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ABSTRACT

The invention, acceptance, and proliferation of multiprocessors are primarily aresult of the
guest to increase computer system performance. The most promising features of
multiprocessors are their potential to solve problems faster than previously possible and to solve
larger problems than previously possible. Large-scale multiprocessors offer the additional
advantage of being able to execute multiple parallel applications simultaneously.

The execution time of aparallel application is directly related to the number of processorsit
is allocated and, in shared-memory non-uniform memory access time (NUMA) multiprocessors,
which processorsit is allocated. As a result, efficient and effective scheduling becomes critical
to overall system performance. In fact, it is likely to be a contributing factor in ultimately
determining the success or failure of shared-memory NUMA multiprocessors.

The subjects of this dissertation are the problems of processor alocation and application
placement. The processor allocation problem involves determining the number of processors to
allocate to each of severa simultaneously executing parallel applications and possibly
dynamically adjusting those allocations to improve overal system performance. The
performance metric used is mean response time. We show that by differentiating between
applications based on the amount of remaining work they have to execute, performance can be
improved significantly. Then we propose techniques for estimating an application’s expected
remaining work along with policies for using these estimates to make improved processor
allocation decisions. An experimental evaluation demonstrates the promise of this approach.

The placement problem involves determining which of the many processors to assign to
each application. Using experiments conducted on a representative system, we demonstrate that
in large-scale NUMA multiprocessors the execution time of parallel applications is significantly
affected by the placement of the application. This motivates the need for new techniques
designed explicitly for NUMA multiprocessors. We introduce such a technique, called
processor pool-based scheduling, that is designed to localize the execution of parallel
applications within a NUMA architecture and to isolate different parallel applications from each
other. An experimental evaluation of this scheduling method shows that it can be used to
significantly reduce mean response time over methods that do not consider the placement of
parallel applications.
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Glossary

Ji -jobi

& - arrival time of job i

P - number of processors in the system

pi - number of processors allocated tojob i

pi(t) - number of processorsallocated tojobi at timet
N - number of jobs being executed

n(t) - number of jobs being executed at timet

W, - work executed by job i

W;(t) - work remaining to be executed by job i at timet

R - response time of job i

R - mean response time = % El R,

R® - responsetime of jobi using EQUI scheduling policy

R® - mean response time using EQUI scheduling policy

R® - responsetime of job i using ROOT scheduling policy

R®  _mean response time using ROOT scheduling policy

R®) - responsetime of job i using PROP scheduling policy

R® - mean response time using PROP scheduling policy

R(®) - responsetime of jobi using DYN-EQUI scheduling policy
R® - mean response time using DY N-EQUI scheduling policy

R(®) - responsetime of job i using LWF scheduling policy

(viii)



= - mean response time using LWF scheduling policy

R R - response time of job i using LRWF scheduling policy

R mean response time using LRWF scheduling policy
_ n(P)
RPE) " _ the mean response timeratio R

RE)
_ RR)
R®E) _ the mean response time ratio R

RE)
_ RL)
R . the mean response time ratio R

RrR(®)
5(LR/D) - . RtP
R - the mean response time ratio

R®)

. N 1
Hy - the k-th harmonic number = % K
i =k

T(1) - executiontime on 1 processor (sequential version)

T(P) - execution time on P processors

- - 1)
S(P) - speedup on P processors = )
E(P) - efficiency on P processors = _SEDP)

(ix)



Chapter 1

| ntroduction

1.1. Motivation

This dissertation is concerned with the scheduling of multiple parallel applications in
large-scale shared-memory Non-Uniform Memory Access time (NUMA) multiprocessors. In
particular, this dissertation focuses on problems of determining the number of processors to
assign to each application (the alocation problem) and which processors to assign to each
application (the placement problem).

Small-scale, shared-memory multiprocessors based on a single shared bus have become
prevalent and the number of manufacturers building and selling such products continues to rise.
The success of these systems can be partidly attributed to the relatively simple paralel
programming model they present, compared to strictly message-passing parallel systems. This
simple programming model has allowed many applications to achieve substantial increases in
performance by making effective use of al of the processorsin the system.

The lure of substantial reductions in processing time through the use of multiprocessors
continues to fuel the desire for greater and greater performance improvements. One approach to
increasing performance is to simply build larger and larger systems. Single-bus systems,
however, are not scaable because the bandwidth of the bus limits their size. As a result,
research and design efforts in shared-memory multiprocessors have focused on scalable
architectures. These architectures distribute memory modules throughout the system in order to
optimize access times to some memory locations. The result is an important class of scalable
shared-memory systems known as NUMA multiprocessors. (Alternatively al memory accesses
could be made uniform, but then they would be uniformly slow.)

The emergence of large-scale shared-memory multiprocessors presents new opportunities
and challenges. The opportunities are to solve much larger problems than previously possible by
executing applications that are capable of effectively utilizing large numbers of processors, and
to solve a number of different problems concurrently by simultaneously executing multiple
parallel applications that may not execute efficiently using all of the processors. (One argument



for building large-scale multiprocessors, rather than using a number of smaller systems, is that
large-systems offer a relatively simple, cost effective, and flexible means for providing and
sharing expensive resources like processors, memory, and disks.) One of the main challenges is
to productively utilize the processors while affording the efficient execution of multiple
applications. The effective scheduling of the parallel processes of these applications is central to
the performance of such systems. Scheduling involves determining the number of jobs to
execute simultaneoudly (i.e., when to activate jobs), the number of processors to allocate to each
of those jobs (alocation), and which processors should be used to execute those jobs
(placement).

One method of multiprogramming parallel applications is to alternate their execution by
assigning processors to each application, in turn, for a period of time caled a time-dlice.
Applications are thus executed in a rotating round-robin fashion, ensuring that cooperating
processes of each application execute simultaneously [Ousterhout1982]. That is, processors are
synchronously time-shared among applications. Using this technique, each processor incurs
context switching overheads at every time-slice. These overheads can be avoided by dividing
the system across processors rather than across time; that is, to space-share rather than time-
share processors. The space-sharing, or partitioning, of processors is accomplished by allocating
different portions of the system to different applications [Tucker1989]. This eliminates the need
to aternate execution between applications and avoids unnecessary context switching overheads.
If processors are space-shared, a key factor in determining the execution time of an application
and ultimately overall system performanceis:

e TheAllocation Problem:
How many processors should be allocated to each application?
That is, how large should the processor partition be for each application?

Scheduling techniques for small-scale, UMA (Uniform Memory Access time)
multiprocessors have traditionally treated all processors equaly, since the time to access any
address in main memory is the same from any processor. As the gap between processor speeds
and memory access times has grown, more recent work has examined scheduling techniques that
exploit cache contexts when scheduling loops and threads within an application. An obvious but
critical difference between scheduling in UMA and NUMA multiprocessors is that scheduling
decisions in NUMA systems must also consider the time it takes to access different memory
locations from different processors. Thus, NUMA scheduling policies must consider the latency
incurred during remote communication (in some systems determined by the number of levelsin



the memory access hierarchy) and to the extent possible preserve the locality of data references
inherent in parallel applications. Therefore, an important aspect of scheduling in NUMA
multiprocessorsis:

e ThePlacement Problem:
Which processors are assigned to each application?
That is, how should the parallel processes of an application be placed or located in a
NUMA multiprocessor?

The execution time of aparallel application is directly related to the number of processorsit
is allocated and, in NUMA systems, which processors it is allocated. As a result, efficient and
effective scheduling becomes critical to overall system performance. In fact, it is likely to be a
contributing factor in ultimately determining the success or failure of NUMA multiprocessors.
Additionally, if scheduling techniques designed for such systems are to have a lasting impact
they must be scalable, especialy since one of the goals of many current architecture designs is
scalability.

1.2. Goals

The main goal of this dissertation is to investigate and gain a better understanding of the
factorsinvolved in designing and implementing scheduling methods for NUMA multiprocessors.

Several analytic and simulation studies have demonstrated the importance and benefits of
knowing and using application characteristics when scheduling parallel applications
[Majumdar1988] [Eager1989] [Sevcik1989] [Zahorjan1990] [Sevcik1994]. However, most
popular implementable scheduling techniques continue to treat all applications equally, mainly
because of alack of practical techniques for obtaining and using application characteristics (for
example, the process control approach [Tucker1989)).

Prior to the emergence of NUMA multiprocessors, all processors could be treated equally
because the execution times of applications were not affected by which processor they executed
on (ignoring the affects of cache contexts). Thus scheduling decisions made by the operating
system have traditionally amounted to ssmply determining how many processors to allocate to
each application.

Consequently, an additional goal of this dissertation is to demonstrate that knowledge of
application and architectural characteristics can be obtained and used when making scheduling
decisions and that mean response time of parallel applications isimproved as a result.



1.3. Contributions

The main contributions of this dissertation are;

Effective processor partitioning

We analytically compare currently popular processor partitioning techniques that allocate
an equal portion of processors to al applications that have enough paralelism [Tucker1989]
[Zahorjan1990] [McCann1993] to techniques that partition processors according to the amount
of work each application will perform. Our results show that, under certain conditions,
allocating processors in proportion to the amount of work they perform can significantly
improve mean response time.

Obtaining and using application characteristics

The potential for significant performance improvements as a result of knowing the amount
of work an application executes motivates the need for practical techniques for estimating
expected remaining work. We propose, implement, and experimentally evaluate a number of
such techniques along with several scheduling policies that use these estimates. The results of
our experiments show that obtaining estimates of expected remaining work is feasible and that
these estimates can be used in combination with policies that allocate unequal portions of
processors to improve mean response time when compared with an equipartition policy.

Demonstrating the importance of application placement

Using a representative scalable multiprocessor, we demonstrate how the execution time of
parallel applications is affected by which processors are used to execute the application. Our
experiments show that proper application placement must consider the underlying architecture
and the natural clusters of the system and that achieving data reference locality involves
coordination between many parts of the system, especialy between the memory manager and
the operating system scheduler. The results of these experiments aso show that the importance
of application placement increases as the time required to access remote memory references
increases.

Processor pool-based scheduling

A new class of scheduling techniques for performing effective application placement,
called processor pool-based scheduling, is developed, implemented and evaluated using a
representative prototype scalable multiprocessor. Experimental results show that processor
pools are an effective method for improving application placement and reducing mean response
time. The benefits from using processor pool-based scheduling increase with the size and
NUMAness of the system.



1.4. Overview of the Dissertation

This dissertation investigates some of the main factors that determine the execution time of
parallel applications:

e Allocation: How many processors should be allocated to each application?
e Placement: Which processors should be allocated to each application?
e Scale Are the proposed techniques applicable to increasingly larger systems?

The number of processors to alocate to an application and the placement of an application
are scheduling decisions that depend mainly on the following application characteristics:

e Work: The total amount of work to be executed by an application.
e Efficiency: The efficiency with which processors can be effectively utilized by an

application. (This includes overheads such as those due to communication,
synchronization, and load imbalance.)

In this dissertation, we explore some of these factors in order to gain insight into effective
scheduling techniques for shared-memory, NUMA multiprocessors. The main purpose for these
explorations is not to determine optimal scheduling strategies but to improve upon existing
implementabl e scheduling techniques.

The structure of the thesis is as follows: In Chapter 2 we present some of the background
required to examine these problems, survey relevant multiprocessor scheduling techniques, and
describe the Hector multiprocessor, HURRICANE operating system, and parallel applications used
to conduct the experiments presented in this dissertation. In Chapter 3, we analyze a currently
popular scheduling policy that proposes sharing processors equally among applications, provided
they have sufficient levels of parallelism. We show that knowledge of a simple application
characteristic, the amount of remaining work, can be used to derive new policies that
substantially improve mean response time. The results obtained in Chapter 3 motivate the work
in Chapter 4, in which new adaptive processor partitioning techniques are described. The idea
behind adaptive partitioning techniques is to try to distinguish among different applications and
assign unequal processor partitions in order to improve mean response time. An experimental
evaluation of these strategies is performed. The results of Chapter 3 and Chapter 4 are not
specific to NUMA multiprocessors and can be applied to UMA systems. As well, some of the
techniques for determining processor alocations can be easily tailored for strictly message-
passing parallel systems.



Chapter 5 examines the problem of application placement in NUMA multiprocessors.
Experiments are conducted on a representative scalable, shared-memory, NUMA multiprocessor
to show that placement substantially affects an application’s performance. Since existing
scheduling techniques have not considered scheduling applications to reduce the cost of required
accesses to shared data, Chapter 6 proposes a class of scheduling algorithms designed to
preserve the locality of data references inherent in parallel applications. The concept of
processor pools is introduced to enhance the locality of data references within applications,
reduce interference between applications, and reduce the likelihood of bottlenecks in the
scheduling sub-system. A number of processor pool-based scheduling policies are proposed and
experimentally evaluated. The dissertation is concluded in Chapter 7 with a summary of the
results, the contributions of thiswork, and a discussion of future research.



Chapter 2

Background

2.1. Introduction

The invention, acceptance, and proliferation of multiprocessor computer systems are
primarily driven by the desire for increased performance. The most promising features of
multiprocessors are their potential to solve larger problems than previously possible and to solve
problems faster than previously possible. Large-scale multiprocessors offer the additional
benefit of being able to execute multiple paralel applications simultaneously.

In this chapter we first provide an overview of existing techniques for scheduling
multiprogrammed parallel applications. Then we discuss parallel applications and the factors
that determine their execution time and we briefly outline some of the research that advocates
the use of these factors (or measures that somehow characterize an application’s execution)
when making scheduling decisions. Because most existing scheduling techniques are designed
for UMA architectures, we then discuss how the new and emerging class of NUMA
multiprocessors influences and complicates scheduling decisions. Then we describe some
existing NUMA architectures and research that is relevant to scheduling for NUMA systems.
The experimental environment is then described, including the Hector architecture, the
HURRICANE operating system, and the parallel applications used.

2.2. Multiprogramming Parallel Applications

As the number of processors available in multiprocessors continues to grow it is
increasingly likely that many applications will not be capable of effectively utilizing al of the
processors in the system. The effective simultaneous execution of multiple parallel applications
is, therefore, a research area of growing interest and importance as is evident by the number of
recent studies concerned with multiprogramming parallel applications. We briefly describe
different approaches to multiprogramming paralel applications while emphasizing those
techniques that have gained general acceptance and are, consequently, the methods upon which
our work is based.



2.2.1. Static versus Dynamic Scheduling

A range of approaches can be taken with the assignment of processors to applications. At
one end of this range static scheduling policies assign processors to an application for the
lifetime of the application. This approach is more popular in systems in which the cost of
reallocating processors is high; message passing systems, for example. A static allocation of
processors can result in the idling of processors when they are not being used by the application
to which they were assigned.

A dynamic scheduling approach adjusts the number of processors assigned to each
application during their execution. If the costs of dynamically reallocating processors is not too
high, dynamic scheduling techniques can lead to performance improvements because of higher
processor utilization. Dynamic scheduling techniques make use of user-level, application-
initiated methods for decomposing the problem into a number of units of execution. The number
of these units is independent of the number of processors (usually far exceeding the number of
processors). Two examples of such methods are the WorkCrews approach [V andevoorde1988]
and the Supervisors approach [Junkin1989]. These techniques are similar in that the application
creates some number of worker processes that are responsible for the execution of conceptual
units of work (called threads). The number of worker processesis usualy limited to the number
of available processors, while the number of threads used to solve the problem is independent of
the number of processes. Threads are placed in awork queue and are removed and executed by
worker processes. Upon completion of athread, workers return to the queue for more work and
continue in this manner until the queue is empty and all threads have been compl eted.

This work queue approach to paralel programming as been extended and generalized. The
result is a number of user-level thread systems [Cooperl987] [Doeppner Jr.1987]
[Bershad1988]. If the number of user-level threads exceeds the number of processors in the
system, dynamic scheduling methods can be used in conjunction with user-level threads to adjust
the number of processors allocated to each application during their execution [Tucker1989]
[Zahorjan1990]. In the HURRICANE system used in conducting the experiments in this
dissertation, this is accomplished by not permitting the worker process to continue (by
descheduling it). (Thisisdone in coordination with the thread package when the worker process
has completed one thread and is about to dequeue and execute the next thread.)

Simulation and experimental evauations of static and dynamic scheduling agorithms
conclude that, in a UMA multiprocessor, dynamic scheduling is preferable to static scheduling
[Zahorjan1990] [McCann1993]. Since the cost of reallocating processors in NUMA systems is
likely higher than for UMA systems, it isimportant to consider how dynamic scheduling policies
will perform in NUMA environments. The simulations conducted by Zahorjan and McCann
[Zahorjan1990] indicate that, in UMA systems, dynamic scheduling is preferable to static



scheduling, even when reallocation overheads are quite large. As well, recent experimental
work by Wu [Wul1993] on a NUMA multiprocessor lends support for the use of dynamic
scheduling. Therefore, it is likely that some degree of processor reallocation can be used in
NUMA systems. However, before afair comparison can be made, we first need to consider what
constitutes good scheduling policies in a NUMA environment and develop effective static and
dynamic scheduling algorithms that can be used for comparison. Although we do not conduct a
comparison, static and dynamic scheduling in NUMA environments are considered in Chapters 5
and 6 of this dissertation.

2.2.2. Time Sharing versus Space Sharing

A number of studies have examined different techniques for multiprogramming parallel
applications in shared-memory multiprocessors. These techniques fall under two genera
categories, time-sharing policies and space-sharing policies. The difference between these two
schemes lies in how the processors are shared among the many executing parallel applications.
In atime-sharing scheme processors are shared over time by executing different applications on
the same processor during different time intervals. One example of a time-sharing policy is co-
scheduling [Ousterhout1982], which is designed to ensure that groups of cooperating processes
are assigned to processors at the same time, in order to reduce delays incurred when exchanging
messages. A space-sharing, or processor-partitioning, scheme divides processors among
applications so that each application executes on a portion of the processors. Tucker and Gupta
advocate matching the number of executing processes with the number of processors, ensuring
that each processor executes only one process at a time, thus avoiding unnecessary context
switch overheads, improving cache hit rates, and reducing mean response time [Tucker1989]. A
number of simulation and experimental studies agree that, under a wide variety of
circumstances, space-sharing is preferred to time-sharing [Tucker1989] [Guptal991]
[Crovellal991] [McCannl1993]. Much of our work is, therefore, based on space-sharing rather
than time-sharing processors.

2.3. Characterization of Parallel Programs

One of the main reasons for using a multiprocessor is to increase the speed of execution of
an application over that of a serial machine by performing portions of the computation in
parallel. Serial programs running in a uniprocessor environment are relatively well understood
and characterized. Paralel programming and multiprocessor systems, on the other hand, are
relatively new and as a result, are not as well understood. Earlier research focused more on
understanding and characterizing the execution and performance of parallel applications in
uniprogrammed environments [Amdahl1967] [Kumar1988]. However, more recent studies have
considered how simple characterizations of a parallel application’s execution and performance
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can be used to make scheduling decisions in a multiprogrammed environment [Maumdar1988]
[Eager1989] [Sevcik1989]. We now present some commonly used measures of parallel
application execution and performance and discuss how these measures are being characterized
and used in making scheduling decisions.

2.3.1. Parallelism Profile

A parallelism profile plots the number of processors utilized by an application as a function
of time (see Figure 2.1). It can be determined by executing an application with a sufficiently
large number of processors and either keeping track of or periodically sampling the number of
busy processors. Although a substantial amount of information about an application’s execution
can be obtained from the parallelism profile (e.g., the execution time, the maximum parallelism,
the fraction of sequential computation), it would be difficult to use when making scheduling
decisions because of the large amount of data used to represent the application’s execution. For
this reason, other measures of an application’s execution are more widely used.

Number of
Processors
Used

Time

Figure2.1: Parallelism Profile

2.3.2. Speedup and Efficiency

It is often a programmer’s goal to write a parallel application such that when executing on
P processors it runs P times faster than when executing the best known serial algorithm on one
processor. A common measure of this performance is called speedup, which is defined to be the
ratio of execution time attained using one processor, T(1), to the execution time using P
processors, T (P).
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Although the theoretical limit to speedup on P processors is P (assuming that super-linear
speedup is not possible), achieving that limit is not feasible for most applications. Thisis often
due to factors such as: contention for the interconnection network, communication overhead,
locking of shared resources, synchronization costs, and inherent limits in the parallelism of the
problem. That is, the efficiency with which parallel applications execute often decreases as the
number of processors isincreased. Figure 2.2 shows speedup curves for some applications used
in later experiments. (These applications are described in the sections in which they are used.)
Note that as the number of processors is increased, the gain in performance per additional
processor often decreases. In fact, in some cases adding too many processors can actualy
increase the execution time of the application.
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Figure 2.2: Speedup versusthe number of processor s used
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The performance gained by adding a number of processors to an application may not be
large enough to justify their use for that application. In fact, those processors might be used
more effectively by other jobs. Efficiency, E(P), is another measure of an application’s
performance. The efficiency of an application is related to its speedup as shown in the following
equation:
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Efficiency can be thought of as the mean effective processor utilization when P processors are
allocated to the job [Eager1989].

Where speedup is a measure of the *‘benefit”’ of using some number of processors for the
parallel execution of a job, the efficiency is a measure of the ‘‘cost’’ of using those processors.
In a multiprogrammed environment, processors can be used to benefit one job at the expense of
other jobs in the system. Because the increase in communication and synchronization costs
associated with the use of additional processors will eventualy outweigh the benefits of
decreased execution time, it is useful to examine a graph of the execution time versus the
efficiency, called the execution time—efficiency profile [Eager1989]. Figure 2.3 shows an
example of an execution time—efficiency profile.

50 -
40
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Time 301
(sec)
20
10 -
0 :
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E(P)

Figure 2.3: Execution time—efficiency profile, for the application Grav

This graph can be thought of as a means of analyzing the cost-benefit tradeoffs of allocating
more processors to an application. The point at which the ratio of efficiency to execution time,
E(P)/T(P), (T(P) is the execution time when using P processors) is maximized is called the
knee of the execution time—efficiency profile and may be useful in determining effective
processor allocations in multiprogrammed environments. Eager, Zahorjan and Lazowska also
investigate how, under work-conserving scheduling disciplines, the average parallelism can be
used to obtain bounds on the speedup and efficiency of an application [Eager1989]. A work-
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conserving discipline is one that never leaves a processor idle when there is atask that is eligible
for execution. Average parallelism is defined as the average number of processors that are busy
during the execution of the application, given an unbounded number of available processors
[Gurd1985]. Equivaently, average paralelism is the speedup of an application given an
unlimited number of processors. Average paralelism provides, in some sense, information
about the number of processors the job can utilize. It is designed to capture, in a single number,
some of the information contained in a parallelism profile.

Although reducing the information contained within a parallelism profile to a single number
may be attractive from the standpoint of employing the information when making scheduling
decisions, it is important to note that measures such as speedup, efficiency, and average
parallelism capture only information about a program’s average behaviour (averaged over the
execution of the entire program). It is, unfortunately, the different phases of program execution,
as seen in an execution profile, that may be most meaningful when making scheduling decisions
in a multiprogrammed environment, especialy if dynamic scheduling is to be exploited.
Evidence in support of this claim can found by noting the phases observed in the execution
profile of paralel programs [Carlson1992] and the performance improvements obtained as a
result of dynamically adjusting processor allocations with changes in the parallelism of the
applications [McCann1993].

Some of the problems with using a single parameter characterization of parallelism are
detailed by Marinescu and Rice [Marinescul990]. Sevcik considers the use of additional
information about an application’s parallelism in making scheduling decisions [Sevcik1989]. He
found that policies that consider this additional information, such as the minimum, maximum,
and variation in parallelism, improve mean response time over methods that only consider
average parallelism.

Recent studies by Zahorjan and McCann [Zahorjan1990] and McCann, Vaswani, and
Zahorjan [McCann1993] show that simple information about applications (the current degree of
parallelism) can be used to make more informed decisions about the number of processors to
allocate to each application. They reallocate processors among jobs in response to changes in
the parallelism of the jobs; in a sense attempting to utilize processors more effectively. This
dynamic allocation policy improves mean response time when compared with repartitioning
processors strictly upon job arrivals and departures [Tucker1989] [Guptal991]. The advantage
of the dynamic scheduling policy isthat it may adjust to an application’s demands for processors
over time.
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2.3.3. Work to be Executed

Although speedup and efficiency are important and widely used measures of a parallel
application’s performance, arguably the most important measure of a parallel program’s
performance is its execution time. The expected execution time is especially important when
making scheduling decisions. A scheduler in a multiprogrammed environment, in attempting to
minimize the mean response time over all applications, should consider not only the efficiency
with which an application executes but also the amount of work to be executed. The amount of
work, the efficiency with which that work can be executed, and the number of processors the
scheduler allocates to each application will determine their execution time.

A number of studies have considered estimating the amount of work an application
executes and using these estimates in making scheduling decisions. The idea behind these
policies is to attempt to execute the shortest jobs first. Majumdar, Eager, and Bunt propose a
policy called Smallest Number of Processes First (SNPF), a preemptive version (* SNPF), and a
method called Smallest Cumulative Demand First (SCDF) that is used for comparison
[Majumdar1988]. They perform a series of simulation studies and conclude that SCDF performs
well when compared with FCFS and RR policies. They also found that if the total amount of
work a job executes is correlated with the number of parallel processes it executes, * SNPF
performs well compared with FCFS and RR. Leutenegger and Vernon also perform a simulation
study of a number of scheduling policies. They conclude that policies that allocate processing
power equally among all jobs (i.e., RR-based) perform best [Leutenegger1990]. Ther
simulation results also show that SCDF performs well, although because of reservations about
the feasibility of itsimplementation, they draw different conclusions than Majumdar, Eager, and
Bunt.

Our work in Chapter 3 more closely examines scheduling policies that allocate processing
power equally among all jobs. We perform an analytic study to determine if mean response
times can be improved by knowing information about the work a job is executing and
determining bounds on the performance improvements. In order to perform this analytic
comparison, a number of restrictive assumptions are made. Therefore, in Chapter 4, we
investigate what kind of improvements can be expected under more realistic conditions and
develop and evaluate new techniques for trying to distinguish short jobs from long jobs in order
to complete shorter jobs first.
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2.4. Schedulingin NUMA Multiprocessors

Two of the main reasons that new scheduling techniques are required for scheduling
NUMA multiprocessors are:

1) A continualy growing number of processors must be considered. This leads to new
problems in coping with the scalability of the system.

2) Thetime to access memory is not uniform. Therefore, the execution time of an application
can depend upon which processorsit is assigned to execute on and where its data is located
in memory.

Therefore, we describe some existing NUMA architectures while concentrating on those
factors that will influence scheduling decisions the most. Then we briefly describe some
techniques for designing and implementing software that will scale with the hardware
(especialy operating system software). This is followed by a discussion of previous research
that is related to scheduling in NUMA systems in that it has concentrated on the problem of
localizing data references.

2.4.1. Large-Scale Shared-Memory M ultiprocessors

Three examples of existing large-scale shared-memory multiprocessors are the KSR1, from
Kendall Square Research [Burkhardt1992], DASH, developed a Stanford University
[Lenoski1l992], and Hector, developed at the University of Toronto [Vranesic1991]. Each of
these systems incorporates a hierarchical design to build larger systems by using small-scale
multiprocessor components as building blocks. In Hector and DASH the base component is
essentially a bus-based multiprocessor containing a small number of processors. (They are
called stations and clusters, respectively.) In the KSR1, the base component, called Ring:0, isa
unidirectional ring connecting up to 32 processors. Both the KSR1 and Hector use a ring to
connect base components together to form larger systems. In the KSR1, this ring is called
Ring:1 and in Hector it is called the station (or local) ring. These designs add another level to
the hierarchy by connecting collections of rings together with another ring. The DASH system
uses a mesh interconnection network to connect base components together to form a two-level
structure.

The processing modules in the KSR1 and Hector, besides containing a processor and
associated cache, also contain local processor memory, which provides short access times to
some memory locations and reduces contention for the base component interconnection network.
In the KSR1, the local memory is managed as a second level cache and consistency is
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maintained in hardware. In DASH each cluster is essentially a Silicon Graphics multiprocessor.
This design is different from the KSR1 and Hector in that memory within the cluster is attached
to the bus rather than processors, thus forming a UMA multiprocessor at the base component
level. The processor used in the KSR1 is a 20 MHz RISC processor developed by Kendall
Square Research. DASH uses the 33 MHz MIPS R3000 processor while Hector uses the 16.67
MHz Motorola MC88100.

The Hector design does not provide hardware cache coherence. However, cache coherence
is enforced in software by the HURRICANE operating system’s memory manager. On the other
hand, the DASH system implements cache coherence in hardware using a directory based
scheme [Lenoski1990]. The KSR-1 design uses an interesting *‘al-cache’’ system in which all
of memory is treated as a large slow cache. A limited broadcast method is used to locate
memory blocks as they are needed. Coherence is maintained in hardware using a hierarchical
broadcast and filter technique in which active ring components use directories to determine
whether to accept or ignore packets.

Table 2.1 shows some memory latency times in processor cycles for each of these systems.
The times for the KSR1 are in 50 nano-second cycles and are the times required to read one 128
byte cache line [Dunigan1992]. DASH and Hector have 30 and 60 nano-second cycle times
respectively and the latencies shown in Table 2.1 are for loading one 16 byte cache line
[Lenoski1992] [Stumm1993]. This table is not shown to compare these systems but to illustrate
two of the key issues related to the use of shared-memory NUMA multiprocessors:

1) Thetime to access remote memory can be significant.

2) The time to access remote memory depends on the distance to the location being accessed
(the number of levels of the hierarchy that must be traversed).

It is, therefore, quite natural to hypothesize that placing the parallel processes of an
application, which typically share data, close to each other in order to reduce communication
costs will be beneficia for their efficient execution. The degree to which the execution time of
an application will benefit from a localized placement depends on the number, frequency, and
latency of remote communication, as well as the effectiveness of the latency hiding techniques
used (if they are used).

Latency hiding is an active area of research in which techniques are designed to hide
communication latencies by overlapping communication with computation (rather than reducing
the cost and frequency of communication). Different approaches include: violating the
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System Memory Memory Processor Approx.
and CPU Level Location Cycles System Size
KSR1 1 Loca Memory 18 1

2 Ring O 126 32

3 Ring 1 600 32-1088
DASH 1 Secondary Cache 15 1

2 Loca Bus Memory 29 4

3 Remote Cluster Memory 132 16-64
Hector 1 Loca Memory 19 1

2 On Station Memory 29 4

3 On Ring Memory 37 16-32

4 Off Local Ring Memory 46 64—-256

Table 2.1: Memory reference hierarchies and latencies of some NUMA multiprocessors

sequential consistency model and using weaker models of consistency to permit the pipelining
and buffering of memory accesses [ Gharachorl001990] [Advel990] [Dubois1990], pre-fetching
[Gornish1990], multi-threaded processors [Smith1981] [Alverson1990] [Agarwal1990], and
dynamically scheduling processors (by using micro-paralelism within a thread)
[Gharachorlo01992]. If future systems are capable of effectively hiding memory access
latencies, the main advantage offered by a localized placement of applications would be in the
expected reduction in the use of and contention for the interconnection network (aside from first
reducing the latencies that need to be hidden).

2.4.2. Software Scalability

The extent to which the processing power of large-scale shared-memory multiprocessors
can be exploited will depend partially on the design and implementation of software structuring
techniques that scale with the hardware. One promising approach is to use the concept of
Hierarchica Clustering as a way to structure operating systems for scalability [Unraul992]
[Unraul993]. This approach uses a small-scale symmetric multiprocessing operating system for
a small number of processors as the base unit of structuring, called a cluster. In systems with
roughly 64 to 256 processors, clusters are replicated such that each cluster manages a unique
group of neighbouring processing modules. For larger systems clusters are grouped together
hierarchically with looser coupling in higher and higher levels in the hierarchy. Besides being a
means for achieving scalability, clusters also localize memory accesses, which is the key to good
performance in NUMA systems [Unraul992]. Similar structuring methods have been proposed
for scheduling subsystems in scalable architectures [Feitelson1990] [Feitelson1990a]
[Ahmad1991].
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2.4.3. Localizing Data Accesses

As processor technology continues to improve at a faster rate than memory or
interconnection network technology, the relative increase in communication costs in
multiprocessors has become atopic of growing importance. A number of recent studies consider
the importance of memory access costs when making scheduling decisions in shared-memory
multiprocessors. One of the goals of this research is to reduce the number of cache misses or
remote memory references by co-locating lightweight user-level threads and kernel processes
with the data being accessed, thus reducing the time spent loading data into the local cache or
memory.

Using an analytic model of atime-dliced, central ready-queue, scheduling environment and
experimental evaluation on a UNIX based multiprocessor, Squillante and Lazowska
[Squillante1990] [Squillante1993] argue and demonstrate that applications can build
considerable cache context, or footprints [Thiebaut1987]. Recognizing that it may be more
efficient to execute a process on a processor that already contains relevant data in that
processor’s cache, they design and examine techniques that consider the affinity that a process
has for a processor. They observe that the execution time of applications which release a
processor because of quantum expiration, preemption, or 1/0, can be significantly reduced by
using processor-cache affinity information to reschedule processes onto processors on which
they have previously run.

Subsequent studies have arrived at different conclusions. Gupta, Tucker, and Urushibara
[Guptal991] also consider the importance of cache-affinity techniques but in a space-shared
multiprocessor environment. They simulate a number of scheduling techniques and, using
processor utilization as a performance metric, conclude that improvements due to processor-
cache affinity are quite small, reducing mean processor utilization by only 3%. (They do not
report on how mean response time is affected.) Vaswani and Zahorjan [Vaswani1991] draw
similar conclusions in their experimental study of the importance of cache affinity. They use an
analytic model to show that even with faster processors and larger caches, the benefits due to
cache affinity will be minimal.

The apparent difference between the conclusions drawn in these studies islargely due to the
difference in the scheduling policies used to multiprogram applications. While Squillante and
Lazowska use time-sharing, the study by Gupta, Tucker, and Urushibara and the study by
Vaswani and Zahorjan both use space-sharing. The time-sharing policy employs a small
reallocation interval (quantum). This resultsin relatively frequent context switches and ensures
that processes do not run long enough to interfere with each other significantly. Vaswani and
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Zahorjan found that with space-sharing the frequency of context switches and cache reloading
could be reduced and that intervening applications often ran long enough to significantly disrupt
the cache context of the previous process, thus greatly reducing the benefits of processor-cache
affinity.

While cache affinity studies investigate the benefits of reusing cached data when executing
more than one application on the same processor (across applications), related work at the
University of Rochester concentrates on the benefits of reusing cached data when executing
lightweight threads of the same application on the same processor (within applications)
[Markatos1992] [Markatos1992a] [Markatos1993]. The Rochester work also extends the notion
of locality management to include one more level in the memory hierarchy by considering
systems that may have local-cache, local-memory, and remote-memory, such as the BBN
TC2000. Markatos [Markatos1993] first demonstrates that fine-grain parallel programs, because
of the overhead required to load data into the local cache or memory, typicaly perform much
worse than coarse-grain implementations even though the cost of thread management is
negligible. This motivates the need for techniques that consider locality when scheduling
lightweight threads within an application. Then Markatos devel ops a technique called memory-
conscious scheduling which, when used with fine-grain applications, yields execution times that
are comparable to coarse-grained implementations.

Markatos and LeBlanc [Markatos1992a] consider the conflicting requirements for load
balancing and locality management when scheduling lightweight threads of an application.
They conclude that of these two important considerations, locality management should be the
primary factor influencing the assignment of threads to processors. The importance of locality
management is also explored in their work on loop scheduling [Markatos1992]. They
demonstrate how traditional loop scheduling techniques incur significant performance penalties
on modern shared-memory multiprocessors. Then they propose and compare new loop
scheduling algorithms that consider the requirements of load balancing, minimizing
synchronization, and co-locating loop iterations with the data being referenced. These new
algorithms are shown to improve performance by up to 60% in some cases.

Our work in Chapters 5 and 6 is complementary to processor-cache affinity and lightweight
thread scheduling techniques for improving locality of data references. While these previous
studies investigate the importance of scheduling techniques for reducing the number of non-local
memory accesses by co-locating processes with the data being accessed, our work investigates
the importance of scheduling techniques for reducing the cost of required non-local memory
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accesses in environments where processes and data cannot be co-located. We have conducted a
simulation study [Zhoul991] which indicates that placement is an important aspect of
scheduling in large-scale, NUMA multiprocessors. This research has also provided motivation
for our experimental approach.

In Chapters 5 and 6, we experimentally investigate the problem of scheduling parallel
processes of an application that concurrently access shared data in an environment in which
there is no a priori knowledge of sharing or communication patterns. The complexity of the
problem isincreased by the architectural trend to cluster processors and memory elements and to
connect clusters together in a hierarchical fashion in order to build larger systems. This results
in systems with a number of levels in the memory hierarchy and memory access latencies that
vary with the number of levels of the hierarchy that must be traversed. Therefore, the placement
problem becomes one of placing processes of an application onto processors such that the costs
of required accesses to shared data are minimized. To our knowledge, this environment has not
been considered in previous studies.

2.5. The Experimental Environment

The experiments presented in this dissertation were conducted using a prototype of a
scalable shared-memory NUMA multiprocessor called Hector, developed at the University of
Toronto [Vranesic1991]. Each processing module in the Hector prototype contains a 16.67 MHz
Motorola MC88100 CPU, a 16 Kbyte instruction cache, a 16 Kbyte data cache, and 4 Mbytes of
globally addressable memory. The hierarchical design used in Hector connects a number of
processing modules with a bus to comprise a station. Several stations are connected with a bit-
parallel slotted ring and rings can be further connected using a hierarchy of rings to easily
support up to 256 processors. The prototype used consists of 4 stations, each containing 4
processor modules, for a total of 16 processors and 64 Mbytes of globally addressable memory
(see Figure 2.4). Thisdesign hasrelatively mild NUMA characteristics.

There is no hardware support for cache coherence in Hector. Cache coherence is enforced
in software by the HURRICANE operating system’s memory manager at a 4 Kbyte page level of
granularity, by permitting only unshared and read-shared pages to be cacheable [Unraul992]
[Unraul993]. HURRICANE also supports page migration and replication but these features were
disabled when conducting our experiments. This was done to ensure that observed differencesin
execution times were due solely to changes in scheduling algorithms. We expect that enabling
these features would only mildly influence our quantitative results and would in no way change
our qualitative results.
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Figure 2.4: Prototype 16 processor Hector multiprocessor

Unlike many of the UNIX operating systems currently in use on a number of
multiprocessor systems, HURRICANE uses lightweight kernel processes. The lightweight
processes comprising each parallel application are placed on processors in the system by a
system scheduler. This is accomplished by having each HURRICANE process creation first
contact a user-level scheduler to determine which processor to execute on. The scheduler is
designed for a dynamic multi-purpose, multiprogrammed environment so it is assumed that the
number of processors desired by an application is not known a priori. As a result, processor
requests and placement decisions occur one at a time, at the time of process creation.
Applications request a number of processors by using a loop to create one process at a time.
Space-sharing is enforced by the scheduling server, which also controls the number of processes
and therefore, the number of processors the application is permitted to use. Thisis accomplished
by not permitting the application to create more processes than the scheduling server has
determined should be allocated to the application (i.e., the process creation fails). Applications
were linked with a specia library that directs creation calls to the scheduler and notifies the
scheduler whenever a process is finished executing. Figure 2.5 shows the relationship between
the thread library, scheduling server, and operating system kernel.

User-level threads are scheduled onto operating system processes by the thread package.
The scheduling server is responsible for some subset (possibly all) of the processors, with the
server being replicated in larger systems. For the purposes of our experiments the scheduling
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Figure 2.5: Structure of scheduling subsystem

server and all other system processes execute on a subset of processors separate from those used
to execute the paralel applications. The scheduling server makes decisions about how many
kernel processes to allocate to each application and where each of those processes is executed.
The kernel is responsible only for dispatching processes assigned to its local ready queue. There
is one ready queue per processor in the HURRICANE kernel and because the scheduling server
implements space-sharing for the subset of processors that are used to execute parallel
applications, there istypically only one process assigned to each of those processors.

2.6. Applications Used in Experiments

Because the current Hector system is a prototype and because much of the work being
conducted on the system consists of operating systems research and performance evaluation,
there is not a large body of regular users. As a result, the applications collected for
experimentation consist mainly of programs that were written either to evaluate this type of
research or as part of a course project on parallel programming. Consequently, some of the
applications used are really kernels of what would be considered real parallel applications.

We use two different types of implementations for our experiments, each serving different
purposes. The first set of implementations use medium-grained parallelism (e.g., each thread
performs computation on a single row of a matrix). They use a localy developed user-level
thread package designed specifically for Hector and HURRICANE which, in cooperation with the
scheduling server, provide the ability to dynamically adjust which processors are assigned to
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each application. The second set of implementations use kernel-level lightweight processes and
coarse-grained parallelism. These programs request and are statically allocated a user specified
number of processors. The amount of computation performed by each process is determined by
simply dividing the data set evenly among the specified number of processors. The medium-
grained set of implementations are predominantly used in experiments in Chapters 3 and 4 and
will be explained in further detail when they are used. Some of those programs are medium-
grained thread-based implementations of the same applications used in Chapters 5 and 6. We
now describe the implementation of those applications.

In each of the coarse-grained implementations the main process creates a number of
children which act as slaves. Since each process of the parallel program is allocated to a
separate processor and we do not want processors to be unnecessarily idle, some programs were
modified so that the master process not only controls and synchronizes the children but also
performs its share of the computation, rather than simply waiting for the children to perform the
computation.

These programs are of the data parallel or single program multiple data (SPMD) class of
programs, which means that each process executes the same computational kernel on different
portions of the data space. The data access patterns of each application are different, so the
importance of the placement of the parallel processes should vary with each application. Since
the placement of each parallel process of an application is important relative to the data that is
being accessed, the HURRICANE operating system permits the application writer to roughly
control where data will be located by specifying the policy to be used when requesting memory.
In the implementations used, most of the shared data is allocated to memory according to a first-
hit policy. That is, data will be physically located in the memory of the processor module that
first touches the page containing that data. Some implementations specify a round-robin policy
for some of the shared data so that frequent accesses to the data by many processors do not
create hot spots and the remote memory access costs are reduced when executing on al 16
processors. Even though we do not use al of the processors in some of our experiments, we
have not modified the memory allocation policies used by the programs. (Currently there is no
policy for allocating memory on a round-robin basis from the subset of processors assigned to
the application.)

The applications are listed in Table 2.2 along with the problem size, the precision used, the
number of lines of C source code, and the speedup measured using four processors of one
station, S(4). The speedup values shown were computed by comparing the execution times of
the parallel application using one and four processors (since a serial version was not available
for al applications and we are concerned with the scheduling of parallel applications). The
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number of source code lines may be slightly high due to the large number of timing, tracing, and
debugging calls used when tuning the applications. More detailed descriptions of each
application are contained in the next section.

Name Application / ProblemSize | Precision | Linesof C | S(4)
FFT 2D Fast Fourier transform

data size = 256x256 Single 1300 29
HOUGH Hough transformation

Size=192x192, density=90% Double 600 34
MM Matrix multiplication

data size = 192x192 Double 500 34
NEURAL Neural network backpropagation

3 layersof 511 units, 4 iterations ~ Single 1100 3.8
PDE Partial differential equation solver using successive over-relaxation

data size = 96x96 Double 700 3.7
SIMPLEX | Simplex Method for Linear Programming

256 constraints, 512 variables Double 1000 2.4

Table 2.2: Summary of the coar se-grained applications used

The size of the system used is relatively small (16 processors), and in order to evauate
different application placements, each application is executed using four processors. (Four

processors were also chosen because some implementations constrained the number of

processors used to a power of two or to a number that divides evenly by the size of the data set
used.) Although the size of the data sets may appear to be small, they were chosen for a number

of reasons:

1) They should execute on four processors in a reasonable amount of time since multiple

executions of each application are used to compute means and confidence intervals.

2) The size of the data cache on each processor is relatively small (16 Kbytes). Consequently,
cache misses and memory accesses will occur, even with arelatively small sized problem.

3) Theamount of memory currently configured per processor isrelatively small (4 Mbytes). If
problem sizes are too large, data structures that are designed to be allocated to the local
processor (by using the first-hit allocation policy) may have to be allocated to a different
processor, resulting in remote memory references where the application programmer had
not intended. That is, once al of the physical memory of the local processor has been
alocated, the memory manager will alocate memory from a neighbouring but remote
module (rather than evicting pages from local memory).
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The seemingly poor speedup of some applications is the result of the small data sets used to
perform these experiments, since most of the implementations were designed to be used with
larger data sets on more processors (i.e., the parallelism isrelatively coarse-grained).

We now provide a more detailed description of each of the applications and how they are
implemented.

FFT computes the forward and reverse transforms of a two-dimensional array of data
[Cooley1965] by performing an O(log N) one-dimensional transform along each row of the array
and then along each of the columns, where N is the number of data points (256x256 in this case).
The FFT is used extensively for signal processing, image processing, and solving differential
eguations. Parallelization is achieved by having each process compute a portion (a number of
rows or columns) of the one-dimensional transforms. The computation would normally be
dominated by sine and cosine operations, so this implementation improves performance by pre-
computing and storing sine and cosine values in alookup table. All major shared data structures
are alocated to memory on a first-hit basis with the exception of the sine and cosine tables,
which are allocated on a round-robin basis.

HOUGH implements a commonly used image processing and computer vision method for
detecting lines and curves in digitized images [Dudal972]. The main data structures used are
two matrices, one for the binary input image and another for the resulting accumulator array.
Each process examines its predetermined portion of the image, performs the required
transformations, and stores the results in a local data structure. This implementation then
sequentially adds the locally computed results to the global result. The final summation phaseis
sequential because the results are being updated to a global matrix containing the final result. As
was the case for FFT, values for sine and cosine are pre-computed and stored in lookup tables,
which are alocated to memory on a round-robin basis. In both of these applications the tables
are allocated in a round-robin fashion to avoid the creation of hot spots. (The extra cost of
accessing remote memory isrelatively small.) The input dataimage is also allocated to memory
using a round-robin policy while the remaining shared data structures are allocated using a first-
hit policy.

MM computes the matrix equation C = AB [Strang1980]. In the paralel version of this
application, each of the processes is responsible for computing an equal sized strip of the rows of
the matrix C. To calculate the results for a strip of C, each process must access all of the
elements of C contained in that strip, all of the elements in the same strip of A, and all of the
elements of the entire B matrix. (Each matrix is stored in row-major order.) Therefore, the A
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and C matrices are alocated from memory on a first-hit basis, providing for local memory
accesses, except at the boundaries of the regions being computed by each process (since these
may be located on the same physical page). The entire B matrix is accessed by all processes and
is therefore a good candidate for distribution throughout the system, when al of the processors
in the system are used (or for replication). However, since some of the other applications
distribute shared data throughout the system, we used the first-hit policy for allocating memory
for matrix B. Because the main (parent) process initializes B, it will be allocated in the memory
associated with the first processor allocated to the application. Although thisis not the best way
to implement this application, it should help to emphasize the importance of the location of
processes relative to the data being accessed since this forces all but one of the processes to
access matrix B remotely.

NEURAL implements a neural network backpropagation learning algorithm [Rumelhardt1986].
It trains a general network topology with a specified number of layers and number of units to be
processed per layer. Each layer contains the same number of units and every unit is connected to
each unit in the adjacent layer. In order to ensure that execution times are somewhat
deterministic, the number of iterations used in training the network is specified as an input
parameter and training continues until the specified number of iterations have been completed.
The algorithm operates in paralel by using matrices to represent the problem and reducing the
calculation to a series of matrix operations. Once again processes operate in parallel on different
row-wise partitions of the matrices. The training patterns and desired outputs are obtained by
mapping files to memory using a first-hit policy. All other shared-data structures are aso
allocated on afirst-hit basis.

PDE is a partial differential equation solver that implements a successive over-relaxation
method for solving Laplace’ s equation for atwo-dimensional data set [Press1988]. It starts with
a set of initial or boundary conditions and iterates over the data space until the solution
converges to a steady state. (The computation is done chaotically.) As a result the execution
can be fairly non-deterministic and multiple executions can result in more variation than for
some of the other applications (e.g., one execution of the application has processes executing an
average of 524 iterations while a second execution requires processes to execute an average of
519 iterations). The particular implementation used finds the temperature distribution in an
infinitely long square rod whose edges are held at a fixed value [Unraul993]. Each process
iterates over equal sized row-wise strips of the element array, which are allocated using afirst-hit
policy so accesses will be to local memory except along common edges where the data is
accessed by processes in adjacent strips.
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SIMPLEX is an implementation of an optimization method for solving linear programming
problems [Dantzig1951] [Ravindran1987]. A linear program involves finding a solution which
minimizes or maximizes the value of a criterion function subject to a set of constraints specified
by linear equations or linear inequalities. The simplex algorithm is a popular heuristic method
which performs very well in practice and is the method of choice for solving linear programming
problems. The main data structure, sometimes called a tableau, is a matrix containing the
coefficients of the system of equations specified by the linear programming problem being
solved. Each process is responsible for severa consecutive rows of the tableau and only
performs read and write operations on its own portion of the tableau.

2.7. Summary

In this chapter we have described different techniques for characterizing parallel
applications and a number of policies for scheduling in multiprogrammed multiprocessors.
From recent research in UMA multiprocessors, general consensus on a number of conclusions
appears to be emerging:

1) Space sharing is preferable to time sharing in multiprocessors because space sharing
permits processing power to be divided among jobs without incurring the overheads due to
preemption (asis the case with time sharing).

2) Two-level scheduling (i.e., the use of user-level threads) offers distinct performance
advantages because it can be used to match the number of executing kernel threads with the
number of available processors to avoid unnecessary oblivious preemptions. However,
uncoordinated processor reallocations — those in which the kernel reallocates processors
without interacting with the application — can lead to poor performance when compared
with coordinated processor reallocations.

3) Dynamic scheduling policies that change the number of processors alocated to an
application as a result of changes in workload (e.g., the number of jobs or their parallelism)
are preferred over static policies.

4) The cost of memory accesses is increasing relative to cache accesses and techniques are
required to ensure that the number of memory accesses is reduced.

The existence of larger multiprocessors is likely to provide more opportunities to
multiprogram parallel applications since applications may not be capable of utilizing al of the
processors. This increases the importance of techniques for effectively sharing processors. In
particular, we are concerned with the problem of how many processors to allocate to each
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application, given that space sharing is the preferred method of multiprogramming. We call this
the allocation problem, which is the topic of study in Chapters 3 and 4. Specifically, we are
interested in understanding why techniques that partition processors equally among applications
have performed well in practice [Tucker1989] [Leutenegger1990] [Leutenegger1991], what is
required if new techniques are to improve the performance of existing techniques, and what kind
of performance improvements can be expected from new techniques. After al, it may not be
worth implementing and using new techniques if they will only marginaly improve on the
performance of existing techniques.

As aso described in this chapter, a number of recent studies have demonstrated the
importance of data reference locality and have examined scheduling methods for reducing the
number of costly references to memory. Thisis usually done by placing the execution unit (the
process or user-level thread) near the data being accessed, as is done in the processor-affinity,
user-level thread, and loop scheduling techniques. The existence of large scalable NUMA
multiprocessors, however, presents new challenges in scheduling. Since paralel applications are
likely to require access to shared data, the location of parallel processes of the application
relative to that data may influence the execution time of the application. The placement of
processes is examined in Chapters 5 and 6.



Chapter 3

Processor Partitioning

3.1. Introduction

This chapter examines the fundamental problem of determining the number of processors to
allocate to each application and examines methods for making these decisions dynamically and
adaptively. The goal is to obtain a better understanding of existing scheduling policies and to
motivate new techniques that incorporate information about application characteristics.

We first establish severa simplifying assumptions, then analytically compare currently
popular techniques with optimal techniques. Some of the simplifying assumptions are gradually
relaxed in order to examine a more realistic version of and practical solutions to the problem of
multiprogrammed scheduling in multiprocessors.

These results all apply directly to shared-memory systems. As well, in the case when
processor repartitioning is not permitted, the results can be applied to message-passing parallel
systems (i.e., systems that do not support shared-memory). The results of this chapter motivate
the work in Chapter 4 which examines practical techniques for obtaining and using execution
time estimates to reduce mean response time.

3.2. Motivation

A number of recent studies propose using parallel application characteristics to determine
the number of processors to allocate to each application [Maumdar1988] [Maumdar1988a)
[Sevcik1989] [Ghosal1991] [Leutenegger1991] [Sevcik1994]. Unfortunately many of these
characteristics are either difficult to obtain or require too much data to be of practical value and
as aresult have not found their way into multiprocessor system implementations. Consequently,
processor alocation decisions are often made in the absence of knowledge of application
characteristics. Without such information all applications are essentially treated equally. Hence,
the single property that is often reported as being a desirable property of a multiprogrammed
multiprocessor scheduler is that it should space-share the processors equally among al
applications [Tucker1989] [Leutenegger1990] [Zahorjan1990]. In this Chapter we examine the
policy decision to equipartition processors by proposing and examining alternative strategies that
partition processors unequally among jobs in order to reduce mean response time when
compared with equipartitioning strategies.

29
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Recent work by McCann, Vaswani, and Zahorjan [McCann1993] shows that simple
information about applications can be used to make more informed decisions about the number
of processors to allocate to each application. They reallocate processors among jobs in response
to changes in the parallelism of the jobs. Each job frequently advertises, to the scheduler, the
number of additional processorsit could use. Additionally, it notifies the scheduler when it has a
processor that can be reallocated to another application. The scheduler may then reallocate the
processor to another application that is able to use the additional processor. This dynamic
allocation policy improves mean response time when compared with repartitioning processors
strictly upon job arrivals and departures [Tucker1989] [Guptal991]. Note, however, that under
the ‘*dynamic allocation’” policy, if al applications have sufficient parallelism, each application
istreated equally and is given an equal portion of processors.

A central thesis of this dissertation is that processor alocation schemes should consider
relevant job characteristics to improve mean response time. Most notably we are interested in
making more informed processor allocation decisions by considering the amount of work to be
done by each application. Note that these schemes are likely to alocate an unequal number of
processors to each application. This chapter concentrates on an analysis of the benefits that can
be obtained from knowing the amount of work an application performs. Chapter 4 considers
practical techniques for obtaining and applying such knowledge.

3.3. Simplifying Assumptions

In order to perform analytic comparisons of various policies, we begin with restricted
models of the system and parallel applications. These simplifications are made to gain insight
into the general problem of how to schedule and concurrently execute multiple parallel
applications. Some of these simplifying assumptions are gradually relaxed and new policies
derived and compared. (Note that the policies we consider are work-conserving.)

A3.1:  Thenumber of jobs being executed, N, is less than the number of processors, P.
A3.2.  TheN jobsarrive simultaneously at time zero and there are no new arrivals.

A3.3:  Job J; has W, units of work to execute and the work isinfinitely divisible. That is, the
granularity of the computation can be made arbitrarily small.

A3.4.  The number of cpus alocated to job J;, denoted by p;, may be fractional and
processors that are allocated fractionally to more than one application time-share the
applications in appropriate portions with negligible overhead.
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A35:  All processorsin the system are equivalent. That is, the effects of cache contexts and
memory latencies are ignored.

Two of the most important characteristics affecting a parallel application’s execution time
are the amount of work to be executed and the efficiency with which the work can be executed.
In order to simultaneously execute multiple parallel applications effectively, processor allocation
decisions must utilize knowledge of these characteristics. A number of studies have described
various techniques for determining processor alocations based on different approximations of an
application’s  efficiency [Maumdarl988a] [Eager1989] [Ghosal1991] [Carlson1992]
[Rosti1994] [Sevcik1994]. In this chapter we are interested in determining how much benefit
can be obtained by knowing and applying knowledge of how much work each application
executes. Therefore, we also assume that the following information is available for each
application:

A3.6:  Theamount of work being executed by each job J; isknown and isW,.

A3.7:  All applications execute with perfect efficiency. That is, they achieve perfect speedup.

These assumptions are made in order to make the problem more tractable, to determine if
significant performance improvements can be obtained by using knowledge of the work an
application executes and to gain insight into the problem of partitioning processors among
applications. In Chapter 4 we relax assumptions A3.6 and A3.7 and consider practical,
implementable approaches for obtaining such information and techniques for making processor
allocation decisions based on the methods introduced and investigated in this chapter.

3.4. Scheduling without Reallocations (Static Partitioning)

We begin by considering a simplified processor allocation problem. If N perfectly efficient
applications, Jq, Jo, J3, ..., Jy, are to be simultaneously executed on P processors, and an
application is not able to acquire additional processors once it has been activated, how many
processors, p;j, should be alocated to each application, J;, in order to minimize the mean
response time of the applications?

That is, two additional assumptions are used in this section (but are later relaxed):

A3.8: Njobs, Jq, Jo, J3, ..., Jy, &e started simultaneously and executed to completion.

A3.9: Processor repartitioning is not permitted.
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Reasons for considering this problem are:

e |t provides insight into how to allocate processors to N jobs that are to be executed
simultaneously.

e The costs associated with reallocating processors may be prohibitive. Certain overheads
are associated with the reallocation of processors. If these overheads outweigh the benefits,
reallocation should be avoided. Examples of such overheads include: context switching,
resultant cache misses, and migration costs (or supporting realocation in systems without
shared-memory).

We first consider and compare possible techniques for addressing the stated problem. Later
we will study a more general form of the scheduling problem and examine how relaxing the last
two assumptions (A3.8 and A3.9) might affect processor allocation decisions.

3.4.1. Equal Partitions (EQUI)

One popular approach to allocating processors is to treat all applications equally and assign
them each an equal portion of processors [Ghosal1991] [Rosti1994]. This method is sometimes
referred to as an equipartition policy because it gives each application an equal sized partition of
processors. (We call it EQUI.) If we let p; represent the number of processors that job J; is

N
alocated, then 5 p, =P
i=1

P

EQUI: P

This policy is fair in one sense because each application is allocated the same number of
processors. However, it has the drawback that if the applications execute different amounts of
work, processors unnecessarily become idle since processors assigned to jobs that finish first
remain idle until all jobs are completed. In order to improve the mean response time, thisidling
of processors must be reduced or eliminated. This is done by considering differences between
applications. Given the current set of assumptions the only possible difference between
applications is the amount of work to be executed, W,.

We now examine how a priori knowledge of W, might affect processor allocation decisions
and how much performance improvement might be obtained compared with an equipartition

policy (EQUI).
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3.4.2. Proportional Partitions (PROP)

Intuitively, allocating a fraction of processors that is proportional to the amount of work
being executed by each application should reduce the idling of processors. We call such a policy
PROP because of its proportional allocation of processors.

P W

PROP: P =
2 W
j=1

Thispolicy is of interest because:

1) All jobs start and complete at the same time and, therefore, execute with response times
equal to the mean response time. * This policy is fair in one sense because all jobs have the
same execution time.

2) GivenW, fori=1,2,..., N,itiseasy to calculate the number of processors to allocate
to each application.

3) Intuitively, if the jobs do not execute equal amounts of work, then allocating a greater
portion of processors to larger jobs might improve the mean response time over equally
partitioning the processors.

Prasanna, Agarwal, and Musicus [Prasannal994] use a heuristic caled ‘‘Greedy’’, at
compile time, to distribute processors among a set of nodes derived from a macro dataflow graph
of aprogram. This‘‘Greedy’’ approach involves assigning processors in proportion to the time
required to execute each node and is equivalent to PROP. (Their method is, however, designed
to minimize the time at which all nodes complete execution rather than minimizing the mean
response time.) Since all of the nodes in the set being executed are required to complete before
the next set can begin execution, the proportional assignment of processors minimizes the
completion time of each set of nodes.




3.4.3. Comparing PROP with EQUI

The number of processors allocated to each application can be drastically different under
the equipartition (EQUI) and proportiona partition (PROP) policies. In order to compare the
relative performance of the two policies, we now examine how the difference in allocation of
processors affects the mean response times of applications executed under each policy.

Let R®) be the response time of application J; when scheduled using the equipartition
policy and ﬁ(E) be the mean response time of all N applications. The response time of an
application is determined by the amount of work it is performing, W;, and the number of

W
processors it is alocated, p;. Therefore, R® = — and under an equipartition strategy
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Now let R (®) be the response time of job J; when scheduled using the proportional partition
policy and ﬁ(P) be the mean response time of all N jobs. Again response time is determined by

W,
the amount of work, W;, and the number of processors allocated, p;. Therefore, R (P) = —' and
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From this analysis, we see that although the allocation of processors to applications can be
very different between the equipartition and proportional partition policies, in fact their mean
response times are identical.

3.4.4. Optimal Partitions (ROOT)

Our goa in partitioning processors among the applications is, however, to minimize the
mean response time over al applications. Towards this goal we now derive a partitioning
scheme that optimally partitions the processors, given the current set of assumptions (A3.1
through A3.9).

W,
Since al jobs are started at time zero and execute with perfect efficiency, R = — and
i

_ N W
R:% > —. The problem thus becomes one of determining an assignment for each
i=1 i
o - 1 Nw N
pi, 1=1,2,..., N,suchthat R:W > ?lsmlnlmlzedand > p=P
i=1 Mi i=1

This problem can be solved by applying the method of Lagrange multipliers to obtain the
following formula for determining how many processors to allocate to each application:

P YW

ROOT: P =
> VW
=1
Theorem 3.1 : Under the previously stated assumptions, A3.1 through A3.9, this alocation
policy (ROOT) yields an optimal partitioning of P processors among N simultaneously
executing applications.
Proof : See the Appendix for a proof of this theorem. -
Sevcik [Sevcik1994] has also considered the amount of basic work that an application
executes, along with a number of factors that ‘*slowdown’ an application’s execution and has
obtained the same result. These slowdown factors include the overhead required to achieve
parallel processing, the imbalance with which work is distributed across the available processors,
and communication overhead.

Before comparing this new policy (ROOT) with the equipartition policy (EQUI) we first
illustrate the differences among the three policies discussed to this point by using a smple
example. Consider three jobs J1, J, and J3 executing on 60 processors. The amount of work
being executed by each application is W, = 100, W5, =400, and W3 = 1000, respectively. Table
3.1 shows the proportion and the number of processors allocated to each application, the
response time of each job, and the mean response time obtained using each of the three policies.



Policy | Job | W P, R R
EQUI | J; 100 | 20.00 500 | 2500
J, 400 | 20.00 | 20.00
Js 1000 | 20.00 | 50.00
PROP | J; 100 400 | 2500 | 2500
J, 400 16.00 | 25.00
J3 1000 | 40.00 | 25.00
ROOT | J; 100 974 | 1027 | 2110
J, 400 19.47 | 2054
J3 1000 | 3079 | 3248

Table 3.1; Differences between EQUI, PROP and ROOT partitioning schemes:

. an example
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Figure 3.1 provides a graphical representation of the differences between the equipartition,
proportional and optimal partition strategies by showing the different number of processors
allocated to each application, the response times of each application, and the mean response time
of all applications. Each rectangle in the diagram represents the execution of ajob. Thewidthis
proportional to the number of processors alocated to the job while the length is proportional to

the execution time. Note that because of the assumptions that work divides infinitely and can be
executed with perfect efficiency, the area of the rectangle depicts the work executed.

Equipartition

Time

Proportional Partition

Optimal Partition

Figure 3.1: Comparison of EQUI, PROP and ROOT partitioning techniques
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3.4.5. Comparing ROOT with EQUI

We now consider the potential benefits obtained by knowing the amount of work, W;, and
using the ROOT policy, by comparing it with EQUI. (Since EQUI and PROP yield identical

mean response times, there is no need to compare with PROP.) This is done by considering the
SR
. . =R/ —
mean response time ratio, R(R ® - lf(E) , Where R( R and R ® are the mean response times
R

obtained using ROOT and EQUI, respectively.

First consider the response time, R (R, of job J;, when executed using ROOT.
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The reason for deriving the mean response time ratio, R( ® , IS to consider how close to

and far from optimal EQUI can be. We are, therefore, interested in upper and lower bounds on

—(R/
RF/E.

<R®® <1 o LR® <R® RO

1
Th 32: —
eorem N N

Proof :  For aproof of thistheorem refer to the Appendix.

These bounds are achievable and in fact, the equipartition (EQUI) and optimal (ROOT)
policies yield identical processor allocations (i.e, R "B - 1) when
W, =W, =W3=,..., =Wy. However, because reallocating processors is not permitted when
a job completes execution, the equipartition method can yield a mean response time N times
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worse than the ‘‘optimal’’ technique (thus achieving the other bound). This can be seen
intuitively by noting that the mean response time of the equipartition method will be poorest
when thereisone largejob, J1, and N-1 arbitrarily small jobs, J,, J3,..., In.

Figure 3.2 illustrates this example and shows the differences in processor allocations and
execution times between these two policies. The N-1 infinitessmally small jobs will complete
immediately and the mean response time will be dominated by the time to complete the
execution of J;. The response time of J; and thus the mean response time could be reduced by
allocating it more processors and allocating the other jobs fewer processors. As the work being
done by jobs J,, J3,..., Jy approaches zero, the improvement in the response time of J;
approaches N. Therefore, under the given assumptions, the equipartition method could be up to
N times worse than the optimal partition.

Equipartition Optimal Partition

I ] ( ]

Time

Jo Jg o+ dy SPERN 'Y
J1

J1

Figure 3.2: Static Equal Partition ver sus Optimal Partition

This section has shown that knowing and using the amount of work when making processor
allocation decisions can improve mean response time substantially. Under the given
assumptions, allocating processors in proportion to the square root of the amount of work yields
optimal performance. It is also worth noting that if the assumption that all jobs must be started
simultaneously is relaxed, a Least Work First (LWF) policy is optimal. In the next section we
compare the LWF policy with a policy that dynamically repartitions processors equally among
all jobs.
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3.5. Scheduling with Reallocations (Dynamic Partitioning)

Some potential problems with the version of the problem stated in the previous section are
the following.

e Processors are wasted if they can not be reallocated when an application finishes executing.
In some environments repartitioning may be possible and the cost of doing so may not be
prohibitive.

e Performance may be improved by holding some applications for later execution. That is, it
might be preferable not to start executing N applications at once.

Therefore, in this section we allow the execution of jobs to be delayed and processors to be
reallocated when a job finishes execution (i.e., we relax assumptions A3.8 and A3.9). In order to
keep the analysis simple, however, we assume that repartitioning is instantaneous and free.

A3.10: Processor repartitions occur instantaneously and without cost.

We now compare a popular method for determining processor allocations that does not
require any information about applications (which we call dynamic equipartition), with a method
that is optimal if the amount of work each job executes is known a priori. Thisis done to gain
insight into how close to or far from optimal the equipartition technique might be and to
determine how much performance might be improved by knowing the amount of work being
executed by each job.

3.5.1. Dynamic Equipartition (DYN-EQUI)

Practical scheduling policies that have recently received favourable attention in the
literature  dynamically  repartition processors among applications  [Tucker1989]
[Leutenegger1990] [Zahorjan1990] [McCann1993]. One technique, proposed by Tucker and
Gupta, limits the total number of processes in the system to be equal to the number of processors
and space-shares processors among applications [ Tucker1989]. The scheduling policy employed
by Tucker and Guptais called equipartition because it allocates an equal number of processors to
each application (if they have enough parallelism) and reallocates processors upon job arrivals
and departures. This policy is easy to implement as it requires no information besides the
number of jobs and processors in the system. A technique called dynamic scheduling, proposed
by Zahorjan and McCann [Zahorjan1990], improves upon equipartition by recognizing that the
parallelism of some applications changes during execution and by dynamically adjusting
processor alocations with changes in job parallelism. In a sense they attempt to utilize
processors more effectively. Dynamic scheduling differs from equipartition in that processor
reallocations can occur as a result of changes in job parallelism rather than just at job arrivals



40

and departures. Although dynamic scheduling is able to distinguish between different
applications to some degree it does not take into account the amount of work being executed by
applications or the extent to which the processors allocated to each application are effectively
utilized.

Under our current assumptions (A3.1 to A3.7 plus A3.10) all jobs execute with perfect
efficiency and are thus capable of utilizing any number of processors. Therefore, for our
immediate purposes, these two techniques are equivalent and we refer to them as dynamic
equipartition (DY N-EQUI). The term ‘*dynamic’’ is used to indicate that processors can be
repartitioning dynamically rather than being partitioned in a static fashion, as was the case in the
previous section.

DYN-EQUI treats all jobs equally by giving an equal portion of processors to al jobs and
reallocating processors whenever a job arrives or departs. Because we assume that there are no
new arrivals, repartitioning takes place only when jobs complete. Let n(t) be the number of
applications executing at time t and p;(t) be the number of processors allocated to job J;, then
this policy can be expressed as follows.

P

DYN-EQUI: pi(t) = FTO)

3.5.2. Least Work First (LWF)

If the amount of work or ssimply a ranking of the relative amounts of work each job
executes is known, then executing jobs with the Least amount of Work First (LWF) is optimal
[Sevcik1994].

p forsomei | W, = min(W;), overallj that have not been executed
Pi = 0 for al other jobs (ties are broken arbitrarily)

Sevcik also points out that if there is a Poisson stream of arrivals of new applications and
preemption is free, then a Least Remaining Work First (LRWF) policy is optimal. Under a
LRWEF policy, if ajob arrives and the amount of work it requires is less than the amount of work
left for the executing application to complete, then the executing application is preempted and
all P processors are used to execute the new arrival.



41

3.5.3. Comparing LWF with DYN-EQUI

Figure 3.3 provides an example of how the two scheduling policies would partition
processors differently when executing three jobs, Jq,J,, J3, W;>W,>Wj3. The
equipartition method begins by sharing the processors equally among the three applications.
Once job J3 completes at time R3(P), the processors are divided between the two remaining jobs
until job J, completes at time R,(P), after which point only job J; remains and is allocated all P
processors until its execution is completed at time R, (®).

Dynamic Equipartion Least Work First
Time Ja Ry®)
Ji| J2 | I3
Jo
R3®) R,®)
Ja J2
J
R,®) !
Ji
R,® R,®)

Figure 3.3: Dynamic Equipartition versus Least Work First

The Least Work First policy (LWF) ranks each application by the amount of work to be
executed. Then, al P processors are allocated to each application in turn beginning with the
application executing the least amount of work. Completion times of jobs J3, Jo, and J, are
denoted by R3®), R, and R, (1), respectively.

As was done in the previous section, we now analytically compare DY N-EQUI, which
treats all applications equally but does not require knowledge of the work an application
executes, with LWF, which requires and uses knowledge of the amount of work to obtain an
optimal schedule (LWF). We perform this comparison in order to:

e  Determine how much room there might be to improve upon the equipartition technique.

e Compare static and dynamic processor alocation techniques.
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Without loss of generdity, we label the applications Jq,Jo,..., Jy such that
W;2W,2 - 2Wy. R®) represents the response time of J; under the DYN-EQUI
scheduling policy and R%) is the response time of J; under the LWF scheduling policy. The
mean response time when the jobs are scheduled using the DY N-EQUI policy is denoted, F_Q(D),
and I?e(L) denotes the mean response time of the same applications when executed with the LWF

policy.

ﬁ(D) R{® +R,P) + ... +RD) ﬁ(L) RV +R,L + - + Ry
= N _ N

First consider the application response times when scheduled using the LWF policy.
Because jobs have been labelled such that W, =W, > --- =Wy, Jy is the job executing the
least work. It is, therefore, executed first and is allocated all P processors. Hence, its response
timeis:

Ry™ 5

The response times of the remaining jobs can be expressed in terms of the response times of
the previousy completed jobs. In turn, each remaining job is allocated all P processors.

W,
Therefore, the response time of each job is comprised of ?' time units to execute and a wait

period determined by the response time of the previously completed application. Consequently:

Ry® = Ry + -1
P 1

RO = Ri+1(L)+% " and

W
R,& = RZ(L)+T1'

Using RY = % (R +R,0) + -+ + Ry™) ) and substituting recursively for each R-) we

obtain:

RY = P—lN[W1+2W2+3W3+4W4+---+NWNJ or
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N
Z (3.1

Note that alternate formulations of Fe( ) are possible but we make use of equation (3.1) later.

Now consider the response time of each application when scheduled using the dynamic
equipartition policy. Once again Jy is the job executing the least amount of work and will,
therefore, be the first to complete. Because Jy is alocated % processors (as are each of the

N Wi
-

other applications), its response timeis Ry(®) =

The response time of each remaining job can again be expressed in terms of the response
time of the previously completed job. Figure 3.4 shows an example of a number of jobs and
their corresponding response times. The response time of Jy—; is Ry—1®’, which is equal to the
response time of Jy, Ry®’, plus the time required to complete the work remaining to be
executed by Jy-1. (Since a portion of the work is executed during the execution of Jy.) The
amount of work remaining is (Wy-1 — Wy ) because the work that Jy-; was able to execute
during the execution of Jy, is the same as Jy was able to execute, and is equal to Wy. The
number of time units required to execute the remaining work is determined by the number of
processors assigned. After Jy completes, N-1 jobs remain in the system. Therefore, Jy-1 will

finish executing with % processors. Consequently, the number of time units required to

execute the remainder of the work for Jy -1 will be:

Wn-1 = Wy
P
N-1
Therefore,
Ry_1P = R® + Nl;l [WN_l - WNJ , ingenerd
RO = Ra®+ L[ W - W, and
R,® = RZ(D)J,% [Wl _ Wz} _
Now using R l (Ri® +R,®) + .- + R®)) and substituting recursively for each

R (®) we obtain:
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Ji| 3, | 33| 34 |000]| N
Ry®
J1 J2 © 0o IN-1
Ry-1P)
(@) O O
R,(P)
J1
R,

Figure 3.4: Computing Response Times for Dynamic Equipartition

ﬁ(D) = P—lN[ +3W2+5W3+7W4+ +(2N—1)WNJ , or

ﬁ(D)

1 N
PN Z(Zi-l)Wi- 3.2

In order to determine how far from optimal the dynamic equipartition method is we
consider the mean response time ratio,

L)

—LD) _ R
R = ﬁ(D) : (3.3)
By substituting equations (3.1) and (3.2) into equation (3.3) we have:
1 N N
N2 W > TW
5(L/D) i=1 _ i=1
R = 1 N = N . (34)
— -1)W, 2i-1)W,
PN ; (2 ) Wi |§1( i-1)W,

: i =(L/
Our interest is in the range of values that can be assumed by R(L ®)

bounds on R( D) and examine the conditions under which these bounds are attai ned.

. Therefore, we determine

N+1 LD o N+1 s0) _ SUb) —(D)

Th 3: R <R " <R
eorem 3.3 N N
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Proof : (This proof is presented here rather in the Appendix because we will make use of some
of these equationsin later discussions.)

N N N
> (2i-1) W 25 iW > W > W
1 _ =l _ i=1 = - o _ i=1
5(LD) N = N N = N :
R SiW AL SiW SiW
i=1 i=1 i=1 i=1
N N \NI
Nowlet W= S W, (i.e,thetotal work) andlet E[I]= Y i Wl Therefore,
i=1 i=1
RO - 1 (3.5)
oo 1
E[l]

W,
W' can be thought of as the fraction of work that W, contributes to the total amount of work to

W N W W
be executed, W. Therefore, 0< — < 1and > — =1. Sothevalues of — can be thought of
w o W w
N
as a discrete probability distribution and E[I] =3 i
i=1
expected value or mathematical expectation of that distribution [Mendenhal|1981]. Recall that
we have labelled the jobs such that W, >W, > --- >Wy. E[l] is minimized and the bound
approaches 1 when all but one of the jobs have essentialy no work to execute

W, =W3=W, = --- =Wy B0 and the work of job J; is, therefore, W; BW. E[I] is

maximized when W; =W, =W3= --- =Wy and in this case E[l] = % Therefore,

W,
WI} is simply the definition for the

=(L/ . ,
N;l and NZTVl < R(L P) < 1, thus proving the theorem and showing that

the bounds are achievable.

1< E[] <

It is interesting to note that these results are the same as recent competitive analysis results
for round-robin scheduling in uniprocessor systems [Motwani1993]. Thisis not surprising since
both the round-robin policy for uniprocessors and dynamic equipartition policies for
multiprocessors share processing power equally among all applications. Note that under our
assumptions a round-robin job policy as described by Leutenegger and Vernon
[Leutenegger1990] that has arbitrarily small quanta and does not incur any overhead when
switching between jobs is equivalent to the dynamic equipartition policy.
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An important question is, under what circumstances can these extremes be realized. As
explained in the proof, the mean response time obtained with DY N-EQUI will approach optimal
only when the work to be executed by all but one of the jobsis arbitrarily small. However, such
adistribution is unlikely to occur. Therefore, DY N-EQUI will not be optimal for ‘‘interesting’”’
distributions of W;. As also explained in the proof, one circumstance under which DY N-EQUI

performs most poorly relative to optimal occurs when the work being done by each application
N+1_1 z(L/D)

[ a (Wi=Wo=W3z="---=Wy). In thi , S li ==,
is equa (W;q 2 3 N). In this case, since Nlmo N >

asymptotically approaches % as the number of jobs, N, approaches infinity. Table 3.2 shows

how quickly the value of I?z(l' P) grows with N in the case when all jobs execute the same amount
of work. It demonstrates that significant benefits may be obtained by using the amount of work
each job executes, even when there are not a large number of jobs in the system (although in
under admittedly restrictive assumptions).

N+1 _ —@w/D)

Nl 5N TR

1 1 =1.00

2 3/4 =0.75
3 273 =0.67
4 5/8 =0.62
10 | 11/20 =055
- 172 =0.50

Table 3.2: How far Dynamic Equipartition can be from Optimal

We have just discussed two contrived and extreme distributions of W, that demonstrate
circumstances under which the equipartition technique yields mean response times that are
closest to and farthest from optimal. We now consider how more realistic distributions of work,
W, will affect the difference between mean response times obtained using the dynamic
equipartition and optimal policies.

Once again consider equation (3.5): ﬁ(L/D) = ;1 For any distribution for which
2 -
Ell]
: =(L/m) 1 . o .
’\Illm E[I]=c wehave R = > This is true for al distributions with non zero amounts

s|=

N
of work since the value of i {

] can only grow as jobs are added. (Recall that jobs are
i=1
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labelled such that W1 >2W, >2W3 > --- >W.) Therefore, for ‘‘interesting’’ distributions of
work, W;, as N approaches infinity the mean response time of DYN-EQUI asymptotically
approaches twice optimal. Note, however, that the rates at which the bound is approached varies
with different distributions of W,. These results emphasize the dangers in performing
comparisons using only a small number of jobs since the difference in mean response times
obtained when using DY N-EQUI and LWF increases with the number of jobs.

3.5.4. Substantiatingthe Analysis

The previous sections have demonstrated analytically that knowing and using the service
demands of applications may dramatically improve performance over techniques that do not use
such information (such as equipartition). The potential problems with applying these theoretical
resultsin amore realistic environment are:

1) We may not have a priori knowledge of the amount of work to be executed by each
application (Assumption A3.6).

2) Applicationsrarely execute with perfect efficiency (Assumption A3.7).

3) Repartitioning processors can not be done for free (Assumption A3.10). In fact, the
overheads may outweigh the gains.

For a moment let us continue to use Assumptions A3.6 and A3.7, but relax the assumption
that processor reallocations can be done instantaneously and for free (assumption A3.10). We
perform a simple experiment, using the Hector multiprocessor, in which we compare the mean
response time of two scheduling policies executing an identical collection of applications. The
purpose of this experiment is to:

e Determine if the overheads are likely to outweigh the benefits.
e Validate the model used in obtaining the analytic results.

We vary the number of simultaneously started applications from 1 to 4 and compare the
mean response times obtained when using the Least Work First (LWF) policy and the Dynamic
Equipartition Policy (DY N-EQUI). The case when the differences between the response times is
greatest is examined; that is, when W, =W, = --- =Wj. Thisis done by executing the same
application on the same data a number of times. A simple application called Markov is used,
which computes steady state probabilities for a specified queueing system by recursively
enumerating all possible states the system might be in and then finding stationary probabilities
for each state. Markov was chosen because it conforms to the assumptions we have made
regarding the execution of applications. That is, the characteristics of the application are:
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1) It achieves close to perfect speedup on the system used.

2) The work being done, although not infinitely divisible, has been divided into many
relatively fine-grained threads.

3) Location effects are negligible. Therefore, only the number of processors allocated to each
application affects the overal performance and not which processors the application
executes on.

The allocation policies have been modified to handle an integral number of processors by
adjusting each p; to the nearest integer such that p; + p, + -+ - + py = P. However, the number
of processors used in the experiment, P =12, can be evenly divided by the number of jobs
executed: 1, 2, 3, and 4.

Table 3.3 shows the mean response times obtained when using two scheduling policies,
LWF and DYN-EQUI, to execute different numbers of copies of the same application on the
Hector multiprocessor. The same application is used to maximize the difference between the
policies and to try to achieve the bound. The columns of the table show the number of copies of
the application executed simultaneously, N, the mean response times using the two policies,

: . . LWF , .
th the ratio of th ed t ——————— and the analytic ratio

along wi e ratio of the measured mean response times DY N-EQUI yii [
NZT\]l . These results show that for a simple application that roughly follows the given

assumptions, the mean response time can be improved dramatically if the relative amounts of
work to be executed by each application are known a priori. It also supports the relevance of the
analytic model and the results obtained in the previous section since the measured results follow
the theoretical results very closely.

Mean Response Time (sec.) Ratio=R"""
LWF N+1
N LWF DYN-EQUI WEQW N
1 21.56 21.56 1.00 1.00
2 31.61 40.87 0.77 0.75
3 41.25 60.01 0.69 0.67
4 51.60 79.76 0.65 0.62

Table 3.3: Comparing Measured with Analytic Results
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3.6. Considering New Arrivals

If jobs execute with perfect efficiency, preemption overhead is negligible, and if there is a
Poisson stream of new arrivals, apolicy that preemptively alocates all processors to the job with
the Least Remaining Work First (LRWF) is optimal [Sevcik1994]. We further extended this
result to include arbitrary arrivals. First, any jobs arriving at time zero are executed according to
the optimal Least Work First policy [Sevcik1994]. Next, consider the time of any new arrival, t,
and let W;(t) be the amount of work remaining to be executed by job J; at timet. We need to
determine an optimal scheduling for jobs, from time t. However, thisis can be thought of as the
jobs arriving simultaneoudly at time t, with W;(t) units of work to execute (rather than W,).
Therefore, an optimal scheduling of jobs from time t, schedules jobs in a least work first fashion
according to the remaining work for each job, W (t). Thisis a preemptive least remaining work
first policy.

In order to further our understanding of the dynamic equipartition policy and the benefits
that can be obtained by knowing and using knowledge of the amount of work each job executes,
we again examine the difference between the mean response time obtained using an optimal
scheduling of jobs and that obtained using the dynamic equipartition policy. Our interest in
considering this problem is to compare these results with the bounds obtained for the case when
all jobs arrive simultaneoudly. If, in the case of new arrivals, the mean response time obtained
using DY N-EQUI is guaranteed to be sufficiently close to the optima mean response time, one
might consider using the DY N-EQUI policy.

Once again we compare the mean response time obtained using the optimal policy (LRWF),
R™™ with that obtained using DYN-EQUI, R®
—(LR/D) rRP
R = —Dy

R

ratio is not bounded by some fixed value but decreases with the number of jobs executed. This
workload was derived from the workload used to obtain the equivalent result for round-robin
scheduling in uniprocessor systems [Motwani1993]. Job sizes and arrival times are chosen such
that under LRWF all jobs (except one) execute immediately upon arrival and complete at the
instant of the arrival of the next job. However, when scheduled using DY N-EQUI al jobs
complete at the same time, maximizing the response time of all jobs. Although this workload is
contrived and quite extreme, the point is to demonstrate that the mean response time ratio no

, by considering the mean response time ratio

In this case we construct a workload under which the mean response time

longer has a constant guaranteed bound, as was the case when jobs arrived simultaneously, and
that blindly using DY N-EQUI can result in mean response times that are very far from optimal.
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Let a; be defined to be the arrival time of job J;. Consider a workload in which two jobs,
J; and J,, arrive at time O and execute the same amount of work. That is, W; =W, and
a; =a, =0. Under aLRWEF poalicy, since both J; and J, arrive at time 0 and execute the same
amount of work, we arbitrarily choose to execute job J, first. Other jobs that arrive will have
less work to execute than Jq, so J; will not be activated until al of the other jobs have

completed. We choose the arrival time of job J3 to be equal to the time at which J, finishes.

. W, W, : . Wy
Thatis, az = ) = 5 The work job J3 executesisW3 = —

W :
Ingenera: W, = —— 3<is<N.

The arrival time of each new job is chosen to correspond to the completion time of the
previousjob. Therefore,

W _1
P

Wy
i—2)P

& = &t

= a_q+ 3<i<N.

Now consider the execution of this workload using the LRWF scheduling policy. Let
Wy Wy

R R be the response time of job J;, using LRWF. R,(R) = 5 5

=aj. Since job J3

wW
arrives at time az with W3 = Tl units of work to execute, it is activated immediately. Its

w - Ws _ W1
2P
a4, which means that J, executes with all P processors immediately upon arrival. In general,

response time is R3 This is also equal to the period of time between a3 and

W,

 (LR)
R i-n)P

2<i<N.

N
If W= 3 W, isthe total amount of work executed, then all work is completed at time %
i=1

Because J, isnot activated until all other jobs have completed, it finishes last with response time
R,R =W
P

Therefore, the mean response time, I-:{(LR), is:
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_wy 1| N 1w N owy
R = = | R,R 4 (LR | = = | X4 :
N R NPT

N
Notethat, > % Is the k-th harmonic number. We represent it as Hy, thus,
k=1

R _ 1 [ W1+ W, Hyy L WaHn
N P P

W, [ 2 Hyo1 +1}
N P

Under the DY N-EQUI scheduling policy, jobs J; and J, are started at time O, with each

w
being alocated g processors. When job J3 arrives a time aj :Tl’ job J; will have
Wp . . . P W
executed for B units of time while using ) processors, thus executing > units of work.
w
Therefore, Tl units of work remain to be executed by job J; at time az. The same is true of

w
job J,. The work job J3 executes is W3 = Tl which is equal to the amount of work
remaining to be executed by jobs J; and J, at time az. Once job J3 arrives, each job executes

using % processors until the arrival of the next job, at time a4. This period of time between as

W
and ay isas —az = Therefore, during that time period each job executes Tl units of

1

2P’
. . Wi L

work, leaving each job with 3 units of work left to execute, which is the amount of work to

be executed by the newly arriving job J4. In general, when each new job arrives, all jobsin the
system (including the new arrival) have the same amount of work left to execute. Therefore,

under DYN-EQUI, al jobs finish executing at time % If R®) s the response time of job J;
using DY N-EQUI, then

Do - W
R P

. —(D) .
Therefore, the mean response time, R( ), is:

—_— a| .



52

Sincea; =a, =0,

RO - ;[Nw_;wm] _ ;[Nw_mwll
_ ) Wl _

Using Hy as the k-th harmonic number and rewriting W in terms of W4, we have:

N N-1 W,
W= Wi+3>W = W1+Zi— = Wp+WypHy-1 -
i=2 i=1

Therefore,

=0 _ L[ Nw W N-Zi}

.

Now consider the mean response time rétio:

_(RiD) F—Q(LR) ) W, [ 2HN-1 + 1}
R - =b) N-2 4
R NWl[HN_1+1} -W; Y 5
i=1 |
~ 2HN-1 + 1
- N-2 1
N [ Hno1 + 1} - -
i=1 |
—(LR/D

As N approaches infinity the mean response time ratio, R ), asymptotically approaches
zero. Therefore, the DY N-EQUI policy can yield mean response times that are arbitrarily far
from optimal (when scheduling a sufficiently large number of jobs). Table 3.4 shows how the
mean response time ratio, ﬁ(LR/D), changes with the number of jobs, N.
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N ﬁ(LR/D) 1/ ﬁ(LR/D)
1 1.0000000 1.000

2 0.7500000 1.333

3 0.6153846 1.625

4 0.5283019 1.893

5 0.4661654 2.145

10 0.3050046 3.279

100 0.0556122 17.982
1000 0.0179587 125.649
10000 0.0010283 972.480
100000 0.0001259 7943.166
1000000 0.0000149 67147.325

Table 3.4: How far Dynamic Equipartition might be from Optimal with arrivals

Although, under the assumption of simultaneous arrivals, the mean response time of DY N-
EQUI is guaranteed to be within a factor of two of optimal, a similar bound does not hold when
the assumption is relaxed.

We have constructed a workload that demonstrates the extent to which a policy that utilizes
information about the work jobs have left to execute can improve mean response time over a
policy that does not. However, further research is required to determine the mean response time
ratio that could be expected for more realistic distributions of arrival times, a;, and work, W,.

3.7. Relaxing Perfect Efficiency

We believe that the bounds on the mean response time ratio, obtained under the assumption
that all jobs execute with perfect efficiency, are aso valid in the case when the assumption of
perfect efficiency is relaxed, if we assume that under the dynamic equipartition policy jobs are
never allocated more than p™ processors. We define p™™ to be the largest number of
processors that should ever be alocated to job J; (because the addition of even one more
processor will increase its execution time). Informally, the reasons for this belief are that an
optimal allocation of processors will not alocate all processors to each job as is the case when
applications execute with perfect efficiency. The difference between DYN-EQUI and an
optimal partitioning is maximized when the optimal partitioning does not space-share processors
(but instead executes them preemptively one at atime) and each application is able to effectively
utilize al of the processors. This hypothesisistested in Chapter 4.
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For applications that do not execute with perfect efficiency, an optimal scheduling will
space-share processors. The proportion of processors allocated to each job will be influenced by
the efficiency with which the work can be executed (which may change over time) and the time
required to execute that work. In Chapter 4 we examine a range of space-sharing policies that
allocate processors to jobs according to some function of the amount of work each job executes.
These policies include variants of the ROOT and PROP policies presented in this chapter.

3.8. Summary

The results derived in this chapter indicate some important points concerning the allocation
of processors to jobs if the amount of work for each job is known and can be executed with
perfect efficiency:

e |f executing multiple jobs simultaneously, without processor reallocations, processors
should be partitioned in proportion to the square root of the amount of work executed by
each job. That is:

P W\

Pi=— —
> W,
=1
e This technique can be used to obtain mean response times that are as much as N times
better than currently popular techniques that allocate an equal portion of processors to each
job.

e |If it is possible to control the number of jobs executing and processor reallocations are
permitted, Least Work First (LWF) can improve mean response time over dynamic
equipartition (DY N-EQUI) by as much as a factor of two.

e |f job arrivals are considered the mean response time of DY N-EQUI, relative to optimal, is
not bounded by a constant as in the case of simultaneous arrivals. In fact, the
improvements obtained in mean response time by using LRWF rather than DY N-EQUI
grow with the number of jobs.

The results in this chapter indicate that knowledge of an application’s expected remaining
work can be used to partition processors unequally to substantially improve performance over
equally partitioning processors. This motivates the need for practical techniques for estimating
an application’s expected remaining work and for policies that effectively use these estimates.
These topics are explored in the following chapter.



Chapter 4

Practical Partitioning Strategies

4.1. Introduction

In the previous chapter we have shown that scheduling policies that take advantage of
knowledge about an application’s remaining work can significantly improve performance over
policies that do not, specifically policies that partition processors equally among all applications.
Unfortunately, a priori knowledge regarding the amount of work being executed by an
application is often not available. Consequently, in this chapter we propose and evaluate two
heuristics for estimating an application’s expected remaining work and experimentally evaluate
the performance of scheduling policies that use these heuristics. Because the goal is to reduce
mean response time relative to the dynamic equipartition strategy, we first try to gain some
insight into how much the mean response time of dynamic equipartition can be improved under
some simple but more realistic workloads.

4.2. Reevaluating Dynamic Equipartition

In Chapter 3 we explored bounds on the performance of the equipartition scheduling
policies. Thisinvolved constructing and examining workloads for which dynamic equipartition
exhibits worst case behavior relative to an optimal policy. However, such artificial workloads
are unlikely to occur in a real environment. In order to better understand how dynamic
equipartition islikely to perform under workloads that are not pessimal, we begin by conducting
experiments using a few simplistic workloads. Because we are interested in comparing dynamic
equipartition and optimal strategies in an experimental setting, the workloads are designed so
that they are closer to what might be observed in a system than the pessima workloads
considered in Chapter 3, but are subject to the constraint that an optimal (or close to optimal)
schedule can be identified and executed.

4.2.1. Considering New Arrivals

We consider a simple case where a number of jobs arrive at different times but execute an
equal amount of work. Under these circumstances LRWF is optimal. This workload is chosen
because a least remaining work first scheduling is equivalent to a first come first serve (FCFS)
scheduling and FCFS can easily be implemented. We conduct a series of experiments in which
we continue to increase the inter-arrival times and examine the difference in mean response
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times between LRWF and DYN-EQUI. For each of the experiments we start one job, by
executing Markov, wait for some period of time determined by the inter-arrival time and start
the next job (another copy of Markov that will execute the same amount of work). The inter-
arrival time for each experiment is fixed and we examine how increasing the number of jobs
affects the mean response time ratio. Then we increase the inter-arrival time and perform the
same experiment. When executed in isolation on a 12-processor Hector system each application
takes approximately 20 seconds to execute and achieves a speedup of 11.89. The first
experiment is performed by using an inter-arrival time of zero seconds (i.e., simultaneous
arrivals). The second, third, and fourth experiments use inter-arrival times of 5, 10, and 15
seconds, respectively. The inter-arrival times, the number of jobs executed, the mean response
times of the two policies and the ratio of their response times are shown in Table 4.1. The last

. + _ . : .
column contains the value % which is the ratio of the optimal mean response time over the

mean response time of DY N-EQUI when N jobs arrive simultaneously.

Mean Response Time (sec.) Ratio
Inter-arrival CRWE N
. +
time N | LRWF DY N-EQUI DYN-EQUI N
0 1 20.13 20.21 1.00 1.00
2 30.48 39.82 0.77 0.75
3 41.36 60.54 0.68 0.67
4 51.81 78.54 0.66 0.62
5 1 20.13 20.21 1.00 1.00
2 27.86 35.78 0.78 0.75
3 35.65 50.32 0.71 0.67
4 43.41 64.52 0.67 0.62
10 1 20.13 20.21 1.00 1.00
2 25.38 31.43 0.81 0.75
3 30.64 40.85 0.75 0.76
4 35.82 49.85 0.72 0.62
15 1 20.13 20.21 1.00 1.00
2 2291 27.22 0.84 0.75
3 25.91 30.98 0.84 0.76
4 28.36 36.05 0.79 0.62

Table4.1: Executing a simple workload with increasing inter-arrival times

We see that as the inter-arrival time is increased the mean response time of both policiesis
reduced. However, as the inter-arrival time increases the mean response time of DY N-EQUI
decreases at a faster rate than LRWF, thus decreasing the gap between DYN-EQUI and the
optimal policy. In fact, if the inter-arrival time is large enough, a new job will not arrive until
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the previous job has completed execution and the DY N-EQUI policy will yield optimal mean
response times. These results are not surprising since from our analysis in Chapter 3 we know
that DY N-EQUI performs poorly (when compared with the optimal strategy) when it isforced to
execute a large number of jobs at the same time, thus alocating a relatively small number of
processors to each application.

Although these experiments are very limited in scope, we believe that they will be helpful
when examining and interpreting the results in following sections. They illustrate that athough
DYN-EQUI may perform very poorly relative to an optimal strategy for workloads designed to
exercise the extreme behaviour of the two policies, the differences for other workloads can be
smaller. Because the system we are using has a relatively small number of processors, the
number of jobs in the system at any one time will be relatively small. As we have seen in
Chapter 3, thiswill also limit the degree to which mean response time can be improved.

4.2.2. Considering Imperfect Efficiency

If applications do not execute with perfect efficiency, scheduling policies that use only
knowledge of the amount of work an application executes (without considering the efficiency
with which the work is executed) may not yield optimal schedules. Unfortunately, if
applications do not execute with perfect efficiency, it is not known how to optimally allocate
processors without considering a combinatorial number of possibilities [Sevcik1994].

We conduct a simple experiment that is designed to show how the performance of a
technique that considers only the amount of remaining work ajob has to execute will be affected
when applications are not able to execute the work with perfect efficiency. Recal that if all
applications execute with perfect efficiency, the mean response time of DYN-EQUI will be
farthest from optimal when all jobs arrive simultaneously and execute the same amount of work.
Therefore, we consider the case when jobs arrive simultaneously, execute the same amount of
work, but do not execute with perfect efficiency. The application used in this experiment, called
Clique, finds all cliques of afixed size k in agiven graph. For these experiments, we look for all
cliques of size 200 in arandom graph containing 1000 nodes and 350,000 edges. Executing with
this data set on a 12-processor Hector system this application achieves a speedup of 8.5. The
execution times, speedup and efficiency obtained when executed using different numbers of
processors are shown in Table 4.2.

Table 4.3 shows the results of starting N =1, 2, 3, and4 copies of this application
simultaneously. The second column, labelled LWF, contains the mean response time obtained
when executing the application using a LWF policy and the third column, DY N-EQUI shows the
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Processors 1 2 3 4 6 8 12

Time 83.79 43.33 29.95 23.38 16.57 13.15 9.86
Speedup 1.00 1.93 2.80 3.58 5.06 6.37 8.50
Efficiency 1.00 0.97 0.93 0.90 0.84 0.80 0.71

Table 4.2: Execution time, speedup, and efficiency for Clique

mean response time obtained using the DY N-EQUI policy. The fourth column contains the ratio
between the mean response times obtained with LWF and DYN-EQUI. The fifth column
contains the analytic bound for when jobs execute with perfect efficiency and the sixth column
shows the difference between the experimental mean response time ratio and the analytic bound.

Mean Response Time (sec.) Ratio
LWF N+1 -
N LWF DYN-EQUI WEQUI 5N Diff
1 9.78 9.76 1.00 1.00 0.00
2 16.53 18.34 0.90 0.75 0.15
3 23.23 26.21 0.89 0.67 0.22
4 29.86 32.85 0.91 0.62 0.28

Table4.3: A simpleworkload of jobsthat do not execute with perfect efficiency

These experiments demonstrate that because the LWF scheduling is not optimal, the
difference between the mean response time of LWF and that of DYN-EQUI is not as large as
when jobs execute with perfect efficiency. This is because the application is not able to fully
utilize all of the processors that it is allocated using the LWF policy. Nonetheless, performance
isimproved over simply using the DY N-EQUI policy.

The efficiency with which the application is executed affects the response time of the
application under both scheduling policies. However, as the number of jobs is increased, the
DYN-EQUI policy allocates fewer processors to each application and the application is able to
utilize a smaller number of processors with greater efficiency than it can a larger number of
processors (as seen in Table 4.2).

We next conduct the same experiment using an application that is less efficient than Clique.
This application, called Grav, implements the Barnes-Hut clustering algorithm [Barnes1986] for
simulating the gravitational interaction of objects (stars or particles) over time. This particular
simulation uses 1000 stars and executes for one unit (iteration) of simulated time. When
executed on our Hector multiprocessor it obtains a speedup of 4.9 using 12 processors. Thisis
an admittedly poor implementation of the Barnes-Hut algorithm on this system, but it was
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intentionally chosen to show how the LWF policy is affected, relative to the DY N-EQUI policy,
when applications execute with poor efficiency. Table 4.4 shows the execution times, speedup,
and efficiency when executed using 1, 2, 3, 4, 6, 8, and 12 processors.

Processors 1 2 3 4 6 8 12

Time 50.35 30.14 21.72 17.93 14.21 12.04 10.23
Speedup 1.00 1.67 2.32 2.81 3.54 4.18 4.92
Efficiency 1.00 0.84 0.77 0.70 0.59 0.52 0.41

Table 4.4: Execution time, speedup, and efficiency for Grav

Table 4.5 shows the results of using the LWF and DY N-EQUI policies to execute a number
of copies of this application. These results show that the efficiency of this application is low
enough that DY N-EQUI yields better mean response times than LWF (i.e., the mean response
time ratio in this case is greater than 1.0). Asthe number of jobs in the system is increased the
mean response time ratio increases because DYN-EQUI allocates fewer processors to each
application but they are able to use them with greater efficiency. These experiments show that
using only information about the amount of work applications execute can improve mean
response time, even when applications do not execute with perfect efficiency. However, when
the efficiency of the applications is too low, it is preferable to execute more than one application
at the same time (i.e., to space-share the processors) asis done under the DY N-EQUI policy.

Mean Response Time (sec.) Ratio
LWE N+1 ;
N LWF DYN-EQUI WEQUI N Diff
1 10.15 10.23 0.99 1.00 -0.01
2 16.10 14.98 1.07 0.75 0.32
3 21.68 20.16 1.08 0.67 0.41
4 27.34 24.83 1.10 0.62 0.48

Table4.5: A smpleworkload of jobsthat execute with poor efficiency

In the future, we hope to acquire estimates of an application’s efficiency. One simple
estimate could be obtained by using average sampled processor utilization as produced, for
example, by some systems when displaying a program’s executing profile. (Such paralel
program execution profiles have been produced by a number of researchers [Owicki1l989]
[Carlson1992].) Note that if the processors assigned to an application are fully utilized but the
processors are not being used effectively (e.g., executing a spin-lock), then these estimates
provide no additional information. However, if the processors are not being fully utilized, this
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under-utilization will be detected and this information may be used to reallocate some of the
processors.

However, before such estimates can be applied, further research is required in order to
determine how these estimates might be used. Sevcik has recently proposed the use of an
execution time function for modeling the execution of parallel applications [Sevcik1994]. Since
most significant scientific applications are executed over and over, the four parameters of the
function are estimates based on observations made during previous executions of the
applications. (This method may be sensitive to the data being used in the computation.) Wu has
shown that this technique can be implemented and that the function closely matches measured
execution time functions for a number of programs [Wul993]. We would hope to develop
heuristics that only utilize information available to the system during the execution of the
application and do not require the application to be executed and characterized a priori.

4.3. Estimating Expected Remaining Work

The optimal processor allocation policy, Least Remaining Work First, does not require
detailed information about the amount of work remaining to be executed by each application.
Instead, a simple ranking of jobs by the amount of remaining work is sufficient to minimize
mean response time. Matloff analytically demonstrates that predictive information regarding the
remaining work of jobs need not be strongly correlated with actual values in order to improve
the mean response time of applications executing in a uniprocessor environment [Matloff1989].
We, therefore, hypothesize that mean response time can be improved if the scheduler can
differentiate between jobs with different remaining execution times (for example, classify jobs
as small, medium or large) rather than treating all jobs equally.

A number of possibilities exist for obtaining execution time estimates. They range from
requiring that the user know and specify the execution time when the application is submitted, to
having the system predict the service demands of applications. Four possible schemes for
estimating execution times are:

1) user supplied execution time estimates;
2) system maintained logs for estimating execution times;
3) using the run-time system, or user-level thread package, to keep track of the execution

time of each thread and estimating the expected remaining execution time based on the
number of threads left to execute and the average execution time of each thread; and
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4) estimating remaining execution behaviour based on the past execution of the
application. In this case the scheduler keeps track of the execution time accumulated
by an application and uses that as an estimate of the expected remaining work. This
estimate does not require knowing how many threads are left to execute nor the
execution time of the individual threads and has been shown to be accurate in
uniprocessor systems [Leland1986].

The first two methods depend on information obtained during previous executions of the
application or ideally during the previous executions of the entire workload. The last two
schemes do not depend on any knowledge of past execution and are designed to be used in
environments in which the workload cannot be easily predicted based on previous executions (or
in situations in which estimates can not be provided for all applications). These techniques
attempt to gain information about applications during their execution and to use that information
to predict future execution.

We briefly describe the first two methods and discuss their advantages and disadvantages.
Then, we focus our attention on last two schemes, describe how they can be implemented, and
experimentally evaluate their performance.

4.3.1. Using User Supplied Estimates

The method of relying on users to provide estimates of the work an application will execute
could work very well in production environments, since after the first execution of the set of
applications sufficient information is known to improve scheduling on subsequent runs. (There
are environments in which the applications being run are well understood by the users.) If users
cooperate with the system, this technique can substantially improve system performance over
treating all applications equally. (Some evidence of this has been shown in the previous section
which compared DYN-EQUI and LRWF policies.)) While theoretically possible, this approach
has some practical drawbacks:

e Users may not be able to accurately estimate the execution time of their programs or to
even rank them relative to other jobs.

e A greedy user can intentionally supply false information to receive favourable treatment.
(However, pricing penalties can eliminate this problem by motivating users to be honest in
their estimates.)
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4.3.2. Using System Maintained L ogs

A method that does not require user-supplied information automatically associates an
execution time estimate with each application. In this approach, the system maintains records of
previous executions of applications and uses these records to provide service demand estimates
to the scheduler on subsequent runs. Application executions could be simply identified by name.
One potential drawback of this approach is that the amount of work being executed can change
dramatically with changes in the input data and execution parameters used. Naturally,
improvements could be made under these circumstances by maintaining additional information
such as the data being used, program parameters, and even the user executing the program (since
users can use applications in substantially different ways). In a production environment in
which the same applications are being executed with similar data on a regular basis, this
technique could work very well, because previous executions of the application would serve as
accurate estimators of current and future execution requirements. However, the problem
remains that the estimates could be dramatically wrong.

The performance of these two techniques will depend upon how closely the workload being
scheduled adheres to the timings obtained during previous executions of the workload (sinceit is
not likely that a user will be able to accurately predict execution times without executing the
application at least once). Given a priori estimates of the total execution times for al
applications the system could either produce a batch schedule of job executions or dynamically
track the work executed by each application to estimate the remaining work, which could be
used with a Least Remaining Work First (LRWF) scheduling policy. These techniques are
likely to work very well in production environments in which the same workload is executed
regularly. As seen in Chapter 3 and the first section of this chapter, using estimates of the
expected remaining work can yield significant improvements in mean response time.

The next two schemes do not depend on information obtained from previous executions of
the applications. These techniques attempt to gain information about applications during their
execution and to use that information to estimate the expected remaining work. The expected
remaining work estimates are then used by the processor allocation policy to dynamically
repartition processors.

4.3.3. Using the Run-Time System

We propose and experimentally investigate a method in which the run-time system (in our
case the user-level thread package) obtains estimates of an application’s expected remaining
work and coordinates with the scheduler to improve processor partitions. Note that this
technique is not meant to be a definitive approach to multiprocessor scheduling as it can not be
applied easily and effectively to all applications. (Limitations will be discussed after further
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describing user-level threads). Instead it is meant as a means for studying potential performance
gains as well as investigating its use on and benefits to certain types of applications. (Later it
will also be used as a basis for comparing other techniques.)

Traditionally multiprocessor applications are divided into P units of computation, where P
is the number of processorsin the system. Obvious drawbacks of this technique are that not all
problems divide naturaly into P units of computation, and when they do, the division of the
problem may not result in balanced execution times on all P processors. Moreover, dedicating P
processors to one application that spends a large portion of its computation time using only one
processor is not an effective way to utilize processors. To alleviate some of these problems
important trends have emerged with respect to the parallel programming of multiprocessors.
Among them is the use of and system support for user-level threads [Doeppner Jr.1987]
[Bershad1988] [Marsh1991] [Anderson1991].

The use of user-level threads offers a number of advantages:

e Load Balancing - The more units of computation there are and the smaller each unit is, the
better the opportunity for load balancing (assuming overheads are not prohibitive).

e Dynamic Partitioning - The processor a thread has been executing on may be reallocated
to another application. This is most effectively done by coordinating with the application
(e.g., ensuring that it is not holding any locks).

e Reduced Overhead - User-level threads are implemented outside of the kernel and as a
result incur less overhead for creation, manipulation, context switching and destruction than
kernel processes.

e Improved Scheduling - The execution of applications is also improved by moving the
responsibility for scheduling user-level threads outside of the kernel. Because the kernel
has no information regarding the execution of threads of an application the application or
run-time system is better equipped to make scheduling decisions.

Upon creation, threads are placed in a queue for future execution (or a note is made of how
many threads need to be created if the creation is done in a lazy fashion [Brecht1990]
[Mohr1991]). When a processor becomes available a thread is removed from the queue and
executed. If the application initialy creates all of the threads, and the run-time system monitors
the execution time of each thread, then once the execution of the first thread is completed an
estimate of the expected remaining work can be obtained by simply multiplying the execution
time of the completed thread by the number of remaining threads. (The estimates will be most
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accurate when all threads execute the same amount of work, which will not always be the case.)
In fact, this estimate of the expected remaining work can be continually updated by maintaining
an average of the thread execution times and multiplying the average by the number of threads
that have not completed execution (those in the queue and those currently executing). (As we
will seein the next section, these assumptions are quite reasonable for some applications.)

Using this technique the run-time system will be able to provide accurate expected
remaining work estimates for applications that execute with:

1) only one phase of thread creation,
2) closeto perfect efficiency, and

3) small variation in thread execution times.

Note that expected remaining work estimates can be obtained if these criteria are not met.
However, the estimates may be very inaccurate and, in fact, may be completely misleading.
This is because the execution time of threads that have been executed are used to estimate the
execution time of remaining threads and, therefore, the expected remaining work of the
application. If the application uses more than one phase of thread creation, the execution times
of the later phases will not be factored into the estimates. For example, the first phase of an
application may involve executing 100 threads, each of which executes for 1 second, while the
second phase might execute 1000 threads, each of which executes for 2 seconds. Estimates of
the expected remaining work calculated during the first phase would be grossly inaccurate (100
seconds), when in fact the application executes a total of 2100 seconds of work. The argument
could be made that the estimate, although initially bad, may improve once the second phase
begins. However, the problem is compounded when several phases of thread creation occur
which is common in many parallel applications.

If the application does not execute with perfect efficiency, thread execution times will not
accurately reflect the amount of work being executed. However, they may reflect the expected
execution time of future threads if al threads encounter approximately the same degradation
from overheads. Inaccurate estimates can also be obtained, especially during the early phases of
an application’s execution, if there is a large variation in thread execution times. As a simple
example, consider an application in which each thread performs operations on one row of a
lower triangular matrix. All threads will perform operations on a different number of columns,
resulting in longer execution times for those threads performing operations on larger numbers of
columns. Although the estimates will become more accurate over time (as the average thread
execution time increases), the estimates will not accurately reflect the expected remaining work.
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We presently set aside the limitations of this technique and consider only those applications
for which accurate estimates can be obtained. This is done in the interest of exploring
possibilities for improving scheduling decisions and reducing mean response time. (The
limitations will be addressed later.)

Assuming that the run-time system is able to accurately estimate the expected remaining
work, a scheduling policy that preemptively executes the applications with the least remaining
work first (LRWF) can be used. We call this policy RT-LEWF (Run-Time system, Least
Expected Work First). Note that this policy is close to optimal if criteria for obtaining accurate
estimates are met, since it assumes that applications execute with perfect efficiency.

4.3.3.1. Applicability

The application Markov, used in Chapter 3, approximately follows the current set of
assumptions. Therefore, it is reasonable to assume that the run-time system will be able to
accurately estimate the amount of work remaining. Other applications (or application kernels)
exist that also follow these assumptions and as a result are candidates for use with a technique
that coordinates the run-time system estimates of remaining work with a LRWF processor
allocation policy. A number of these applications have been implemented and executed on
Hector. Table 4.6 shows relevant statistics gathered from the execution of these applications.
The statistics are: the input data or parameters used; the number of threads, t; the minimum,
maximum, mean and coefficient of variation (i.e., standard deviation divided by the mean) of
thread execution times; as well as the total time of al threads executed. Note that the estimate
used to predict remaining work is the number of threads remaining to be executed multiplied by
the average execution time of those threads that have already finished executing. All times
shown are in seconds.

Appl inputs t min max | mean | cov | total

Markov | k=4,d=4,c=12 35 | 0.88 096 | 092 | 0.02 32.2
Markov | k=4,d=4,c=14 84 | 0.88 098 | 094 | 0.02 78.8
Markov | k=4,d=4,c=16 | 120 | 1.81 198 | 191 | 0.02 | 2225
Markov | k=3,d=7,c=10 | 462 | 0.68 081 | 0.74 | 0.03 | 3425
Markov | k=3,d=6,c=12 | 252 | 1.92 219 | 206 | 0.03 | 517.9

MM 128x128 128 | 0.05 0.07 | 0.05 | 0.08 6.4
MM 256x256 256 | 0.18 023 | 019 | 0.05 48.4
MM 512x512 512 | 0.73 092 | 0.7/5 | 0.03 | 383.1
Clique k=200 127 | 0.10 234 | 068 | 0.71 87.0
Clique k=150 127 | 047 | 1452 | 408 | 0.67 | 5184
Clique k=129 127 | 1.27 | 2230 | 769 | 0.62 | 976.9

Table 4.6: Accuracy of Run-Time System in Predicting Remaining Work (timesin seconds)
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The column titled input, describes the different inputs used for the various runs of each
application. For the Markov application k represents the number of customer classes, d the
number of devices, and c the total number of customers. For the matrix multiply application,
MM, the input determines the size of the nx n matrices being multiplied. The Clique
application finds all cliques of size k in the specified graph. In this case the graph is a random
graph containing 1000 nodes and 350,000 edges. The measurements were all taken while
exclusively using 12 of the 16 processors in the Hector system. (Four of the processors were
reserved for the execution of system processes, to avoid interference.)

Table 4.6 shows a number of different applications and data sets for which the thread
execution times have a small coefficient of variation and which execute with close to perfect
efficiency. (Clique is an exception in both cases.)) Therefore, our technique for estimating the
expected remaining work should be fairly accurate for this set of applications and, when used
with a least remaining work first scheduling policy, should improve response time significantly
over the equipartition policy. We now test this hypothesis.

4.3.3.2. Experimental Results

The first experiment we conducted is designed to determine how quickly and accurately the
run-time system is able to estimate the expected remaining work. In this experiment we start N
jobs simultaneously. Each job executes the same amount of work and all jobs execute with
perfect efficiency. In order to ensure that all jobs execute the same amount of work, we actually
use a number of copies of the same application executing with the same data set. This is the
same experiment that was conducted in Section 3.5.4. The mean response time obtained using
RT-LEWF should ideally be the same as that obtained using LWF. Thisworkload is designed so
that we can compare the mean response time obtained using the expected remaining work
estimates with a known and implementable optimal (or nearly optimal) schedule. In this case
LWF is optimal and since all jobs execute the same amount of work and arrive simultaneously a
FCFS scheduler can be used to obtain a LWF scheduling.

Because we are executing in a dynamic environment where the number of threads that an
application creates (and therefore the number of processes the thread system creates) is not
known a priori, RT-LEWF initially allocates free processors to applications on a first-come-
first-served basis until all processors are allocated. Each job is capable of using all processors
and continues to request processors until they are all allocated. Each application is alocated at
least one processor. After the first thread of an application is executed an estimate of the
remaining work is known. Before the first thread is completed the estimate of that job's
remaining work is infinity. (This may seem extreme but it prevents it from obtaining more
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processors until an estimate of its execution time is obtained.) Once all P processors have been
alocated, each of the N applications is dynamically adjusted so that the application estimated to
have the least remaining work will be allocated P — (N —1) processors. All other applications are
allocated one processor each because one processor is required so that estimates of remaining
execution time can be updated. After each thread finishes executing, the process executing that
thread notifies the scheduler that it iswilling to yield its processor, at the same time providing an
updated estimate of the expected remaining work. The granularity of the threads is not large, so
the scheduler receives estimates from the run-time system fairly quickly and frequently. If more
than one application has the same expected remaining work, the one that has been in the system
the longest is given preference.

Table 4.7 contains the results of the experiment using N =1, 2, 3 and 4 jobs. The first
column shows the number of jobs executed (again using the Markov application). The next
columns contain the mean response times obtained using DYN-EQUI, LWF and RT-LEWF
policies respectively. The right half of Table 4.7 contains various mean response time ratios.
The first column shows the theoretical value, the second the experimental value obtained by
comparing LWF and DYN-EQUI and the third column compares RT-LEWF and DY N-EQUI.
Idedlly, RT-LEWF will yield results that are as good as LWF.

Mean Response Time (sec.) Mean Response Time Ratio
N | DYN-EQUI | LWF | RT-LEwF | N*1 LWF RT-LEWF
2N DYN-EQUI DYN-EQUI
1 21.56 21.56 21.56 1.00 1.00 1.00
2 40.65 31.40 31.98 0.75 0.77 0.79
3 60.01 41.25 45.35 0.67 0.69 0.76
4 79.78 51.60 58.90 0.63 0.65 0.74

Table4.7: Measured Resultsfor RT-LEWF

The results show that when executing only one job RT-LEWF and LWF produce the same
response time. This demonstrates that the overheads involved in determining remaining work
estimates and making them available to the scheduler are relatively small for one job. (Even
though only one job is executing, RT-LEWF policy still provides expected remaining work
estimates to the scheduler.) The results also show that for two jobs, the mean response time is
only dlightly higher when using RT-LEWF than when using LWF. The main reason for the
difference isthat RT-LEWF allocates at |east one processor to each job for the lifetime of the job
while LWF does not. Therefore, the number of processors allocated to the job with the least
remaining work is reduced by the number of other jobs that have not completed execution. This
also explains why the difference between RT-LEWF and LWF increases when the number of
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jobs executing is increased. The difference would be smaller if a larger number of processors
were used because the relative difference in the number of processors allocated to jobs would be
smaller.

In order to illustrate how the mean response time is affected by allocating at least one
processor to each job, Table 4.8 shows the results obtained using a modified LWF policy
(MLWEF). The LWF policy is modified so that each job is allocated at least one processor.
Because the FCFS policy was used to emulate LWF for this workload (i.e., when the jobs are the
same size), we implement MLWF by using a first-come-first-served policy (FCFS) in which
each application is allocated at least one processor. Since al jobs arrive at approximately the
same time and al jobs are the same size, this yields a least work first scheduling of the jobs
while ensuring that each job is alocated at least one processor. The mean response times
obtained using MLWF are nearly identical to those obtained using RT-LEWF (with differences
due to experimental error). The run-time system is able to quickly rank the different
simultaneously arriving jobs and to schedule them accordingly. (Further evidence of this will be
provided.)

Jobs | MLWE | RT-LEWF | _MLWF
RT-LEWE
1 20.11 20.16 1.00
2 | 3L67 32.35 0.08
3 | 4492 2523 0.99
4 | 5717 56.74 1.01

Table 4.8: Comparing Modified LWF and RT-LEWF

In the following series of experiments, we demonstrate that RT-LEWF, which determines
expected remaining work estimates during execution, can be used with a number of different
applications (besides Markov) and that it performs almost as well as the close to optimal policy,
LWEF, for which a priori knowledge of the work being executed isrequired. Table 4.9 showsthe
results of smultaneously starting three copies of the same job while using the DY N-EQUI, RT-
LEWF, and MLWF policies. The MLWF policy is included for comparison sake. Each
workload was executed five times and mean response times and 90% confidence intervals are
shown for each of the policies. The mean response time of each policy is compared with that of
DYN-EQUI by dividing the response time by that obtained using DYN-EQUI. This mean
response time ratio is shown in the column labelled **Ratio’” .

The RT-LEWF policy yields response times that are comparable to the MLWF policy and
that improve mean response time over DYN-EQUI. Note that RT-LEWF improves mean
response time by 26% for the Markov and MM applications. However, the improvements
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Appl input Jobs mean 90% CiI Policy Ratio
Markov | k=4,d=4,c=16 3 59.86 0.19 DY N-EQUI 1.00
Markov | k=4,d=4,c=16 3 44.42 0.40 RT-LEWF 0.74
Markov | k=4,d=4,c=16 3 44.49 0.26 MLWF 0.74
MM 512x512 3 105.85 1.17 DYN-EQUI 1.00
MM 512x512 3 78.27 0.17 RT-LEWF 0.74
MM 512x512 3 81.62 0.12 MLWF 0.77
Clique k=200 3 26.32 0.60 DY N-EQUI 1.00
Clique k=200 3 22.96 0.11 RT-LEWF 0.87
Clique k=200 3 23.13 0.27 MLWF 0.88

Table4.9: Using RT-LEWF with different applications

obtained for the Clique application, 13%, are not as large. Thisis because the Clique application
does not execute as efficiently as the Markov and MM applications (as demonstrated earlier in
this chapter). Using these input values and executing on 12 processors, the Markov application
achieves a speedup of 11.9, MM achieves 11.4, while the Clique application attains a speedup of
8.5. The improvements obtained are not as large for the Clique application because P—(N-1)
processors are being assigned to each application one at a time and they are not able to use the
processors efficiently. That is, the benefits of giving an application a larger portion of the
processors are diminished.

The applications used in each of these experiments are identical, therefore, the ability to
identify the application with the least expected remaining work has not been clearly
demonstrated (since RT-LEWF could have done equally well by choosing any job at random).
The applications were also assumed to have arrived simultaneously, therefore, the ability of this
technique to adapt to changes in the degree of multiprogramming has not been demonstrated.
We now consider these two points by conducting experiments using jobs of various sizes with
different arrival times. Once again we compare the performance of RT-LEWF and DY N-EQUI
and when possible compare RT-LEWF with that of a close to optimal scheduling of the jobs.

In this experiment, the arrival of jobs is ordered by the amount of work they execute, with
larger jobs arriving before smaller jobs. This is done in order to demonstrate that RT-LEWF
yields mean response times that are relatively close to optimal. The arrival times are chosen so
that the amount of work remaining to be executed for each application is greater than the amount
of work to be executed by new arrivals. Hence, a nearly optimal schedule, for this sequence of
jobs and arrivals, allocates al of the processors to each application in the order Last Come First
Served (LCFS), which can be easily implemented and used as a basis for comparison. Because
RT-LEWF allocates at least one processor to each application, we use a modified version of
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LCFS (MLCFS) that aso ensures that each application is allocated at least one processor, thus
permitting us to easily determine how well RT-LEWF performs.

The application used again is Markov, except this time different data sets are used so that
each job executes a different amount of work. Table 4.10 shows the arrival time, number of
threads, total work and execution time using 12 processors (both in seconds) for each of the four
jobs.

Job Arriva Time Threads Work Time
1 0 252 518.7 457
2 5 462 342.5 32.2
3 10 120 229.5 21.1
4 15 35 32.2 4.3

Table 4.10: Workload with different job sizes and different arrival times

Table 4.11 shows the mean response time for the DYN-EQUI, RT-LEWF, and MLCFS
policies as well as the ratio comparing these mean response times with the mean response time
of DYN-EQUI. The results show that RT-LEWF yields mean response times that are very close
to those obtained with MLCFS, which is nearly optimal for this sequence of jobs. (Assuming
that at least one processor is allocated to each job and they execute with perfect efficiency.)

Policy Mean Response Time Ratio
DYN-EQUI 64.17 1.00
RT-LEWF 49.06 0.76
MLCFS 48.83 0.76

Table4.11: Comparing DYN-EQUI and RT-LEWF

The series of experiments in this section demonstrates that the run-time system is able to
determine estimates of the expected remaining work and to coordinate with the scheduler to
change processor alocations according to these estimates to reduce mean response time when
compared with DYN-EQUI. In fact, if the applications execute with perfect efficiency (or
sufficiently close), RT-LEWF schedules jobs close to optimally (with the exception of allocating
at least one processor to each application).
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4.3.3.3. Sources of I naccuracy

Up to this point we have considered applications that mainly follow the assumptions
required in order to accurately estimate an application’s expected remaining work. Recall that it
was assumed that the application has only one phase of thread creation, executes with perfect
efficiency, and has only a small variation in the execution time of its threads. The ability to
make good processor allocation decisions will depend on the accuracy of these estimates.

Note that this technique can not be used with all applications. However, the scope of
applications to which this technique can be applied may be larger than those that strictly adhere
to the stated assumptions. For example, consider an application for which the execution times of
threads has a large variance. (Each thread may perform some operation on one row of a
triangular matrix.) A simple technique for obtaining better expected remaining work estimates
might execute threads out of the order in which they were created, or use sampling techniquesin
order to try to obtain a more realistic estimate of the mean thread execution time as quickly as
possible. (Unfortunately, such atechnique is likely to adversely affect locality.) Possibilities do
exist for improving expected remaining work estimates when there is a large variance in thread
execution times, the applications do not execute with perfect efficiency, or there are multiple
phases of thread creation and execution. However, rather than discussing a number of possible
improvements, we instead propose a more general technique that does not depend on the run-
time system.

4.3.4. Using Past Execution

As just discussed, the run-time system is not capable of estimating the remaining work for
al applications. However, we have shown both theoretically and experimentally that the
benefits from having and using estimates of an application’s expected remaining work can be
substantial. For this reason, we now propose an alternative strategy for estimating an
application’s expected remaining work that can be employed with any application.

If we compare multiprocessor scheduling to uniprocessor scheduling, we see that in both
cases the optimal scheduling policy requires running the application with the least remaining
work first (assuming perfect efficiency). In both cases the optimal scheduling policy requires a
priori knowledge of the amount of remaining work for each application. For practical purposes,
however, such information may be unobtainable. Without knowledge of the remaining work, a
possible approach is to treat every application identically. This results in a round-robin time
sharing scheme in the uniprocessor case and an equipartition approach in a multiprocessor
environment (since it is preferable to space-share processors among jobs rather than to time-
share them) [Tucker1989] [L eutenegger1990] [Zahorjan1990] [Guptal991] [Crovellal991].
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One approach that has been successful in uniprocessor scheduling and improves
performance over techniques that simply treat all applications equally (e.g., round-robin), is to
estimate ajob’s remaining execution time based on past behavior [Coffman1973]. In a study in
which they analyze the behaviour of over nine million UNIX processes, Leland and Ott found
that at any point in time (after a three seconds), there is an almost perfectly linear correlation
between the age of UNIX processes and the amount of cpu time they will require [Leland1986].
(Ageis defined as the amount of cpu time a process has currently received.)

Performance is improved over strictly round-robin scheduling by giving preference to short
jobs. Thisis accomplished by using a multilevel feedback queue and by reducing the priority of
larger cpu-bound jobs, thereby reducing the number of quanta they receive [Corbat01962]
[Coffman1968]. Under a workload in which the service demand has a large coefficient of
variation, this technique yields a lower mean response time than a simple round-robin method
(i.e, treating al jobs equally) [Coffman1968] [Coffmanl1973] [Bunt1976].

We apply this idea in a multiprocessor environment by adjusting the number of processors
allocated to each job according to their expected remaining execution time. The processing
power allocated to the jobs that are likely to be long running jobs is reduced in favour of giving
more processors to shorter jobs, since finishing shorter jobs sooner will reduce mean response
time. We now investigate a simple method for estimating a paralel application’s expected
remaining work based on its past execution.

4.3.4.1. Cumulative Execution Time

A uniprocessor scheduler that uses a multilevel feedback queue is in effect predicting an
application’s expected remaining execution time using the accumulated execution time of that
application. That is, jobs that have been executing for a long time are expected to be large jobs.
Therefore, in a multiprocessor system, a natural method for predicting an application’s expected
remaining work (and its execution time) is to sum the execution times of all of the application’s
processes.

We combine the technique of estimating expected remaining work by using the cumulative
execution time of the application with a least expected work first policy and call this policy
ACC-LEWF (ACCumulated execution time Least Expected Work First). The problem with this
approach is that because processor allocations change over time, the cumulative execution time
rankings of two or more applications may *‘ ping-pong’’ among the applications.
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For example, consider two applications J; and J,. If J; has alarger cumulative execution
time than J,, processors may be taken away from J, and allocated to J, in favour of completing
the seemingly smaller application quicker. However, once the processors have been reallocated
to J,, the rate at which J, accumulates execution time is greater than J;. As aresult J,’s
cumulative execution time may surpass J;’s, at which point processors may be taken away from
J, and allocated to J,. This movement of processors between two or more jobs could continue
indefinitely, resulting in a type of thrashing in which an excessive number of context switches
takes place and jobs are unable to make effective use of the processors before having to give
them up. In this case, the reallocation of processors is over-aggressive. As we will see, this
thrashing can be controlled. We will also describe (in the next section) a smple method for a
more controlled reallocation of processors.

This thrashing phenomenon is illustrated in Figure 4.1. The experiment was run by
simultaneously starting three copies of the same application (Markov with the input parameters
k=4, d=4, and, c =16). The numbers in parentheses are line numbers used to explain the
figure. Thecharacters‘‘a’, “'b’’, and **c’’ represent the three applications and which processors
in the system they are executing on. Dashed lines represent unused processors. Each line
represents a snapshot of processor allocations and is accompanied by a summary of how many
processors are alocated to each application. Snapshots are taken at 3 second intervals.
Although each application arrives at approximately the same time, application “‘a’ starts
dightly ahead of the others and creates as many processes as possible (line 2). Once all of the
applications have started executing, application *‘c’’ is estimated to have the least expected
remaining work and is allocated as many processors as possible (line 3). While executing some
of that work “*c’’ accumulates more execution time, until it eventually has the greatest expected
remaining execution time. At this point ‘b’ is estimated to have the least work (line 4).
However, ‘b’ quickly accumulates processor execution time and ‘‘a’ becomes the job
estimated to have least amount of remaining work (line 5). This switching of allocations
continues until the applications have finished execution. Note that if thrashing becomes
frequent, scheduling reduces to a round robin time-sharing policy among jobs, which has been
shown to be inferior to space-sharing processors because of the unnecessary overheads incurred
when context switching al processors to a new application after each quantum
[Leutenegger1990] [Guptal991] [Crovellal991] [McCann1993].

Table 4.12 shows the mean response time obtained using DY N-EQUI and compares it with
ACC-LEWF, when executing the workload just described. MLWF isalso included as a basis for
comparison. The results were obtained by executing the experiment five times and computing
the mean and 90 percent confidence intervals. Note that even though processor allocations
change fairly frequently the mean response time is the same as when DY N-EQUI isused. This
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(1) ---- ---- ---- (12) bbbb bbbc abbb la 10b 1c
( 2) aaaa baaa aaaa 1l1a 1b (13) aaaa baac aaaa 10a 1b 1c
( 3) cccc becee accc la 1b 10c (14) aaaa baac aaaa 10a 1b 1c
( 4) bbbb bbbc abbb la 10b 1c (15) baaa bbac aaaa 8a 3b 1c
( 5) aaaa baac aaaa 10a 1b 1c (16) bbbb bbbc abbb la 10b 1c
( 6) aaaa baac aaaa 10a 1b 1c (17) cccc bcee accc la 1b 10c
( 7) aaaa baac aaaa 10a 1b 1c (18) cccc bcee accc la 1b 10c
( 8) bbbb bbbc abbb la 10b 1c (19) bbbb bbbc abbb la 10b 1c
( 9) cccc becee accc la 1b 10c (20) bbbb bbbc abbb la 10b 1c
(10) cccc bcee accc la 1b 10c (21) aaaa baac aaaa 10a 1b 1c
(11) cccc bcee accc la 1b 10c (22) ---- ---- ----

Figure 4.1: Execution usingthe ACC-LEWF policy

is because jobs were essentially time-shared in a round-robin fashion resulting in aroughly equal
dlocation of processing power. (Context switching overhead and cache context are aso
negligible.) The speed with which processors can be reallocated is mainly determined by the
granularity of the threads being executed. This is because reallocation involves coordination
between the scheduling server and application (thread system) which occurs only upon the
completion of athread, and because the scheduling server executes on processors separate from
those being used to execute the applications.

Policy Mean 90% ClI Ratio
DY N-EQUI 59.86 0.19 1.00
ACC-LEWF 60.61 0.25 1.01
MLWF 44.49 0.26 0.74

Table4.12: Comparing DYN-EQUI, ACC-LEWF, and MLWEF (times are in seconds)

It is possible to eliminate excessive thrashing by simply maintaining a time-out period
during which processor reallocation is not alowed, thus ensuring that once processors are
reallocated applications will be given the opportunity to make use of them for a while. This
essentially results in a round-robin time-sharing strategy with a large quantum. (McCann,
Vaswani, and Zahorjan mention a similar problem with permitting applications to accumulate
credits for using fewer processors than their equal share, in order to use a larger share of
processors at alater time [McCann1993]. Their solution involves using the rate of accumulation
rather than accumulation totals to prevent one application from being able to dominate during
periods of contention. A similar scheme is also likely to work here.) Table 4.13 shows the
results of repeating the previous experiment while increasing the length of the time-out period.
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Note that the mean response time improves as the time-out period increases and in fact
eventually approaches the mean response time obtained with MLWF. Thisis only because the
time-out period is large enough that applications are essentially executed one at atime in afirst
come first served fashion. Since each application isthe same size thisis equivalent to MLWF.

Policy Time-out Mean 90% ClI Ratio
DY N-EQUI — 59.86 0.19 1.00
ACC-LEWF 0.25 60.61 0.25 1.01
ACC-LEWF 2.50 59.91 0.52 1.00
ACC-LEWF 7.50 58.66 0.35 0.98
ACC-LEWF 15.00 57.89 0.03 0.97
ACC-LEWF 25.00 44.32 0.24 0.74
MLWF — 44.49 0.26 0.74

Table 4.13: Changing time-out periods, times are in seconds

4.3.4.2. Generalizing the Partitioning Policies

In this section we present a generalized form for obtaining different processor allocation
policies. Specific instances of this generalization include the EQUI, PROP, and ROOT policies
presented in Chapter 3. This generalization has the positive property that, in a dynamic
environment, it will permit us to bias against jobs that are expected to continue running for a
long time without incurring the overhead penalties observed when using the ACC-LEWF
method (from the previous section).

P W,

Generalized Allocation: P =
> W
j=1
It is easy to see that when a = 1 we have the PROP policy and when a = 0.5 we have the
ROOT policy. Itisalso easy to show that the specific policy obtained when a = 0is EQUI.
P W;° P
EQUI: Pi = N = N
z WP
=1

Therefore, when a =0 the policy obtained allocates an equal number of processors to all
jobs in the system, independent of the amount of work each job executes. However, when larger
values of a are used the resulting policies allocate larger portions of processors to jobs that
execute more work. (This was desirable when jobs began execution at the same time and
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processors could not be reallocated.) In the extreme (for a large enough value of a), the
resulting policy will behave in a preemptive Most Remaining Work First fashion.

However, in a dynamic environment we are more likely to want to bias against larger jobs,
especialy if the accumulated execution time is being used to estimate the expected remaining
work. The generalized form for determining processor allocations can be used with negative
values of a to produce an allocation policy that reduces the number of processors allocated to
long running jobs. For alarge enough negative value of a, the resulting policy will behave in a
preemptive Least Expected Remaining Work First fashion (least accumulated work first, if
accumulated work is being used as the estimate). A policy that results from choosing a negative
value of a also has the favourable property that as the job’s accumulated execution time
increases, the number of processors allocated to that job decreases.

Figure 4.2 shows the spectrum of allocation policies defined by various values of a, as well
as where the EQUI, ROOT, and PROP poalicies fall in this spectrum. We also further illustrate
how a controls the number of processors allocated to each job with a smple example. Consider
five jobs, J1, J,, J3, J4, and Js. Table 4.14 indicates the amount of work, W, that each of
these jobs executes.

EQUI ROOT PROP

-a -10 -05 0.0 0.5 10 +a

More processors
for larger jobs

Fewer processors
for larger jobs

Figure 4.2: Generalization of the processor allocation policies

W, W, W3 W, Ws
10.00 | 20.00 | 4000 | 80.00 | 500.00

Table 4.14: Thework executed by the five examplejobs

The number of processors allocated to each job will depend on the particular value of a
chosen and the number of processors in the system. In this example we assume that the number
of processorsis P =100. In Table 4.15, the first column contains a number of different values
of a, while the remaining columns show the number of processors, p;, that would be allocated to
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each job using the allocation policy that results from the specified value of a. Note that with
a = 3, the largest job, J5, would be allocated al 100 processors. Asthe value of a decreases, the
portion of processors it is alocated shrinks. If a =0, job Js and the other jobs will each be
alocated 20 processors. However, if a=-2 or a=-3, job J5 would be alocated zero
processors.

a P1 P2 P3 P4 Ps
3.00 0 0 0 0 100
2.00 0 0 1 2 97
1.00 2 3 6 12 77
0.50 7 10 14 20 49

0.33 10 13 17 21 39
0.00 20 20 20 20 20

-0.33 31 25 20 16 8
-0.50 37 26 19 13 5
-1.00 53 26 13 7 1
-2.00 75 19 5 1 0
-3.00 88 11 1 0 0

Table 4.15: Number of processors allocated to each of the jobsfrom Table 4.14, P =100

By examining the smallest job, J;, we see the contrast in the number of processors it is
allocated. When a =3, it is allocated zero processors. However, as a becomes smaller, J; is
allocated a greater portion of the processors and when o = -3 it is allocated 88 processors.

If it is known that jobs are capable of effectively utilizing all of the processors, it is not
desirable to space-share processors. Instead, it is preferable to execute jobs one at a time.
However, if the jobs are not capable of effectively utilizing all processors, space-sharing is
preferred and the size of the partition allocated to each job should be determined by considering
the amount of work the job is expected to execute, in conjunction with its ability to use the
processors effectively. This generalization of processor allocation strategies can be thought of as
providing a continuum between preemptive (one job at a time), run-to-completion policies and
space-sharing policies. At the two extremes (large positive and negative values of o) processors
are not space-shared, while smaller values of a provide more and more equal sharing of
processors among all jobs. The appropriate choice of a depends on the character of the expected
workload, with o = 0 being safe, if suitable workload information is not available.
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4.4, Summary
In this Chapter we have shown the following:

e The difference between the mean response time obtained using DYN-EQUI and that
obtained using an optimal policy is not likely to be as large in practice as the extreme cases
demonstrated in Chapter 3.

e Coordination between the run-time system and the scheduler can be used to improve mean
response time for applications for which the run-time system is able to estimate an
application’s expected remaining work.

e Accurate knowledge of application characteristics is not required to improve processor
allocations and simple expected remaining work estimates can be derived during the
execution of an application.

e The technique of obtaining and applying expected remaining work estimates can be used to
reduce mean response time over a technique that allocates an equal portion of processors to
each application.

e The generalized form of the processor allocation policies, when combined with a negative
value of a, has the desirable property of reducing the processing power allocated to longer
running jobs. We expect that an appropriate negative value of a would result in a policy
that could be used effectively when executing workloads with a large coefficient of
variation in the amount of work executed.



Chapter 5

Application Placement

5.1. Introduction

The main concern with and motivation for designing and developing large-scale
multiprocessors is the continued quest for increased performance. As a result, large-scale
shared-memory architecture designs strive for scaability. It is likely that all such
multiprocessors will have non-uniform memory access times because failure to optimize
memory accesses to at least some memory locations will result in memory accesses that are
uniformly slow. It is, therefore, imperative that software designers and implementors recognize
the differences in memory access times and design software components for scalability.

One of the central propositions of this dissertation is that processor scheduling decisions
must consider not only how many processors, but which processors to allocate to an application.
We refer to the problem of assigning parallel processes of an application to processors as
application placement. In this chapter we explore the importance of application placement by
measuring the execution time of several parallel applications using different application
placements on a shared-memory NUMA multiprocessor. The results of this chapter motivate
our work in Chapter 6, where we describe a new scheduling technique designed specifically to
improve location decisions and improve scal ability.

5.2. Application Placement for L ocalization

In this section we describe how a scheduler might choose a ‘‘localized’” subset of
processors on which to execute an application. Fortunately, most scalable shared-memory
architectures adhere to a hierarchical design and, as aresult, determining a‘‘localized’’ subset of
processors is not difficult. Since we are assuming a dynamic scheduling environment in which
thereisno a priori knowledge of the number of processes an application will create, processes of
an application must be placed one at atime. That is, the problem is different from, and perhaps
more difficult than, knowing that an application will be executing with a specified number of
processors, p;, and determining the most localized set of p; processors. (If it were available,
information regarding how many processors an application is capable of using could be used to
improve placement decisions.)

79
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From any one processor, remote memory accesses can have successively higher and higher
costs as the distance from the requesting processor increases. These costs can be thought of as
forming a hierarchy where the access time from a given processor to any memory module within
the same level is the same. If, from each processor, we define M, to be the time to access
memory at level | inthe hierarchy and| =1, 2, 3, ..., L, then:

Mi<My< -+ <M< - <M.

A currently popular method of building large-scale, shared-memory multiprocessors is to
connect processors in a hierarchical fashion, asis shown in Figure 5.1a. For example, thisisthe
type of interconnection scheme used in the Hector system. Figure 5.1b is an example of an
alternative interconnection scheme that is not a strictly hierarchical design. (In each diagram a
circle represents a processor/memory pair.) This is the interconnection scheme used in the
Alewife multiprocessor currently being built at MIT [Agarwal1991]. This non-toroidal, two-
dimensional mesh is presented in order to describe how a localized placement of processes could
be done in such a system.

(@ (b)

Figure5.1: Memory access hierarchy in two multiprocessors designs

Since our goal isto preserve the memory reference locality inherent in each application, we
consider how to place the processes of an application in a fashion that is localized for the
particular architecture. Once the first processor on which the application will begin execution



81

has been chosen, additional processors are selected such that communication latencies among
the set of selected processorsis minimized. (How the first processor is selected will be discussed
in Chapter 6.)

To preserve an application’s locality, in a hierarchical system such as the one in Figure
5.1a, we start by choosing all processors within the same cluster as the first processor selected.
Once all of the processors in that cluster have been allocated, the next processor (the fifth
selected in this example) can be chosen from any one of the three remaining clusters. The sixth,
seventh, and eighth processors, however, should be taken from the same cluster as the processor
that was selected fifth. A localized placement would continue in this fashion until al of the
processors have been allocated.

In a mesh-based system, such as the one in Figure 5.1b, a localized placement attempts to
allocate processors so that the subset of processors selected at any point in time is as close to a
rectangle or square as possible, and such that the addition of a minima number of processors
would complete a square. This placement assumes that extra latency isincurred for each hop in
the interconnection network. Note however, that a two-dimensional mesh may aso be
constructed using a number of buses, thus making access times in one dimension independent of
the number of processors. This design, however, limits the size of the system because of the
limits on the number of processors that can be connected to each bus. (A localized placement in
this case would use a similar approach to that used for the hierarchical system, except that the
choice of each new cluster, or bus, would be based on proximity to those processors already
selected.) Although the DASH architecture is built using a mesh to connect several buses, and it
does not consist of processor/memory pairs, memory access times adhere to a hierarchical
structure similar to that shown in Figure 5.1a.

In a multiprogrammed environment choosing a localized set of processors for each job may
not be as straightforward as just described. This problem is further examined in Chapter 6.

5.3. Impactsof Placement on Performance

In order to examine the importance of localization in shared-memory NUMA
multiprocessors, we conduct a series of experiments using the Hector multiprocessor and six
parallel applications (or application kernels) each executing on four processors. These
applications are described in detail in Chapter 2. The main purpose of these experiments is to
assess the importance of application placement; that is, the importance of localization. The
experiments are conducted by running each application in isolation under different placement
strategies. The execution times of the localized placement are then compared with the non-
localized placements.
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The Hector system used to conduct the experiments is configured with 16 processors. We
dedicate one station (the four processors in Station 0) to the execution of system processes and
the workload generator to prevent these processes from interfering with the applications being
measured, thus ensuring that differences in execution times are due solely to different
placements. Therefore, only stations 1, 2, and 3 are used to execute the applications being
tested. Figure 5.2 illustrates a localized and a non-localized placement of four processes of an
application and the notation used to represent these placements. In the localized placement, the
four dashes *‘———-"" above Stations 0, 1, and 2 indicate that the four processors in each of
these stations are not used, while the numbers *1234"" above Station 3 indicate where each of
the four processes of the application is placed. The first process (1) being the main (parent)
process of the program and the remaining three (2, 3, and 4) being child processes. The
placement is localized because all four processes of the application execute within one station
and the notetion is *'- - ——- - === ———— 1234’. The non-localized placement spreads the
processes across the twelve processors being considered. (As mentioned previously, Station 0 is
not used, in order to to avoid interference with system and workload generating processes which
are restricted to that station.) The first process executes on Station 3, the second and fourth on
Station 2, and the third on Station 1 and the notationis*'——-—- ——-— 3 --42 ——-1".

Localized placement

e B V!

Station 0 Station 1 Station 2 Station 3

QOO QOO0 QOO0 OOQQ
cee- --23 42 ---1

Non-localized placement

Figureb5.2: Localized and non-localized placements

Figure 5.3 shows the normalized mean execution times of the six applications when
executed using the localized and non-localized placements. This graph along with the detailed
results in Table 5.1 show that localized application placement does improve the execution time
of some of the applications examined (although the differences are very small).
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Figure5.3: Normalized execution times using localized and non-localized placements

Appl Localized Non-L ocalized % Impr
Mean | 90%Cl Mean | 90%Cl
FFT 4.84 0.00 4.71 0.00 2.7
HOUGH 5.01 0.00 4.94 0.01 14
MM 5.25 0.01 4.93 0.01 6.1
NEURAL 4.83 0.01 4.83 0.00 0.0
PDE 5.45 0.00 5.36 0.01 1.7
SIMPLEX 19.27 0.06 19.06 0.07 11

Table5.1: Mean execution times, in seconds, using localized and non-localized placements

83

The table was constructed by executing the applications eight times for each placement.
The table contains the mean execution time (Mean) and 90 percent confidence interval (90% ClI)
for each of the placements, as well as the improvements obtained by using the localized
placement (% Impr). This is given as the percentage by which the mean execution time was
improved by using the localized placement rather than the non-localized placement, expressed as
a percentage of the mean execution time of the non-localized placement. Times are measured in

seconds.

Notice that improvements obtained here are not large. This is due to relatively small-size
and mild NUMA structure of the prototype 16 processor Hector system. We hypothesize that
under a heavy multiprogrammed workload, contention for shared-resources such as the
interconnection network (ring) would be reduced under a localized placement, resulting in even
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greater benefits. However, experimental results indicate that under the multiprogrammed
workloads tested, contention for the ring is not significant. We therefore conclude that in this
small-scale mildly NUMA environment, application placement does not greatly affect the
execution time of these parallel applications.

The following sections consider larger systems, systems with different architectures, and
future multiprocessors, by studying how the importance of localization is affected by increases
in memory access latencies.

5.3.1. Increasing Memory L atencies

The NUMAness of a system can be thought of as the degree to which memory access
latencies are affected by the distance between the requesting processor and the desired memory
location. It isdetermined by:

e The differences in memory access times between the levels in the memory access
hierarchy.

e  Thenumber of processors that can be accessed at each level.

e  The number of levels.

In order to study the effects of changes in the NUMAnNess of the system, Hector features a
set of switches, called delay switches, that add additional delays to off-station memory requests.
The range of settings possible are: 0, 1, 2, 4, 8, 16, 32, and 64 cycles. Every packet destined for
a memory module not located on the same station is held up at the requesting processor for the
selected number of cycles. The delay switches are used to emulate and gain insight into the
performance of :

1) Larger systems — since increases in the size of the system will result in increased memory
latencies.

2) Systemsof different designs — because some systems have larger memory latencies due to
the complexity of the interconnection network or hardware cache coherence techniques.

3) Future systems — because processor speeds continue to increase at a faster rate than
memory and interconnection networks.

Table 5.2 shows latencies for local, on-station, and off-station (or ring) memory accesses in
units of 60 nano-second cycles. Off-station requests, or those requiring the use of the ring are
shown for O, 4, 8, 16, 32, and 64 cycle delays. The values shown for cache line reads are
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pessimistic values in the sense that the true values depend on the relative positions of the source
and destination stations. The values shown represent worst case relative positioning. This is
because, even though the system is symmetric, asymmetry is introduced because cache line
reads consist of one request packet and two reply packets (in order to return the entire 16 byte
cache line). Note that the delay switches are not in effect during local or on-station requests.
Detailed descriptions of the Hector memory system are available elsewhere [Vranesic1991]
[Gamsal992] [Stumm1993].

Delay 32bit 32bit cache cache
load store load writeback

local - 10 10 19 19
station - 19 9 29 62
ring 0 23 17 37 42
4 31 21 49 58

8 39 25 61 74

16 55 33 85 106

32 87 49 133 170

64 151 81 229 298

Table5.2: Memory referencetimes, in processor cycles, on a 16 processor Hector system

To provide insight into the importance of localization on a slightly larger system and in
other shared-memory multiprocessors, we set the delay switches to 16 and conduct the same
localized versus non-localized placement experiment. The results of this experiment are shown
in Figure 5.4. Note that with a delay of 16 cycles, the 16 processor Hector system requires 55
cycles to load one (32 bit) word from remote memory while DASH can require up to 132 cycles
per (32 bit) word (assuming there is no contention in both cases). If we account for the
differences in cycle times these latencies are 3300 and 3960 nano-seconds, respectively. This
illustrates that the 16 cycle delay does not result in unrealistic latencies.

The experimental results of Figure 5.4 show substantial improvements in execution times as
aresult of localization. The matrix multiplication application (MM) is improved by more than
50%, while the fast fourier transformation (FFT) is improved by more than 25%, the partial
differential equation solver (PDE) more than 20%, and the Hough transformation (HOUGH) by
more than 15%. Only the neural network application is not significantly improved. This is
because it contains an unusually large number of system calls. (A more detailed explanation is
provided in a subsequent section.)



86

N - .. ... 1234
- =223 --42 ---1

(0]
r 11 -
m.

0.8 -
M
e 0.6
a
n 04/
R 02
T

0

FFT HOUGH MM NEURAL PDE SIMPLEX

Figure 5.4: Normalized response times using localized and non-localized placements, delay = 16

5.3.2. NUMAness

Figure 5.5 illustrates the effects that the NUMAnNess of the system has on the execution of
these applications under non-localized and localized placements. The graphs show the
normalized execution times of each application obtained with delay settings of O, 4, 8, 16, 32,
and 64. The delay setting is shown just below the pair of bars representing the localized and
non-localized execution times.

These graphs demonstrate that, as the latencies in the system increase, the performance
benefits achieved through localization increase for all applications except NEURAL. If the
communication and memory references within an application are completely localized and a
localized placement is used, then the execution times should not be affected when the latencies
are increased. The results show this to be true for MM and PDE. Note however, that this is not
the case for FFT, HOUGH, SIMPLEX, and especially NEURAL.

There are a number of reasons why, under alocalized placement, some of these applications
are more affected by increased latencies than others.

1) The data being accessed is not entirely localized. That is, some of the data is located on
memory associated with processors outside of those the application is executing on. Thisis
true, for example, of FFT. To improve the performance of the calculations, a table of sine
and cosine values is pre-computed and stored for later use. For each of these tables, the
memory allocation scheme used assigns pages to physical memory on a round-robin basis.
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Figure5.5: Theimportance of localization using different degr ees of NUM Aness

In this case, because 64 bit double precision variables are used with a problem size of 256,
two 4 Kbyte pages will be allocated for each table and references to these tables may
reguire remote memory accesses. The round-robin allocation of these tables was done by
the original author in order to achieve good performance by reducing hot spots when using
a large number of processors. For the same reasons HOUGH also uses pre-computed
lookup tables for sine and cosine values which, along with the input image, are allocated
using a round-robin page allocation policy. A more localized solution, such as replicating
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the sine and cosine tables, was not required however, because of the mild NUMA
characteristics of the system the application was originally written for.

There are arelatively high number of system calls.

a)

b)

Some system calls are performed by communicating, via message passing, with a
server process that is executing on Station 0, thus incurring delays because of remote
communication. Thisis reflected in increases in execution time as the delays increase
because communication with Station O requires using the interconnection ring which
means incurring the delays. Thisisthe case with the SIMPLEX application.

Some system calls are handled by a server process that is migrated to the processor of
the calling process (handoff-scheduling). The server may then access system data
structures, many of which have been allocated on Station 0, thus requiring off-station
memory requests which increase execution times as latencies are increased. The
application NEURAL performs a large number of such system calls, which is the
reason that the performance is not improved by using a localized placement. In fact,
localization actually degrades performance in this case because the algorithm used
executes synchronously, with each of the processes requiring access to shared
resources at the same time. The non-localized placement decreases the degree to
which the processes are synchronized and decreases the contention for shared
resources, thus dlightly improving the execution times. (In this case most of these
system calls are done in order to reset the state of the software cache consistency
mechanisms.)

These examples illustrate the need to consider locality during all phases of program
creation and execution (especially on the part of the application programmer and operating

5.3.3. System Size

Another way to view the importance of application placement is to consider increases in

system size and the different possible application placements, given a fixed number of required
processors. For example, if an application requires four processors and it is executed on a

system with four processors, a localization strategy is not required since any placement is

localized. The potential benefits of localization increase in an eight processor system but are not

as large as the benefits that can be obtained in much larger systems. That is, if the number of

processors allocated to an application is fixed and different sized systems are considered, the
importance of localization increases with the size of the system. Thisisillustrated in Figure 5.6.
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Figure5.6: Theimportance of localization with varying system sizes, delay = 16

The different placements used correspond to considering localized versus non-localized
placements in systems of 4, 8 and 12 processors. The localized placement,
e — o == —— 1234’ is the same for each system size, while the placement
e o = 43 ——-21"" represents a non-localized placement in a system of eight
processors because only the eight processors of Stations 2 and 3 are considered and the
placement ‘- —-—-- ——— 3 ——42 ——-1" represents a non-localized placement in a system of
12 processors. Therefore, each of the bars of the graphs in Figure 5.6 represent a non-localized
placement in systems of size 4, 8, and 12 (with four processors, localized and non-localized
placements of four processes are identical) and should each be compared with the localized
placement ‘'-—-——- - ———- ———— 1234’ to determine the improvements possible due to
localization for a system of that size. We expect that interference from other applications would
increase the performance differencesin larger systems.

The results of these experiments demonstrate that, for all applications except NEURAL, the
benefits obtained from using a localized placement increase as the size of the system is
increased, thus demonstrating the need for and increased importance of localization in larger and
larger systems. Note aso that the prototype system being used is relatively small and as a result
the performance of each placement is also affected by the number of processors being used by
the application (four). This can be seen by the small difference between the non-localized
placements of four processes on two stations (eight processors) and three stations (12
processors). We expect that if we could continue to increase the size of the system, the
difference in performance between the non-localized placements would also continue to
increase.
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5.3.4. Placement of Processes within the Application

All of the applications used in these experiments consist of a parent (main) process and
three children. In each application, the parent process creates the children, notifies them of the
functions they are to perform along with the sub-section of the data the functions are to be
performed on, and controls the synchronization. The parent and its children each perform the
same amount of computation on different subsets of the problem. However, because the parent
process is created first, it may be responsible for initializing some of the data causing that data to
be located on the same processor/memory pair as the parent process. This may be as innocuous
as afew variables; for example, the number of processes used and the size of the problem. But
if these variables are not cached and are referenced often, the cumulative cost of the remote
memory accesses can increase execution times. Figure 5.7 shows the results of an experiment
that was conducted in order to study how the execution time of each application is affected by
the location of the child processes relative to the parent. This study can be thought of as
addressing the following question:

e Oncealocalized subset of processors has been chosen for an application’s execution, is the
execution time affected by the location of its parallel processes within that subset of
processors?

Intuitively this will depend on the symmetry, communication, and remote memory access
patterns of the application.
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Figure5.7: Importance of the placement of children relative to the parent process.
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The experiment performed considers two non-localized placements, one in which none of
the child processes ae placed in the same dsation as the parent
o === 3 ——-42 —--1" and one in which one of the child processes is placed in the
same station as the parent *'——-- ——-— 3 --41 ---2". We see in Figure 5.7 that the
performance of each application is affected by the placement of the child processes relative to
the parent since exactly the same subset of processors is used in each case and the only
difference is that the location of processes 1 (the parent) and 2 (the first child) have been
switched. A delay setting of 16 cycles was used. The results show that in two cases, MM and
PDE, the execution times differ by 15%. These results are significant enough to indicate that the
location of parallel processes of an application within a subset of localized processors is
important for some applications and that the child processes should be placed as close to the
main process as possible. It is expected, however, that these differences could be reduced by
carefully rewriting the applications so that the children less frequently access data located near
the parent process.

We suspect that some of the observed differences in execution times are caused by memory
contention. Such differences are unlikely to be as large in other architectures, especidly if
memory is not as contented for as it can be in Hector. Therefore, the importance of the
placement of the parent, relative to the other processes, may be reduced in other systems
(particularly in the KSR-1, which uses an all-cache memory design).

5.4. Summary

In this chapter we have demonstrated that in large-scale NUMA multiprocessors, preserving
the locality of applications by placing processes close to the data they are accessing and close to
each other is essential to achieving good performance. In particular the experiments conducted
in this chapter have shown:

e Asexpected, in small-scale mildly NUMA multiprocessors, placement decisions have only
aminor influence on the execution time of parallel applications.

e In large-scale systems application placement that considers the architectural grouping of
processor and memory modules inherent in NUMA multiprocessors is imperative and
improves performance significantly.

e The importance of placement decisions increases with the size and NUMAness of the
system and will continue to increase as the gap between processor speeds and memory
access times continues to widen.
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e In Hector, the placement of the children relative to the parent (main) process affects
application performance significantly. Specifically, frequently referenced data is often
located on or near the processor that the parent is placed on. Thus placing children as close
as possible to the parent reduces execution time.

e Although placement decisions made by the scheduler significantly influence the execution
time of parallel applications, localization must also be considered by the application
programmer, the memory manager, and other operating system services.

These results motivate the work in Chapter 6, in which a new scheduling strategy for
enforcing locality is proposed and evaluated.



Chapter 6
Processor Pool-Based Scheduling

6.1. Introduction and Motivation

The experiments conducted in Chapter 5 motivate the need for new scheduling techniques
that consider the placement of an application when making scheduling decisions. In this chapter
we propose and experimentally demonstrate the performance benefits scheduling algorithms
based on the concept of processor pools.

Processor pools are intended to specificaly address the following requirements of
scheduling techniques for large-scale NUMA multiprocessors:
L ocalization
Processes of the same application need to be placed close to each other in order to minimize
overhead due to remote communication. That is, the locality of the application must be
preserved.
| solation
When possible, different applications should be placed in different portions of the system in
order to reduce contention for shared resources.
Adaptability

The system should be able to adapt to varied and changing demands. A large-scale
multiprocessor should support the execution of a single highly parallel application that is
capable of utilizing all of the processors as well as a number of applications each executing
on asmall number of processors.

Scalability

A pervasive requirement of all software designed for scalable architectures is that the
software also scales.

93
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6.2. Processor Pools

A processor pool is a software construct for organizing and managing a large number of
processors by dividing them into groups called pools. Since the goal of localization is to place
processes of the same application in a manner in which the costs of memory references are
minimized, it implies that the architectural clusters inherent in NUMA multiprocessors must be
considered when forming pools. The locality of applications is preserved by choosing pools to
match the clusters of the system and executing the parallel processes of an application within a
single pool (and thus a cluster), unless there are performance advantages for it to span multiple
pools. Isolation isenforced by allocating different applications to different pools, thus executing
applications within separate sub-systems and keeping unnecessary traffic off of higher levels of
the interconnection network. Note, that it is possible for several applications to share one pool.

In very large systems (with 100 or more processors), processor pools can be grouped
together to form ‘‘pools of pools’. These ‘‘pools of pools’ are chosen and managed in the
same way as the original smaller pools except that they are constructed and managed in a
hierarchical fashion. This hierarchical structuring technique is called Hierarchical Symmetric
Multiprocessing and has been used by Unrau, Stumm, and Krieger to structure operating systems
for scalability [Unrau1992] [Unraul993].

In contrast to hardware groups or clusters of processors, processor pools are used as an
operating system construct for scheduling applications and are applicable even in systems with
no apparent processor clusters (even though the scalability of such systemsis limited). Because
each pool of processors may be managed independently, the likelihood of bottlenecks inherent in
traditional single ready-queue systemsis reduced. The notion of grouping processors to enhance
scalability has also been proposed by other researchers [Black1990] [Feitelson1990]
[Feitelson1990a] [Ahmad1991]. Feitelson and Rudolph’s distributed hierarchical technique is
designed to also gang-schedule and load balance multiple applications in large multiprocessor
systems [Feitelson1990] [Feitelson1990a]. Their evaluation of this technique does not take into
account NUMA multiprocessors. They do point out that this technique could be used in NUMA
systems. However, they do not describe how to map their tree structured distributed hierarchy
onto NUMA architectures, although in a symmetric tree structured architecture the mapping is
direct and should preserve locality. One advantage offered by processor pools is that they are
explicitly designed to preserve the locality of paralel applications in afashion that is not tied to
aparticular architecture. Furthermore, they are also designed to isolate the execution of multiple
applications from one another. The combination of these two properties is intended to reduce
the cost of remote references to shared data and to reduce the likelihood of contention for the
interconnection network.
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Although the concept of a processor pool is based on the large-scale and NUMA
characteristics of a system and is not tied to any particular architecture, in actually implementing
processor pools on a specific system, its NUMA characteristics should be identified and fully
exploited. In most architectures, there are clusters of processors that are good candidates for
pools. For example, in a large-scale KSR1 system [Burkhardt1992] containing a number of
RING:0 subsystems connected together with a RING:1 at the higher level, pools may be formed
by grouping together the processors in each of the RING:0's. In the case of the University of
Toronto’s Hector system [Vranesic1991] and Stanford’s DASH [Lenoski1992], pools may be
formed by grouping the processors of an individual station or cluster. In the MIT Alewife
multiprocessor [Agarwal 1991], pools might be chosen to consist of the four processors forming
the smallest component of the mesh interconnect or a dlightly larger set of nearest neighbour
processors.

Since the concept of processor pools is proposed to help simplify the placement problem,
processors are grouped together so that the main location decision to be made is which pool to
place the process in. The decision of which processor within the pool to use, the in-pool
scheduling decision, is one that can be made by another level of software that handles scheduling
within the pool. For our purposes we consider processors within a pool to be indistinguishable,
thus simplifying the task of in-pool scheduling. Therefore, we focus our attention on the
problem of determining which of the pools to place a processin.

In this chapter we examine two central issues related to processor pools. How are they
formed and how are they used?

1) How are processor pools formed? What influences which processors should belong to
which pool? How closely should poolsfit the architecture of the system?

2) How are processor pools used? That is, once we know more about how pools should be
formed, we require policies for using them.

6.3. Assumptions

Before discussing the issues involved in forming and using processor pools, we first outline
some of the assumptions about the environment we are considering and the restrictions imposed
by the system being used.

e The paralelism of the application and the number of processors it is allocated are not
known a priori.
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Note that if the parallelism and number of processors alocated to an application are known
a priori and remain fixed, then the problem of assigning applications to pools is similar to the
bin packing problem [Garey1979].

The environment being considered is a dynamic one in which applications create processes
as they are needed. The scheduling server executes outside of the kernel’s address space.
Therefore, when an application wishes to create a process and thus gain access to another
processor, the library call to create a process first contacts the scheduling server. The scheduling
server determines if the calling application should be alocated another processor and if so which
processor it should be allocated. If the scheduler decides to allocate another processor to the
application, the system call is then passed on to the kernel, which creates the process on the
processor specified by the scheduler. When a process finishes executing or is killed by an
exception, the scheduler is notified and updates its internal state. The scheduler, therefore, sees
requests for processors one at a time and assigns them to applications until all processors have
been allocated, at which point requests to create additional processesfail. All of our applications
and workloads have been written to execute in this fashion.

e  Process migration is not permitted.

We simplify the larger problem of scheduling in a NUMA environment by not considering
process migration. Thisis done for a number of reasons:

1) We reduce the parameter space of the problem by eliminating the possibility of process
migration, thus permitting us to study effective methods for application placement.

2) In the experimental environment we use, the cost associated with migrating a process is
quite high because a ssmple software cache consistency schemeisused. The migration of a
process would require either many uncached data references or cache flushes.

3) The cost of process migration can vary greatly from system to system and depends on
factors such as memory access latencies and the methods used to maintain cache
consistency.

4) We are not aware of any existing studies that conclusively demonstrate that the benefits due
to migration are significant.
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6.4. Forming Processor Pools

The question of how to choose the groupings of processors that form processor poolsis one
that isinfluenced by two main factors:

1) How many processors should belong to each pool ?

2) What is the relationship between the system architecture and processor pools? That is,
which processors should belong to which pool ?

The details of specific policies for assigning processors to pools are considered in section
6.5. For now we assign newly arriving jobs to the pool with the largest number of available
processors. Other processes of the job are placed within the same pool if possible. If there are
no available processors in that pool then some other pool with the largest number of available
processorsis chosen. This algorithm was devised using the results of the experiments in Chapter
5 and is designed to isolate the execution of different jobs and to allow them *‘room to grow’’.

We now conduct a series of experiments designed to further explore the influences on the
choice of processor pools. Although we do not exclude the possibility of choosing processor
pools of different sizes, this work only considers pools of equal sizes. The goa hereisto gain
insight into the forming of pools, the design of policies for their use, and the benefits of
processor pool-based scheduling, leaving further exploration of their use to future research.

6.4.1. Experimental Setting

The workload is comprised of five of the parallel application kernels described in Chapter 2
and used for the experiments in Chapter 5. FFT, HOUGH, MM, NEURAL, and PDE. The
problem sizes were chosen so that each application used executes with approximately the same
execution time using four processors. This was done to ensure that placement decisions must be
made by the scheduler throughout the lifetime of the workload rather than just at the beginning
of its execution. The SIMPLEX application was not used in most of the experiments in this
chapter because its execution time on four processors using a reasonable sized data set was long
enough to significantly increase the execution time of the entire workload, making multiple
executions in order to attain confidence intervals difficult. (Smaller data sets were not large
enough to be executed in parallel effectively.)

The workload consists of a number of ‘‘streams”’ of parallel jobs. A stream is formed by
repeatedly executing the five applications, one after another. Since each stream is implemented
using a shell script, there are unpredictable but small delays between the completion of one
application and the start of the next. The delays are small enough that they do not significantly
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affect the results. Each stream contains a different ordering of the five applications and all
streams are started at the same time. The number of streams is adjusted to determine the
multiprogramming level. The number of streams used is determined by dividing the number of
processors (12) by the parallelism of the applications. In the first experiment, each stream
consists of 15 repetitions of the five applications for a total of 75 jobs per stream. The
applications are each allocated four processors, so three streams are used and the entire workload
consists of 225 jobs.

6.4.2. Determining Processor Pool Sizes

The first experiment is designed to determine if processor pool-based scheduling improves
performance and, if it does, to examine appropriate pool sizes. Thisis done by varying the pool
size while executing the same workload. Using 12 processors we examine: 1 pool of 12, 2 pools
of 6, 3 pools of 4, and 6 pools of 2 processors. We also consider 12 pools each containing one
processor. Note that one pool of size 12 is comparable to not using processor pools and is
equivalent to using a central ready queue from which idle processors grab processes. (Thisis
implemented by placing processes randomly within the pool.) Because no grouping of poolsis
done to form ‘*pools of pools’, 12 pools of one processor is also equivalent to not using pools
(with the exception that the overheads of managing 12 pools, although not significant, are
present). (Although applications are permitted to span more than one pool and multiple jobs
may execute within a single pool, our implementation of pool-based scheduling avoids these
situations whenever possible.)

Pools are chosen to correspond to the hardware stations in Hector. This means that when
pools of size two are used, each of the three stations used contains two pools, and when pools of
size four are used, they exactly correspond to hardware stations. When two pools of size six are
used, Pool 1 contains four processors from Station 1 and two from Station 2, while Pool 2
contains four processors from Station 3 and two from Station 2.

Because the system is relatively small and is only mildly NUMA, and because we are
interested in how increases in NUMAnNess affect the results, we also run each set of experiments
with delay settings of 0, 8, and 16 cycles. The results of these experiments can be seen in Figure
6.1. Each line in a graph plots the mean response time versus the pool size. Graphs are shown
for each of the different applications with the graph labelled ‘* COMBINED’’ representing the
mean response times over all jobs. The vertical bars represent 90 percent confidence intervals.

We first note that, as expected in a small system that is only mildly NUMA (represented by
the graphs labelled Delay=0), the mean response times are not significantly improved by using
processor pools. However, as the NUMAnNess of the system increases, the performance
improvements due to pool-based scheduling increase and are substantial when using a delay of
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Figure6.1: Effects of NUM Aness when using pool-based scheduling

16 cycles. This can be seen by comparing the execution times of the applications using a pool of
size of 12 (the no pool case), with those using other pool sizes. The closer the pool sizeisto 4
the better the performance. (We explore the influences that the architecture and the parallelism
of the applications have on the preferred pool size is subsequent sections.) The exception is the
NEURAL application which, as described in Chapter 5, suffers from an excessive number of
system calls which overshadow the locality in the application.
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Although two pools of six processors may not seem appropriate for the current workload, it
is included for completeness, since it will play a central role in a future experiment. It aso
permits us to determine if a small enforcement of localization improves performance. The
results show that even though there is a trend toward improved performance when using two
pools compared with using no pools, those improvements are not large enough to be considered
significant.

The degree to which performance is improved varies from application to application and
depends on the number and frequency of remote memory references. However, the mean
response time over al jobs is improved by using pools, as shown in the graph labelled
‘““COMBINED’”’ in Figure 6.1.

The graphsin Figure 6.1 also show that for this set of experiments a pool size of four yields
the best performance. However:

1) The parallelism of each application isfour.
2) Each station in the Hector system contains four processors.

Consequently, we next explore the importance of these two factors; application parallelism
and system architecture.

6.4.3. Application Influenceson Pool Size

In order to examine the importance of application parallelism in determining an appropriate
pool size, we now vary the parallelism of the applications and perform the same experiments
conducted in the previous section. A delay of 16 cycles is used and the number of streams is
adjusted with the parallelism of the applications (when possible keeping all processors busy).
Figure 6.2 shows the results obtained when executing each application with two, four, and eight
processes. In the case when the application parallelism is two, six streams are used, each
consisting of 10 repetitions, for a total of 300 jobs. When the application paralelism is four,
three streams are used, each consisting of 15 repetitions, for atotal of 225 jobs. In the case when
the application parallelism is eight, one stream with 25 repetitions is used for atotal of 125 jobs.
(In this case applications are not multiprogrammed because we can not space-share two
applications each using eight processors on 12 processors.) The three lines plotted in each graph
represent the mean response times of the applications obtained with application parallelism of
two, four, and eight, versus different pool sizes. The vertical bars at each data point represent 90
percent confidence intervals.

We first observe that when eight processes are used for each application, performance is not
significantly affected by the pool size. Thisis because the placement of eight processes within a
12-processor system does not afford as much room for localization as applications which use a
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Figure 6.2: Various pool sizeswith application parallelism of 2, 4 and 8, delay = 16

smaller number of processors. Next, we observe that when applications are allocated two
processors, pools of size two and four yield the best performance, again with the exception of the
NEURAL application. When the applications each require two processors, there is no
significant difference in performance between using pools of size two or four because in either
case each application is able to execute within one hardware station. Finaly, we observe that
when the application parallelism is four, the mean response time is minimized when pools of
size four are used. These results all suggest that the appropriate choice of pool size might be
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related to the parallelism of the jobs. This relationship is explored after we first point out that
there is an interdependence between the number of processors an application should be allocated
(the allocation problem) and which of the available processors an application should execute on
(the placement problem).

An interesting outcome of the experiments shown in Figure 6.2 is that for some
applications, most notably MM, increasing the number of processors the application uses does
not necessarily improve response time. For example, this can be seen in the MM case by
observing that the mean response time obtained using eight processors is equal to or higher than
the mean response time obtained using four processors, no matter what pool size is used. These
graphs demonstrate that an application’s execution time can be dramatically affected by the
NUMA environment and that in some cases a localized execution using fewer processors will
outperform a necessarily less localized execution using more processors. Thus the decision
regarding the number of processors an application is allocated should not be made in isolation.
In fact, the allocation of processors should be determined in conjunction with the knowledge
about which processors are available, thus greatly increasing the complexity of the problem.

One approach to this problem would be to determine the number of processors to allocate to
each application based on which processors are available. Good solutions to this problem would
require knowledge about the efficiency of execution of each application, when executed on
different subsets of the available processors. For example, a family of execution profiles or
speedup curves in which the application is executed on all possible subsets of processors (or
unique subsets if the system is symmetric) could be used to make improved allocation and
placement decisions. However, the effort required to collect such information and the amount of
data available as a result is substantially greater than in a UMA environment and is likely
prohibitive.

One smplified approach to this problem is to limit the number of pools that each job is
permitted to span. If the available processors are situated in a small number of pools the
application may be allocated and execute on that localized set of processors. However, if the
available processors are spread throughout a number of pools, the number of processors
alocated to the job is limited and the application will be executed on a smaller number of
processors. This approach could work reasonably well in large systems executing a workload
with a relatively high degree of multiprogramming, comprised of jobs that are not capable of
executing efficiently on a large number of processors, because the benefits of giving any one job
a large portion of the processors is limited. Unfortunately, one of the drawbacks of this
approach is that applications would all be treated equally, and as we' ve pointed out previously,
applications do not all have the same characteristics.
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If more information about each application could be made available (or ideally, determined
during execution) the approach of restricting the number of pools an application is permitted to
span could be done on a per application basis. For example, some measure of the ‘‘importance
of locality’” for the efficient execution of each application could be used to determine the
number of pools that each application is permitted to span.

Because of the complexity of thisinterplay between the number of processors allocated and
which processors are available, the relationship between the allocation problem and the
placement problem is demonstrated and possible approaches to dealing with the interdependence
of these problems are presented. However, a more detailed investigation of this problem is |eft
as atopic of future research.

6.4.4. Architectural Influenceson Pool Size

While the experiments shown in Figure 6.2 suggest that there is a relationship between pool
size and application parallelism, these experiments do not fully explore the relationship between
pool size and the system architecture. To determine the strength of the connection between pool
size and system architecture, we conduct another experiment in which each application executes
using six processors. In this experiment the HOUGH, MM and SIMPLEX applications were
used. The other applications (FFT, NEURAL, and PDE) are not used because some are written
to execute using a number of processors that is a power of two, and others a number of
processors that evenly divides the size of the data set. In these experiments, we use two streams,
each of which executes the three applications 15 times, for 45 jobs per stream and a total of 90
jobs.

The graphs in Figure 6.3 plot the mean response times for each of the applications versus
different pool sizes. The mean response times over al of the applications is shown in the graph
labelled ** COMBINED’’. The number above each of the bars gives the percentage improvement
when compared with one pool of size 12. A negative value indicates that the mean response
time was increased. The main data points of interest in these experiments are the pools of size
four, because this matches the size of a Hector station, and pools of size six, because this
matches the application parallelism. For the HOUGH and SIMPLEX applications, we observe
dight differences in mean response times when pools of size four and six are used. (The
differences are not statistically significant.) A pronounced difference is observed for the MM
application. Thisis somewhat surprising since exactly the same set of processors is assigned to
each application in each case. The differences in mean response times is, however, due to the
placement of processes within the pools.



104

M 6- 12-
2.3 0.0

€ 5| p55 58 40 00 | 10] & 121
2 A 3 202 53¢

3- 6-
R
T 2 41

14 2
seC. ) 0l

012 4 6 12 012 4 6

Pool Size (HOUGH) Pool Size (MM)

M 14 1

1-0.1 0.0 -1.1 0.0
e 20 25 31 37 124 Fa3 97 64
a 16 10+
n

12 8-
R 64
T 8 4 -

4 2]
sec. o 0.

012 4 6 12 012 4 6 12

Pool Size  (SIMPLEX) Pool Size (COMBINED)

Figure 6.3: Various pool sizeswith application parallelism of 6, delay = 16

First, we briefly review the pool placement policy in order to understand why the
placements are different. Then we explain why the resulting execution times are different. The
first process of each job is placed in the pool with the largest number of available processors.
Subsequent processes of that job are placed in the same pool as the first process until all the
processors in the pool are used. If more processors are required, the next pool with the most
available processors is chosen. One of the goals in the design of processor pools is to form
groups of processors that can be managed easily and uniformly within the pool. We, therefore,
place processes randomly within pools and point out that if placement within processor pools
affects performance significantly the pools have not been chosen to appropriately reflect the
architecture.

Figure 6.4 illustrates a possible scenario in which the response times of the same
applications would differ using the pool sizes four and six. Figure 6.4a shows an example
placement of two applications, A and B, when using pools of size four. In this case the first four
processes of application A are placed randomly on Station 1 and the remaining processes of
application A are placed on Station 2. The first four processes of application B are placed
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randomly on Station 3, since that is the pool with the largest number of available processors, and
the remaining two processes are placed on Station 2.

(&)
(b)

Figure 6.4: Individual process placement using processor pools of size 4 and 6

Figure 6.4b shows an example placement when pools of size six are used. In this case each
application fits entirely within asingle pool. Application A is placed and executed in Pool 1 and
application B is placed and executed in Pool 2. In Chapter 5 we observed that if the first process
of an application (the parent) is located on a station that is different from the rest of the
processes of the application, the response time can be affected significantly. Note that in the
case when pools of size four are used, as many children as possible will be placed in the same
pool as the parent. However, our experiments will soon demonstrate that the same is not true
when the pool sizeissix.

Because processes are placed randomly within the pool and because these pools ‘‘span’
more than one hardware station, if the first process of an application is placed on Station 2, the
response time may be higher than if the first process were placed on one of the other stations.
We further illustrate this effect by conducting the same experiment using pools of size six but
ensuring that the first process of each application is not placed on Station 2. In this experiment,
we place processors within each pool as shown in Figure 6.5. The mean response times and 90%
confidence intervals for each application of this experiment are shown in Table 6.1 under the
columns labelled ‘* Pool Size 6 (ordered)’’. Table 6.1 also contains the results obtained for pools
of size four and six when using random placement within each of the pools.
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Station 1 Station 2 Station 3

Figure 6.5: Ordered placement of processes within pools of size six

These measurements show that when pools of size six are used, ensuring that the first
process of the application is not placed in Station 2 lowers the mean response time of MM
significantly and in fact results in mean response times comparable to using pools of size four.
The execution times of the SIMPLEX and HOUGH applications are not changed much under
any of these placement strategies. This is because, as observed in Chapter 5, the location of the
first process of these applications does not appear to have as strong an influence on their
execution times as some of the other applications (e.g., MM).

Appl Pool Size 4 Pool Size 6 (ordered) Pool Size 6
Mean | 90%Cl | Mean 90% ClI Mean | 90% CI
HOUGH 5.00 0.01 4.96 0.01 5.10 0.06
MM 7.91 0.02 7.97 0.02 9.12 0.36
SIMPLEX 19.09 0.05 19.05 0.09 18.97 0.11
COMBINED 10.67 1.06 10.66 1.06 11.06 1.02

Table 6.1: Comparing pools of size four with an ordered placement within pools of size six

The results of this experiment show that there is a difference between using three pools of
size four and two pools of size six when allocating six processors to each application. Three
pools of size four yield better performance, indicating that in this case it may be more important
to choose pool sizes to reflect the architecture of the system than the paralelism of the
applications. The experiments throughout this chapter have demonstrated that the selection of
pools and their sizes should consider both the architecture of the system and the parallelism of
the applications being executed. However, matching pools to the architecture is likely to be
relatively straightforward while, in general, a workload will consist of a number of applications
with different (and possibly) changing degrees of parallelism, making it difficult to match pool
sizes with application parallelism.



107

6.5. Using Processor Pools

One moativation for processor pool-based scheduling is to ease placement decisions by
reducing the number and types of considerations required to make good placement decisions.
This is accomplished by making placement decisions that consider pools rather than individual
processors when scheduling parallel applications. An important aspect of pool-based scheduling
is the strategy used for making placement decisions. However, before examining different
strategies, we first outline the types of placement decisions that are made during the lifetime of
an application and briefly point out how these decisions may influence placement strategies:

Initial Placement
Before an application begins execution it must be assigned to a processor. The decision of
where to place the first process of an application is an important one that can influence not
only the placement of the remaining processes of the application but also the placement of
other applications.

Expansion
Once a parallel application begins execution, it will, at some point, create and execute a
number of processes. We call this creation of new processes expansion. How to properly
place these processes is a key consideration in preserving the locality of an application. As
a result, it is essential to consider where the existing processes of the application are
located.

Repartitioning with Pools
A change in the number of processors allocated to each application may require a
repartitioning of the processors. An important and difficult problem is how to repartition
the processors while maintaining the locality of the executing applications.

We now examine each of these decision points more carefully, present algorithms for
making these decisions and, when possible, evaluate their performance.
6.5.1. Initial Placement

The main considerations for making an initial placement decision are:

1) Give the new application as much room as possible for the future creation of processes.
That is, provide as much room for expansion as possible.

2) Try toisolate the execution of each application to the extent possible. That is, try to reduce
the possibility of interfering with the execution of other applications by placing each
application in its own portion of the system.
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The problem of placing applications into pools has similarities to the problem of allocating
memory in non-paged systems. An especially notable similarity is the desire to avoid
fragmentation, since fragmenting processes of an application across different pools will hurt
localization. Because of these similarities, we briefly consider a number of possible strategies
for initial placement adapted from well known placement policies for non-paged memory
systems [Deitel 1984] [Silberschatz1991].

First-Fit
Pools are listed in a predetermined order by simply numbering each pool. The first process
of an application isthen placed in the first pool with an available processor.

Best-Fit
The first process of an application is placed in a pool with the smallest, non-zero number of
available processors.

Wor st-Fit
The first process of an application is placed in a pool with the largest number of available
processors.

Of these techniques the Best-Fit and the First-Fit policies do not isolate applications from
each other and may not provide room for the expansion of applications within a pool. For
example, if three applications arrive in an empty system, all three are initially placed in the same
pool, thus leaving little room for the localization of subsequent processes. (Recall that the
number of processors an application will use is not known a priori.) However, the Worst-Fit
policy would place each of these three applications into different pools, thus permitting each to
execute in their own portion of the system.

A comparison of the First-Fit and Worst-Fit policies is shown in Figure 6.6. A workload of
three streamsis used. Each stream consists of 15 repetitions of five applications for atotal of 75
jobs per stream and a grand total of 225 jobs. Pools of size four are chosen to correspond to the
hardware stations and a delay of 16 cycles is used to emulate systems that are more NUMA than
our small, mildly NUMA prototype. The normalized mean response times of each of the five
applications and the overall mean response time (COMBINED) are shown. The mean response
times obtained using the Worst-Fit policy are normalized with respect to the mean response
times obtained using the First-Fit policy.

As expected the Worst-Fit policy performs significantly better than the First-Fit policy and
in fact it improves response times by 20% or more for three of the five applications. By
examining the execution traces obtained when using the First-Fit policy (shown in Figure 6.7),
we observe that the different applications are not always placed within one pool (and therefore
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Figure 6.6: Comparing Wor st-Fit with First-Fit placement strategies, pool size = 4, delay = 16

one station) and that sometimes the applications actually do execute within separate pools. In
the trace in Figure 6.7, lines 12 through 17 show a period of execution where each of the
applications is executing within a separate station. Each application is therefore localized and
isolated from the others. Lines 23 and 24 show an example of how all three applications can
each have one process executing in the same station ('a, 'b’ and 'z’ each have a processes on
the middle station). Although placements using the First-Fit policy are not always ‘‘bad
placements’’, the mean response time is significantly improved by using the Worst-Fit policy.
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Figure 6.7: Sample execution trace, over time, using First-Fit initial placement policy

Other possible initial placement strategies are numerous. For example, the first process
might be placed only in pools that are empty, and new applications would wait for a pool to
become empty before being permitted to begin execution. Another method is a Worst-Fit policy
based on the number of applications executing in a pool rather than the number of processes
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executing in the pool. That is, a count of the number of jobs executing within each pool is
maintained and rather than assigning new jobs to the pool containing the fewest processes, they
would be assigned to the pool containing the fewest jobs. This policy may be more suited to
isolating applications and providing room for expansion under certain types of workloads.
However, the best policy will depend on a number of factors such as the size and NUMAness of
the system, the likelihood of contention for shared resources such as the interconnection
network, the applications and their paralelism and locality characteristics, the number of
processors allocated to each application and the number of applications being simultaneously
executed. Asaresult, the exploration of optimal initial placement strategies is |eft as a topic for
future research. However, the Worst-Fit policy, based on assigning new jobs to the pool with the
largest number of available processors, seems to incorporate the desirable properties of a good
placement policy, such as isolating applications from each other while also providing room for
their expansion.

6.5.2. Expansion

Processor pool-based scheduling strategies for supporting application expansion are
relatively straightforward:

1) Place new processes as close to existing processes of the application as possible. This is
accomplished by placing new processes in pools that are already occupied by the
application. By doing so, processes are placed close to the shared data being accessed.

2) If there are no available processors in the pools aready occupied by the application, choose
new pools so there is as much room for future expansions as possible and interference with
other applications is minimized. Since these requirements are the same as for initia
placement, the same algorithms can be applied in both cases.

6.5.3. Repartitioning

Dynamic scheduling techniques repartition processors among applications with changes in
the number of executing applications and changes in application parallelism. If the overheads
incurred because of repartitioning do not outweigh the benefits obtained from improving
processor utilization, dynamic scheduling will reduce the mean response time when compared
with static scheduling. Recent research has shown that, in UMA multiprocessors, dynamic
scheduling significantly reduced mean response time when compared with static scheduling
[Zahorjan1990] [McCann1993]. The initial simulation studies conducted by Zahorjan and
McCann [Zahorjan1990] also conclude that even for relatively large overheads (in UMA
multiprocessors) dynamic scheduling policies produced mean response times lower than static
policies.
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An important question is, do dynamic scheduling policies reduce mean response time when
compared with static scheduling policies in NUMA multiprocessors. Wu compares static and
dynamic scheduling algorithms using policies that do not consider the placement of processes
[Wu1993]. He notes that a drawback of the static approach is that new arrivals may not be
started until long after their arrival. He addresses this shortcoming with a policy caled
Immediate Start Static that starts new arrivals amost immediately after arrival. This is done by
taking a processor away from one of the executing applications (i.e., the policy is dynamic). He
performs experiments using four workloads and finds that the Immediate Start Static approach
outperforms the static approach by 15-40%.

Instead of performing a similar comparison, we briefly describe some of the issues involved
in repartitioning processors in NUMA multiprocessors using processor pool-based scheduling.
The goal, when performing dynamic scheduling in a NUMA environment, is to be able to
repartition processors, while keeping the execution of each application as localized as possible.

Processors may be repartitioned under two different situations:

1) An application relinquishes a processor (e.g., when an application has no more work to
perform on that processor).

2) The scheduler determines that one application should be alocated more processors at the
expense of another application.

The second situation, described above, can be viewed as taking one processor away from an
application, A, and giving that processor to another application, B. Note that at any instant of
time such a decision will only involve two applications and will only modify the number of
processors allocated to each application by one. The situation described in the first case can be
regarded as a subset of the second case because a decision does not have to be made regarding
which application to take a processor away from; only which application to allocate the free
processor to.

We assume that the allocation mechanism within the scheduler determines how many
processors each application should be allocated. The scheduler knows how many processors
each application should be alocated but implements modifications to processor allocations by
selecting a pair of applications, one of which will be yielding a processor, application A, the
other of which will be alocated the yielded processor, application B. Therefore, larger changes
in partitions are done as a series of pairwise changes. The placement decision then involves
determining which of the processors to take away from application A in order to give that
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processor to application B. (As pointed out previously the alocation and placement decisions
should ultimately be made cooperatively.)

We further illustrate the problems associated with processor repartitioning in NUMA
multiprocessors using the two examples illustrated in Figure 6.8a and 6.8b. Each figure shows
an example repartitioning of processors over time. For simplicity assume that the repartitioning
policy being used is the dynamic equipartition policy and that the reallocation decisions are
made elsewhere. (We are therefore concerned only with placement decisions regarding the
reallocation.) Applications X and Y are executing and are each allocated six processors (lines 1-
2). If anew application, Z, arrives (at line 3), it needs to be allocated an initial processor. If it
creates parallel processes, it will then be alocated more processors. So again the placement of
the new application can be thought of in terms of two types of problems: initial placement and
expansion.

Stnl Stn2 Stn3 Stnl Stn2 Stn3

(1)  XXXX XXyY Yyyy (1) XXXX XXYyy Yyyyy
(2)  XXXX XXYY Yyyy (2) XXXX XXYy Yyyyy
(3)  ZXXX XXyY Yyyy (3) XXXX XXYy Yyyyy
(4) zxXXX XXyzZ yyyy (4) XXXX XXYyzZ yyyy
(5) zZxXX XXyz yyyy (5) XXXX XXyzZ yyyy

(6) zxXX zXyz yyyy (6) XXXX zZXyzZ yyyy
(7) zxxx zxyz yyzy (7) XXXX zZXyz yyyy

(8) zxxx zxyz yyzy (8) xxxx zzyz yyyy
(9) zxxx zxyz yyzy (9) xxxx zzzz yyyy

(@) (b)

Figure 6.8: Dynamic repartitioning in NUMA multiprocessors

A delicate balance must be maintained between taking a processor from an application, X or
Y and maintaining a localized set of processors for each of the applications X, Y, and Z. To be
effective, repartitioning should be accomplished with minimal overhead and delay. However,
processor reallocations should also be coordinated between the scheduler and the application, in
order to avoid the pitfalls associated with uncoordinated reallocations; for example,
descheduling threads that are holding locks [Zahorjan1991]. Therefore, obtaining a specific
processor from an application may not occur instantaneously and in fact may not be possible at
al, since there is no guarantee that the thread or threads executing on the specified processor will
be able to relinquish it. As a result, techniques for repartitioning processors in NUMA systems
involve a trade off between quickly repartitioning but obtaining a non-localized placement or
delaying repartitions in the hope that a more localized processor will become available.
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(Scheduler activations could be used to force the realocation of processors [Anderson1991],
however, the scheduler activations are likely to adversely affect locality.)

The example in Figure 6.8a shows how processors might be reallocated if the first available
processor is used (case 1), while Figure 6.8b shows an example of how each reallocation might
occur if the scheduler waits for a processor that results in a more localized placement for all of
the applications (case 2). In the case depicted in Figure 6.8b, an initial placement of application
Z that allows for further expansion (if necessary) while preserving the localized placements of
applications X and Y places the first process of application Z in Station 2 (Stn2). Therefore, it
takes longer for application Z to begin execution in case 2 than in case 1, since case 1 simply
takes the first processor that becomes available.

As seen in these examples, obtaining each new processor in the second case is likely to take
longer than obtaining each new processor in the first case. These delays will increase the
response time of application Z, but will decrease the response times of applications X and Y.
However, these changes in the response times depend on the costs of performing the
reallocations and the relative benefits obtained from either obtaining a localized or non-localized
placement of the remaining applications. The problem is further complicated if, as we have seen
earlier in this chapter and in Chapter 5, the first process of the application requires and is given
special consideration.

We have outlined some of the issues that must be addressed in order to effectively
implement dynamic scheduling methods in NUMA multiprocessors. The main complication is
the desire to localize application placements.

One simple approach is to limit the number of pools that each application is executing on
(i.e,, the number of pools spanned by each application). The extent to which the limit is
enforced controls the extent to which localization is enforced. This approach was used in
simulation studies by Zhou and Brecht, but under slightly different operating conditions for
processor pools [Zhou1991].

6.6. Summary

In this chapter we have proposed algorithms for scheduling in NUMA multiprocessors
based on the concept of processor pools. A processor pool is a software construct for organizing
and managing processors by dividing them into groups called pools. The main reasons for using
processor pools are to preserve the locality of an application’s execution and to isolate the
execution of multiple applications from each other. The locality of applications is preserved by
executing them within a pool when possible, but permitting them to span poolsif it is beneficial
to their execution. Isolation is enforced by executing multiple applications in separate pools (to
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the extent possible). This reduces execution times by reducing the cost of remote memory
accesses. We also expect that processor pools reduce contention for the interconnection
network, athough we were not able to observe this on our small-scale, mildly NUMA
multiprocessor. (Reducing the distance required to obtain remote memory references should
reduce the use of the interconnection network.) It is expected that the scalability of the system
will also be enhanced because processors within a pool can be treated equally.

We have conducted a series of experiments that explore desirable attributes of processor
pool-based scheduling. In particular, we have found:

e Pool-based scheduling is an effective method for localizing application execution and
reducing mean response time.

e Optima pool size is a function of the paralelism of the applications and the system
architecture. However, we believe that it is more important to choose pools to reflect the
architectural clusters in the system than the paralelism of the applications. (Especially
since the parallelism of an application may not be known and may change during
execution.)

e The strategies of placing new applications in a pool with the largest potential for in-pool
growth and of isolating applications from each other seem to be desirable properties of
algorithms for using pools. The Worst-Fit policy incorporates both of these properties.



Chapter 7

Conclusions

7.1. Introduction

The goals of this dissertation are to gain insight into the factors involved in designing and
implementing scheduling policies for NUMA multiprocessors and to demonstrate that
application and architectural characteristics can be obtained and used to make improved
scheduling decisions. In pursuit of these goals we analytically and experimentally evaluate
scheduling techniques that reduce mean response time over existing methods. The main factors
and issues we consider are:

e Work: The total amount of work to be executed by an application.

e Efficiency: The efficiency with which processors can be effectively utilized by an
application.

e Allocation: How many processors should be allocated to each application?

e Placement: Which processors should be allocated to each application?

The exploration of these factors and their interdependence has led to the contributions
outlined in the following section.

7.2. Summary of Contributions

Throughout this thesis we demonstrate how knowledge of application and architectural
characteristics can be obtained and applied when making scheduling decisions. We also
demonstrate that using these characteristics, or estimates of them, can reduce the mean response
time of parallel applications when compared with existing scheduling techniques.

One method traditionally used for determining the number of processors to alocate to each
application simply gives each application an equal portion of processors. This equipartition
strategy is popular because it is easy to implement and it does not require any information about
the characteristics of each application’s execution. In order to gain insight into the problem of
determining processor allocations, we examine the performance of the equipartition policy when
applied to static and dynamic scheduling policies and analytically compare its mean response
time with optimal policies under assumptions of perfect speedup.

115
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We prove, as has Sevcik [Sevcik1994], that if jobs arrive and must be activated
simultaneously, the optimal processor partitioning alocates processors in proportion to the
square root of the amount of work each application executes. We also show that this technique
can significantly improve mean response time when compared with a strategy that allocates
processors equally.

In the case of dynamic scheduling, we show that if jobs arrive simultaneously and are
scheduled using aleast work first policy (which is optimal) rather than the dynamic equipartition

policy, the mean response time will be reduced by at most % where N is the number of jobs.

We also establish that for any distribution of work in which the total amount of work grows with
the number of jobs, the mean response time of the optimal policy asymptotically approaches one
half the mean response time of the dynamic equipartition policy as the number of jobs
approaches infinity. Then we construct a simple workload that considers new job arrivals, but
for which the ratio of the mean response time obtained by using the dynamic equipartition policy
over that obtained using the optimal strategy asymptotically approaches zero as the number of
jobs approaches infinity. Since a dynamic equipartition policy shares processing power equally
among all jobs, it is not surprising that these results are analogous to results comparing round-
robin and optimal strategies on uniprocessor systems.

Having demonstrated the potential for improving mean response time by using knowledge
of an application’s remaining work, we introduce a simple technique for estimating an
application’s expected remaining work. An estimate of an application’s expected remaining
work is provided by the run-time system to the scheduler by multiplying the number of
remaining threads by the average execution time per thread. Experiments conducted using this
technique show that for some applications the estimates are very accurate and when combined
with a least expected work first scheduling policy, improve mean response time significantly
when compared with the dynamic equipartition policy.

Then we propose a more general aternative method for estimating an application’s
expected remaining work. This technique is similar in approach to a popular method used in
uniprocessor scheduling in that it estimates a job’s expected remaining work based on its
accumulated execution time. We then present a generalization of the processor allocation
policies developed and used in Chapter 3. This generalization has the desirable property that it
can be used to produce alocation policies that reduce the number of processors allocated to jobs
that are expected to continue executing for along time.
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In considering the placement of paralel applications, we argue that existing scheduling
techniques, which have been designed for UMA multiprocessors, are inadequate for the
emerging class of NUMA multiprocessors because they fail to consider the extended memory
hierarchy and the differences in memory access times from different processors. That is, they
treat all processors equally (with the exception of those methods that consider cache context).
Using a representative NUMA multiprocessor, we experimentally demonstrate the importance of
parallel application placement by comparing application placements that consider the costs of
remote memory accesses with placements that do not. Our results show that placement
decisions in large-scale NUMA multiprocessors are critical and that localization that considers
the architectural clusters found in most NUMA architectures is essential to good performance.
We also demonstrate that the importance of localization increases with the size of the system and
the cost of remote memory accesses.

Having motivated the need for and the increasing importance of new techniques for
scheduling in NUMA multiprocessors, we propose, implement, and experimentally evaluate a
technique called processor pool-based scheduling. A processor pool is a software construct for
organizing and managing a large number of processors by dividing them into groups called
pools. Our experiments with this technique demonstrate the importance of choosing processor
pools to reflect the architecture of the system. They also show that performance can be
significantly improved when compared with techniques that treat all processors equaly. We
propose the use of a WORST-FIT initial placement strategy when assigning applications to
pools. This policy not only localizes application placement when possible but also isolates the
execution of different applications, permitting room for expansion of applications and
decreasing contention for shared resources (e.g., the interconnection network).

The contributions of this dissertation will ultimately depend on the extent to which the
insights and techniques discussed are adopted and used in other systems. Processor pool-based
scheduling is a technique for coping with a very real problem in current large-scale NUMA
systems. It is expected that this technique could have an immediate impact since it could be
easily used to improve locality and reduce execution times in other existing architectures, such
asthe KSR1 and DASH.

The adaptive partitioning techniques, motivated in Chapter 3 and described in Chapter 4,
are not expected to be directly applied to production multiprocessors. Their use depends on the
ability to dynamically reallocate processors during the execution of an application. At present,
user-level threads are the commonly used mechanism for supporting the dynamic reallocation of
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processors. Unfortunately, many vendors of large-scale systems have yet to incorporate user-
level threads into their systems and as a result employ relatively ssimplistic, static scheduling
policies (presumably because they view their systems as being used in mainly uniprogrammed
environments). However, as the size of such systems continues to grow, it islikely that they will
be used in multiprogrammed environments where the systems are shared by a large number of
users, increasing the need for and importance of dynamic and adaptive scheduling strategies. In
the meantime, we expect that our results will prove beneficial to other researchers in the study,
design, and implementation of scheduling techniques that consider application characteristics
when making allocation decisions.

7.3. FutureWork

Throughout this dissertation we have mentioned possible avenues of future research. We
now briefly outline the ones that we feel are most promising.

A fair amount of insight into the processor allocation problem has been obtained by
examining analytic bounds on the performance of equipartition policies. We expect that similar
insights might be gained by analytically comparing static with dynamic scheduling policies. It
would aso be beneficial to consider bounds on the performance of equipartition strategies with
known arrival distributions and work to be executed, in both static and dynamic scheduling
environments. Additionally, including some notion of application efficiency should also prove
useful, especiadly if existing techniques could be compared with optimal strategies.

The analysis of techniques that utilize application characteristics are of little benefit if they
can not be applied in practical situations. To this end, further research into methods for
distinguishing between different applications and allocating processors accordingly should prove
beneficial, especialy if they combine some notion of the amount of work an application has left
to execute and the efficiency with which it is likely to be executed. Recent work by Sevcik
explores this problem [Sevcik1994].

While examining the importance of application placement in NUMA multiprocessors, the
results of our experiments emphasized the importance of localization considerations not only by
the operating system scheduler but by all portions of the system. These results stress the need
for cooperation among the application writer, compiler, run-time system, memory manager, and
scheduler, in order to enhance the localization of data accesses. An obvious need for
coordination in our system is between the scheduler and the memory manager. One of the main
goals of the scheduler is to place processes close to the data they are accessing. Memory
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management techniques for NUMA multiprocessors have a similar but opposite view of this
approach to localization, in that they try to place data close to the processors that are accessing
it. As a simple example of the need for coordination, consider a scheduler that migrates a
process to execute on a processor that is closer to data that is being frequently accessed, while
simultaneously the memory manager decides to replicate or migrate the page of data being
referenced. Both the scheduler and memory manager make decisions that should reduce the
time to access data being frequently accessed. However, the net result may produce memory
access times that are the same (while incurring the overhead of moving the process and moving
or copying the data). There is an important interplay between these two important facets of the
system that must be considered if the costs of remote memory accesses are to be reduced to the
greatest extent possible. In fact, the interplay among the compiler, thread scheduler, operating
system scheduler, and memory manager should all be considered when trying to reduce memory
access Ccosts.

To our knowledge processor pool-based scheduling is the first and only scheduling method
that is designed specifically to be used in shared-memory NUMA multiprocessors. Asaresult, it
is really a first attempt at a difficult and interesting problem. Further work is required in
developing dynamic repartitioning methods that maintain the locality of the application and in
comparing static and dynamic policies in a NUMA environment. Wu recently compared static
and dynamic policies. Unfortunately, the policies used make no attempt to preserve the locality
of the applications [Wu1993]. However, these results do indicate that the dynamic policies can
offer performance advantages over static policies, evenin aNUMA environment.

In order to first gain a better understanding of the factors involved in making processor
alocation and application placement decisions, we have examined these problems in isolation.
As pointed out in Chapter 6, these two decisions are actualy related in that the number of
processors allocated to an application may depend on which processors are available. This
relationship, although making the problem more difficult, must be understood in order to make
truly effective scheduling decisions in NUMA multiprocessors.

Any research examining and characterizing applications and workloads found in production
multiprocessor systems would be extremely beneficial to many aspects of multiprocessor
systems research.
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Theorem 3.1:
Under assumptions A3.1 through A3.9 of Chapter 3, the ROOT alocation policy

P A

p = Nﬂ yields an optimal partitioning of P processors among N simultaneously executing
T W

applications.

Proof:
The problem being solved can be stated as follows: given that the response time of job J; is

W,
R = — when assigned p; processors and the processors are to be partitioned among the N jobs
i
such that 3 p; = P, determine the number of processors to assign to each job, p;, such that
i=1

N W
mean responsetime R = Z — isminimized.

1
N .

We use the method of Lagrange multipliers T [Lang1979] and let p denote the vector of rea
values, pq, Pa, ..., Py. TO compute the extremal values of a function F(p ), subject to the
constraint G(p ) =K, form the function U =F(p)+c G(p) where c is a constant to be

determined. Then solve the system g—: =0 together with G(p ) =K . The extremal vaues
i —

of F will be among the solutions (p, ¢ ) to these equations. We now apply this method of
Lagrange multipliers to the problem:

N 1 NW
. G(p)=%pm =P, U= S5 —%

Fpy = Ly
E N S b i=1 Mi i
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t This approach was suggested by Tom Fairgrieve.
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U - - 4c=0  i=12,.,N
0 Pi Pi
Consequently: TN
>p = P
i=1
W, wWow W
Therefore, foral i, ¢ = — , 0, —'2=—; and p; = pg \/\ﬁ
Pi Pi P1 VW
N
2 VW —
N &
Hence, 3 pi = pp——— =P ad p;= ,:,NVl_
=1 VWi > VWi
i=1
P VW, _
Therefore, p; = —gv——, which provesthe theorem.
> W,
j=1 -
Theorem 3.2:
N )2
5 W,
% < RF® < 1, whereRF® = L2 < andW, =0 0i .
N 5 W
i=1
Proof:
N
Let W= 3> W (i.e., W is the total work), so, W> 0. We, therefore, wish to find the
i=1 N )
p
maximum and minimum (extrema) of the function R( ) = I_lN W =f (W), where
W= (W1, Wp,Wg, ..., Wy). ¥
. : : Wi
Now change variables so that W, is scaled by the total work W. Define x; = W Since W, >0
and W>0, x 20 and || x|[1 = | xq| +|Xo| +[X3]+ -+ +|xy] = 1. Now finding

extremaof f (W) isequivalent to finding extrema of:

¥ This approach was suggested by Tom Fairgrieve.
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2
1| 8 — .
NW = W{ Elx/xi} subjectto || x|[; =1 and x = O.

Since x; = 0, it is convenient to transform the variables via the transformation y;% = x;, y; > 0, so
that VW% =|yi|=y;. Since ||x|]]s=1 ad x 20 it follows that
[yll22 = yi? +y2® +ys?+ -+ +y\® = 1and || y||z = 1. Then, finding extrema of g(x)
(and f (W) ) is equivalent to finding extrema of: -

2 2
I N R S S g o= L 2
h(y) = {El\/y. } = N{EMJ =yl
subjectto || y||]» = 1andy; = 0.
By a well-known property of norms [Golub1989], for al vectors zOR",

Izllz < |lzlls < Vn | zllz.  Therefore,  [ly|l2® < [lylli® s Nyll,*>  or
1< |yl:2<N, sne |[y|z=1. Therefore ﬁ < % Iylli2< 1 and
1
— < h <1.
N <ho)

Sincel?e(R/E):f(v_v):g(é):h(y), % < F_Q(R/E) < 1, thus proving the theorem.

Furthermore, these bounds are tight for h(y) =1 when y; = % i and for h(y) = %

when y; =1 for some vaue of i and when y; =0 for j#i. y; = ﬁ [Ji corresponds to

X = % Oiand W, =W; 0O1,]. That is, al jobs execute the same work and F_{(R/E) =1 vy =1
for some vaue of i and y; =0 for j #i corresponds to x; = 1 and W, = W for some i, and x; =0,

L . : —(R/
W; =0foradl j #i. Thatis, only onejob has work to execute and R(R ® - ﬁ
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