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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 synchroniza-
tion, since they can help applications achieve good perfor-
mance in all possible contention conditions. However, in
existing reactive spin-locks the reaction relies on (i) some
fixed experimentally tuned thresholds, which may get fre-
guently inappropriate in dynamic environments like multi-
programming/multiprocessor systems, or (ii) known proba-
bility distributions of inputs.

This paper presents a new reactive spin-lock algorithm
that is completely self-tuning, which means no experimen-
tally tuned parameter nor probability distribution of inputs
are needed. The new spin-lock is based on both synchro-
nization structures of applications and a competitive online
algorithm. Our experiments, which use the Spark9o8 kernels
and the SPLASH-2 applications as application benchmarks,
on a multiprocessor machine SGI Origin2000 and on an In-
tel Xeon workstation show that the new self-tuning spin-lock
helps the applications with different characteristics nearly
achieve the best performance in a wide range of contention
levels.

1 Introduction

sidered high was suggested in [10].

However, these reactive spin-locks suffer some draw-
backs. First of all, their reactive schemes rely on either
some experimentally tuned thresholds or known probabil-
ity distributions of some inputs. Sudixed 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 charac-
teristics of applications and thus they are inefficient for dif-
ferent applications. We observe that characteristics of ap-
plications such as delays inside/outside the critical sections
have a large impact on which spin-lock will help the appli-
cations achieve the best performance. Lim’s reactive spin-
lock [10], which switches ta@"T'SE [2] when contention is
low and to MCS queue-lock [11] when contention is high,
was showed inefficient to some real applications [8]. A
good reactive spin-lock should not only react to the con-
tention variation on lock, but also adapt to a variety of ap-
plications with different characteristics.

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

We classify spin-locks into two categoriesrbitrat-
ing locks such as ticket-locks and queue-locks awah-

Multiprocessor systems aim at supporting parallel com- arbitrating locks such asl"AS locks. Arbitrating locks are
pu[ing environments, where processes are running concurlocks that identify who is the next lock holder in advance.
rently. In such parallel processing environments the inter- The rest of spin-locks angon-arbitrating locks.
ferences among processes are inevitable. Many concur- Arbitrating locks and non-arbitrating locks each have
rent processes may cause high traffic on the system busheir own advantages. Arbitrating locks prevent processors
(or network), high contention on memory modules and high from causing bursts in network traffic as well as high con-
load on processors; all these slow down process executionstention on the lock. This is because they avoid the situation
These interferences generate a variable and unpredictabléhat many processors concurrently realize the lock available
environment to each process. Such a variable environmentnd thus concurrently try to acquire the lock [2, 1, 6, 8, 11].
consequently affects interprocess-synchronization methodAlthough the advantages of arbitrating spin-locks have
like spin-locks. Some complex spin-locks such as MCS been studied so widely, the following advantages of non-
gueue-lock are good for high-load environments, whereasarbitrating spin-locks have not been studied deeply. Non-
others such atest-and-test-and-set lock are good for low-  arbitrating locks have two interesting properties: i) toler-
load environments [10]. This fact raises a question on con-ance to crash failures in the lock-competing phaseFire
structing reactive spin-locks that can adapt to load variationtry section in Figure 1, and ii) ability of exploitingocal-
in their surrounding environment so as to achieve good per-ity/cache and the underlying system supports such as page
formance in all conditions. migration [9]. The lock holder can re-acquire the lock and

There exist reactive spin-lock algorithms in the litera- re-use the exclusive shared data many times before the lock
ture [2, 10]. Spin-lock using thiest-and-test-and-set oper- is acquired by another processor, saving time used for trans-
ation with exponential backoff[{T'SF) [2] is an example:  ferring the lock and the shared data from one to another.
every time a waiting process reads a busy lock, i.e. there isFrom experiments we observe that the non-arbitrating locks
probably high contention on the lock, it will double its back- is favored by applications with the critical section much
off delay in order to reduce the contention. Another reactive larger than the non-critical section (cf. Figure 1) to exploit
spin-lock that can switch from spin-lock usid§l’'SE to a locality/cache whereas the arbitrating locks is favored by
complex local-spin queue-lock when the contention is con- ones with the critical section much smaller than the non-



while true do Noncritical section; Entry section; Critical section; Exit section; od

Figure 1. The structure for parallel applications

critical section to avoid bursts both in network traffic and The rest of this paper is organized as follows. Section 2
in memory contention. This implies that characteristics of describes the problem and then models it as an online prob-
a specific application can decide which kind of locks helps lem. Section 3 presents a hew competitive algorithm for
the application achieve better performance. (Further discus+eactive spin-locks. Section 4 presents correctness proofs
sions on the advantages of both lock categories continue inof the new spin-lock. Section 5 presents a heuristic for the

Section A.1)) new reactive spin-lock to adapt to synchronization charac-
teristics of applications. Section 6 presents the performance
1.1 Contributions evaluation of the new reactive spin-lock and compares the

spin-lock with the representatives of arbitrating and non-

. , , ) arbitrating spin-locks using the application benchmarks. Fi-

_ We deS|gne_d and |mpl_emented a new reactive Spln'IOCKnaIIy, Section 7 concludes this paper. Another section that

with the following properties: describes our problem analysis, which led and motivated
this work, can also be found in the Appendix. We think this

e It is completely self-tuning: neither experimentally section can be of interest by itself

tuned parameters nor probability distributions of in-

puts are needed. The new reactive scheme automat-

ically adjusts its backoff delay reasonably according 2 Problem and model

to load on the lock as well as characteristics of appli-

cations. The scheme is built on a competitive online  The theoretical model of parallel applications in our re-

algorithm. What it needs from the system is only the search is typically described as a set of threads with the

ratio of the latency of remote memory reference to the structure shown in Figure 1 [1]. We consider a system

Iatency of level 1 cache reference, which is available with P sequential processes running Brprocessors. We

in documents about the system architecture. assume that each process runs on one processor, which is
common in recent systems such as SGI Origin2000. In this

e Itcombines the advantages of both arbitrating and non-case, we do not need to switch the process state from spin-

arbitrating spin-locks. In order to achieve this prop- ning to blocking in theEntry section (cf. Figure 1), i.e. there
erty, the new spin-lock does not useict arbitrations s no context-switching cost in the spin-lock overhead [7].
like ticket-locks, but instead introducesl@se form First of all, we determine the upper/k)wer bounds of
of arbitration. This allows the spin-lock to be able to packoff delays between two consecutive spins. Let “delay
exploit locality. Combining doose arbitration with @ base”base; of a lock! be the average interval in which the
suitable reactive backoff scheme helps the new spin-jock holder keeps the lock locally before yielding it to an-
lock achieve the advantages of the both categories.  other process. In order to obtain a high probability of spin-
ning a free lock, a backoff delagelay; between two con-

In addition to proving the correctness of the new spin- secutive spins of a procegs on the lock! should not be
lock, in order to test its feasibility we ran experiments us- smaller tharbase;, base; < delay;. On the other hand, ac-
ing Spark98 kernels [12] and SPLASH-2 applications [15] ¢ording to Anderson [2] the upper bound for backoff delays
as application benchmarks on an SGI Origin2000, a well- shouid equal the number of processes potentially interested
known commercial ccNUMA system, and on a popular jn acquiring the lock so that the backoff has the same per-
workstation with two Intel Xeon processors. These experi- formance as statically assigned slots when there are many
ments showed that in a wide range of contention levels thegyinning processes. This implidslay; < P - base;, where
new reactive spin-lock performed nearly as well as the best, p js the number of processes potentially interested in ac-
which was manually tuned for each benchmark on each sys+yiring the lock. In conclusion,
tem.

The synchronization primitives related to our algorithms base; < delay; < P - base; 1)
are fetch-and-add (FAA) and compare-and-swap (CAS),
which are available in most recent systems either in hard-wheredelay; is a time-varying measure.
ware like Intel, Sun machines or in software like SGI ma-  Secondly, we look at the problem of how to compute a
chines. The definitions of the primitives are described in reasonabl@elay; for the next backoff every time a waiting
Figure 2. processp; observes a busy lock. In tHET'SFE spin-lock



TAS(z) atomically{ oldx — x; x < 1;return oldz; } I* init: x «— 0*/
FAA(x,v) atomically { oldx — x; x — x + v; return(oldz) }
CAS(z, old, new) atomically { if(x = old) then z «— new; return(true); elsereturn(false); }

Figure 2. Synchronization primitives, where z is a variable and v, old, new are values.

[2], the backoff delaydelay; is doubled up to some limit  However, there is no way for processes to know that infor-
every time a waiting process reads a busy lock. In fact, mation, the information about the future in an unpredictable
the backoff scheme in th& T SE spin-lock comes from  environment.
Ethernet's backoff scheme for networks with characteristics  \ve are interested in designing a deterministic online
different from spin-locks. In networks the cost to a col- g|gorithm against a malicious adversary for the spin-lock
lision is equal and independent of the number of processesyroplem. In such kind of problems, randomization cannot
whereas in the spin-locks the cost depends on the number ofmprove competitive performance [5]. For deterministic on-
participating processes [2]. Therefore, the backoff schemejine algorithms the adversary with the knowledge of the al-
in T'T'S E spin-lock is not competitive and its performance gorithms generates the worst possible input to maximize the
heavily relies on how well its base/limit values are chosen. competitive ratio. The adversary creates transaction phases
In the rest of this section we analyze the problem and that fool the player, a process competing for the lock, to in-
then model it as an online game between a malicious adver¢rease/decrease his delay incorrectly. This makes the player

sary and a player. end up with a bad result whereas the adversary still achieves
Let “delay surplus’surplus; of a procesp; be the best result.
surplus; = (P - base; — delay;) (2) Figure 3 illustrates how the adversary can create such

transaction phases. Assume that the adversary degigss

an optimal load-point to increase the delay dnds an op-
timal load-point to decrease the delay. Since the adversary
Definition 2.1. Aload-rising (resp. load-dropping) transac- has both knowledge of the deterministic algorithm used by
tion phasds a maximal sequence of processes’ subsequent the player and full control on creating load inputs, the ma-

We have0 < surplus; < (P — 1) - base; . Like delay;,
surplus; is a time-varying measure.

visits at the lock with monotonic non-decreasing (resp. non- licious adversary can add a sequence of load-rising points
increasing) contention level on the lock!. A load-rising < a; <ay < --- < a, < Athat fools the player
phase ends when a decrease in contention is observed. At to increase his delay up to the maximum before the load
that point, a load-dropping phase begins. reachesA (i.e. to fool the player to increase his delay too

Our goal is to design a reactive non-arbitrating spin-lock soon). When the player observes a load increase on the lock,

whose backoff delay (or delay in short) is dynamically and he yviII increase his delay _according to his determin.istic al-
optimally adjusted to contention variation on the lock. This 90rithm, and eventually his delay reaches the maximum at
implies that we need to minimize two opposite factors: i) SOMe poink; before the load reaches point
the delay between a pair of lock release and lock acqui- The goal of online/offline algorithms is to maximize
sition due to the backoff and ii) the communication band- P = ;.7 Asurplus;, - I, for each transaction phase
width used by spinning processes as well as the load on thel’;, wherel, is the load at time € T); and Asurplus; ¢ iS
lock. the additional amount of surplus that the player/proggss
This is an online problem. Whenever a spinning pro- spends atloadl. The idea behind this goal is to put a longer
cesgp; observes a load increase on the lock, it has to decidedelay at a higher contention level reasonably. For the game
whether it should increase itslay; now. If it increases its  in Figure 3, the adversary achieves the best valuat A
delay too soon, it will waste time on a long backoff delay since he will use all his surplus “budget{’P — 1) - base;,
when the lock becomes available. If it does not increase itsat the suitable load-poimt wherel, becomes maximum in
delay in time, it will cause the same problems as spin-lock the load-rising transaction pha%g. That means the player
usingT'TS such as high network traffic, high contention increases his delay too soon, wasting time on a long backoff
on the lock, which consequently delay the lock holder to delay when the lock becomes available.
release the lock. If the process knew in advance how con-  Similarly, the adversary can fool the player on the load-
tention on the lock would vary in the whole competing pe- dropping phase froml to B by adding a sequence of load-
riod, it would have been able to find an optimal solution. dropping pointsh; > b, > --- > b,, > B. When the
1The contention level on a lock is measured by the number of processesPlayer observes a load decrease on the lock, he decreases
that are competing for the lock, cf. Section 3. his delay, and eventually his delay reaches the minimum at




load

e When increasing delay, increapsst enough to keep

o A the competitive ratia: = P — 57, even if the
e Tl b2 - load drops to the minimum in the next observation.
az2.-~’
s o The amount of time by which the delay should increase
B is:
load-rising phase:  load-dropping phase
time _ -
Adelay = Asurplus = initSurplus - 1 load — load . 3)
c load — 1
Figure 3. The transaction phases of con- whereinitSurplus is surplus at the beginning of a load-
tention variations on the lock. rising transaction phasépad is the present load on the

lock observed by the player, anoad™ is the highest load
on the lock before the present observation (cf. procedure
some poinb; before the load reaches poit That means  Surplus2Savings in Figure 4).
the player decreases his delay too soon, causing high net- The online algorithm is presented via pseudocode in Fig-
work traffic and high contention on the lock. ure 4. Every time a new load-rising transaction phase starts,
Lastly, we determine upper/lower bounds of Idadn the valueinitSurplus is set to the last value ofurplus
the lock. Load on the lock is the number of processes cur-in the previous transaction phase (lines C2, C3). At the
rently waiting for the lock, i.el; < P. Onthe otherhand,a beginning of a transaction, load on the lock is initialized
process needs to delay only if it could not acquire the lock, to counter anddelay = counter - base;, Wwherecounter,
sowe havd <[, < P. a sort of ordering tickets, shows how many processes are
In summary, the spin-lock problem can be described competing for the lock. Theounter is obtained when
as the following online game. With known upper/lower the process reads the lock at the first time (line Al). Each
bounds of load; on the lock] < I, < P, the player process chooses an initisdrplus with respect to its own
(a process;) needs to spend his initial delay surplus (e.g. ticket/counter (line A2)
(P —1) - basey) atl; efficiently. Load!l, are unfolded on-
the-fly and when a new valug is observed, a new period inatSurplus = (P — counter) - base; 4)
starts. Given a current load value, the player has to decide
how much of his delay surplus should be spent at the cur-This helps the new spin-lock partly prevent processes from
rent load, i.e. how much his current backoff delay should concurrently observing a free lock, the worst situation for

be lengthened at the current load. non-arbitrating spin-locks.
Symmetrically, in a load-dropping phase the amount of
3 Thealgorithm 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 lotkad, which is
decreasing, is replaced by the invel%ggz (cf. procedure
Savings2Surplus).

Finally, we briefly explain the whole spin-lock algorithm
via pseudocode in Figure 4. 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 used a single-word variable to contain
both the lock and the counter (dfockT ype in Figure 4).

A procesg; calls proceduredcquire(L) when it wants
to acquire lockL. The structure of the procedure is similar
to the spin-lock using™1'S except for the ways to compute
the delay and to update the lock. Firgt,increases both
values(lock, counter) by 1 (line A1). The lockL has been
occupied if L.lock # 0. When spinning the lock locally
(line AB), if p; observes a free lock, i.B.lock = 0, it will
e The delay is increased only when load on the lock is try to acquire the lock by increasing only fieldlock by 1

the highest so far in the present transaction phase. (field L.counter is kept intact, line A7). It will successfully

In order to play against the malicious adversary, the
player needs aompetitive online algorithm for comput-
ing his backoff delay. When load on the lock increases,
the player has to reduce his delay surphkus;plus, by ex-
changing it with another assest callethings. When load
on the lock decreases, he increasesplus by exchanging
this savings back tosurplus.

The idea of our spin-lock algorithm is as follows. Dur-
ing a load-rising phasé;, when the player observes a load
increase on the lock, he increases his dglst 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 thethreat-based method of [5]. The online al-
gorithm for computing the delay can be described by the
following rules:



acquire the lock if no other processes have acquired the lock_emma 3.1. In each load-rising/load-dropping phase, the

in this interval, i.e.cond.lock = 0 (line A8).

Proces9); calls procedurdielease() when releasing the

new deterministic spin-lock algorithm is competitive with
competitive ratio c = P — b7t = O(log P), where P

lock. The procedure has to do two tasks atomically: i) resetisthe number of processes potentially interested in the lock.

thelock field and ii) decrease th@unter field by 1. The
C AS primitive can do these tasks atomically (line R2).

type LockType = record lock, counter : [1..Max Procs); end;
LockStruct =record L : LockType; base : int; end;
InfoType =record load™ : [1..MaxProcs];
phase : {Rising, Dropping};
surplus, initSurplus :int;
savings, initSavings : int; end;
privatevariablesin fo : InfoType;
ACQUIRE(LockStruct pL)
Al L := FAA(&pL.L,(1,1)); /llincrease counter,try to take lock
if L.lock then //lock is occupied

A2  info.initSurplus := info.surplus :=
(P — L.counter) - pL.base; llinitialize variables
info.initSavings := info.savings :=

(L.counter - pL.base) - L.counter;
A3 delay := ComputeDelay(info, L.counter, pL.base);
cond := (1, 0); //conditional variable for while loop

do
A4 sleep(delay);
A5 L = pL.L;/lread lock again
A6 if L.lock then //lockis still occupied
delay := ComputeDelay(info, L.counter);
continue;
A7 cond = FAA(&pL.L, (1,0)); /ltry to take lock

A8  whilecond.lock;

int COMPUTEDELAY (InfoType I, intload, int base)
FirstInPhase := False;
if I.phase = Rising and load < I.load™ then
Cl I.phase := Dropping; I.initSavings := I.savings;
FirstInPhase := True,
elseif I.phase = Dropping and load > I.load™ then
C2 I.phase := Rising; I.initSurplus := I.surplus;
FirstInPhase := True;
C3 if I.phase = Rising then
Surplus2Savings(I,load, FirstInPhase);
C4 ese Savings2Surplus([, m, FirstInPhase);
C5 I.load™ := load,
C6 return (P - base — I.surplus);

SURPLUS2SAVINGS (InfoType I, int load, bool FirstInPhase)
X := I.surplus; initX := I.initSurplus; Y := I.savings;
rXY :=load, r XY~ := I.load™;
if FirstInPhase then

ifrXY > mXY - C then //mXY: lower bound of rXY

S1 AX = initX - & - ZXXEmXY O /C: comp. ratio
else

S2  AX :=initX - & - XXX
S3 I.surplus := I.surplus — AX,;

I.savings := I.savings + AX - rXY,

SAVINGS2SURPLUS (In foType I, ﬁ, bool FirstInPhase)
/* Symmetric to procedure Surplus2Savings with:

X := I.savings; initX := [.initSavings,

— T sur o — 1 . - . .

Y := Lsurplus; rXY = 5.7 XY™ = I.lolad_ xl
RELEASE (LockType pL)
R1 doL :=pL.L;
R2 whilenot CAS(&pL.L, L, (0, L.counter — 1));

/Irelease lock & decrease counter

Figure 4. The Acquire and Release proce-

dures

Proof. The proof is similar to that of the threat-based policy
in [5] and is let out due to space constraints. O

Theorem 3.1. The new spin-lock algorithm guarantees mu-
tual exclusion and non-livelock. Its space complexity is
O(log P) for systemswith P processors.

Proof. The proof can be found Section 4. O

4 Correctness

The correctness of the new algorithm follows almost
straightforward from its description. In particular, due to
the atomicity properties af'AA andC AS, we have that:

Lemma 4.1. The number of processors currently waiting
for thelock L.counter is counted correctly.

Lemma4.2. The space need for thelock field of LockType
islog(P) for systemswith P processors.

Proof. Let At denote an interval since the fieldck of a
lock L is increased to 1 at lind1 or A7 until it is reset to
0 at line R2. In At, a processop; can increase the field
lock by at most one. Indeed, jif increasesock by 1 at line
Al or A7, it no longer increase®ck at line A7 because
line A7 is executed only ifock = 0 (line A6); it cannot
also increaséock at line A1 because each processor only
executesd1 once at the beginning of procedudequire.
Therefore, inAt thelock field is increased by at mo#t.
That means the value of the lock field is never greater than
P, the number of processors. O

Lemma 4.3. The new reactive spin-lock allows only one
processor to enter the critical section at a point of time.

Proof. A processomp; can enter the critical section only if
the lock field of the value that; gets fromF A A primitive

at line A1 or A7 is 0. Due to the atomicity properties of
F A A primitive, at one point of time at most one processor
can observe that the lock fieldisand can become the lock
holder. Only when the lock holder exits the critical section,
the field is reset t@ (line R2), allowing another processor
to enter the critical section. O

These lemmas imply the following theorem:

Theorem 4.1. The new spin-lock algorithm guarantees mu-
tual exclusion and non-livelock. Its space complexity is
O(log P) for systemswith P processors.



5 Estimating the delay bases

So far we have assumed that the basic intebwat; in
which a procesp; keeps the locklocally before yielding it

Definition 5.2. Overheadof yielding a cached variable
such asalock to another processor in order to achieve good
fairnessis:

latency of remote memory reference

to other processes is known. This section describes how the overhead =
new spin-lock estimates these; based on characteristics
of each parallel application such as delays outside/inside the

corresponding critical section (cf. Definitions 5.3). Definition 5.3. Delay outside a critical section (DoC&)
Like the delay base in the TT'SE spin-lock, thebase; theinterval sincethelock holder releasesthelock in the Exit

is just a basic value at the beginning from which the on- section until the first attempt to re-acquire it in the Entry

line algorithm in Section 3 starts to adjust the backoff delay section (cf. Figure 1). Delay inside a critical section (DiCS)

according to contention variation. Instead of forcing pro- jstheinterval when thelock holder isin the Critical section.
grammers to tune the value manually, the new spin-lock es-

timates the value automatically.
First, we define terms used in this section.

latency of L1 cache reference
(6)

In the new spin-lock, the delays outside/inside a criti-
cal section DoCS/DiCS) are estimated by an individual
process when needed. In faflpC'S and D:C'S influence
the backoff delay strongly. Figure 8 shows that application
éperformance degrades significantly if the backoff delay is
chosen inaccurately (cfts (T7'S E with tuned thresholds)
Qndttso (T'T'S E without tuned thresholds) in Figure 8).

We have found a reasonable heuristic to estimate the de-

Fairness: In order to evaluate fairness of spin-locks, we
consider them on applications whose threads do the sam
task but on different data. Fairness is introduced to evalu-
ate unbalanced situations where a thread may successfull
acquire the lock many times more than the others may. Fair-
ness is an interesting aspect of spin-lock algorithms, which lay base byDoC'S.
may help the application gain performance in multiproces-
sor systems by utilizing all processors concurrently in high- The heuristic.  The delay base for a lock [, base;, can be
load cases. Since threads cannot make any progress wheggtimated by the delay outside the corresponding critical
waiting for the lock, only the lock holder utilizes one of section, DoC'S, using the following formula:
system processors. If the lock holder continuously and suc-
cessfully re-acquires the lock, only one processor will be
used for useful task. In contrast, if the spin-lock is so fair
that each thread can acquire the lock in turn, all threads will \ypere ¢ and b are congtants.
concurrently utilize system processors to execute their non-  |ngeed, if the DoCS approaches 0, i.e. the whole exe-
critical section task in parallel (cf. Figure 1). cution time of the application is inside the critical section,
Assume that in a periodit there arelV processors con-  the application should be executed by only one processor
currently executing the code with structure as in Figure 1. to reduce the cost of transferring data among processors,
These processors start and end outeide That means we  j e pase; — oo. In this case, the profit of concurrently
are only interested in the faimess for peridiisinwhich all - executing non-critical sections on processors is too small
N processorsre concurrently and continuously competing  compared to the cost of transferring critical data from one
for the lock. processor to another. On the other hand, if the DoCS ap-
proaches infinite, a processor after finishing its current it-
eration (cf. Figure 1) should immediately yield the lock to
other processors so that other processors can use the lock,
i.e. base; ~ 0 2. In this case, without knowledge of inter-
ference pattern among processes/processors the lock holder
should immediately yield the lock to others since he will al-
®) most not acquire the lock again dued@C'S — oc. There-
fore, the functiong(xz) to compute the delay badese;
from DoC'S has the following form

. y = glo) = L2
Overhead and delay: In most systems, the latencies of frtk ()
memory rEferen.CeS vary with memo.ry leve_ls' Let the la- 2Accurately,base; = DiCS. Nevertheless, becauggoC'S — oo,
tency of accessing L1 cache be a time unit, we have thej ¢ pics is too small compared witDoC'S, we ignore DiCS, i.e
following definition:

a-DoCS +b

DoCS2 (")

base; =

Definition 5.1. Call n; the number of times each of N pro-
cessors p; has successfully acquired a lock in a period At.
Fairnesof the lock in the period can be computed using the
following formula:

>N

fairnessay =
max; n; - N

The lock that can keep its fairness in a shorris the
better.

®)

base; ~ 0



wherek > 1is aninteger ang,, () = a,2"+- - -+ajz' +
ag

processor should keep the lock in a period not smaller than
overhead. Therefore, the new spin-lock starts to estimate

On the other hand, the benefit of successfully acquiring base; after an interval of-overhead- P since the beginning

the lock, i.e. the period of using the lock locally, should

of the execution. In this initial interval, the new spin-lock

not be smaller than the overhead of yielding the lock to an- yses the ticket lock with proportional backoff abdse; is

other processor in order to support the fairness (cf. Defini-

tion 5.2). Thereforegverhead < base;. If all processors
keep the lock in the minimum timéuse; = overhead to
minimize At in Definition 5.1, the time for the lock to visit
all P — 1 other processors and then come back;tis

(base; + transmission delay) - P
= (overhead + overhead) - P = 2 - overhead - P

If DoCS = 2 - overhead - P, this is an optimal situa-
tion. This is because each procesgpralways success-
fully acquires the lock when it needs, i.e. the lock comes
back top; after DoC'S, and all other processors can ex-
ploit p;’s interval DoC'S to successfully acquire the lock.
Therefore, the chart of functiog(z) must contain a point
M = (2 - overhead - P, overhead).

Moreover, whenDoC'S = overhead, which is small,
in order to support the fairness tlhese; should be long
enough so that the ticket/counter in the new algorithm (Fig-
ure 4) can be accessed By 1 other processors before the
current lock holder gets another ticket, i.e.

base; = transmission delay - (P — 1)
= overhead - (P — 1)

Therefore, the chart of functiog(z) must contain a point
N = (overhead, overhead - (P — 1)).

Since the chart ofi(x) must contain both pointd/ and
N, the simplest form of;(x) that can satisfy this require-

ment is )
a-x+
5 9)

wherea, b are constants and can be found via poittand
N. Each lockl in a parallel application has its own base

base;, which is estimated once at the beginning via the de-
lay outside the corresponding critical sectibaC'S.

y=g(z)= -

Applications using many small locks 3: Timing func-

initialized to overhead. After the base; is estimated, the
new spin-lock uses the reactive spin-lock in Figure 4.

6 Evaluation

Choosing non-arbitrating/arbitrating representatives :
To keep graphs uncluttered we chose an efficient representa-
tive for each category (i.@rbitrating andnon-arbitrating).

We chose the ticket lock with proportional backoff
(TicketP) as the representative for trebitrating lock
since: i) theT'icket P performs well for application bench-
marks Spark98 (cf. Figure 8) and SPLASH-2 (cf. [8]) on
the main platform used in our study and ii) from the fairness
point of view, theTicket P is not worse than the queue lock
(cf. Figure 8). Although the ticket lock is considered not as
scalable as MCS queue-lock since the former processes spin
on centralized variables, this is not a performance issue for
the ticket lock on recent machines with cache-coherent sup-
port 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
ticket P was similar to Fig. 2 in [11], 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 represen-
tative theT'T'SE with backoff parameters tuned for both
the benchmarks and the evaluation systems. Ahelock
in [13] shows its advantages compared to THES E' lock
only if the system has two nodes and the latency of lo-
cal memory references within a node is much smaller than
the latency of remote memory reference to the other node.
Therefore, we think TTSE is a good representative. The
source code fof'T'SE was from [14].

Choosing application benchmarks In order to compare
performance among different spin-lock algorithms, the ap-

tions are costly and thus the new spin-lock should eStimatepIication benchmark chosen should have highly contended

base; only for locks! with significant impact on the ap-

lock, which will noticeably promote efficient lock algo-

plication performance, i.e. those are accessed many timegjthms (cf. Performance Goals for Locks in [4]). Therefore,

during application execution. Moreover, in order to avoid
oscillation at the beginning of application, which may make

we chose as our application benchmarks the shared memory
program using lock&nwv from the Spark98 kernel [12] and

base; be estimated inaccurately, the new spin-lock starts to 4,4 applications from the SPLASH-2 suite [15]: Volrend,

estimatebase; after an interval that is long enough for all
processes/processors to be able to acquire thellocdke.

which uses one lock, instead of an array of lo€kEock,
to protect a global queue, and Radiosity. Both Volrend and

As discussed above, the benefit of acquiring the lock ShOUIdRadiosity have highly unstructured access patterns to irreg-

be greater than the overhead of transferring the lock, so eac

3Thesmall locks are locks that are used very few times and on which
contention level is low.

h

ular data structures [15]. The Radiosity application has a
special feature different from the Spark98 and the Volrend:
it has too manysmall locks besides some high contention



locks. Therefore, the Radiosity is a “malicious” benchmark formed similarly to the better of two representatiwgish

for complex spin-lock algorithms like the new reactive spin- manual tuning of non-arbitrating and arbitrating categories.
lock. The input data for the benchmarks wergb.1.pack In the left chart on the Spark98 execution times, the re-
for the Spark98/.cad.den for the Volrend androom op- active spin-lock approaches the best one, fH&S E. The

tion for the Radiosity, which are the largest data sets avail-reason why on the Spark@B8I'SE is better tharlicket P

able for the Spark98 and the Volrend, and the recommendeds as follows. In the Spark98, thBoC'S is not large and
data set for the Radiosity. thus the Spark98 benchmark favors the spin-lock that ex-
ploits thelocality, i.e. non-arbitrating spin-locks. With the
large values. = 50000 andl. = 650000 (cf. Figure 5),
contention on the lock was kept low and the lock holder
could re-acquire the lock and re-use the shared resource

cache each. The system ran IRIX 6.5 and it was used ex-Many times before the other processors re-tried to acquire

clusively. In the system, each thread ran exclusively on oneth® 10ck. This saved the time for transferring the lock as
processor. The system latencies of memory references ard/€ll s the shared data to another processor, the time for

Platformsused in theevaluation: The main system used
for our experiments was a ccNUMA SGI Origin2000 with
twenty eight 250MHz MIPS R10000 CPUs with 4MB L2

available in [9].

We also used as an evaluation platform a popular work-
station with two Intel Xeon 3GHz 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 sys-

tem latencies of memory references are available in [3].
We compared our new reactive spin-lock wWitlt'SE

andT'icket P, both of which weramanually tuned for each

application benchmark on each platform. The tuned param-

reading and writing data and the time for re-acquiring the
lock because everything was cached locally. For the arbi-
trating spin-lock such a&icket P, 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
Ticket P on the Spark98.

In the new spin-lock, the necessary backoff delay was
computed reasonably by a competitive online algorithm that
increased/decreased the backoff dglagt enough to alle-

eters for both are presented in Figure 5. Contention on theViate contention on the lock. The algorithm tried to kept

lock was varied by changing the number of participating

changes as small as possible compared with the initial value.

processors/threads. The execution times of the application! N initial value was large due to the small delay outside

benchmarks were measured.
6.1 Results

The new reactive spin-lock in Figure 4 involved in all
locks with high contentich Such locks play significant
roles in application execution time and promote efficient
spin-lock algorithms. Working on such high contention
locks, processes always have to delay between two con

t

the critical section (cf. Section 5). Since the new reactive
spin-lock is a non-arbitrating spin-lock, it got benefit from
exploiting the locality like'T'SE.

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 Volreridicket P is bet-
terthanl"T'S E is as follows. Since the high contention lock
in the Volrend has larg®oC'S and smallDiC'S, TTSE's
backoff delay had to be small to minimize the interval from
he last lock release to the next lock acquisition. Therefore,

secutive accesses. The new reactive spin-lock utilizes they,. \/irend hadh, — 400 andl, — 1400 (cf. Figure 5),

delay interval to compute a reasonable value for the next

delay. This is reason why even though the new reac-
tive spin-lock appears quite heavy compared with the non-
arbitrating/arbitrating representatives, it is actually efficient.
Figure 6 shows average execution times of applica-
tions Spark98, Volrend and Radiosity usiftf’SE (tts),
Ticket P (ticket) and the new reactive spin-lockdactive)
on the SGI platform. All the three charts show that the
new reactive spin-lock approaches the best performance
which are theits performance in the case of Spark98 and
theticket performance in the cases of Volrend and Radios-
ity. Note that the new reactive algorithmithout tuning per-

4The new reactive spin-lock algorithm does not involve in locks with
low contention (cf. the last paragraph in subsection 5)

S

which are too small compared with those in the Spark98.
TTSE spinning the lock with such a high frequency gen-
erated high contention on the lock, degrading performance
of the whole system as mentioned in [2, 1, 6, 8, 11]. There-
fore, the Volrend benchmark favored arbitrating locks such
asTicket P, 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
$pin-lock performance, a non-arbitrating spin-lock. This is
because the reactive spin-lock automatically and reasonably
adjusted backoff delayelay; for each processaqr; accord-
ing to contention on the lock, keeping contention on the lock
low. On the other hand, the fact that the initial delay for each
processop; was proportional to theéicket thatp,; obtained



Spark98 Volrend Radiosity
TTSE/Origin2k | b, = 50000, [, = 650000 | b, = 400, [, = 1400 | b, = 200,l. = 1200
Ticket P/Origin2k | b, = 100 b, = 50 b, = 130
TTSE/Xeon be = 80,1, = 700 be = 50,1, = 350 be = 120,1, = 1100
Ticket PIXeon b, = 60 b, = 30 b, =90

Figure 5. 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 b., [, are respec-
tively TT'SE's delay base and delay upper limit for exponential backoff, and b, is T'icketP’s delay base for
proportional backoff delays. The b.,l. and b, are measured by the number of null-loops.
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Figure 6. The execution time of Spark98, Volrend and Radiosity applications on the SGI Origin2000.

prevented partly processors from concurrently observing aand each platform.
free lock. These helped the new reactive spin-lock solve
problems caused by high contention situation on the lock,
which degraded th&I'S E' performance.

Similar to the Volrend, the Radiosity benchmark shows
that even applications with margmall locks as Radiosity We have presented a new reactive spin-lock that is com-
could not stop the reactive spin-lock algorithm from ap- Pletely self-tuning, namely neither experimentally tuned
proaching the best performance, theket P performance. thrgsholds nor probgbility distribqtions of inputs are re-

Experiments on the Intel platform showed a similar re- qUIr_ed._ The new spln-l_ock_ comb_lnes advantages of both
sult: the new spin-lock performed as well as the best repre-a/Pitrating and non-arbitrating spin-locks. These features
sentative (cf. Figure 7). On this platform, performances of &€ achieved by a competitive algorithm for adjusting back-
well-tuned TTSE and Ticket P were similar for Volrend  ©ff delay reasonably to contention on the lock. Moreover,
and Radiosity and were slightly different for Sparkog. In e néw spin-lock also adapts itself to synchronization char-
the Spark98 benchmark, the new spin-lock still performed acteristics of applications to keep its good performance on

as the best. Although the benchmarks did not scale on thedifferen_t applications. Experimental results showed that the
Intel platform, the result is still interesting since it shows new spin-lock almost achieved the best performance on dif-

how well the new spin-lock automatically tuned itself on ferent platforms.
different architectures 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 reacts well to contention vari- mutual exclusion: Major research trends since 1986s-
ation as well as to a variety of applications. This helped the tributed Computing, 16(2-3):75-110, 2003.
applications using the new reactive spin-lock approach the [2] T. E. Anderson. The performance of spin lock alternatives

best performance gained BYI'SE or Ticket P, the spin- for shared-money multiprocessordEEE Trans. Parallel
locks that weremanually tuned for both each application Distrib. Syst., 1(1):6—16, 1990.

7 Conclusions
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A Problem analysis tickets again before the ticket variable can be accessed by
processors on other nodes, the ticket lock becomes unfair.

During the course of studying the behavior of spin-locks Similar for the queue-lock, if processors in the same node of
and using the Spark98 kernels [12] to evaluate them, we@ NUMA system, whose local memory is storing the pointer
observed two other reasons beside network traffic that affectused to enqueue the waiting queue, execute the iteration in
the performance of these locks. These are discussed belowfFigure 1 so fast that they continuously enter the waiting

gueue before processors on other nodes have a chance to
A.l Tuning parameters and system characteriss SO, the queue lock may become unfair.
tics
A.2 Tradeoffs

In general, besides the cost for experimentally tuning the
parameters, the reactive spin-locks using tuned parameters To see whether the above concerns have a sound basis,
cannot always achieve good performance, because the paye conducted an experimental study. We used the Spark98
rameters depend on the system utilization, which in turn is shared memory prograimv [12] on an SGI Origin3800.
affected by other applications running concurrently. Thus, The system has 31 500MHz MIPS R14000 CPUs with 8VIB
tuned parameters at some point of time may become obsot 2 cache each. These experiments confirmed our observa-
lete at a later point of time when they are used. Further, tions. In order to compare performance among spin-lock al-
reactive spin-locks may also need to take care of proper-gorithms, we need benchmarks where the contention level
ties of applications such as delays inside/outside the criticalon the lock is high. Therefore, we used only one lock to
section when choosing locking protocols. synchronize updates of the result array in the Spark98 ker-

Regarding the algorithm-system interplay, there is also nel. We used the largest pack fil¢5.1.pack [12] as input.
the issue of arbitrating vs. non-arbitrating locks, which im- The left and the right charts in Figure 8 show the exe-
ply different benefits, as explained in the introduction. RH cution times and the fairness of the Spark98 kernel using
lock presented in [13] tries to exploit the locality but the al- MCS queue-locki.cs), ticket lock with proportional back-
gorithm is limited to a system with two nodesln arbitrat- off tuned for SGI Origin3800t{cket), TTSE with back-
ing locks, the lock and the data used in the critical section off parameters tuned for SGI Origin3806&:§), TTSE with
must be transferred from one processor to another accordpackoff parameters mentioned in [14}40) and the RH
ing to their order in the waiting queue, regardless of how |ock [13] with backoff parameters tuned for SGI Origin3800
far the distance between these two processors is in the sys¢-1). The contention level on the lock is adjusted by chang-
tem. This generates high transmission cost. To the contrarying the number of processors accessing it. For instance, in
in non-arbitrating locks, the processors closest to the cur-the case of 31 processors, there is the highest contention
rent lock owner, for instance processors in the same node inevel on the lock. The source codes 6 SE and M C'S
NUMA systems, have higher probability to acquire the lock are from [14]. The implementation @fcket is similar to
because they will realize the lock available sooner. More- Fig. 2 in [11].
over, when there are many requests on the lock from pro-  From the left chart in Figure 8, we can see that the non-
cessors in the same node, the system may move the memonyrpitrating locks such a§7'SE and RH both with tuned
page containing the lock to the local memory of that node, parameters outperform the arbitrating locks such as MCS
giving these processors higher probabilities to acquire thequeue-lock and ticket lock when the contention level in-
lock the next time. Unlike the arbitrating locks, the non- creases. That is because th&'SE and RH exploit the
arbitrating locks also have the ability to tolerate faults in the |gcality/caching among processors within the same node.
Entry section (cf. Figure 1). In the Entry section, the non- noreover, they do not suffer tHeck convoy problem in the
arbitrating locks prevent slow or crashed processors fromemry section.
blocking other fast processors. The left chart also shows the problem of existing reac-

Although arbitrating locks such as the ticket lock and e spin-locks such &8T'SE: their performance too much
gueue-lock are considered fair locks in the literature, their depends on the experimentally tuned parameters. Inaccu-
fairess may still depends on the applications using theyately chosen parameters will lead to bad performance as
locks as well as on the architecture of the system on whichgepicted in the left chart between the TTSE with parameters
the applications are running. Regarding the ticket lock, if tned for SGI Origin3800t6s) and the TTSE with param-
processors in the same node of a NUMA system, whoseeters mentioned in [14}4s0). The latter is about 14 times
local memory is storing the ticket variable, execute the it- gjgwer than the former in the case of 31 processors, which
eration in Figure 1 so fast that they continuously get new g 5 big difference on application performance.

5The RH lock geometrically divides a group of processors into two | N€ fight chart in Figure 8 shows the fairness of these
subgroups in order to exploit thecality within a subgroup using'T'SE. spin-locks. Here, the processor first finishing its own task
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Figure 8. The execution time and the lock fairness of Spark98 benchmark on SGI Origin3800.

will send a signal to all other processors to stop and to count
the number of times each processor has successfully ac-
quired the lock. In this chart, the most interesting is the fair-
ness of MCS queue-lock, which is normally considered fair
lock. Beyond a certain number of processors, from fairness
point of view, the MCS queue-lock does not seem better
than other non-arbitrating locks such A$'SE and RH.

From the log file of the experiment in the case of 31 pro-
cessors, we saw that a group of 16 processors connected
together via the same router, had a number of lock accesses
much greater than those of other processors connected 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 pro-
cessors of another router. That means that even fair arbitrat-
ing spin locks cannot always ensure fairness for arbitrary
applications running on arbitrary systems.



