro-
cessor use the small-scale scheduler-consciousbarrier
described in previous work [10] to coordinate among
themseles, spinning or yielding as appropriate. The
last processarriving at the barrier on a given proces-
sor becomesthe unique represenativ e of that proces-
sor. In steady state (no re-partitioning), represerativ e
processeshen participate in a scalabletree barrier [16].

In responseto re-partioning in a dynamic multipro-
grammed environment, the barrier goesthrough a data
structure reorganization phasethat allows it to main-
tain a single represeiativ e processper processor. This
is accomplishedusing the partition generation counter
provided by the kernel. We shadow this counter with
a counter that belongsto the barrier. The processat
the root of the inter-processorbarrier tree cheds the

barrier generation counter against the partition gen-
eration courter. If the two counters are found to be
dierent, processesgo through a represenative elec-
tion phasebasedon the number of available processors.
The elected represetativ es then go through a barrier

reorganization phase, setting up tree pointers appro-
priately. This approad has the property that barrier

data structures can be reorganizedonly at a barrier de-
parture point. As a result, processesnay go through

one episade of the barrier using outdated information.

While this doesnot a ect correctnessit could have an
impact on performance. If re-partitioning were an ex-
tremely frequert evert, then processeswould use old

information too often and performance would su er.

Howewer, it is unlikely that re-partitioning would oc-
cur more than a couple times per secondon a large,
high-performance machine.

4 Experiments and Results

We have tested our algorithms on a 12 processorSilicon
Graphics Challenge and a 64 processorKendall Square
KSR 1 using both synthetic and real applications.> We
have usedthe synthetic applications to thoroughly ex-
plore the parameter space,and the real applications to
verify results and to measurethe impact of ordinary
(non-syndhronization) references. Our results indicate
that scheduler-oblivious algorithms su er seere perfor-
mance degradation when used in a multiprogrammed
ervironment, and that the sdeduler-consciousalgo-
rithms eliminate this problem without introducing sig-
ni cant overhead when used on a dedicated machine.
Due to lack of spacewe have omitted graphs with the
SGI results. A more thorough description of all the
results can be found in a technical report [11]. The
SGI graphs resenble the KSR graphs in terms of the
comparisonbetweensdeduler-consciousand scheduler-
oblivious algorithms, but favor certralized algorithms
over the scalable alternativ es, becausethe small num-
ber of processorsreducesthe level of contention.

Our syndhronization algorithms require atomic oper-
ations not available on the SGI or KSR machines. We
implemerted a software version of theseatomic instruc-
tions using the native spinlocks. This approad is ac-
ceptable (does not induce cortention) as long as the
time between high-level syndhronization operations is
signi cantly longer than the time spent simulating the
execution of the atomic instruction. Since this is true
for our experiments, our results are very closeto what
would be achieved with hardware fetch _and_ instruc-
tions.

SNo application that uses reader-writer locks and exhibits a
high degree of contention was available to us, so our reader-writer
results all use a synthetic application.
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The multiprogramming level reported in the exper-
iments indicates the average number of processesper
processor. A multiprogramming level of 1.0 indicates
one processon ead processor. Fractional multipro-
gramming levels indicate additional processe®n some,
but not all, processors.For the lock-basedexperimerts,
one processper processorbelongsto the tested appli-
cation and the others are dummy processesassumedto
belong to another application. For the barrier-based
experimerts, all the processesbelong to the applica-
tion, and participate in all the barriers. The princi-
pal reasonfor the di erence in methodology for experi-
ments with the two typesof syndhronization is that for
lock-based applications we were principally concerned
about processedeing preemptedwhile holding a critical
resource, while for barrier-based applications we were
principally concernedabout processesvasting processor
resourceswhile their peerscould be doing useful work.
Our lock algorithms are designedto work in any mul-
tiprogrammed ervironment; the barrier assumesthat
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Figure 2: Varying the number of processorson the
KSR 1.
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quicksort

processorsare partitioned among applications.

In all the experiments, an additional processor(be-
yond the reported number) is dedicated to running a
user-level scheduler. For the lock experimerts, ead ap-
plication processhasits own processor. Preemption is
simulated by sending a user-de ned signal to the pro-
cess. The processcatches this signal and jumps to a
handler where it spinswaiting for the scheduler process
to indicate that it can return to executing application
code. In the barrier ervironment there can be multiple
application processeger processor.The scheduler uses
primitiv es provided by the operating system to move
processedo speci c processors,or to make processors
unavailable for processexecution.

Processesdn the lock-based synthetic programs exe-
cute a loop cortaining critical and non-critical sections.
For the experimerts preseried in this paper, we ran 5000
iterations of the loop for a total of 5000 63 = 315000
lock acquisition and release pairs. Critical to non-
critical sectionwork ratio is setto be inversely propor-
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tional to the number of processors.Scheduling quantum
was setto 50 ms on the KSR 1.

Figure 1 comparesthe performanceof the scheduler-
conscious ticket lock (Tic ket-np) to that of sev-
eral other locks on a 63-processor KSR 1 as the
multiprogramming level increases. Figure 2 presens
the analogousresults for varying numbers of proces-
sors. The other locks include a plain (scheduler-
oblivious) ticket lock (with proportional badko )
(Tic ket), our sdeduler-conscious queue-based lock
(Smart-Q ) [21], and both scheduler-conscious(TAS-
B-np ) and sdheduler-oblivious (TAS-B ) versionsof a
test.and_set lock with exponertial backo. We also
include results for the native (hardware-implemerted)
spinlock (Nativ €) and a modied version of the na-
tive lock that avoids preemption in the critical section
(Nativ e-np). The sdceduler-consciousticket lock pro-
vides performanceimprovemerts of more than an order
of magnitude over the scheduler-oblivious version. Fur-
thermore it is the best software lock for almost all multi-
programming levels. The ticket lock provides good tol-
erancefor contention with modest overhead, properties
that make it an ideal candidate for multiprogrammed
ernvironments with alimited amourt of contention. Sim-
ilar results were obtained for the real applications. Fig-
ures 3 and 4 shaw the executiontime for Cholesky fac-
torization for the bcsstkl5 matrix and a parallel ver-
sion of quicksort for 2 million integerson a 63-processor
KSR 1 with a multiprogramming level of 2.0.

Similar results to those obtained for mutual ex-
clusion were seen in our experiments with reader-
writer locks. We present results for a sceduler-
consciousgueue-basedeader-writer lock (RW-Smart-
Q), a sdeduler-oblivious, queue-basedreader-writer
lock (RW-Queued ), a preemption-safe certralized
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Figure 6: Varying the number of processorson the
KSR 1

reader-writer lock (RW-T AS-B-np ), a preemption-
unsafe certralized reader-writer lock (RW-T AS-B ),
and preemption-safeand unsafe version of the reader-
writer lock basedon the native mutual exclusion lock
(RW-Nativ e-np and RW-Nativ e respectively).

We have modied the synthetic program in the
reader-writer locks to increasethe amourt of time spent
in the critical section. We expected that due to the
increased concurrency of readers, reader/writer locks
would experience less contention than mutual exclu-
sion locks. To our surprise we found that this was not
case. Contention in reader/writer locks is just as im-
portant as in mutual exclusion locks. Our sceduler-
consciousqueuedlock provides more than an order of
magnitude improvemert over the naive queuedlock and
is signi cantly better than the scheduler-consciouscen-
tralized (test_and_set based)version. The performance
of the di erent reader/writer lock implementations can
be seenin gures 5 and 6.

Processesn the barrier-based synthetic program ex-
ecute a loop containing a barrier. The amount of work
betweenbarriers waschosenrandomly in ead processin
ead iteration, and variesuniformly between240 sand
290 s. The sdeduler re-partitions processorsamong
applications once per second. With probability 1=2 the
application is given all available processors.The other
half of the time it receives1=2, 1=3, or 1=4 of the avail-
able processorswith equal probability. For the experi-
mernts preserted in this paper we timed 4000iterations
of the loop.

Figure 7 shaws the performance of a set of alterna-
tive barrier implementations as the number of proces-
sorsincreases. The multiprogramming level in this ex-
periment was setto 2.0. The four lines represen: (1)
a standard arrival tree barrier in which processesal-
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Figure 7: Barrier performanceon the KSR 1 for di er-
ent numbers of processorswith a multiprogramming
level of 2.

ways spin (until preempted by the kernel scheduler)
(Arriv al-tree ); (2) a tree barrier that usesa simple
spin_then_block heuristic to avoid wasting a quantum
when there are preempted peers(Heuristic-tree ); (3)
a certralized barrier in which processesalways yield
the processor,rather than spin (Central-blo ck); and
(4) our scheduler-consciougwo-level barrier (Scalable-

SC). The rst of these outperforms the others in the
absenceof multiprogramming [16], but performs ter-
ribly with multiprogramming, becausea processcan
spin away the bulk of a stheduling quantum waiting
for a peer to reach the barrier, when that peer has
been preempted. The heuristic tree barrier improves
performancesigni cantly but still su ers from the large
number of context switchesthat are required at every
barrier episade. The certralized blocking algorithm pro-
videseven better performanceby decreasinghe number
of context switches required at a barrier episade. Fi-
nally, the scheduler-conscioustree barrier provides the
best performance: it combinesthe minimum number of
context switcheswith the low contention and low (log-
arithmic) cost of the tree barrier. Experiments with a
real barrier-basedapplication (Gaussianelimination on
a 640X640 matrix) conrm the obsenations obtained
from the synthetic program. Figure 8 showsthe relative
performanceof gauss on 64 processorsand a multipro-

gramming level of two, for di erent barrier implemen-
tations.

We have also run experiments to study the impact
of scheduling decision frequency on the performance
of our barrier algorithms. When re-partitioning deci-
sions are extremely frequert, our scheduler-conscious
two-level barrier su ers signi cant performance degra-
dation, becauseprocessedrequertly basethe structure
of the inter-processortree on out-of-date partition in-

N
A\

Arrival-tree

=

Heuristic-tree

Central-block

\\

Scalable-SC

time in secs

Figure 8: Gaussperformanceon the KSR 1 for
di erent barrier typeswith a multiprogramming
level of 2.

formation. Performanceis excellert, however, when re-
partitioning decisionsare as little as 500 ms apart.

5 Conclusions

This paper makes three primary cortributions. First,
it demonstratesthat synchronization performance, es-
pecially for scalablealgorithms, can degraderapidly in
the presenceof multiprogramming. This can occur be-
causea processis preempted in the critical section, is
given a lock while preempted, or is spinning when its
preempted peerscould be doing useful work. Second,it
describes medhanismsto solve these problems. Specif-
ically, it proposesthat the kernel export information
about the processesnd processorsn eath machine par-
tition, and that the application indicate which of its
processesre performing critical operations and should
not be preempted. Third, it describeshow to use this
information to implement three scalable syndroniza-
tion algorithms: a mutual exclusionticket lock, a fair,
queued, reader-writer lock, and a scalable barrier. All
three algorithms perform signi cantly better than their
sctheduler-oblivious competitors.
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