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Abstract

As a process executes on a CPU, it builds up state in that CPU's cache. In multiprogrammed workloads, the opportunity to reuse this state may be lost when a process gets rescheduled, either because intervening processes destroy its cache state or because the process may migrate to another processor. A scheduling policy that ignores this affinity may waste processing power by causing excessive cache refilling when a process is scheduled on a new processor or on the same processor but after a long time. Generally, tasks continuously alternate between executing at a processor due to I/O, synchronization, quantum expiration or preemption. These factors suggest that ignoring processor-cache affinity, which is typically the case in existing multiprocessor operating systems, can degrade performance. On the other hand, fixing tasks to run on specific processors may not be an appropriate alternative due to the potential load imbalance and the transitory nature of processor-cache affinity. Even increasing the time quantum in case of time sharing systems may not prove so beneficial.

This paper explores affinity scheduling, a technique that helps reduce cache misses by preferentially scheduling a process on a CPU where it has run recently. This paper studies an empirical analysis carried out on cache affinity scheduling. Affinity scheduling reduces the number of cache misses, resulting in execution time improvements. It has no negative impact on workloads regarding fairness or starvation and also it is very simple to add to existing schedulers.
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1.Introduction

The performance of shared-memory multiprocessors can be seriously limited by the long latency of memory accesses. In current high-performance machines, the penalty of a cache miss is often several tens of cycles. Consequently, it is important to develop techniques to reduce the number of cache misses suffered by the workloads running on these machines. 

An interesting and common class of workloads for these machines is multiprogrammed workloads. Because these workloads generally contain more processes than there are processors in the machine, there are two factors that increase the number of misses. First, several processes are forced to time-share the same cache, resulting in one process displacing the cache state previously built up by a second one. Consequently, when the second process runs again, it generates a stream of misses as it rebuilds its cache state. Second, since an idle processor simply selects the highest priority runnable process, a given process often moves from one CPU to another. This frequent migration results in the process having to continuously reload its state into new caches, producing streams of cache misses. 

To reduce the number of misses in these workloads, processes should reuse their cached state more. One way to encourage this is to schedule each process based on its affinity to individual caches, that is, based on the amount of state that the process has accumulated in an individual cache. This technique is called cache affinity scheduling. Affinity scheduling is easy to implement and does improve the performance of most of the workloads. It is preferable to two other means that have been used to increase the reuse of cache state, namely attaching processes to processors and extending the time quantum. 

Attaching processes to the processors is to fix processes on CPUs for the processes' entire lifetimes. This strategy tries to increase the reuse of cache state by eliminating process migration. The length of the effective time slice of the processes, however, is not affected. While attached scheduling lowers the number of misses over standard scheduling, the result is that it slows down workloads. This is due to increased load imbalance in the machine. When a CPU has no processes to run, it is forced to remain idle even if another CPU has more than one process to run. Hence it is not an acceptable alternative to affinity scheduling.

Another method to increase the reuse of cached state is to use a standard scheduler but increase the nominal time quantum of the machine. This strategy is the converse of attached scheduling-- it tries to extend the effective time slice of processes without limiting process migration. But by 

increasing the time quantum length the response time of interactive applications will drop as the interactive applications are forced to wait longer to be scheduled.  When processes block often, longer time quanta have no effect; only affinity scheduling can increase cache state reuse. Hence neither technique is as effective as affinity scheduling. 

Two kinds of multiprogrammed environment have been considered- Time sharing, where a fixed time quantum is assigned to each process in the ready queue of the processor and Space sharing, where available processors are partitioned among concurrently executing jobs. It is observed that time sharing systems can exploit cache-affinity much better than space sharing systems. Since the vast majority of multiprocessors use a time-sharing system, study of cache-affinity scheduling is worthwhile.

The rest of the paper focuses on the benefits of cache affinity scheduling in time-sharing system and the last chapter is devoted to study cache affinity scheduling in space sharing systems.

Chapter 2 describes the affinity function used for the implementation of affinity scheduling.

Chapter 3 introduces various workloads used in the empirical analysis and the potential of exploitation of cache-affinity by these workloads.

Chapter 4 evaluates the performance results.

Chapter 5 explores the effect of cache affinity in space sharing systems.

Chapter 6 concludes this paper.

2. Implementation of Affinity Scheduling 

To achieve the potential for benefit from affinity, an implementation of affinity scheduling that is effective, has low overhead, and does not raise the possibility of starvation or loss of response time is to modify the existing process priority scheme of a UNIX scheduler.

In the standard UNIX scheduling system, runnable processes are placed in a single global run queue, ordered by a single number denoting their scheduling priority. A processor selecting a process to run picks the highest priority process from the queue. The priority of a process is based in large part on its past CPU usage. As a process accumulates CPU time, its priority is reduced. This gives processes that frequently block more chances to run. The accumulated CPU time is periodically decayed to a fraction of its former value, however, so that long-running processes are not completely starved in favor of newer processes. The different processes of a parallel program are scheduled independently. 

The exact algorithm is as follows. The priority, prio, of a process is defined to be:




                    prio= base + cpu 




                               2

A low value of prio designates a high priority to run. base can be assumed to be equal for all processes considered. cpu is a measure of the accumulated CPU time; it is initially 0 for a new process and is incremented whenever a timing interrupt (raised every 10 ms) is received while the process is running. Finally, the value of cpu is decayed periodically to put a limit on the decrease of priority and avoid starving long-running processes. 

To add affinity to the existing system, the priorities of processes that are "attractive" from the standpoint of affinity scheduling are temporarily raised when searching the run queue. Two changes are made, one to minimize process migration, and the other to increase the effective time slice of processes. The first change consists of subtracting a constant factor, (p (for processor), from the prio values of processes whose most recent execution was on the processor that is searching the queue. This discourages migration between processors. The second change consists of subtracting another constant, (t (for time), from the prio value of the process that has just finished executing on the processor that is searching the queue. This encourages processes to run for consecutive dispatch intervals and therefore minimizes the displacement of cached state by intervening processes. Both adjustments are just for the purpose of scheduling moment, and the priorities relapse to their normal values after the processor has selected a process to run. 

This implementation requires only minor modifications to the existing scheduler. Also there is no risk of unfairness or starvation since the normal priority system is still in place. Processes that are executed will have their priorities decreased by aging as they accumulate CPU time. Eventually, the priorities of these processes will be low enough such that the priority boost given by affinity will not prevent the other processes from running. In addition, new and I/O-bound applications, which have little accumulated CPU time, will normally have high enough priority to be able to overcome priority boosts given to other processes by affinity, and thus run as soon as they become runnable.

A more complex approach to affinity scheduling would involve adjusting the priority of a process as a function of the time since the process last ran on the processor that is searching the queue. While this approach may incur more scheduling overhead than the simpler approach, it can potentially exploit affinity in situations where the simpler approach fails. Consider the case where three processes are running on a processor. When one process blocks, the scheduler has to choose between the other two processes. With the simple algorithm, the scheduler will pick one at random; the more complex algorithm will select the process that most recently executed. In this algorithm the (p adjustment is kept as it is but the (t adjustment is changed in the following manner. All processes that last ran on the scheduling processor have their prio values decreased by a variable factor, equal to (t minus the elapsed time (measured in terms of 10 ms clock ticks) since they last ran, if the difference is greater than zero. While this approach can exploit affinity in the situation discussed above, it is more costly in that it requires scanning most of the run queue comparing process priorities every time a processor schedules a process. Hence the gains obtained by implementing this complex algorithm can be traded off against a more complex implementation.

3.  Workloads and their characteristics

To evaluate affinity scheduling five parallel applications with varying potentials for increasing the reuse of cache state are used in the empirical analysis. The applications, shown in Table I, are used in real life and belong to the scientific, software development, and commercial domains. 

While processes in Matrix rarely synchronize, processes in Mp3d synchronize frequently, and Cholesky's processes display an intermediate behavior. Mp3d and Matrix show low invalidation traffic. In Mp3d, the large size of the working set is responsible for most of the misses and ensures that processors do not access data in other processors' caches. In Matrix, different processors frequently access the same data, but a large fraction of it is read-mostly. In Cholesky, however, there is some invalidation traffic caused by processors write-sharing data. Pmake's processes synchronize infrequently, Oracle's need to synchronize regularly to keep the index structures consistent. Neither workload causes significant invalidation traffic. However, while different processors rarely share the same data in Pmake, processors may share read-mostly data in Oracle.

	 Applications
	 Domain
	Description

	 Matrix 
	Scientific
	Blocked multiplication of two 512x512 matrices using 64x64 blocks.

	Cholesky
	Scientific
	Cholesky factorization of a sparse matrix with 10K rows and 200K non-zeroes in its lower triangle.

	Mp3d
	Scientific
	Simulation of a rarefied hypersonic flow of 50,000 particles over 15 iterations

	Pmake
	Softw. Develop.
	8-process parallel compilation of 24 C files, averaging 460 lines of code each

	Oracle
	Commercial
	Oracle Database


                              Table I.  Parallel applications used in the workloads measured.

Now these workloads are characterized from the standpoints of cache affinity.

3.1   Application Characteristics
There are numerous factors that determine to what degree a workload benefits from cache affinity. The characteristics of a workload's constituent applications that affect its ability to benefit from cache affinity are discussed here. There are three main characteristics that determine the potential for a process to exploit cache affinity: the amount of cached state the process reuses, the length of time it executes continuously without releasing the processor, and the reason for eventually releasing the processor.

3.1.1 Amount of Cached State Reuse

When a process runs, its interaction with the cache can be in one of two modes. When the process is scheduled on the processor, it is in a reload or transient phase, building up a working set of state in the cache. Once the bulk of the working set has been loaded into the cache, it reaches a steady state where cache misses are typically much less frequent. The goal of any technique that exploits affinity is to reduce the amount of data that needs to be fetched into the cache by avoiding transient phases as much as possible. Thus, the larger the difference in miss rate between the transient and steady state phases for an application, the larger the potential of cache affinity for the application.

What determines the difference between the misses in these two modes is the amount of cached data that the process reuses. To determine the magnitude of such reuse, the amount of data accessed within an interval where the process runs without releasing the CPU is measured that was also accessed in the previous such interval by the process. Such intervals are called dispatch intervals. A dispatch interval starts or finishes when the OS inspects the run queue, independently of whether or not the same process is scheduled. The data reuse is estimated by comparing the number of misses within one dispatch interval with and without flushing the caches before the interval begins. The difference between these two sets of misses is determined for the dispatch intervals in the program and the average value is computed. Measurements show that two scientific applications, Matrix and Cholesky, reuse their cached state. For Matrix, the difference between the number of misses with and without flushing is about 3,000, and for Cholesky it is about 1,000. These cache reload misses imply that every flush causes 48 Kbytes and 16 Kbytes, respectively, to be loaded into the cache. This suggests that both applications have good potential for exploiting cache affinity. This result is expected, since both applications are carefully blocked to minimize steady-state misses. Oracle processes also reuse cache state, suffering 2,000 extra misses every cache flush. However, the processes in Pmake and Mp3d barely reuse their cache state. Cache flushing causes 500 and 0 extra misses respectively. In the former case, this is to be expected for an interactive application, but the latter result is somewhat surprising. This effect is caused by Mp3d sweeping through a large data set. The result is that the cache is continuously refilled and the miss rates in transient and steady states are the same. The small amount of cached data reuse in these two applications suggests that they will not benefit much from cache affinity. 

3.1.2   Duration of the Dispatch Interval

Even if an application has a large amount of reused data, the length of the dispatch intervals of its processes may still limit the gains from affinity. The dispatch interval length affects the potential benefits from affinity because it controls the proportion of time an application spends in the steady state. If the dispatch interval is long, the time in transient state will be small compared to the time spent in the steady state, and thus the loss of performance due to the extra misses will be small.

Table II shows the distribution of the dispatch interval durations for the applications. These distributions were used to compute the amount of cache state reuse.

Matrix has long dispatch intervals, usually exhausting the 30 ms of the time quantum. Since it takes about 3 ms to reload the 3,000 reload misses measured in the previous section, the benefits of affinity for Matrix will be relatively small. A similar conclusion applies for Cholesky. Mp3d has shorter dispatch intervals but it does not reuse cached state. Finally, Pmake and Oracle have relatively short dispatch intervals. Since processes in Oracle have a sizable cache-reload transient for these short dispatch intervals, they could benefit from cache affinity. 

	 Applications
	                  Distribution of the dispatch interval duration

                                     (% of total intervals)

	
	 1-5 ms
	 5-9 ms
	9-13ms
	13-17ms
	17-21ms
	21-25ms
	25-30ms

	Matrix

Cholesky

Mp3d

Pmake

Oracle


	      3

    19

    17

    40

    67


	      1

      9

      9

     11

     32
	     0

     5

     8

     8

     1
	     1

     5

     5

     6

     0
	      1

      5

    14

      7

      0
	      1

      8

    11

      8

      0 
	     93

     49

     36

     20

       0


                      Table II: Distribution of dispatch interval duration for the applications.

3.1.3   Reason for Terminating the Dispatch Interval
The reasons for terminating the dispatch interval may or may not block the process. In the former case, since the process is blocked, the process is more likely to take long to run again and it is therefore less likely to become runnable in time to reuse its state left in the cache. Therefore, the potential for cache affinity is smaller. 

A dispatch interval may be terminated by the expiration of the time quantum or by a number of events initiated by the process. These include blocking on a semaphore, unsuccessfully trying to acquire a lock, issuing a system call, suffering a TLB fault, and other less frequent events. Of the possible causes of termination, only semaphore blocks actually block the process, that is, remove the process from the run queue. Semaphore blocks occur mainly because of I/O activity. Other less frequent causes of semaphore blocking are operating system lock contention and system calls to block a process. 

The causes for dispatch interval termination are presented in Table III. For Matrix, 95% of the dispatch intervals end due to time quantum expiration. Cholesky has a high percentage of time quantum expirations, but it also has an equally high percentage of dispatch intervals interrupted due to failure to acquire a lock. Mp3d is dominated by this synchronization effect. The only two applications where semaphore blocking accounts for a large fraction of the dispatch interval terminations are Pmake and Oracle.

	       Cause
	 Matrix

    (%)
	Cholesky

     (%)
	 Mp3d

    (%)
	Pmake

   (%)
	Oracle

   (%)

	End of Quantum

Semaphore Block

Synchronization

System Call

TLB fault

Others
	  94.6

   2.2

   0.0

   2.2

   0.0

   1.2
	   46.2

     2.3

   47.9

     2.1

     0.2

     2.3
	  26.2

  10.1

  60.7

    2.0

    0.2

    0.8
	  21.5

  47.5

    0.0

  14.8

  10.3

    5.9
	    1.1

  39.2

  21.9

  37.6

    0.0

    0.2


                             Table III: Breakdown of events that terminate dispatch intervals. 

3.2 Workload Characteristics

When multiple processes are run concurrently as a workload, interactions among the processes can affect the potential benefit of exploiting cache affinity. There are two major interactions: the way dispatch intervals of different processes interleave, and the amount of cache state displacement that this interleaving causes.

3.2.1   Effective Time Slice

The amount of time a process runs on a processor without intervening processes running is called an effective time slice. An effective time slice may contain several dispatch intervals if the same process is re-scheduled several dispatch intervals in a row on the same CPU. If this occurs frequently, the potential for benefit from cache affinity will decrease, since applications will already be exploiting cache state by running on the same CPU for a long time. This situation is not frequent in traditional schedulers when the number of processes is twice or more the number of processors. Instead, the processes of the different applications tend to interleave well their use of the CPUs. To illustrate this, Figure 1 shows the distribution of the duration of the effective time slices for the workloads on the standard UNIX scheduler. The figure shows what fraction of the effective time slices last a given amount of time. From the figure, it can be see that, although there are a few times when enough processes block that the remaining running processes can run for multiple dispatch intervals, this is rare. This suggests that there is still potential for cache affinity to be exploited in these workloads. 
3.2.2 Effect of Intervening Applications

When several processes share the same cache, they displace each other's state from the cache. This effect decreases data reuse in the workload and therefore increases the potential of cache affinity. The larger the fraction of the cache displaced by an intervening process, the higher the potential of cache affinity. The results of the empirical analysis show that that Mp3d suffers as many as 18,000 misses, effectively wiping out the data cache. Cholesky and Matrix each cause about 5,000 and 6,000 misses respectively, wiping a large part of the cache. Finally, the other applications have a smaller effect because their effective time slices are smaller. For example, Pmake misses 1,500 times and Oracle misses 2,500 times.
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Figure 1: Distribution of the duration of the effective time slices under UNIX scheduling for the workloads studied. The charts show what fraction of the effective time slices last a given amount of time. 

The most promising workloads that can benefit from techniques that exploit cache affinity are those whose processes (1) are costly to reload because of the large amount of reused data, (2) execute for short effective time slices, (3) block infrequently or not at all, and (4) are interleaved with other processes that replace a large part of the cache when executed. 

	Workload


	Misses in

Cache Reload

(Thousands)
	Median Eff.

Time slice

(ms)
	Frequent

Process

Block?
	Misses as

Intervening

Applications

(Thousands)
	Potential

Affinity

Benefit

	Matrix+Matrix

Matrix+Cholesky

Matrix+Mp3d

Pmake+Matrix

Pmake+Cholesky

Pmake+Pmake

Oracle
	3+3

3+1

3+0

0.5+3

0.5+1

0.5+0.5

2
	30+30

30+25

30+20

5+30

5+25

5+5

3
	N+N

N+N

N+N

Y+N

Y+N

Y+Y

Y
	6+6

6+5

6+18

1.5+6

1.5+5

1.5+1.5

2.5
	mod.+mod.

mod.+low.

mod.+none

low+low

low+low

low+low

mod.


Table IV: Summary of process and workload characteristics that determine the potential of exploiting cache affinity (mod. stands for moderate). 

Possible gains from the cache affinity can be computed with the ratio between the cost of reloading one process and the effective time slice. For eg. in case of Matrix+Matrix the former is the cost of 3,000 misses, which is approximately 3 ms and the latter is 30 ms. The potential, therefore, is about 10%. The case of Matrix+Cholesky is similar, with even lower potential for Cholesky due to its lower cache reload cost.

 In case of Matrix+Mp3d, the potential for Matrix is slightly higher than in the previous workloads because Mp3d displaces more cache state. However, Mp3d has no potential for benefit because its processes have no cache reload cost. Similarly, Pmake has little chance to benefit because its processes have a low cache reload cost and block frequently. The benefits of other applications paired with Pmake (Matrix and Cholesky) will also be limited since Pmake does not replace much cache state. Finally, Oracle processes are fairly costly to reload and run for a short effective time slice. However, they frequently block on I/O and they are interleaved with processes that displace little cache state. 

Thus due to the large number of factors that can limit the potential benefits of an application for exploiting cache affinity, few workloads are able to benefit greatly. In above workload set, the only cases with even moderate potential are Matrix+Matrix, Matrix+Cholesky, and Oracle. 

Hence, inherent characteristics of the workloads also determine the extent of its potential to exploit cache affinity.  

4.  Performance Results

This chapter discusses the performance gains of the affinity function described in chapter 2. Two different degrees of affinity scheduling are studied. First, a scheduler with light affinity (LightAff)  is studied by setting both (t  and (p   to 6. The value of these constants implies a potential effective time slice of about 240 ms or 8 time quanta, and results in a process being allowed to migrate only if it has received about 120 ms less CPU time than the other processes. Then a scheduler with heavy affinity (HeavyAff) is studied by setting both values to 16, for an effective time slice of about 640 ms and a migration threshold of about 320 ms.

Table V compares the performance of the two affinity scheduling schemes to the performance of the default UNIX operating scheduler, referred to hence as the standard scheduler. In the table, both the number of misses and the execution time of the workloads are compared.
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                    Table V: Workload execution time with different affinity scheduling shown

                  as a percentage change from the corresponding standard scheduling values. 

The observations on the effect of affinity are as follows:

· Cache affinity scheduling reduces the execution time of scientific workloads that reuse cache state. 
Matrix+Matrix and Matrix+Cholesky have a moderate potential for gain from affinity. The distribution of effective time slices with affinity scheduling is shown in Figure 2. In the figure, it can be observed that the new effective slices are much longer than before, often as long as 8 time quanta. As seen in Table V, this increase in the effective time slice translates into a removal of 36% and 13% of the misses in the two workloads respectively. However, misses account for only about 20% of the workloads' execution times. The result, as shown in Table V, is that the decrease in execution time is moderate: 6% and 4% respectively. 

· Cache affinity scheduling also reduces the execution time of frequently-blocking 

            workloads with substantial cache state reuse. 

Oracle has a large amount of reused data and processes have short effective time slices because they often block on I/O, synchronize, or issue system calls. Since the processes mostly block before being preempted, affinity scheduling will not affect the effective slice noticeably. This is verified by the data in Figure 2, which is very similar to the data without affinity in Figure 1. However, by encouraging processes to return to the CPUs on which they last ran, 7% of the misses are eliminated. Although this is a relatively small number, it has a noticeable performance impact because misses account for about 60% of the time in Oracle and create bus contention. In addition, affinity scheduling slightly reduces the idle time. The overall effect is a performance improvement of 8%. 

· Implementation issues affect the results.

The small changes necessary to support affinity scheduling often interact with other functions in the system. 

The example involves the priority system. The implementation of affinity scheduling interacts with the algorithm that decays the accumulated CPU time in a way such that the decay increases the priorities of long-running processes less than those of young processes. The result is that applications with short-lived processes like Pmake tend to accumulate execution time faster than without affinity. As a result, the Pmake application in Pmake+Matrix finishes earlier than in the non- affinity case, reducing the average job completion time of the workload. This effect explains the 10% reduction of execution time in Table V. The overall completion time of the workload is only decreased by 5%. A similar effect occurs for Pmake+Cholesky. 
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       Figure 2: Distribution of the duration of the effective time slices under affinity scheduling.   The plots are normalized to the number of effective time slices under standard scheduling. Since there are fewer slices under affinity scheduling, the normalized number of slices does not add up to 100. 

· Increasing the level of affinity to large values does not improve performance significantly
Increasing the level of affinity from LightAff to HeavyAff invariably increases state reuse, therefore reducing the number of misses. Thus, as shown in Table V, the miss reduction over the non- affinity scheduler goes from 7-36% for LightAff to 8-39% for HeavyAff. The effect on execution time, however, is minimal. Scientific workloads like Matrix+Matrix and Matrix+Cholesky benefit slightly. However, given the already long effective time slices with LightAff, there is little potential for benefit beyond what LightAff provides. In other workloads, HeavyAff does not help performance, and slightly increases idle time for I/O intensive workloads like Pmake+Pmake and Oracle. Hence it can be concluded that a low level of affinity is sufficient and desirable. 

· This implementation of affinity scheduling does not introduce unfairness
The problem of unfairness in affinity scheduling appears if, while encouraging one process to reuse cache state, another process is continuously denied a fair share of CPU time. This implementation is not unfair because a favored process will eventually accumulate CPU time and therefore have its priority reduced with respect to processes that are not running. 

It is observed that affinity algorithm reduces the number of misses in the workloads by 7-36% and produces low to moderate reductions of execution time in the 1-10% range. In addition, affinity does not cause problems with load imbalance or unfairness.

Hence in time-sharing systems the potential for benefit from cache affinity scheduling is considerable and with the increase in cache sizes this affinity aspect will tend to gain more importance. Also, implementation of cache affinity scheduling does not introduce much overhead and is very simple requiring only minor change in existing scheduling algorithm.

5.  CAS in Space Sharing Systems

At their most basic level, space-sharing policies divide the available processors among jobs. However, even within this domain, a fundamental degree of freedom is the frequency with which allocation decisions are made. At one extreme, processors cart be statically equipartitioned among jobs, with reallocations done only when jobs enter or leave the system. At the other extreme, processors can be reallocated unequally in the short term in response to the instantaneous processor demands of jobs, with care to ensure an equitable allocation when averaged over a longer time interval.

5.1 Description of Scheduling Policies

5.1.1 Equipartition

Equipartition is a space sharing policy that, to the extent possible, maintains a constant equal allocation of processors to all jobs. To do this requires reallocations only on job arrival and completion. In terms of response time model, Equipartition is an extreme in the policy space that minimizes no. of reallocations at the expense of maximizing idle time-- time when a job holds processors on which  it has no work to do. In this sense, Equipartition provides perfect affinity scheduling, since tasks essentially never move. 

5.1.2 Dynamic Scheduling

Dynamic is a space sharing policy at the other extreme of the policy spectrum: it minimizes idle time at the cost of a very large no. of reallocations. Dynamic attempts to allocate to each job exactly the number of processors it can use at that instant. In addition, when a job has a processor that it cannot currently use profitably, it notifies the allocator that the processor is available for reallocation. Such processors are said to be willing to yield.

Dynamic attempts to satisfy requests for additional processors by using the least valuable processors currently available:

D.1 First any unallocated processors are assigned.

D.2 Next, “willing to yield” processors are assigned.

D.3 Finally, an equitable allocation is enforced by preempting processors from the job(s) with

       the largest current allocation.

5.1.3 Dynamic with Affinity

Since the Dynamic policy maximizes no. of reallocations, its performance is potentially sensitive to the cost of each one. An improvement might thus be obtained by making the same reallocation decisions but reducing the cost of each. The key to this is to introduce affinity scheduling.
Processor affinity is incorporated into Dynamic’s allocation decisions as follows:

A.1  Whenever a processor becomes available for reallocation, the last task to have run on     it is  identified using the processor’s history. If that task (last-task) is not currently active on         some other processor but is runnable with useful work to perform, and if the priority of the job to which last-task belongs is as high as that of any job currently requesting processors, then last-task is activated on the available processor. Otherwise, the processor is allocated to the requesting job of highest priority.

A.2 Whenever a job requests additional processors, it indicates to the allocator the processor that it would like to acquire (desired-processor). Desired-processor is determined using the per-task processor history, and is defined as the processor on which the task most critical to the job’s progress last ran. If desired-processor is available for reallocation, then it is assigned to the requesting job. Otherwise, another available processor (if any) is assigned.

5.2 Workloads

The programs on which the above scheduling policies are applied are chosen such that they represent a variety of applications with differing parallelism structures.

The first application, MVA, is a dynamic programming problem.

The second application, MATRIX, is an implementation of a parallel matrix multiply algorithm. The program uses a “blocked” algorithm designed to improve performance by exploiting cache locality. 

The final application, GRAVITY, implements the Barnes and Hut clustering algorithm for simulating the gravitational interaction of a large number of stars over time.
5.3 Results

The results in this section are based on experiments with workloads containing some number of jobs of each of the three application types mentioned above.
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     Figure  3- Response Times under Various Dynamic Disciplines Relative to Equipartition 

Using these workload, the dynamic policy is compared to Equipartition since the latter places maximum emphasis on affinity, while the others emphasize affinity to varying but lesser degrees.  The primary metric of performance is average job response time. Figure 3 shows the average response time for each job in each workload mix for the two versions of the Dynamic policy relative to the response times obtained under Equipartition.

Aggressive reallocation of processors is preferable to more static allocation. As Figure 3 shows, the response times for all jobs under the dynamic disciplines are smaller than the Equipartition response times. Affinity scheduling provides little benefit under current conditions. Figure3 shows that the response times obtained by the two variants of Dynamic are basically identical. This is because current cache penalties are small relative to the time between reallocations. Hence response times do not significantly improve. 

It can be thus concluded that in current environment, processor affinity need not unduly effect reallocation decisions. However, in future machines due to increase in cache size and the speed of the processor, issue of affinity scheduling can be very important. It may be assumed that larger caches will allow more data to survive across reallocations. Hence reallocation strategy ignoring affinity may degrade application cache behavior to a point that negates any utilization gain.

5.4 Why CAS is not so beneficial in space sharing system?

Time sharing policies inherently induce poor cache behavior for several reasons. First, they typically allocate jobs a larger amount of processors than do space sharing policies, but for  shorter periods. Further, time-sharing policies achieve fair allocation by rotating processors among jobs. This maximizes the adverse consequences of multiprogramming, since jobs needlessly overwrite each others cache context, space sharing policies reduce this effect by allowing jobs to retain processors as long as they are useful (barring occasional forcible preemption to enforce fairness). 

Finally, time-sharing policies reallocate based on an arbitrarily chosen quantum that usually has little to do with job behavior. A potentially larger number of context switches are therefore involuntary (caused by quantum expiry). For such switches, the amount of data necessary across reallocations may be large, since a job preempted involuntarily will need to complete the interrupted computation using the same data. Under space sharing policies, conversely, most reallocations are initiated by the jobs themselves (as they require either more or fewer processors). A large percentage of reallocations thus result from jobs voluntarily relinquishing processors as they reach the end of some phase of computation.  Since previously cached data is useless in such cases, maintaining affinity relationships is less critical.

Space sharing policies thus eliminate much of the poor cache behavior induced by time sharing policies, and the possible impact of affinity on the former policies is therefore smaller than on the latter.
6.  Conclusion

Simple and efficient modifications to a standard UNIX scheduler like discouraging process migration and extending the effective time slice of processes, accomplish affinity scheduling without load imbalance or fairness problems. The implementation improves the performance of workloads by up to 10%, fulfilling most of their potential for reusing cache state.

Cache affinity aspect in space sharing systems was also considered but it was observed that as compared to time-sharing systems, benefits of exploiting cache affinity in space sharing systems were not so pronounced.

In future, if applications could effectively use larger caches, with a fill time comparable to the time quantum length, then affinity scheduling would have a larger impact. The advantages of affinity scheduling would also be more pronounced in a machine with longer miss latencies. As the latency increases, the time taken to fill the cache increases, and thus affinity becomes more important. This is the case for the new generation of NUMA machines, where remote accesses are costly. On these machines, issues of geographical affinity for a processor (remote versus local cluster memories) also come into play.

Hence, it can be concluded that affinity scheduling is a worthwhile addition especially in time sharing systems. While few workloads may be able to benefit substantially from exploiting cache affinity, affinity scheduling can be easily implemented, can easily provide moderate gains for most of the workloads, and does not hurt the performance or response time of the rest.
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