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Abstract

Reactive spin-lock algorithms that can automatically adapt to contention variation on the lock have received great attention in the
field of multiprocessor synchronization since they can help applications achieve good performance in all possible contention conditions.
However, in existing reactive spin-locks the reaction relies on (i) some fixed experimentally tuned thresholds, which may get frequently
outdated in dynamic environments like multiprogramming/multiprocessor systems, or (ii) known probability distributions of inputs.

This paper presents a new reactive spin-lock algorithm that is completely self-tuning, which means no experimentally tuned parameter
nor probability distribution of inputs are needed. The new spin-lock is built on both synchronization structures of applications and
online algorithmic techniques. Our experiments, which use the Spark98 kernels and the SPLASH-2 applications as application bench-
marks, on a multiprocessor machine SGI Origin2000 and an Intel Xeon workstation have showed that the new self-tuned spin-lock
performs as well as the best of hand-tuned spin-lock representatives in a wide range of contention levels.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Multiprocessor systems aim at supporting parallel com-
puting environments, where processes are running concur-
rently. In such parallel processing environments the
interference among processes is inevitable. Many concur-
rent processes may cause high traffic on the system bus
(or network), high contention on memory modules and
high loads on processors; all these slow down process exe-
cutions. The interference generates a variable and unpre-
dictable environment to each process. Such a variable
environment consequently affects interprocess-synchroni-
zation methods like spin-locks. Some sophisticated spin-
locks such as the MCS queue-lock (Mellor-Crummey and
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Scott, 1991) are good for high-load environments, whereas
others such as the test-and-test-and-set lock (Agarwal and
Cherian, 1989; Anderson, 1990) are good for low-load
environments (Lim, 1995). This fact raises a question on
constructing reactive spin-locks that can adapt to load var-
iation in their environment so as to achieve good perfor-
mance in all conditions.

There exist reactive spin-lock algorithms in the literature
(Agarwal and Cherian, 1989; Anderson, 1990; Lim and
Agarwal, 1994; Lim, 1995). Spin-lock using the test-and-

test-and-set operation with exponential backoff (TTSE)
(Agarwal and Cherian, 1989; Anderson, 1990) is an exam-
ple: every time a waiting process reads a busy lock, i.e.
there is probably high contention on the lock, it will double
its backoff delay in order to reduce the contention. Another
reactive spin-lock that can switch from spin-lock using
TTSE to a sophisticated local-spin queue-lock when the
contention is considered high was suggested in (Lim and
Agarwal, 1994; Lim, 1995).

However, these reactive spin-locks suffer some draw-
backs. First of all, their reactive schemes rely on either
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1 Lock-convoy is the situation in which a slow processor prevents other
fast processors from progress due to blocking.
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some experimentally tuned thresholds or known probability
distributions of some inputs. Such fixed experimental
threshold-values may frequently become inappropriate in
variable and unpredictable environments such as multipro-
gramming systems. Assumption on known probability dis-
tributions of some inputs is not usually feasible. Further,
the reactive spin-locks do not adapt to synchronization
characteristics of applications and thus they are inefficient
for different applications. We observe that characteristics
of applications like the time consumed in the critical sec-
tion have a large impact on choosing appropriate spin-
locks. Lim’s reactive spin-lock (Lim, 1995), which switches
to TTSE when contention is low and to the MCS queue-
lock when contention is high, was showed inefficient to
some real applications (Kumar et al., 1999). A good reac-
tive spin-lock should not only react to the contention var-
iation on the lock, but also adapt to a variety of
applications with different characteristics.

These issues have motivated us to design a new reactive
spin-lock that requires neither experimentally tuned thresh-
olds nor probability distributions of inputs. The new spin-
lock moreover adapts itself to applications, keeping its
good performance on different applications.

1.1. Contributions

We have designed and implemented a new reactive spin-
lock that is completely self-tuning: neither experimentally
tuned parameters nor probability distributions of inputs
are needed. The new reactive scheme automatically adjusts
its backoff delay reasonably according to contention on the
lock as well as characteristics of applications. The scheme is
built as a competitive online algorithm. What it needs from
the system is only the ratio of the latency of remote mem-
ory references to the latency of level 1 cache references,
which is available in documents about the system architec-
ture. The ratio represents the overhead for a processor to
yield its cached variable such as a lock to another proces-
sor. In order to achieve this property, the new spin-lock
does not use strict arbitrations like ticket-locks, but instead
introduces a loose form of arbitration. This allows the spin-
lock to be able to exploit cache affinity (Karatza, 2000;
Squillante and Lazowska, 1993; Torrellas et al., 1993;
Vaswani and Zahorjan, 1991; Wang et al., 1997). Combin-
ing a loose arbitration with a suitable reactive backoff
scheme helps the new spin-lock algorithm achieve the
advantages of both cache affinity and low contention on
the lock.

In addition to proving the correctness of the new spin-
lock, in order to test its feasibility we ran experiments using
the Spark98 kernels (O’hallaron, 1997) and the SPLASH-2
applications (Woo et al., 1995) as application benchmarks
on an SGI Origin2000, a well-known commercial
ccNUMA system, and a popular workstation with two
Intel Xeon processors. These experiments showed that in
a wide range of contention levels, the new reactive self-

tuned spin-lock performed as well as the best of hand-tuned
spin-lock representatives, which were manually tuned for
each benchmark on each system.

The rest of this paper is organized as follows. Section 2
describes our problem analysis, which led and motivated
this work. Section 3 models the spin-lock problem as an
online problem. Section 4 presents a new competitive algo-
rithm for reactive spin-locks. Section 5 presents correctness
proofs of the new spin-lock. Section 6 presents a heuristic
for the new reactive spin-lock to adapt to synchronization
characteristics of the applications. Section 7 presents the
performance evaluation of the new reactive spin-lock and
compares the spin-lock with representatives of arbitrating
and non-arbitrating spin-locks using the application bench-
marks. Finally, Section 8 concludes this paper.
2. Problem analysis

2.1. Spin-lock categories

We classify spin-locks into two categories: arbitrating

locks such as ticket-locks (Lamport, 1974) and queue-locks
(Craig, 1993; Graunke and Thakkar, 1990; Magnussen
et al., 1994; Mellor-Crummey and Scott, 1991) and non-

arbitrating locks such as TAS locks (Agarwal and Cherian,
1989; Anderson, 1990). Arbitrating locks are locks that
identify who is the next lock holder in advance. The rest
of spin-locks are non-arbitrating locks.

Arbitrating locks and non-arbitrating locks each have
their own advantages. Arbitrating locks prevent processors
from causing bursts in network traffic as well as high con-
tention on the lock. This is because they avoid the situation
that many processors concurrently realize the lock avail-
able and thus concurrently try to acquire the lock (Ander-
son, 1990; Anderson et al., 2003; Kägi and Goodman,
1997; Kumar et al., 1999; Mellor-Crummey and Scott,
1991). Although the advantages of arbitrating spin-locks
have been studied so widely, the following advantages of
non-arbitrating spin-locks have not been studied deeply.
Non-arbitrating locks have two interesting properties: (i)
avoidance of lock-convoy1 in the lock-competing phase,
the Entry section in Fig. 1, and (ii) ability of exploiting
cache affinity (Karatza, 2000; Squillante and Lazowska,
1993; Torrellas et al., 1993; Vaswani and Zahorjan, 1991;
Wang et al., 1997). The lock holder, together with its neigh-
bors in the same module, can re-acquire the lock and re-use
the exclusive shared data many times before the lock is
acquired by remote processors in another module, saving
time used for transferring the lock and the shared data
from one module to another.

From experiments we observe that when arbitrating/
non-arbitrating spin-locks are well-tuned for each experi-
mental setting, the contention on the lock is kept minimum
and thus it does not significantly contribute to the perfor-



Fig. 1. The structure of parallel applications accessing a critical section.
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mance difference between arbitrating and non-arbitrating
spin-locks. What makes the difference is the benefit result-
ing from parallel executing non-critical section, in the case
of arbitrating spin-locks, and from locally accessing the
lock and the shared data by processors connected to the
same memory module in non-uniform memory access
(NUMA) systems, in the case of non-arbitrating spin-
locks. Therefore, applications with large critical section like
Spark98 kernels (O’hallaron, 1997) are favored by
non-arbitrating spin-locks due to cache affinity. Using
non-arbitrating spin-locks, processors connected to the
same memory module in NUMA systems can in turn
acquire the lock and locally access the shared data, which
consequently keeps the lock and the shared data in the
local module. The benefit of parallel executing the non-crit-
ical section by moving the lock and the shared data around
is less than the benefit of locally accessing the lock and the
shared data. On the other hand, applications with large
non-critical section like Volrend and Radiosity in the
SPLASH-2 suites (Woo et al., 1995) are favored by arbi-
trating spin-locks due to parallel executing the non-critical
section. This implies that characteristics of a specific appli-
cation can decide which kind of locks helps the application
achieve better performance.
2.2. Tuning parameters and system characteristics

In general, besides the cost for experimentally tuning the
parameters, the reactive spin-locks using tuned parameters
cannot always achieve good performance because the
parameters depend on the system utilization, which in turn
is affected by other applications running concurrently.
Thus, tuned parameters at some point of time may become
obsolete. Furthermore, reactive spin-locks may also need
to take care of properties of applications such as time inter-
vals spent inside/outside the critical section when choosing
locking protocols.

Regarding the algorithm-system interplay, there is also
the issue of arbitrating versus non-arbitrating locks, which
implies different benefits, as explained in the introduction.
In arbitrating locks, the lock and the data used in the crit-
ical section must be transferred from one processor to
another according to their order in the waiting queue,
regardless of how far the distance between these two pro-
cessors is in the system. This generates high transmission
cost. In contrast, in non-arbitrating locks the processors
closest to the current lock owner, for instance processors
in the same module in NUMA systems, have higher prob-
ability to acquire the lock because they will realize the lock
available sooner. Moreover, when there are many requests
for the lock from processors in the same node, the system
may move the memory page containing the lock to the
local memory of that node, giving these processors higher
probabilities to acquire the lock the next time.

Although arbitrating locks, such as ticket-locks and
queue-locks, are considered as fair locks in the literature,
their fairness may still depend on the applications using
the locks as well as on the architecture of the system on
which the applications are running. Regarding the ticket
lock, if processors in the same node of a NUMA system
execute the iteration in Fig. 1 so fast that they continuously
and repeatedly get new tickets before the ticket variable can
be accessed by processors on other nodes, the ticket lock
becomes unfair. Similarly for the queue-lock, if processors
in the same node of a NUMA system execute the iteration
in Fig. 1 so fast that they continuously enter the waiting
queue before processors on other nodes have a chance to
do so, the queue-lock may become unfair.

2.3. Experimental studies

To see whether the above concerns have a sound basis,
we conducted an experimental study. We used the Spark98
shared memory program lmv (O’hallaron, 1997) on an SGI
Origin3800. The system has 31 500 MHz MIPS R14000
CPUs with 8MB L2 cache each. These experiments con-
firmed our observations. In order to compare performance
among spin-lock algorithms, we need benchmarks where
the contention level on the lock is high. Therefore, we used
only one lock to synchronize updates of the result array in
the Spark98 kernel. We used the largest pack file sf5.1.pack

(O’hallaron, 1997) as input.
The left and the right charts in Fig. 2 show the execution

times and the fairness of the Spark98 kernel using the MCS
queue-lock (mcs), the ticket lock with proportional backoff
tuned for the SGI Origin3800 (ticket), TTSE with backoff
parameters tuned for the SGI Origin3800 (tss), TTSE with
backoff parameters mentioned in (Scott and Scherer, 2001)
(tts0) and the RH lock (Radovic and Hagersten, 2002) with
backoff parameters tuned for the SGI Origin3800 (rh). The
contention level on the lock is adjusted by changing the
number of processors accessing it, for instance the case of
31 processors generates the highest contention level on
the lock. The source codes for TTSE and MCS are from
Scott and Scherer (2001). The implementation of ticket is
similar to Fig. 2 in Mellor-Crummey and Scott (1991).

From the left chart in Fig. 2, we can see that the non-
arbitrating locks such as TTSE and RH both with tuned
parameters outperform the arbitrating locks such as the
MCS queue-lock and the ticket lock when the contention
level increases. That is because the TTSE and RH exploit
the locality/caching among processors within the same
node. Moreover, they do not suffer the lock-convoy prob-
lem in the entry section.
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Fig. 2. The execution time and the lock fairness of the Spark98 benchmark on an SGI Origin3800.
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The left chart also shows the problem of existing reac-
tive spin-locks such as TTSE: their performance strongly
depends on the experimentally tuned parameters. Inaccu-
rately chosen parameters will lead to bad performance as
depicted in the left chart between the TTSE with parame-
ters tuned for SGI Origin3800 (tss) and the TTSE with
parameters mentioned in Scott and Scherer (2001) (tts0).
The latter is about 14 times slower than the former in the
case of 31 processors, which is a big difference on applica-
tion performance.

The right chart in Fig. 2 shows the fairness of these spin-
locks. Fairness is introduced to evaluate unbalanced situa-
tions where a processor may successfully acquire the lock
many times more than the others may (cf. Definition 7
for the fairness formula used in the experiment). Here,
the processor first finishing its own task will send a signal
to all other processors to stop and to count the number
of times each processor has successfully acquired the lock.
In this chart, the most interesting observation is the fair-
ness of the MCS queue-lock, which is normally considered
as a fair lock. Beyond a certain number of processors, from
the fairness point of view, the MCS queue-lock does not
seem better than other non-arbitrating locks such as TTSE

and RH. From the log file of the experiment in the case of
31 processors, we saw that a group of 16 processors con-
nected together via the same router, had a number of lock
accesses much greater than those of other processors con-
nected via another router. That means that the group of
16 processors connected via the same router executed their
own tasks so fast that they continuously successfully
updated the pointer to enqueue before the pointer could
be updated by other processors of another router. That
means that even fair arbitrating spin-locks cannot always
ensure fairness for arbitrary applications running on arbi-
trary systems.

All these factors are considered in the design of our new
reactive spin-lock.
3. Modeling the problem

In this section we model the spin-lock problem as an
online problem. The theoretical model of parallel applica-
tions in our research is typically described as a set of
threads with the structure shown in Fig. 1 (Anderson
et al., 2003). We consider a system with P sequential
processes running on P processors. We assume that each
process runs on one processor, which is common in recent
systems such as SGI Origin2000. In this case, we do not
need to switch the process state from spinning to blocking
in the Entry section (cf. Fig. 1), i.e. there is no context-
switching cost in the spin-lock overhead (Karlin et al.,
1991).

First of all, we determine the upper/lower bounds of
backoff delays between two consecutive spins. Let ‘‘delay
base’’ basel of a lock l be the average interval in which
the lock holder keeps the lock locally before yielding it
to another process/processor. In order to obtain a high
probability of spinning on a free lock, a backoff delay
delayi between two consecutive spins of a process pi on
the lock l should not be smaller than basel, basel 6 delayi.
On the other hand, according to Anderson (1990)
the upper bound of backoff delays should equal the num-
ber of processes potentially interested in acquiring the
lock so that the backoff has the same performance as stat-
ically assigned slots when there are many spinning pro-
cesses. This implies delayi 6 P Æ basel, where P is the
maximum number of processors concurrently interested
in the lock (i.e. the maximum contention on the lock).
In conclusion,

basel 6 delayi 6 P � basel ð1Þ

where delayi is a time-varying measure.
Secondly, we look at the problem of how to compute a

reasonable delayi for the next backoff every time a waiting
process pi observes a busy lock. In the TTSE spin-lock
(Anderson, 1990), the backoff delay delayi is doubled up
to some limit every time a waiting process reads a busy
lock. In fact, the backoff scheme in the TTSE spin-lock
comes from Ethernet’s backoff scheme for networks with
characteristics different from those of spin-locks. In
networks the cost to a collision is equal and independent
of the number of processes whereas in spin-locks the cost
depends on the number of participating processes (Ander-
son, 1990). Therefore, the backoff scheme in the TTSE
spin-lock is not competitive and its performance strongly
depends on how well its base/limit values are chosen.
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Let ‘‘delay surplus’’ surplusi of a process pi be

surplusi ¼ ðP � basel � delayiÞ ð2Þ
We have 0 6 surplusi 6 (P � 1) Æ basel. Like delayi, surplusi

is a time-varying measure.

Definition 1. A load-rising (resp. load-dropping) transac-
tion phase is a maximal sequence of processes’ subsequent
visits at the lock with monotonic non-decreasing (resp.
non-increasing) contention level on the lock.2 A load-rising
phase ends when a decrease in contention is observed. At
that point, a load-dropping phase begins.

Our goal at this moment is to design a reactive non-arbi-
trating spin-lock whose backoff delay (or delay in short) is
dynamically and optimally adjusted to contention varia-
tion on the lock. This implies that we need to minimize
two competing measures: (i) the delay between a pair of
lock release and lock acquisition due to the backoff and
(ii) the communication bandwidth used by spinning pro-
cesses as well as the load on the lock.

This is an online problem. Whenever a spinning process
pi observes a load increase on the lock, it has to decide
whether it should increase its delayi now. If it increases
its delay too soon, it will waste time on a long backoff delay
when the lock becomes available. If it does not increase its
delay in time, it will cause the same problems as the spin-
lock using TTS like high network traffic and high conten-
tion on the lock, which consequently delay the lock holder
to release the lock. If the process knew in advance how con-
tention on the lock would vary in the whole competing per-
iod, it would be able to find an optimal solution. However,
there is no way for processes to know that information,
the information about the future in an unpredictable
environment.

We are interested in designing a deterministic online
algorithm against a malicious adversary for the spin-lock
problem. In such kind of problems, randomization cannot
improve competitive performance (El-Yaniv et al., 2001).
For deterministic online algorithms the adversary with
the knowledge of the algorithms generates the worst possi-
ble input to maximize the competitive ratio. The adversary
creates transaction phases that fool the player, a process
competing for the lock, to increase/decrease his delay
incorrectly. This makes the player end up with a bad result
whereas the adversary still achieves the best result.

Fig. 3 illustrates how the adversary can create such
transaction phases. Assume that the adversary designs A

as an optimal load-point to increase the delay and B as
an optimal load-point to decrease the delay. Since the
adversary has both knowledge of the deterministic algo-
rithm used by the player and full control on creating load
inputs, the malicious adversary can add a sequence of
load-rising points � � � 6 a1 6 a2 6� � � 6 an < A that fools
the player to increase his delay up to the maximum before
2 The contention level on a lock is measured by the number of processes
that are competing for the lock, cf. Section 4.
the load reaches A (i.e. to fool the player to increase his
delay too soon). When the player observes a load increase
on the lock, he will increase his delay according to his
deterministic algorithm, and eventually his delay reaches
the maximum at some point ai before the load reaches
point A.

The goal of online/offline algorithms is to maximize the
following objective function:

P ¼
X
t2T j

Dsurplusi;t � lt ð3Þ

for each transaction phase Tj, where lt is the load at time
t 2 Tj and Dsurplusi,t is the additional amount of surplus
that the player/process pi spends at load lt. The idea behind
this goal is to reasonably put a longer delay at a higher con-
tention level. For the game in Fig. 3, the adversary achieves
the best value P at A since he will use all his surplus ‘‘bud-
get’’, (P � 1) Æ basel, at the suitable load-point A where lt
becomes maximum in the load-rising transaction phase
Tj. That means the player increases his delay too soon,
wasting time on a long backoff delay when the lock be-
comes available.

Similarly, the adversary can fool the player on the load-
dropping phase from A to B by adding a sequence of load-
dropping points b1 P b2 P� � �P bm > B. When the player
observes a load decrease on the lock, he decreases his delay,
and eventually his delay reaches the minimum at some
point bj before the load reaches point B. That means the
player decreases his delay too soon, causing high network
traffic and high contention on the lock.

Lastly, we determine upper/lower bounds of loads lt on
the lock. The load is the number of processes currently
competing for the lock, i.e. lt 6 P. On the other hand, a
process needs to delay only if it could not acquire the lock,
so we have 1 6 lt 6 P.

In summary, the spin-lock problem can be described
as the following online game. With known upper/lower
bounds of loads lt on the lock,1 6 lt 6 P, the player (a pro-
cess ii) needs to spend his initial delay surplus (e.g.
(P � 1) Æ basel) at lt efficiently. Loads lt are unfolded on-
the-fly and when a new value lt is observed, a new period
starts. Given a current load value, the player has to decide
how much of his delay surplus should be spent at the cur-
rent load, i.e. how much his current backoff delay should
be lengthened at the current load.
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4. The algorithm for computing backoff delay

In order to play against the malicious adversary, the
player needs a competitive online algorithm (Borodin and
El-Yaniv, 1998) for computing his backoff delay. When
the load on the lock increases, the player has to reduce
his delay surplus, surplus, by exchanging it with another
asset called savings. When the load decreases, he increases
surplus by exchanging this savings back to surplus.

The idea of our spin-lock algorithm is as follows. Dur-
ing a load-rising phase Tj, when the player observes a load
increase on the lock, he increases his delay just enough to
keep a bounded competitive ratio even if the load suddenly
drops to the minimum in the next observation. The amount
of time by which the player’s delay increases is computed
similarly to the threat-based method of (El-Yaniv et al.,
2001). The online algorithm for computing the delay can
be described by the following rules:

• The delay is increased only when the load is the highest
so far in the present transaction phase.

• When increasing the delay, increase just enough to keep
the competitive ratio c ¼ P � P�1

P 1=ðP�1Þ, even if the load
drops to the minimum in the next observation and stays
there until the end of the transaction phase.

The amount of time by which the delay should increase is

Ddelay ¼ Dsurplus ¼ initSurplus � 1
c
� load � load�

load � 1
ð4Þ

where initSurplus is surplus at the beginning of a load-rising
transaction phase, load is the present load on the lock
observed by the player, and load� is the highest load on
the lock before the present observation (cf. procedure Sur-

plus2Savings in Fig. 5).
In the rest of the section, we briefly describe the intuition

behind the formulas to make the paper self-contained.
Consider a load-rising transaction phase. For the

moment, assume that there is a (deterministic) online algo-
rithm with the optimal competitive ratio c* for computing
the backoff delay and that c* is known to the online player.
At the end of this section, we present how the online player
computes c* based on P, the maximum contention on the
lock. At the first load l1 observed in the transaction phase,
the player must increase the delay by time s1 such that the
competitive ratio c* is guaranteed. Note that c� ¼ PAdversary

PPlayer
,

where PAdversary and PPlayer are the objective functions P
(cf. Eq. (3)) of the adversary and the player, respectively.
Since c* is attainable by a deterministic online algorithm,
there always exists such amount s1 2 (0, initSurplus] (formal
analysis is presented below). If s1 is always chosen as large
as the whole delay ‘‘budget’’ of the player, i.e. initSurplus,
the player will be unable to increase the delay further when
the load continues increasing in the next step, which makes
the competitive ratio c* unattainable. Therefore, s1 must be
the minimum that guarantees the competitive ratio c*. This
results in the second rule mentioned above:
Rule 2: When increasing the delay, increase just enough to

keep the competitive ratio c*, even if the load drops to the

minimum in the next observation and stays there until the

end of the transaction phase.

Besides, since s1 is chosen so that the competitive ratio c*

is guaranteed even if the load drops to the minimum in the
next step and stays there until the end of the transaction
phase, in the rest of the transaction phase the player can
ignore all loads less than or equal to l1 while still guarantee-
ing the competitive ratio c*. This results in the first rule:

Rule 1: The delay is increased only when the load is the

highest so far in the present transaction phase.

Similar argument can be used to inductively justify the
amount si for the remaining steps of the transaction phase.

In summary, the algorithm for computing the backoff
delay obeys the following rules

• The delay is increased only when the load is the highest
so far in the present transaction phase.

• When increasing the delay, increase just enough to keep
the competitive ratio c*, even if the load drops to the
minimum in the next observation and stays there until
the end of the transaction phase.

The following is formal analysis to compute the competi-
tive ratio c* based on P, the maximum contention on the
lock (or the maximum number of processors concurrently
competing for the lock).

Since the load that is not a global maximum at the time
it is observed is ignored (cf. Rule 1), we consider only the
load sequence of successive maxima 1 6 l1 < l2 < � � � 6 P.
Let Ui and Ai be the amount of remaining surplus and
the amount of accumulated savings, respectively, right after
the ith step, i = 1,2, . . . , where initial savings A0 = 0. Let
si = Ui�1 � Ui be the amount of surplus exchanged to sav-

ings at step i. Following the second rule, we have

U 0 � li

Ui � 1þ Ai
¼ U 0 � li

ðU i�1 � siÞ þ ðAi�1 þ si � liÞ
6 c� ð5Þ

where the denominator (Ui Æ 1 + Ai) represents the player’s
profit in the case that the load drops to the minimum in the
next step and stays there until the end of the current trans-
action phase. At the end, the remaining surplus Ui is com-
puted as it is exchanged at the minimum load, which is 1;
the numerator U0 Æ li represents the adversary’s profit in
this case: she exchanges the whole surplus budget U0 at
the highest li.

Since function FðsiÞ ¼ U0:li
ðUi�1�siÞþðAi�1þsi:liÞ is decreasing

with si P 0 (due to li P 1), the minimum value for si is
found when FðsiÞ ¼ c�, i.e.

U 0 � li

Ui � 1þ Ai
¼ U 0 � li

ðU i�1 � siÞ þ ðAi�1 þ si � liÞ
¼ c� ð6Þ

It follows that:

si ¼
1

li � 1

U 0 � li

c�
� ðU i�1 þ Ai�1Þ

� �
ð7Þ
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For the case i = 1,

s1 ¼
1

l1 � 1

U 0 � l1

c�
� ðU 0 þ A0Þ

� �
¼ U 0

c�
� l1 � c�

l1 � 1
ð8Þ

For the case i P 2, U i�1 þ Ai�1 ¼
U 0 � li�1

c�
(Eq. (6)). We

have

si ¼
1

li � 1

U 0 � li

c�
� U 0 � li�1

c�

� �
¼ U 0

c�
� li � li�1

li � 1
ð9Þ

Since the length of the load sequence of successive maxima
in the transaction phase is unknown to the player, she
must consider an arbitrary long load sequence, i.e. a load
sequence with length k!1. From the definition of si,
we have

lim
k!1

Xk

i¼1

si ¼ lim
k!1
ðU 0 � U kÞ 6 U 0 ð10Þ

The optimal solution for the player should leave no
remaining surplus at the end of the transaction phase (i.e.
Uk = 0), which must be exchanged to savings at the mini-
mum exchange rate. This implies the following property

lim
k!1

Xk

i¼1

si ¼ U 0 ð11Þ

() U 0

c�
l1 � c�

l1 � 1
þ lim

k!1

Xk

i¼2

li � li�1

li � 1

 !
¼ U 0 ð12Þ

() c� ¼ 1þ l1 � 1

l1

lim
k!1

Xk

i¼2

li � li�1

li � 1
ð13Þ

Since the adversary has full control on generating the load
sequence of successive maxima li, she will choose the worst
sequence to make c* as large as possible. That is,

c� ¼ 1þ max
16l1<l2<���6P

l1 � 1

l1

lim
k!1

Xk

i¼2

li � li�1

li � 1

 !
ð14Þ

We can prove that c� 6 P � P�1
P 1=ðP�1Þ, which implies that the

algorithm for computing the backoff delay that obeys the
aforementioned rules with c ¼ P � P�1

P 1=ðP�1Þ achieves the com-
petitive ratio c. The proof is tedious and the reader who is
interested in the proof is referred to El-Yaniv et al. (2001).

Symmetrically, in a load-dropping transaction phase the
player uses a similar algorithm to decrease the backoff
delay by exchanging savings back to surplus.

The analysis results in the following lemma.

Lemma 2. In each load-rising/load-dropping phase, the new

algorithm for computing backoff delay is competitive with a

competitive ratio c ¼ P � P�1
P 1=ðP�1Þ ¼ Hðlog P Þ, where P is the
Fig. 4. Synchronization primitives, where x
maximum contention on the lock (i.e. the maximum number of

processors concurrently interested in the lock).
4.1. Implementation

Synchronization primitives: Our algorithm uses the syn-
chronization primitives fetch-and-add (FAA) and com-

pare-and-swap (CAS), which are available in recent
systems either in hardware like Intel and SPARC proces-
sors or in software like SGI systems. The definitions of
the primitives are described in Fig. 4.

The online algorithm is presented via pseudo-code in
Fig. 5. Every time a new load-rising transaction phase starts,
the value initSurplus is set to the last value of surplus in the
previous transaction phase (lines C2, C3). At the beginning
of a transaction, the load is initialized to counter and
delay = counter Æ basel, where counter, a sort of ordering
tickets, shows how many processes are competing for the
lock. The counter is obtained when the process reads the lock
for the first time (line A1). Each process chooses an initial
surplus with respect to its own ticket/counter (line A2)

initSurplus ¼ ðP � counterÞ � basel ð15Þ
This chosen initial surplus helps the new spin-lock partly
prevent processes from concurrently observing a free lock,
the worst situation for non-arbitrating spin-locks.

Symmetrically, in a load-dropping phase the amount of
time by which the player’s delay should decrease is com-
puted by applying the same method with only one change,
namely that the value of load on the lock load, which is
decreasing, is replaced by the inverse 1

load (cf. procedure
Savings2Surplus).

Finally, we briefly explain the whole spin-lock algorithm
via the pseudo-code in Fig. 5. In order to know the load on
a lock, we need a counter to count how many processes are
concurrently competing for the lock. If we used a separate
counter, we would generate additional bottleneck beside
the lock. Therefore, we use a single-word variable to con-
tain both the lock and the counter (cf. LockType in Fig. 5).

A process pi calls procedure Acquire(L) when it wants to
acquire lock L. First, pi increases both values {lock,coun-

ter} by 1 (line A1). The lock L has been occupied if
L.lock 5 0. When spinning the lock locally (line A5), if pi

observes a free lock, i.e L.lock = 0, it will try to acquire
the lock by increasing only field L.lock by 1 (field L.counter

is kept intact, line A7). It will successfully acquire the lock
if no other processes have acquired the lock in this interval,
i.e. cond.lock = 0 (line A8).

Process pi calls procedure Release( ) when releasing the
lock. The procedure has to do two tasks atomically: (i)
is a variable and v, old, new are values.



Fig. 5. The Acquire and Release procedures.
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reset the lock field and (ii) decrease the counter field by 1.
The CAS primitive can do these tasks atomically (line
R2).

5. Correctness

The correctness of the new algorithm follows almost
straightforward from its description. h

Lemma 3. The number of processors currently competing for

the lock L.counter is counted correctly.
Proof. We prove that the counter for the number of con-
tending processors L.counter is increased/decreased cor-
rectly. Processors increase the counter by one when
trying to acquire the lock (line A1 in Fig. 5) and decrease
the counter by one when releasing the lock (line R2).
Although processors change the counter concurrently, the
atomicity property of FAA and CAS helps the algorithm
avoid all possible races. In particular, if a processor p 0

changes the counter between steps R1 and R2 executed by
another processor p, the CAS primitive at the R2 step will
detect that the current value of the counter pL. L is differ-
ent from the value L read at R1 and return False. There-
fore, the processor p must repeatedly read the counter
(line R1) and try to decrease the counter by one (line R2)
until success (i.e. the CAS primitive returns True). This
results in that p decreases the counter by one precisely as
expected. h

The precise counting supports an accurate estimation on
the lock contention, helping the algorithm react correctly.
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Lemma 4. The space need for the lock field of LockType is

log(P) for systems with P processors.

Proof. Let Dt denote an interval from the time the lock

field of a lock L is increased to 1 at line A1 or A7 to the
time it is reset to 0 at line R2. In Dt, each processor pi

can increase the lock field by at most one. Indeed, if pi

increases lock by 1 at line A1 or A7, it no longer increases
lock at line A7 because line A7 is executed only if lock = 0
(line A6); it cannot also increase lock at line A1 because
each processor only executes A1 once at the beginning of
procedure Acquire.

Therefore, in Dt the lock field is increased by at most P.
That means the value of the lock field is never greater than
P, the number of processors. h

This lemma shows that the space complexity of the new
reactive spin-lock is as small as that of the simple ticket
lock.

Lemma 5. The new reactive spin-lock allows only one

processor to enter the critical section at a point of time.

Proof. A processor pi can enter the critical section only if
the lock field of the value that pi gets from the FAA prim-
itive at line A1 or A7 is 0. Due to the atomicity property of
FAA, at one point of time at most one processor can
observe that the lock field is 0, and can become the lock
holder. Only when the lock holder exits the critical section,
the field is reset to 0 (line R2), allowing another processor
to enter the critical section. h

These lemmas imply the following theorem:

Theorem 6. The new spin-lock algorithm guarantees mutual
exclusion and non-livelock. Its space complexity is H(logP)

for systems with P processors.
6. Estimating the delay base

So far we have assumed that the basic interval basel in
which a process pi keeps the lock l locally before yielding
it to other processes is known. This section describes how
the new spin-lock estimates the basel based on characteris-
tics of each parallel application such as delays outside/
inside the corresponding critical section (cf. Definitions 9).

Like the delay base in the TTSE spin-lock, the basel is
just a basic value at the beginning from which the online
algorithm in Section 4 starts to adjust the backoff delay
according to contention variation. Instead of forcing pro-
grammers to tune the value manually, the new spin-lock
estimates the value automatically.

First, we define the terms used in this section.
Fairness: In order to evaluate the fairness of spin-locks,

we consider them in the context of applications whose
threads do the same task but on different data. Fairness
is introduced to evaluate unbalanced situations where a
thread may successfully acquire the lock many times more
than the others may. Fairness is an interesting aspect of
spin-lock algorithms, which may help the application gain
performance in multiprocessor systems by utilizing all pro-
cessors concurrently in high-load cases. Since threads can-
not make any progress when waiting for the lock, only the
lock holder utilizes one of system processors. If the lock
holder continuously and successfully re-acquires the lock,
only one processor will be used for useful tasks. In con-
trast, if the spin-lock is so fair that each thread can acquire
the lock in turn, all threads will concurrently utilize system
processors to execute their non-critical section task in par-
allel (cf. Fig. 1).

However, fairness is just a factor that contributes to
overall performance. There are other performance factors
like cache affinity. Unfortunately, factors like fairness
and cache affinity are opposite to each other. In order to
increase the fairness factor we need to decrease the cache
affinity factor to give remote processors an equal chance
for acquiring the lock. Therefore, although the new reac-
tive spin-lock takes fairness into account, its main target
is performance. Depending on applications, the new reac-
tive spin-lock may adaptively gain performance at the cost
of fairness.

Assume that in a period Dt there are N processors con-
currently executing the code with structure as in Fig. 1.
These processors start and end outside Dt. That means
we are interested in the fairness for periods Dt in which
all N processors are concurrently and continuously compet-

ing for the lock.

Definition 7. Let ni be the number of times each of N

processors pi has successfully acquired a lock in a period
Dt. Fairness of the lock in the period can be computed
using the following formula:

fairnessDt ¼
P

ini

max
i

ni � N
ð16Þ

The lock that can keep its fairness in a shorter Dt is the
better.

This fairness formula satisfies all the desired properties
for fairness measures (Jain et al., 1984) consisting of popu-
lation size independence, scale and metric independence,
boundedness and continuity. Moreover, this chosen for-
mula is computationally simpler than those suggested in
Jain et al. (1984), which makes it more appropriate for
online evaluation.

Overhead and delay: In most systems, the latencies of
memory references vary with memory levels. Let the
latency of accessing L1 cache be a time unit, we have the
following definition:

Definition 8. The overhead of yielding a cached variable
such as a lock to another processor in order to achieve
good fairness is

overhead ¼ latency of remote memory reference
latency of L1 cache reference

ð17Þ
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Definition 9. The delay outside a critical section (DoCS) is
the time interval since the lock holder releases the lock in
the Exit section until the first attempt to re-acquire it in
the Entry section (cf. Fig. 1). The delay inside a critical sec-

tion (DiCS) is the time interval when the lock holder is in
the Critical section.

In the new spin-lock, the delays outside/inside a critical
section (DoCS/DiCS) are estimated by an individual pro-
cess when needed. In fact, DoCS and DiCS influence the
backoff delay strongly. If the backoff delay is chosen inac-
curately, the application performance degrades signifi-
cantly (cf. tts (TTSE with tuned thresholds) and tts0
(TTSE without tuned thresholds) in Fig. 2).

We have found a method to estimate the delay base by
DoCS:

The delay base for a lock l, basel, can be estimated by the

delay outside the corresponding critical section, DoCS, using

the following formula:
basel ¼
a � DoCS þ b

DoCS2
ð18Þ
where a and b are constants.
To see why this works, note that if the DoCS

approaches 0, i.e. the whole execution time of the applica-
tion is inside the critical section, the application should be
executed by only one processor to reduce the cost of trans-
ferring data among processors, i.e. basel!1. In this case,
the profit of concurrently executing non-critical sections on
processors is too small compared to the cost of transferring
critical data from one processor to another. On the other
hand, if the DoCS approaches infinity, a processor after
finishing its current iteration (cf. Fig. 1) should immedi-
ately yield the lock to other processors so that other proces-
sors can use the lock, i.e. basel � 0.3 In this case, without
knowledge of interference pattern among processes/proces-
sors the lock holder should immediately yield the lock to
others since he will almost not acquire the lock again due
to DoCS!1. Therefore, the function g(x) to compute
the delay base basel from DoCS has the following form:
y ¼ gðxÞ ¼ fnðxÞ
fnþkðxÞ

ð19Þ
where k P 1 is an integer and fn(x) = anxn + � � � + a1x1 +
a0.

On the other hand, the benefit of successfully acquiring
the lock, i.e. the period of using the lock locally, should not
be smaller than the overhead of yielding the lock to another
processor in order to support the fairness (cf. Definition 8).
Therefore, overhead 6 basel. If all processors keep the lock
in the minimum time basel = overhead to minimize Dt in
3 Accurately, basel = DiCS. Nevertheless, because DoCS!1, i.e DiCS

is too small compared with DoCS, we ignore DiCS, i.e basel � 0.
Definition 7, the time for the lock to visit all P � 1 other
processors and then come back to pi is

ðbasel þ transmission delayÞ � P
¼ ðoverhead þ overheadÞ � P ð20Þ
¼ 2 � overhead � P ð21Þ

If DoCS = 2 Æ overhead Æ P, this is an optimal situation.
This is because each processor pi always successfully
acquires the lock when it needs the lock, i.e. the lock comes
back to pi after DoCS, and all other processors can exploit
pi’s interval DoCS to successfully acquire the lock. There-
fore, the chart of the function g(x) must contain a point
M = (2 Æ overhead Æ P, overhead).

Moreover, when DoCS = overhead, which is small, in
order to support the fairness the basel should be long
enough so that the ticket/counter in the new algorithm
(Fig. 5) can be accessed by P � 1 other processors before
the current lock holder gets another ticket, i.e.

basel ¼ transmissiondelay � ðP � 1Þ ¼ overhead � ðP � 1Þ
ð22Þ

Therefore, the chart of function g(x) must contain a point
N = (overhead,overhead Æ (P � 1)).

Since the chart of g(x) must contain both points M and
N, the simplest form of g(x) that can satisfy this require-
ment is

y ¼ gðxÞ ¼ a � xþ b
x2

ð23Þ

where a, b are constants and can be found via points M and
N. Each lock l in a parallel application has its own base
basel, which is estimated once at the beginning via the delay
outside the corresponding critical section DoCS.

Applications using many small locks4: Timing functions
are costly and thus the new spin-lock should estimate basel

only for locks l with significant impact on the application
performance, i.e. those that are accessed many times during
application execution. Moreover, in order to avoid oscilla-
tion at the beginning of application, which may make basel

be estimated inaccurately, the new spin-lock starts to esti-
mate basel after an interval that is long enough for all pro-
cesses/processors to be able to acquire the lock l once. As
discussed above, the benefit of acquiring the lock should
be greater than the overhead of transferring the lock, so
each processor should keep the lock in a period not smaller
than overhead. Therefore, the new spin-lock starts to esti-
mate basel after an interval of 2 Æ overhead Æ P since the
beginning of the execution. In this initial interval, the
new spin-lock uses the ticket lock with proportional back-
off and basel is initialized to overhead. After the basel is esti-
mated, the new spin-lock uses the reactive spin-lock in
Fig. 5.
4 The small locks are locks that are used very few times and on which
contention level is low.
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7. Evaluation

Choosing non-arbitrating/arbitrating representatives: To
keep graphs uncluttered we chose an efficient representative
for each category (i.e. arbitrating and non-arbitrating).

We chose the ticket lock with proportional backoff
(TicketP) as the representative for the arbitrating lock since:

• the TicketP performs better than the MCS queue-lock5

when using application benchmarks Spark98 (cf.
Fig. 2) and SPLASH-2 (cf. Kumar et al., 1999), and

• from the fairness point of view, the TicketP is better
than the queue lock (cf. Fig. 2).

Although the ticket lock is considered not as scalable as the
MCS queue-lock, since in the former processes spin on cen-
tralized variables, this is not a performance issue for the
ticket lock on recent machines with cache-coherent support
as long as the backoff delay of the ticket lock is tuned well.
Moreover, the ticket lock gains further performance due to
its simplicity and fairness.

The implementation of ticketP was similar to Fig. 2 in
Mellor-Crummey and Scott (1991), where the time unit
was experimentally tuned for both the benchmarks and
the evaluation systems to achieve the best performance.

For non-arbitrating spin-locks, we chose as the repre-
sentative the TTSE with backoff parameters tuned for both
the benchmarks and the evaluation systems. The RH lock
in Radovic and Hagersten (2002) shows its advantages
compared to the TTSE lock only if the system has two
nodes and the latency of local memory references within
a node is much smaller than the latency of remote memory
references to the other node, which is not the case in our
experiments. The source code for TTSE was from Scott
and Scherer (2001).

Choosing application benchmarks: In order to compare
performance among different spin-lock algorithms, the
application benchmarks should have a highly contended
lock, which will noticeably promote efficient lock algo-
rithms (cf. Performance Goals for Locks in Culler et al.
(1999)). Therefore, we chose as our application bench-
marks the shared memory program lmv from the Spark98
kernel (O’hallaron, 1997) and the following applications
from the SPLASH-2 suite (Woo et al., 1995): Volrend,
which uses one lock, instead of an array of locks QLock,
to protect a global queue, and Radiosity. The Spark98 ker-
nel computes sparse matrix vector products coming from a
family of three-dimensional finite element earthquake
applications (O’hallaron, 1997). The Volrend application
renders a three-dimensional volume using a ray casting
technique (Woo et al., 1995). The Radiosity application
computes the equilibrium distribution of light in a scene
using the iterative hierarchical diffuse radiosity method
5 The MCS queue-lock performance is comparable with those of other
queue-locks (Mellor-Crummey and Scott, 1991; Scott and Scherer, 2001).
(Woo et al., 1995). Both Volrend and Radiosity have
highly unstructured access patterns to irregular data struc-
tures (Woo et al., 1995). The Radiosity application has a
special feature different from the Spark98 and the Volrend:
it has too many small locks besides some high contention
locks. Therefore, the Radiosity is a ‘‘malicious’’ benchmark
for sophisticated spin-lock algorithms like the new reactive
spin-lock. The input data for the benchmarks were
sf5.1.pack for the Spark98, head.den for the Volrend and
-room option for the Radiosity, which are the largest data
sets available for the Spark98 and the Volrend, and the rec-
ommended data set for the Radiosity.

Platforms used in the evaluation: The main system used
for our experiments was a ccNUMA SGI Origin2000 with
twenty eight 250 MHz MIPS R10000 CPUs with 4MB L2
cache each. The system ran IRIX 6.5 and it was used exclu-
sively. In the system, each thread ran exclusively on one
processor. The system latencies of memory references are
available in Laudon and Lenoski (1997).

We also used as an evaluation platform a popular work-
station with two Intel Xeon 3 GHz CPUs with 1MB L2
cache each. The workstation ran Linux kernel 2.6.8. Since
each Xeon processor with hyper-threading technology can
concurrently execute two threads, the workstation can con-
currently execute four threads without preemption. The
system latencies of memory references are available in
Besedin (2005).

We compared our new reactive spin-lock with TTSE

and TicketP, both of which were manually tuned for each
application benchmark on each platform. The tuned
parameters for both are presented in Fig. 6. Contention
on the lock was varied by changing the number of partici-
pating processors/threads. The execution times of the
application benchmarks were measured.
7.1. Results

The new reactive spin-lock in Fig. 5 is used in all locks
generating high contention. Such locks play a significant
role in application execution time and promote efficient
spin-lock algorithms. Working on such high contention
locks, processes always have to delay between two consec-
utive attempts to acquire the lock. The new reactive spin-
lock utilizes the delay interval to compute a reasonable
value for the next delay. This is the reason why the new
reactive spin-lock is actually efficient even though it
appears quite heavy compared with the non-arbitrating/
arbitrating representatives.

Fig. 7 shows the average execution times of applications
Spark98, Volrend and Radiosity using TTSE (tts), TicketP

(ticket) and the new reactive spin-lock (reactive) on the SGI
platform. All the three charts show that the new reactive
spin-lock approaches the best performances, which are
the tts performance in the case of Spark98 and the ticket
performance in the cases of Volrend and Radiosity. Note
that the new reactive algorithm without tuning performed



Fig. 6. The table of manually tuned parameters for TTSE and TicketP in
Spark98, Volrend and Radiosity applications on the SGI Origin2000 and
the Intel Xeon workstation, where be, le are respectively TTSE’s delay base

and delay upper limit for exponential backoff, and bp is TicketP’s delay

base for proportional backoff delays. The be, le and bp are measured by the
number of null-loops.
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similarly to the better of two representatives with manual

tuning of non-arbitrating and arbitrating categories.
In the left chart on the Spark98 execution times, the

reactive spin-lock approaches the best one, the TTSE.
The reason why on the Spark98 TTSE is better than Tic-

ketP is as follows. In the Spark98, the DoCS is not large
and thus the Spark98 benchmark favors the spin-lock that
exploits the locality, i.e. non-arbitrating spin-locks. With
the large values be = 50,000 and le = 650,000 (cf. Fig. 6),
contention on the lock was kept low and the lock holder
could re-acquire the lock and re-use the shared resource
many times before the other processors re-tried to acquire
the lock. This saved the time for transferring the lock as
well as the shared data to another processor, the time for
reading and writing data and the time for re-acquiring
the lock because everything was cached locally. For the
arbitrating spin-lock such as TicketP, all processors were
in a waiting queue. Regardless of whether the distance
between two consecutive processors in the waiting queue
was too far, the lock and the shared data were transferred
back and forth on the interconnect network, degrading the
performance of TicketP on the Spark98.

In the new spin-lock, the necessary backoff delay was
computed reasonably by the competitive online algorithm
that increased/decreased the backoff delay just enough to
alleviate contention on the lock. That means the algorithm
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Fig. 7. The execution time of Spark98, Volrend and
tried to keep changes as small as possible compared with
the initial value. The initial value was large due to the small
delay outside the critical section (cf. Section 6). Since the
new reactive spin-lock is a non-arbitrating spin-lock, it
got benefit from exploiting the locality like TTSE.

In the middle chart on the Volrend execution times, the
reactive spin-lock still approaches the best one, the
TicketP. The reason why on the Volrend TicketP is better
than TTSE is as follows. Since the high contention lock in
the Volrend has large DoCS and small DiCS, TTSE’s back-
off delay had to be small to minimize the interval from the
last lock release to the next lock acquisition. Therefore, the
Volrend had be = 400 and le = 1400 (cf. Fig. 6), which are
too small compared with those in the Spark98. TTSE spin-
ning the lock with such a high frequency generated high
contention on the lock, degrading performance of the
whole system as mentioned in Anderson (1990), Anderson
et al. (2003), Kägi and Goodman (1997), Kumar et al.
(1999) and Mellor-Crummey and Scott (1991). Therefore,
the Volrend benchmark favored arbitrating locks such as
TicketP, which reduced overhead due to the arbitration
among processors and thus reduced contention on the lock.

However, the Volrend did not degrade the new reactive
spin-lock performance, a non-arbitrating spin-lock. This is
because the reactive spin-lock automatically and reason-
ably adjusted the backoff delay delayi for each processor
pi according to contention on the lock, keeping contention
on the lock low. On the other hand, the fact that the initial
delay for each processor pi was proportional to the ticket

that pi obtained prevented partly processors from concur-
rently observing a free lock. These helped the new reactive
spin-lock solve problems caused by high contention situa-
tion on the lock, which degraded the TTSE performance.

Similar to the Volrend, the Radiosity benchmark shows
that even applications with many small locks as Radiosity
could not stop the reactive spin-lock algorithm from
approaching the best performance, the TicketP perfor-
mance.

When the number of processors increases from 4 to 12,
the contention is still low enough for the three application
benchmarks to gain performance on the increase of partic-
ipating processors (as behavior of real parallel applica-
tions). At these contention levels, the hand-tuned TTSE is
the best for all the applications and the new self-tuning
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Radiosity applications on the SGI Origin2000.
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Fig. 8. The execution time of Spark98, Volrend and Radiosity applications on a workstation with 2 Intel Xeon processors.
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spin-lock approaches the best. Note that in order to be the
best, TTSE must be manually tuned for each application
and each platform (cf. Fig. 6) whereas the new spin-lock
approaches the best without the need of hand-tuned
parameters. Without the hand-tuned parameters, the per-
formance of TTSE significantly degrades: it is even two
times worse than the performance of TicketP in the
Spark98 application (cf. tts0 in the left chart of Fig. 2).

Experiments on the Intel platform showed a similar
result: the new spin-lock performed as well as the best rep-
resentative (cf. Fig. 8). On this platform, performances of
well-tuned TTSE and TicketP were similar for Volrend
and Radiosity and were slightly different for Spark98. In
the Spark98 benchmark, the new spin-lock still performed
as the best. Although the benchmarks did not scale on the
Intel platform due to their highly contended locks, the
result is still interesting since it shows how well the new
spin-lock automatically tuned itself on different architec-
tures compared with manually tuned spin-locks.

In summary, the experiments on different platforms
showed that the new reactive spin-lock, without need of
manually tuned parameters, reacted well to contention var-
iation as well as to a variety of applications. This helped
the applications using the new reactive spin-lock approach
the best performance gained by TTSE and TicketP, the
spin-locks that were manually tuned for both each applica-
tion and each platform.

8. Conclusions

We have presented a new reactive spin-lock that is com-
pletely self-tuning, namely neither experimentally tuned
thresholds nor probability distributions of inputs are
required. The new spin-lock combines advantages of both
arbitrating and non-arbitrating spin-locks. These features
are achieved by a competitive algorithm for adjusting the
backoff delay adaptively to contention on the lock. More-
over, the new spin-lock also adapts itself to synchroniza-
tion characteristics of applications to keep its good
performance on different applications. Experimental results
have showed that the new self-tuned spin-lock achieves as
good performance as the best of hand-tuned spin-lock rep-
resentatives in the literature does, on various applications
and various platforms.
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