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AbstractIn parallel and distributed computing environments, threads (or processes) share access to vari-ables and data structures. To assure consistency during updates, locks are used. When a threadattempts to acquire a lock but �nds it busy, it must choose between, spinning, which means repeat-edly attempting to acquire the lock in the hope that it will become free, and blocking, which meanssuspending its execution and relinquishing its processor to some other thread. The choice betweenspinning and blocking involves balancing the processor time lost to spinning against the processortime required to save the context of a process when it blocks (context switch overhead).In this paper, we investigate a model that permits us to evaluate how long a process should spinbefore blocking. We determine conditions under which the extreme cases of immediate blocking (nospinning) and pure spinning (spin until the lock is acquired) are optimal. In other cases, we seekways of estimating an optimal limit on spinning time before blocking. Results are obtained by acombination of analysis and simulation.Index Terms- parallel processing, parallel threads, spinning, blocking, Markov model, simulation.1 IntroductionThe performance of parallel applications on multiprocessors is highly dependent on e�cient syn-chronization. It is not possible to know the states of all the processors, nor is it possible to have acomplete knowledge about how long locks will be held. It is possible, however, to check on a lockvery frequently. A useful strategy is thus to spin for a while, (between spinning whether or not thelock becomes free, and �nally blocking when it appears that further spinning is not worthwhile.The spin then block strategy is �rst proposed by Ousterhout [14]. He noted that operating systemfunctions are invoked with a form of remote procedure call that leads to processor idling. He alsoobserved that in multiprocessor systems the communicating processes generally execute on di�erentprocessors, so context switching may limit interprocessor communication unnecessarily. As a solu-tion he suggested a two-phase waiting scheme. The idea is to divide waiting into two phases. The�rst phase is called a pause, during which the execution state of the process remains loaded and theprocess idle. If the pause time expires, and the desired event has not occured yet, then the processenters the block phase and relinquishes its processor. This waiting mechanism was implemented inthe Medusa operating system [12] with a user-settable pause time. One critical parameter is thelimit on the amount of time a process spins before blocking. At one extreme, the process could spinforever before blocking, which is the strategy of pure spinning. At the other extreme, the process2



could block as soon as it �nds that the desired resource is not free. This is the immediate blockingcase.A disadvantage of immediate blocking is that every time a process �nds a lock busy, it switchescontext. Switching context may lead to a low cache hit rate as the instructions and data of thenewly scheduled process may no longer be in the cache. Mogul and Borg [11] propose a contextswitching cost that takes into account the e�ect of this loss of cache a�nity. They measured thecache-performance cost of context switches and found that the net cost may vary and appears tobe in the thousands of cycles for some cache parameters. Anderson et al. show that spin-waitinghas a cost above that associated with that of a processor iterating in a tight loop [2]. Frequentspinning by many processors at once can 
ood the network with memory requests, hence a�ectingother processors by reducing their capability for doing useful work.Later work by Anderson [3] explores software and hardware alternatives to reduce the cost ofspin-waiting. Anderson suggests that the tradeo� between spinning and blocking creates a secondorder of tradeo� between loss of cache a�nity and interconnection network contention. A smallspin duration implies a higher degree of locality violation, yet a longer one leads to a greater inter-connection contention. Lo and Gligor [10] have compared critical path scheduling and coscheduling,they found that coscheduling achieved better performance. They credit this gain in performancemainly to the use of two-phase waiting which involves spinning for a limited time, then blockingif the awaited event has still not occured. Zahorjan et al. [15] studied the relative performance ofspinning and blocking locks in the presence of uncertainty. They examined multiprogrammed anddata-dependent environments. They used, as baseline model, a controllable environment, and theytracked the relative degree of degradation due to uncertainty in terms of average number of spinningprocessors. To model data-dependent behavior, they changed the variability of the lock holding timewhile keeping the mean constant. Their results show that only considerable variability will haveany e�ect on performance. For the multiprogramming case, they considered a preemptive threadbased scheduler. They noticed that at high lock contention, multiprogramming a�ects performancedrastically, due to unscheduling threads while holding the lock. They investigated three approachesthat avert idle spinning cycles. The �rst discipline avoids unscheduling a thread possessing the lock.The second admits critical preemption, but reactivates seized spinning threads only when the lockis liberated. The last strategy is a combination of the previous two. The bene�ts in performancewere found to be good for all three policies. They concluded that neither source of uncertaintycomplicates the job of selecting the right strategy.3



In a later paper, Zahorjan et al. studied the e�ect of scheduling policies on spin overhead con-sidering job-based policies [16]. They also explored software approaches to reduce the sensitivity ofprograms to uncertainty, and found the variable self-scheduling scheme to be the most promising.Gupta et al.[9] studied the performance of a simple priority-based scheduler for a set of programsbased on pure spinning. Their experiment was conducted by an instruction level simulator for aset of benchmark applications [13]. They deduced that the poor performance was mainly due tobusy-waiting for preempted processes. Their compromise was to have the process spin for a quan-tum equal to the context switch cost before blocking. This resulted in a 37 % increase in overallprocessor utilization relative to pure spinning.Recent studies on competitive spinning strategies by Karlin et al. [7] showed that the best possi-ble competitive ratio is two for the deterministic spin strategy, and that a randomized algorithm canachieve strongly competitive ratios approaching e=(e�1). In Later work , Karlin et al. [6] evaluatedseveral competitive waiting schemes for synchronization on a lock. Their measurements showed thatimmediate blocking performs very poorly. It was found that some applications spend over a third oftheir elapsed time on context-switches. Their comparative studies of two-phase mechanisms showedthat adaptive algorithms are more robust than the non-adaptive ones. Other empirical work by Lim[8] illustrates the strength of two-phase algorithms under various operating circumstances. Dimpseyand Iyer found that in a multiprogramming environment, kernel lock spinning is a major factor indegrading system performance. It accounts for 5 to 10 % of processing power or over one third ofthe total system overhead [5]. Their correlation analysis revealed that there is a high correlationbetween each processor's spin time and the times the others spend spinning, meaning that criticalsection accesses have a global impact in degrading the overall system. Thus, reducing kernel lockspinning is a means of improving system performance.In most of the previous works, tradeo�s between spinning and blocking have been examinedonly in the context of speci�c architectures and programming models. We are proposing a generalmodel that captures the e�ects of both spinning and blocking, and spans a broad spectrum of sys-tem con�gurations. We consider a system model where both approaches, spinning and blocking,are incorporated. The goal of our work is to determine how parameters of the system a�ect theoptimal spin time which maximizes the system throughput. In our investigation we consider threestrategies: pure spinning, immediate blocking, and limited spinning prior to blocking. We will showthat each of the three is optimal under some circumstances, depending on system parameters.4



Our study is conducted using analytical models (validated via simulations) and simulations alonefor the more complex cases. In Section 2 we introduce the General Model of the system and theperformance measures. In Section 3 we describe analytical models and present exact solutions forparticular cases. Approximate solutions for more general cases under Markovian assumptions aredescribed in section 4. In section 5 we present simulation results of the models under less restrictiveassumptions. Finally, we summarize our observations in section 6.2 General Model2.1 Model DescriptionOur model involves a set of J statistically identical threads. Each thread cycles inde�nitely, eachcycle being composed of two phases: a computational phase followed by a critical section phase.The critical section controls access to some shared structure such as a lock, an I/O list, a ready-list, memory allocation tables, or page allocation tables. The hardware is represented as a set ofN identical processors. These threads (customers) and processors can be represented as a closedqueueing system as shown in Figure 1.Each thread computes on a processor for a time that is a sample from an exponential distri-bution with mean Tp and then attempts to capture the lock. If the lock is free then the threadacquires it immediately. We assume that each thread requires a lock with probability p. Otherwise,with probability 1 � p, it releases the processor and, after freeing it, spends a random time in thethinking state and then starts another cycle. If the lock is busy, then the thread spins, waiting forthe lock to become free. If multiple threads are spinning when the lock is released, one of thesethreads will be the next one to succeed in acquiring the lock. Once the lock is acquired, it is heldfor an average time Tl. After releasing the lock, the thread computes again in another cycle withprobability 1 � q, and with probability q it completes, frees the processor, and enters the thinkingphase. There is a restriction on the time a thread can spin. If the spin duration reaches a timeselected from a distribution with mean Ts units, and the lock has not been acquired, then the threadstops spinning and, after context switching which takes time Tc on average, it releases the processorand enters the blocked state. In a positive wake-up protocol [4] the thread goes to sleep until it issignaled that the lock is free. The signaled retry strategy requires that the thread spins again oncesignaled to do so. The dark rectangle in Fig. 1 encloses phases in which a thread holds a processor.5
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Figure 1: General ModelThere are several allocation policies. We have chosen the following rules to determine whoshould seize the processor:1. If the lock becomes free and some threads are spinning, then one of them captures the lock.If there are no spinning threads, but the queue of blocked threads is not empty, and thereis a free processor, then one of the blocked threads immediately captures the lock (as in thepositive wake-up protocol).2. When a processor becomes idle (points A and B on Fig.1), but the lock is still busy, then onlywaiting threads can acquire the free processor.6



2.2 Holding Time AssumptionsIn our model, the durations of various activities are governed by the following assumptions:1. Computing (processing) times and thinking times are exponentially distributed independentrandom variables with means Tp and Tt respectively.2. The limit on spinning time either (i) is a sample from an exponential distribution with meanTs, or (ii) has a deterministic value equal to Ts.3. Lock holding time is a random variable with either (i) an exponential distribution with meanTl, or (ii) a hyper-exponential distribution formed from an exponential distribution of meanTl1 with probability r, and an exponential distribution of mean Tl2 with probability 1� r, or(iii) a bimodal distribution, where the lock holding time is a constant Tl1 with probability r,and Tl2 with probability 1� r. (In the latter two cases, Tl = rTl1 + (1 � r)Tl2.)4. Context switching times and processor release times are either (i) exponentially distributedrandom variables with means Tc and Tf , or (ii) deterministic values equal to Tc and Tf , re-spectively.2.3 Thread and Processor StatesConsider the model in a particular case where the positive wake up protocol is used, each transactionaccesses the resource exactly once (p = 1, q = 1), and both think time and processor release timeare zero (Tf = 0, Tt = 0). Each thread can be in one of the following states:� W { waiting for a processor;� P { computing on a processor;� S { spinning (that is, repeatedly checking the lock);� C { context switching (that is, preparing to block);� B { blocked (that is, waiting for a notice signalling the availability of the lock);7



� L { holding a lock.The diagram of the possible transitions of thread states is presented on Fig.2.
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Figure 2: State transition diagram for threads.Each processor can be in one of the following states:� I { idle;� P { computing a thread;� S { busy by a spinning thread;� C { busy by context switching;� L { supporting a thread which holds the lock. (When a thread holds the lock it still occupiesa processor.)The diagram of the possible transitions in processor states is represented on Fig.3.LIS CPFigure 3: State transition diagram for processors.8



2.4 Objective FunctionsIn our investigations we have used the Resource or Lock Utilization U as the primary performancemeasure. Resource Utilization is equal to the fractionUT = NXi=1 ti(T )Twhere ti(T ) is the time that the ith processor spends in the lock holding state L during run-timeT . We denote by U = limT�!1UTthe average number of processors holding the resource in a stationary regime. The system through-put, X, is directly proportional to the resource utilization with the relationship:X = UTlDenote by S the average number of spinning processors, and by C the average number of processorsin context switching mode. The quantities S, C, and U are related by the equation:S + C + P + U + I = N;where I is an average number of idle processors in the system and P is the average number ofprocessors in the computing phase of a thread. Our goal is to �nd the value of the parameter Tsthat maximizes the value U . The optimal value of average spin time can be, for various combinationsof parameters values, any of:1. Ts = 0 , immediate blocking2. 0 < Ts <1 , spin up to a limit then block3. Ts =1 , pure spinning3 AnalysisWe �rst consider the particular case of the General Model identi�ed in section 2.3. The positivewake-up protocol is used, each transaction acquires the lock exactly once, and both think timeand processor release time are zero (p = 1, q = 1, Tt = 0, Tf = 0). We assume that computing9



time, spinning time, lock holding time and context switching time are all exponentially distributedrandom variables. We are interested in the steady state behavior of the system. As described,this system is modeled as a continuous time, discrete Markov process. In general the state ofthe system is described by 12 parameters n1; . . . ; n6, where ni is the number of threads in statei = fW;P; S;C;B;Lg, m1; . . . ;m5 where mj is the number of processors in state j = fI; P; S;C;Lg,and l = f0; 1g which indicates the state of the lock as free or busy. However, these 12 parametersare not independent. They satisfy the following equations:n1 + :::+ n6 = J;m1 + :::+m5 = N;n2 = m2;n3 = m3;n4 = m4;n6 = m5 = l:Hence to describe the system one needs only �ve parameters, say l, n2, n3, n4, and n5. Thus, statescan be coded by (n2; n3; n4; n5; l).3.1 Spinning and blocking for case N = 2 and J = 3To simplify notation in this particular case we denote the states of the Markov chain by the triplesof letters from the set fW;P; S; L;C;Bg, where letters denote the state of a thread: W - waiting, P- processing, S - spinning, L - holding, C - context switching, and B - blocked. Table 1 enumeratesthe feasible states of this system. The graph representing the state space for the case N = 2, J = 3is given in Fig.4. State #W # P # S # L # C # B�0 WPP 1 2 0 0 0 0�1 WPL 1 1 0 1 0 0�2 WSL 1 0 1 1 0 0�3 WCL 1 0 0 1 1 0�4 WCP 1 1 0 0 1 0�5 BPL 0 1 0 1 0 1�6 BSL 0 0 1 1 0 1�7 BCL 0 0 0 1 1 1�8 BBL 0 0 0 1 0 210
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The resource utilization is: U = 1� �0 � �4Proposition 1 For the case where N = 2; and J = 3, there exist values of parameters �p; �l; �csuch that maximum resource utilization can be attained with ��s (0 < ��s <1) .Proposition 1 states that, at least for some combinations of processing time, lock holding time,and context switching time, the optimal strategy is neither pure spinning nor immediate blocking,but rather spinning for a time that is a sample from an exponential distribution with parameter��s, before blocking. This result is somewhat surprising in this case where all parameters haveexponential distributions. The proof of Proposition 1 is given in the appendix.3.2 Extreme Cases of Pure Spinning and Immediate BlockingAssume that J � N and the spinning time Ts =1. This corresponds to the case of pure spinning(see Figure 5). It is easy to see that no processor ever becomes idle. The system's states cantherefore be represented by the number of active processors. This model is described by the standardbirth-and-death process shown in Figure 6. The stationary probabilities satisfy the following set ofequations: N Lockooo1�p �l
Figure 5: Pure spinning modelN�p�N = �l�N�1(N � 1)�p�N�1 = �l�N�2� � �12



(N � 1)�pN�p N � 1N 01o ooo 2�p �p�l�l�l�lFigure 6: Markov process for pure spinningi�p�i = �l�i�1� � �2�p�2 = �l�1�p�1 = �l�0NXi=0 �i = 1From this set of equations, one can �nd the stationary probabilities�i = (�i=i!)=PNj=0(�j=j!) ; i = 0; . . . ; N and � = �l=�pThen the average number of spinning threads under pure spinning, ~S, is given by formula~S = N�1Xk=0 (N � k � 1)�k = N � (1 + �)(1 � �N )The average number of processors serving threads in the computing phase is:P = NXk=1 k�k = �(1� �N)Finally, the resource utilization is given by the formulaU = N � ~S � P = 1� �NIn the case of immediate blocking we have Ts = 0 (�s =1). We found that the complexity of thesolution in this case was comparable to that of the general case. For instance, in the particular casewhere J = 3; and N = 2, the nine balance equations for a given �s reduces to seven equations with�s =1 (since states �2 and �6 disappear).Proposition 2 If a1=a2 > b1=b2 > c1=c2 (see de�nitions below)U(1) = max�sU(�s) = a1=a2;which means that immediate blocking is the best choice.13



If c1=c2 > b1=b2 > a1=a2then pure spinning is the optimal strategy, leading toU(0) = max�sU(�s) = c1=c2;where ai; bi; and ci are given by:a1 = �l�c �2�p�l + �p�c + (�c + �l)2�+ 2�2p(�p�l + �2l + �l�c)a2 = �2l �c �2�p�l + �p�c + (�c + �l)2�+ �p�2l (�p + �c)(�l + �p + �c) +�p�l�c(�p�c + �2c + �p�l + �l�c) + �2p�c(�p + �c)(�c + �l)b1 = �2l �c �3�p�l + 2�p�c + 2(�c + �l)2�+ 2�2p�2l (�l + �c)b2 = �3l �c(3�p�l + 4�l�c + 2�p�c + 2�2l + 2�2c) + �p�2l �c �2�p�l + �p�c + (�c + �l)2�+�p�3l (�p�l + �l�c + �p�c + �2c) + �p�l�c(�p�c + �p�l + �2c + �l�c)(�l + �p)c1 = 1c2 = �l + �pThe proof of this proposition follows directly from the characteristics of the formula for U in theproof of Proposition 1. (See equation 11 in the Appendix.)3.3 Numerical ExamplesFig.7 indicates the combination of the parameters where one of the immediate blocking, pure spin-ning or spinning and blocking is optimal, in the case J = 3; N = 2. Dotted curves indicate theset of points (Tc=Tl; Tp=Tl) for which the spin/block strategy is guaranteed to be optimal. Solidcurves indicate the points for which immediate blocking (left curve), or pure spinning (right curve)is guaranteed to be optimal. At selected points along the dotted curve (indicated by the arrows),near optimal values of the spin time Ts are shown. Note that if Tp=Tl < 1, pure spinning can bethe best choice even if Tl > Tc. Let Uspin be the resource utilization in pure spinning case, andUblock be the resource utilization in the immediate blocking case. As an example, if Tp=Tl = 1 andTc=Tl = 0:95 then Uspin > Ublock and the di�erence between Uspin and Ublock is about 4%. So thisis the cost of making the wrong choice in the simple case (J = 3; N = 2). If Tp=Tl �! 1 thenUspin > Ublock if Tc=Tl > 1, and Uspin < Ublock if Tc=Tl < 1. This rule can be applied for any Tp=Tlratio greater than 5, since the consequent loss in utilization is negligible.14
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Figure 7: Optimal strategies classi�cation for J = 3 and N = 2, (Tl = 60 ).The values of Ts in Fig.7 identify the approximate optimal spinning times for the points on curves.Note that the bene�ts that can be derived with the spinning then blocking (spinning/blocking)policy in this case is small. As an example for Tc=Tl = 0:5 and Tp=Tl = 0:5, the utilization can beimproved only by 0.6% relative to pure spinning or immediate blocking.If Tc �! 0, then immediate blocking is the best choice for all other parameters. Consider thebehavior of the measure MB = limTc�!0 Ublock=Uspin. For J = 3 and N = 2, we haveMB = 1:070 if Tp=Tl = 1MB = 1:060 if Tp=Tl = 2MB = 1:021 if Tp=Tl = 5MB = 1:008 if Tp=Tl = 10Thus, the more dominant the processing time is relative to resource holding time, the less thechoice of spinning/blocking strategy matters. If Tc �! 1 then pure spinning is the best choiceand Ublock �! 0. Fig.8 presents the areas of parameters where one policy is optimal in the caseJ = 5; N = 4. In this case we have found that spinning/blocking is better than pure spinningeven if Tc > 2:5Tl for su�ciently small Tp=Tl. Fig.9 shows the e�ect of various values of Ts on theutilization of the resource. Note that the spin/block strategy may be optimal even in situationswhere Ublock > Uspin.Fig.10 presents an example of the curves for resource utilization corresponding to the casesanalyzed above. For the parameters considered, immediate blocking is optimal for small values15
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Noting that the fraction is �0 less the limit of �0 as �s �! 0 all divided by �s, we havelim�s�!0S = �l @�0@�s j�s=0 = ( ~��l )21 � ~��lSubstituting C;S; and U in equation (1) we obtainP + ( ~��l )21 � ~��l + ~��l = NSolving for P and using ~� = �pP yields P �P � = 12 �1 +N + ��q(1 +N + �)2 � 4�N� where � = �l�p = TpTlFrom the balance equation P ��p = U�l we haveU = P ��As shown in Fig.12, the approximate analysis faithfully predicts the model performance. Thereliability of the approximation increases with larger models as illustrated by Fig.13. The relativeerror between the exact value of the utilization and the approximated one when Ts =1 is displayedfor various values of N . In our case where � = 80=3 the error is less than 1% for all values of N .(See Fig.13)
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N = 32Figure 13: Relative error versus Tp=Tl for di�erent values of N when Ts =1.5 Simulation ResultsA simulator was implemented to study the performance of the spin then block strategy under awide range of parameters and distributions. It was validated with the exact results obtained fromsection 3.1, and section 3.2 (for the pure spinning case). In multiprogramming, high variability inlock holding times may result from a process being preempted while inside a critical section, or dueto cache misses, data dependent execution, page faults, or remote memory access in NUMA (NonUniform Memory Access) architectures. In those cases the lock holding time can be modeled by ahyper-exponential or a bimodal (we mean two-spike) lock holding time distribution.In a �rst experiment, we study the e�ect of variance on lock utilization for a hyper-exponentiallock holding time distribution. We �x Tl1 (e.g., Tl1 = 30), and vary the probability r while keepingthe mean Tl the same (e.g., Tl = 49:4), so that Tl2 is equal to Tl�rTl11�r . All the curves shown laterwere obtained using the parameters N = 16; J = 50; Tp = 800; Tl1 = 30 in 98% of the requests,Tl2 = 1000 in the remaining 2%, and Tc = 300. The limit on spinning time has a deterministic valuedenoted by Ts. As illustrated by Fig.14, we observe that as the variance grows, (that is, r closer to1), the choice of spin duration limit become more critical. For low variance, it is su�cient to makesure that the spin time is big enough. For high variance, a greater peak in utilization is observedso the spin duration limit must be chosen carefully to attain near maximum throughput. This mayalso explain why little performance gain is obtainable with the optimal spin/block strategy when21



lock holding times are exponentially distributed. The variance, which is equal to the square of themean in that case, is not high enough to make spinning then blocking substantially better thaneither extreme. All the plots in Fig.14 reach a maximum at the same value of Ts. The curves ofFig.15 show the utilization of the lock for di�erent spin time durations. The bimodal distributionis more sensitive to spin duration than the hyper-exponential. Fig.16 illustrates the performancedi�erence between a deterministic spin time limit and an exponential one. It is interesting to notethat both curves manifest a peak for the same mean spin time duration, and since the purposeof our investigation is to study the relative (rather the absolute) performance of the spin thenblock strategy, the exponential assumption seems to not be very restrictive. Finally, Fig.17 andFig.18 demonstrate that the maximization of utilization involves a clear trade-o� between the costof spinning and the cost of context switching. The curve of Fig.17 shows a pronounced slope inthe left side of the optimal spin time threshold. This suggests that it is safer to overestimate thethreshold than to underestimate it. If the spin duration limit is too large, then much processor timemay be wasted in spinning; if it is too small, then the processor time spent in context switchingmay be high.
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Hyper-exponentialFigure 15: Bimodal versus Hyper-exponential lock holding time.tradeo� between processor time lost to spinning and processor time required to save the contextof a process when it blocks. The purpose of this study has been to determine an appropriate bal-ance between the extremes of this tradeo�. We formulated a queueing theoretic model of resourcesharing to study the problem of contention due to synchronization. Our analytical model includesboth spinning and blocking e�ects, and allows the evaluation of a relatively large range of multi-processor architectures. Our objective is to provide a better understanding of waiting strategies. Inparticular, we illustrated the potential for improvements in system performance by selecting an ap-propriate spinning strategy. Both analytical and simulation results showed that there are domainswhere the extreme policies are optimal. Despite the Markovian assumptions, our model is still toocomplicated to obtain exact solutions for arbitrary parameter values. Consequently, an approxi-mate solution based on the decomposition principle has been developed. Simulation has shown thatour approximate solution under Markovian assumptions indicates the dynamics of the performancequite faithfully. Qualitatively, the relative performance of pure spinning, immediate blocking, andspinning with blocking are much the same whether lock holding times are exponentially distributedor whether they have higher variance. However, the degree of gain in picking the best strategy overanother can become quite large as the variance of the lock holding times grows, whereas the gainis very limited with exponential lock holding times.There are several sources for uncertainties that can make shared resource holding time quiteunpredictable. In future scalable parallel systems, unpredictability will likely be more signi�cant,23
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Figure 16: Deterministic versus Exponential spin time limit.since the degree of uncertainty tends to scale with the size of the system. A strategy that ignores thehigh variation in resource sharing timemay waste processing power from excessive context switchingor spinning. Our simulation results, obtained by relaxing some of the restrictive assumptions madein the analysis, allowed us to quantify the utility of the spin then block policy, and to assess thesigni�cance of the variance in resource holding time. It was found that the spin then block strategycopes very well with highly variable lock holding times. The results in this paper may be usedto determine heuristics useful in developing e�ective environments for executing parallel programs.For instance, when deriving a spin time threshold value, the penalty of overestimating seems to bemuch lower than that of underestimating by the same amount.
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AppendixProposition 1: For the case where N = 2; and J = 3, there exist values of parameters �p; �l; �csuch that maximum resource utilization can be attained with ��s (0 < ��s <1) .Proof: According to Kramer's rule U , is a fraction whose denominator is the determinant of thematrix of system (5) while the numerator equals one minus the sum of two determinants obtainedfrom the above one by replacing speci�c columns by the vector (0,0,0,0,0,0,0,0,1). Moreover allthese determinants regarded as polynomials in �s have a degree of at most two. HenceU = a1�2s + b1�s + c1a2�2s + b2�s + c2 ; (11)where ai, bi, ci are certain expressions in �p; �l; �c. Next ,@U@�s = �2s(a1b2 � a2b1) + 2�s(a1c2 � a2c1) + (b1c2 � b2c1)(a2�2s + b2�s + c2)2hence the necessary and su�cient condition for the existence of an equilibrium is the existence ofpositive roots for the quadratic equation.41Z2 + 242 Z +43 = 0 (12)with 41 = a1b2 � a2b1;42 = a1c2 � a2c1;43 = b1c2 � b2c1:It is evident that equation (14) has exactly one positive root if 41 < 0 and 43 > 0. Directcalculations done by MAPLE givea1 = A1 +A3 +A5 +A7 +A8b1 = B1 +B2 +B3 +B5 +B6c1 = C1 + C2a2 = a1 +A0 +A4b2 = b1 +B0 +B4c2 = c1 + C0A2 = 0; B7 = B8 = 0; C3 = C4 = C5 = C6 = C7 = C8 = 0A0 = �3l �c(2�p�l + �p�c + �2c + 2�c�l + �2l )A1 = 2�p�2l �c(2�p�l + �p�c + �2c + �2l + 2�l�c)A3 = 2�2p�2l (�2p + 2�p�c + �p�l + �l�c + �2c)A4 = 2�2p�2l (�p�l + �2l + �l�c)A5 = 2�2p�l�c(�p�c + �2c + �p�l + �l�c)28



A7 = 2�3p�l�c(�p + �c)A8 = 2�3p�2c(�p + �c)B0 = �4l �c(3�p�l + 2�p�c + 2�2c + 4�l�c + 2�2l )B1 = 2�p�3l �c(3�p�l + 4�l�c + 2�p�c + 2�2l + 2�2c )B2 = 2�2p�2l �c(2�p�l + �p�c + �2c + 2�l�c + �2l )B3 = 2�2p�3l (�p�l + �l�c + �p�c + �2c)B4 = 2�2p�4l (�l + �c)B5 = 2�2p�2l �c(�p�c + �2c + �p�l + �l�c)B6 = 2�3p�l�c(�p�c + �p�l + �2c + �l�c)C0 = �5l �c(2�l�c + �2l + �p�l + �p�c + �2c)C1 = 2�p�4l �c(2�l�c + �2l + �p�l + �p�c + �2c)C2 = 2�2p�3l �c(2�l�c + �2l + �p�l + �p�c + �2c)Then it is easy to check that for �l = 2�p and �l = 0:8�c we have 41 < 0 and 43 > 0, whichcompletes the proof .
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