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Abstract

The sharing of computing resources in a distributed system is a more complex matter
than in an equivalent centralised system, due to the fragmentation of resources over a set

of autonomous and often physically separate hosts.

The effect of this fragmentation is reduced by evenly distributing the workload of the
system over all the hosts, resulting in more effective use of the system resources, and a

corresponding reduction in the average response time of processes.

This thesis concentrates on deciding how the system workload may be assigned to each
host, based on the resources currently available at a host, and the resources required by
the processes being distributed. Two different approaches are suggested, based on initial
placement and process migration (distributing processes before and while they execute
respectively). These approaches are evaluated using a trace driven distributed system

simulator.

To distribute processes with initial placement requires knowledge of a process’s resource
requirements before it executes. Therefore the use of a simple form of prediction to

provide this priori information is explored.

The major findings of this investigation are, that assigning workload to hosts based on
their respective resources is worthwhile, and that process migration offers no distinct

performance advantage over initial placement.
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Chapter 1

Introduction

The development of distributed computing systems together with the corresponding
movement from traditional centralised systems, has increased the difficulty in the sharing
of system resources. The difficulty arises as the system resources can no longer be placed
under the local control of a single agent operating on a single machine, but instead are
fragmented between smaller, independent, and often physically separate systems. This
fragmentation is a serious problem, as contention for resources now occurs on a host by

host rather than on a system wide basis.

Early research identified, that if each host in the distributed system receives a similar
amount of workload, then the effect of the resource fragmentation is reduced. This
redistribution of the system workload is termed load distribution. Load distribution may
also be desirable for other reasons, such as the reduction of remote communication,
increased due to the fragmentation of the workload. Hence the policy of what to
distribute and why, is distinct from the mechanism which physically distributes the

workload.

1.1 Motivation

Early work by Eager et al. [ELZ86b] determined that simple load distribution policies,
such as randomly selecting a host, are almost as effective as their more complex
counterparts. As simpler policies require less state, they concluded there was little to be
gained from pursuing more complex policies. Consequently, policies have often been

neglected in the study of load distribution, being dismissed as trivial and discarded for
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the more tangible aspects of the load distribution mechanism.

Nonetheless, research into load distribution policies has continued, much of it
concentrating in areas with different granularities (such as threads and objects), differing
communication paradigms (remote object invocation) and heterogeneous systems, where
the work by Eager et al. does not apply. The work that has continued with conventional
processes and homogeneous systems, has tended to focus on extending the simple
algorithms, training learning mechanisms, or more rarely, using a priori information to

distribute the workload.

1.1.1 Goals

The use of prediction to provide a priori information on job resource requirements, has
so far received only a small amount of research attention (see chapter 4), yet that work
has been sufficient to demonstrate the approach is feasible. To the best of my knowledge,
the only previous research to apply this form of a priori knowledge to distribute the load

on a homogeneous system is Goswami et al. [GDI93].

The purpose of this thesis is to explore the possibilities for scheduling workload based on

a priori information. In particular, to:

Design a dynamic load distribution technique for scheduling jobs and processes to

hosts, based on resource requirements and availability.

e Explore the use of dynamic a priori information for initial placement.

e Investigate the quality of prediction required for providing a priori information in

load distribution.

e Determine if initial placement is comparable to process migration when a priori

information is used in placement decisions.

e Investigate if policies which use both initial placement and process migration

perform better than those relying on only one.

These goals are investigated using a trace driven distributed system simulator.
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1.2 Thesis Organisation

The thesis follows a course, from a review of existing work, through to the presentation
of the results of the investigation. The purpose of this section is to provide a brief

overview of the chapters.

e Overview of Load Distribution:

This chapter provides a general review of load distribution, aided by the
introduction of a taxonomy for comparing, and constructing load distribution

schemes.

e Balanced Resource Allocation:

This chapter introduces and argues for the process mix hypothesis, which
determines how processes should be allocated to hosts. Extensions to the process

mix hypothesis are also presented as additional points of investigation.

e Related Work:
With the objectives of the thesis clear, this chapter presents work that is either
similar in intention or has in some other way dealt with similar problems.

e A Testbed:

The process miz and associated hypotheses need to be evaluated before any claims
can be made about their validity. This chapter defines the experimental testbed
simulator on which evidence for the support of the hypotheses is measured. The
testbed is comprised of three separate modules, the simulated distributed system,

the mechanism for load distribution and the algorithms which test the hypotheses.

e Distributed System Simulation:

The distributed system simulator seeks to emulate a physical system, on which jobs
and processes can be executed. The purpose of this chapter is to detail the models

and assumptions used in the construction of the simulator.

e Load Distribution Mechanism:

The focus of this thesis lies with the load distribution policies rather than in the

physical means of implementing the load distribution decisions. This chapter
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describes a simple load distribution mechanism that is used for all load distribution

over the simulated distributed system.

e Load Distribution Algorithms:

This is one of the most significant chapters in the thesis. It includes descriptions of
all of the load distribution policies, and the algorithms that implement them. The
most important aspect is the introduction of the algorithms which attempt to

maintain the process miz of the system.

¢ Experimental Work:

This section details the methodology and experimental results obtained in the

investigation of the process miz and associated hypotheses.

e Conclusions and Future work:

The results indicate there is merit in the use of a priori information to perform
resource based load distribution in homogeneous systems. This chapter firstly
provides some direction to future work, and then finally presents the conclusions of

the thesis with regard to more general issues of load distribution.

e Appendices A-D:

These appendices contain significant graphs summarising the performance of the

various load distribution algorithms.

1.3 Contributions

This thesis contributes to the current load distribution research in at least three main

areas:

e A load distribution policy is presented that maintains the balance of a host’s
resources and the workload over the distributed system. This policy is applied to
both initial placement and process migration systems and evaluated on a trace
driven simulated distributed system. The results demonstrate that this policy
improves the performance of the system with both initial placement and process

migration.
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e The performance of the initial placement version shows that more complex initial
placement policies can achieve useful performance gain over simple policies and are
worth more consideration. This contrasts the earlier findings of Eager et

al. [ELZ86b).

e Process migration is shown to perform no better than resource based initial
placement, confirming the findings of Eager et al. [ELZ88], in contrast to the
analysis of Downey and Harchol-Balter [DHB95], who question the validity of the

modelling and its applicability to modern systems.
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Chapter 2

Overview of Load Distribution

This chapter seeks first to introduce load distribution as a concept, and then as an active
field of research. Section 2.2 describes dynamic load distribution in general terms. A
taxonomy is presented in section 2.2.3, enabling load distribution policies to be

summarised and compared.

2.1 Models of Computation

The general models of distributed! computation will be described before returning to
discuss load distribution in detail. The particular model of computation can influence
the choice and design of a load distribution scheme, and as such, requires clarification.

In order to place distributed computation in its correct context, a short section on the

centralised model is included. The discussion will not extend to parallel architectures?.

2.1.1 Centralised System Model

The centralised system consists of a set of terminals connected to a single central
computer. The central computer is typically a timesharing system which switches
frequently between processes to provide a share of the system resources to each. In this
way, the timesharing system can provide an interactive environment for all users. The
major drawback of this scheme is the need for a very powerful central computer. The

primary advantage is that the entire capacity of the central computer is available.

'For loosely coupled systems. Tightly coupled systems, such as those sharing a clock and memory
between CPUs, are outside the scope of this thesis.
MPP, SIMD, dataflow etc.
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2.1.2 Distributed System Models

Distributed computing owes its existence to two technological advances: the evolution of
cheap powerful CPUs, and the advent of high speed networks with which to interconnect

them.

Distributed systems provide a number of features over the single CPU timesharing

system:

e Resource Sharing: Resources available at another site can be harnessed.

e Concurrency: A single computation may be able to exploit its parallelism by

executing subparts in parallel on different hosts.

e Reliability: The system is robust with respect to single points of failure.

Hence the motivation for distributed systems is high, but at the cost of administration,
and the underutilisation and redundancy of computing resources. In centralised
timesharing systems, the entire computing resources of the system are available to be
shared between all active processes. In a distributed system however, the CPU power is
fragmented over a number of different hosts, which generally means a process can only
access the computation resources of the host on which it is executing. This means that if
more processes are executing on one host than another, each process is not getting a fair

share of the system resources.

The Workstation Model

The workstation model is a group of personal workstations, connected by a high-speed
network, illustrated in figure 2.1. This model has a number of variations in which the
workstations can be peers® or disparate*. Additional information on this model can be

found in Tanenbaum [Tan92], pages 524-530, which discusses the variations in detail.

As workstations are usually sited on desks and in offices rather than in a machine room,
there is an element of ‘ownership’ associated with individual hosts [DO91], rather than a
notion of a pool of shared resources. This viewpoint has important ramifications in load

distribution and is discussed in detail in section 2.3.1.

30f equivalent status, namely no particular workstation is designated as a file or compute server.
“Where there may be particular hosts with special functions, such as, a file server.
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Figure 2.1: The workstation model features a collection of independent workstations con-
nected by a network.

The Xterminal-Server Model

The Xterminal-Server model is a hybrid of the workstation and timesharing models, as
shown in figure 2.2. Essentially, instead of a single central computer, there is a
comparatively small set of compute servers forming a distributed system. Each compute
server is directly responsible for a set of Xterminals, but any compute server in the

system can be used by the user at any Xterminal.

This is the model of distributed system in use at the Computer Science Department at
Victoria University, and it is this system from which all workload traces were recorded.
As a consequence, it is also the model used in the testbed simulation, and in the design

of the load distribution policies.

The Processor Pool

The processor pool model is another form of distributed system developed to exploit the
availability of small cheap microprocessors. Amoeba is an example of such a system and
is described in Tanenbaum et al. [TvRvS™90]. The processor pool model can also be
viewed as a form of the older timesharing model, section 2.1.1, with the single large
compute server replaced by a large pool of CPUs. This system uses Xterminals to

interact with the processor pool and allocates processors to users as they are required,
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a3

Figure 2.2: The Xterminal-Server model consists of a set of compute servers each of which
is responsible for a set of Xterminals.

figure 2.3.

Processor allocation strategies are wide and varied, and include the potential for load
distribution. The major difference between this model and the Xterminal-Server model

is the number, power and autonomy of the processors involved.

2.1.3 The Granularity of Computation

Computation within a distributed system can take place with varying degrees of
granularity, (granularity being the size of the unit of work within the system). In
particular, different distributed operating systems may typically support any of the

following granularities (listed in increasing size):

Instructions

Remote Procedure Call (RPC)

Threads

Objects

Processes
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Figure 2.3: The processor pool consists of Xterminals served by a pool of processors. The
processors are allocated and balanced as required by the workload.

e Groups of related processes

The smallest grain size is the instruction, and is only feasible in tightly coupled systems
or architectures such as dataflow [GKW85]. The larger granularities are used in a variety

of more loosely coupled operating systems, and it is these that are of particular interest.

A simple type of load distribution with RPC is possible by selecting between multiple
hosts providing the same RPC service. Threads on the other hand, are not immediately
applicable to load distribution due to the shared nature of thread address spaces. In the
Mach 3.0 system, Ford and Lepreau [FL93], migrate the calling thread and use it to
execute the code on the RPC server, but this is restricted to local® RPC only.

The Chorus Object Oriented Layer (COOL) [AJJ192] emulates a distributed shared
address space across a set of hosts, and could address the problem with migrating
threads from shared address spaces, however COOL uses an object abstraction, and

migrates objects rather than threads between hosts.

The group is a less common unit of distribution, of which a prominent example is a
prototype of the V system. Theimer et al. [TLC85] migrated virtual hosts, containing a
process and all of its children, between physical hosts. Multiple virtual hosts could reside
on each physical host, but a virtual host could not reside on more than one physical

host, hence the need for migrating the entire group.

SRPC when the client and server coexist on the same host.
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The granularity of computation that I will use is the process. Unstarted processes are

referred to as jobs, and both processes and jobs are distributable.

2.2 Dynamic Load Distribution

Load distribution seeks to improve the performance of a distributed system, usually in
terms of response time or resource availability, by allocating workload amongst a set of

cooperating hosts.

This division of system load can take place statically or dynamically:

o Static load distribution assigns jobs to hosts probabilistically or deterministically,
without consideration of runtime events. This approach is both simple and
effective when the workload can be accurately characterised and where the
scheduler is pervasive, in control of all activity, or is at least aware of a consistent
background over which it makes its own distribution. Problems arise when the
background load is liable to fluctuations, or there are jobs outside the control of

the static load distributer.

o Dynamic load distribution is designed to overcome the problems of unknown or
uncharacterisable® workloads, non-pervasive scheduling’ and runtime variation
(any situation where the availability of hosts, the composition of the workload or
the interaction of human beings can alter resource requirements or availability).
Dynamic load distribution systems typically monitor the workload and hosts for
any factors that may affect the choice of the most appropriate assignment and
distribute jobs accordingly. This very difference between static and dynamic forms
of load distribution, is the source of the power and interest in dynamic load

distribution.

The objectives of this thesis lie entirely within the domain of dynamic load balancing.
For brevity, I will take the more general term of load distribution to stipulate only the

dynamic form.

5A batch process that will with probability P sort a 10 element file and with a probability of (1-P) sort
a 100000000 element file is difficult to characterise, and the actual behaviour can only be determined at
runtime.

"Where there is workload that is not scheduled, or scheduled by independent agents.
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2.2.1 The Degree of Load Distribution

The essential objective of load distribution is the division of workload amongst a
cooperating group of hosts. This objective may be fulfilled with varying degrees of
fineness, the exact choice of which, depends on the environment and architecture of the

system in question.

Load distribution is usually described in the literature, as either load balancing or load
sharing. These terms are often used interchangeably, but can also attract quite distinct
definitions. T will adopt the two terms, and use them in the strictest sense to describe

the degree to which workload is distributed, and introduce a third term to describe the

middle ground.

e Load Sharing: This is the coarsest form of load distribution. Load may only be
placed on idle hosts, and can be viewed as binary, where a host is either idle or

busy.

e Load Balancing: Where load sharing is the coarsest form of load distribution,
load balancing is the finest. Load balancing attempts to ensure that the workload
on each host is within a small degree (or balance criterion) of the workload present

on every other host in the system.

e Load Levelling: Load levelling occupies the ground between the two extremes of
load sharing and load balancing. Rather than trying to obtain a strictly even
distribution of load across all hosts, or simply utilising idle hosts, load levelling

seeks to avoid congestion on any one host.

Load sharing systems are common, and include Sprite [DO91], Butler [Nic87] and

V [TH91]. The distinction between load levelling and load balancing schemes is more
difficult. In particular, to meet the definition, a load balancing scheme must continue to
redistribute load until it meets a balance criterion. One such scheme from Kara [Kar94]
only considers the system balanced if the difference between the least and most loaded
hosts is within a limit A. Other schemes such as, MOSIX [BS85], which could be
considered load balancing systems, are in fact load levelling, as the balancing phase

occurs periodically.
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The architecture of the system is important, as it can suggest the most appropriate
degree of load distribution. For example, a large network of personal workstations would
be prohibitively expensive to balance® due to the overheads of load and state collection,
yet the detection and utilisation of idle workstations for load sharing is quite feasible as

shown by the Butler system [Nic87].

Thus load sharing, levelling and balancing define a continuum from a coarse to a fine
distribution of load, and seek to distinguish the sometimes unstated intentions of

different load distribution schemes.

2.2.2 Previous Load Distribution Taxonomies

There are numerous existing taxonomies available for the classification of load
distribution, including Wang and Morris [WM85], Casavant and Kuhl [CK88] and
Jacqmot and Milgrom [JM93]. Wang and Morris proposed a simple classification based
on whether the load distribution was source or receiver initiated, and the degree of
information required by the policies. This classification is too coarse however, and does
not give a sufficiently detailed means of comparison between load distribution policies
that are similar in one or both of the classes. In particular, most current distribution
techniques are sender initiated, and therefore this classification provides little distinction
between the members of this class. Other problems arise when the symmetrically
initiated schemes are considered, in these cases load distribution schemes are both sender
and receiver initiated and cannot be accommodated by the taxonomy. Casavant and
Kuhl provide a broad classification scheme that includes both local and global
scheduling, but this also did not facilitate the detailed comparison of algorithms within
each class. Jacqmot and Milgrom had an entirely different approach, where it was the
order in which load distribution decisions were made that was significant, for example,

they identified four sequences:

e No explicit identification of the candidate process.
o Identification of the candidate process precedes identification of the target host.

e Identification of the target host precedes identification of the candidate process.

8Balancing within clusters and amongst the clusters in a hierarchical fashion is a partial solution.
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e Identification of the source host precedes identification of the candidate process.

This taxonomy does not however, encourage comparison or identification of the
components of a load distribution scheme. It also cannot classify symmetrically initiated

policies, or distinguish between initial placement and process migration.

2.2.3 A Load Distribution Taxonomy

The load distribution taxonomies mentioned in the previous section all fall short of
providing a means for clearly discussing and summarising load distribution schemes. The
taxonomy presented in this section concentrates on the individual decisions made during
load distribution and therefore identifies the separate components of a load distribution

scheme.

Load distribution schemes are usually divided into the policy and the mechanism. The
policy is the set of choices that are made to distribute the load. The mechanism carries
out the physical distribution of load and provides any information required by the

policies (a useful analogy is the separation of the mind and body).

The division of policy and mechanism can be continued, breaking any load distribution
scheme into a set of distinct but interdependent components. Figure 2.4 illustrates a
decomposition suitable for the classification requirements of this thesis, with each leaf
representing a distinct component of a load distribution scheme. The emphasis is on the
components of the policy, and the provision of information to the policy by the

mechanism.

The following list briefly explains each component identified by a leaf of the taxonomy.
A more detailed look at each of the components is in section 2.3 where existing systems

are used to illustrate the application of the taxonomy.

e Participation Policy: The participation policy determines whether a host will
take part in load distribution. It can be as simple as a threshold based on the local
load, or a more complex security issue such as the refusal of an intended migration

from a untrusted server.
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Load Distribution

/\

Policy Mechanism
Participation Selection Transfer Load
Location Candidate Metric Communication

Figure 2.4: The components of a load distribution system

e Location Selection Policy: The location policy is responsible for selecting the
participating hosts between which load is distributed. This policy is also

responsible for handling the homogeneity or heterogeneity of the participants.

e Candidate Selection Policy: The candidate policy selects the jobs, process,
objects, or whatever the mobile workload unit is, to be distributed. This can be for
reasons ranging from insufficient service on the current host, to the reduction of

communication paths.

e Load Metric Mechanism: The load metric is the representation used to describe
the load on a server, and also in this thesis, the load imposed by a candidate on its

host.

e Load Communication Mechanism: Load communication defines the method
by which information, such as the load on a host, is communicated between the
host and the load distribution policies. The load communication policy can also

include the communication between cooperating distributed policies.

e Transfer Mechanism: The transfer mechanism is the physical medium for
transferring jobs or processes between hosts. This leaf can be further expanded to

include branches for initial placement and process migration.

The terms used in this taxonomy appear frequently in the literature, often with different

and inconsistent definitions. The only meanings attached to these terms in this thesis are
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the ones outlined above.

In particular, the participation policy seems to be yet another name for a concept that is
already well described, Eager et al. [ELZ86b] refer to the participation as a transfer
policy, as does Zhou [Zho87], while Kremien and Kramer [KK92] describe it as an
acceptance policy. However, the transfer policy defined by Eager et al. and Zhou
combines the functions of the candidate selection and participation policies and is a
coarser component. The acceptance policy of Kremien and Kramer is also different, as it
defines the simple acceptance or refusal of incoming load, and does not include the

initiation of load distribution.

Some of the categorisations also differ, for example Kremien and Kramer as well as Zhou,
suggest an information policy rather than treating it as part of the mechanism. This

definition however, contradicts my earlier distinction between policy and mechanism.

Another caveat in some load distribution schemes is that some components identified in
the taxonomy are combined, while others may be completely ignored. A purely random
policy for example, has no load communication mechanism and it’s candidate selection
policy is combined with the participation policy. The combination arises as all jobs

arriving at a participating host (sender) are eligible by the fact of participation.

Component Interdependence

Although the leaves in the taxonomy are distinct, the individual components are not
independent. The choice of load metric for example, affects the location selection and

possibly the candidate selection as well.

If this taxonomy were used to construct a load distribution mechanism bottom up, by
selecting components and joining them together, or to identify and then replace a single
component, care must be taken to ensure that each part of the system is capable of
providing the functionality required by the rest of the system. As an example, consider
the mismatch in a system where a candidate selection policy required migration to
reduce communication paths, but was provided with initial placement as the transfer

mechanism.
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2.3 Design Approaches

Each component of a load distribution scheme represented in the taxonomy could be
dependent on the system for which the load distribution is intended, or may simply be a
choice made for performance reasons or personal preference. All can however, exhibit a

wide variety of interesting approaches and unique solutions due to the large design space.

This section is intended both as an overview of the general field of load balancing, and as

an exercise of the taxonomy.

2.3.1 Participation Policy

The participation policy decides whether any particular host should be involved in a load
distribution activity. The reasons for participation can be varied and some approaches

are detailed in the following subsections.

Threshold

A two level threshold policy has a lower threshold that defines at which point a host may
begin to initiate load distribution to offload any excess load. An upper threshold
determines the point at which an overloaded host may start to refuse incoming foreign

load®.

This gives two levels of participation: a restriction on the minimum amount of local load
before any is offloaded, and a symmetric restriction on the minimum amount of local load
before incoming load can be refused. Outside these limits a host may only participate as

either a receiver or source of load. One example of this approach is Holzer[Hol96].

Ownership

Sprite [DO91] has an interesting participation policy, based on the concept of ownership.
A fundamental view of the workstation model is that each workstation is owned by the
user currently logged in from the console - whom I shall call the primary user. This
concept of ownership is considered absolute, and Sprite immediately evicts all foreign

processes when activity from the primary user is detected. The intention of this eviction

9Foreign load is load that is ofloaded by other hosts onto the host.
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policy is to encourage primary users to share their personal workstation, with little

detriment to their own work.

Thus the participation policy is: only hosts that are considered idle (as described in
section 7.1), may be selected as a destination for load distribution. This policy goes even
further, in that any foreign processes must be migrated from the current host on

detection of an active primary user.

The V system described in Theimer et al. [TLC85] also preserves the concept of

ownership, but requires the user to manually initiate the eviction of foreign processes.

Another system supporting ownership rights is Butler [Nic87]. Butler does not support
migration, and as a consequence, foreign processes are terminated on detection of an
active primary user. This rather ruthless policy was seen as the only option in a system

with single user workstations and without migration.

Security

Security can also be a factor in any participation policy. Powell and Miller [PM83]
suggest hosts could refuse to accept a migration request if the source host is not trusted,

such as one from a different administrative domain.

2.3.2 Location Selection Policy

The location policy is responsible for selecting the source and or destination hosts
between which load is to be transferred. There are four main approaches to determining

the location of source and destination hosts.

Centralised - Dictatorial

In a centralised location policy, a single agent is responsible for deciding the source and
destination hosts. This system uses load values reported to the agent to determine say,
the least and most loaded hosts and initiate a load transfer between them. A prime
example of the centralised approach is Condor [BLL92], which is based on the

workstation model and therefore has ownership constraints.
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In Condor, there is a single central agent and a local agent on each host. The central
agent is responsible for sharing the resources of the system, and when it discovers an idle
host B, it decides which host A may execute processes on it. The central agent then
contacts the local agent on A and gives it permission to execute processes on B. After

this point the local agents on A and B negotiate the transfer of processes.

The participation of host B is not delegated to the central agent as host B may still

refuse a transfer from host A, if the user has returned.

The dictatorial approach is used by Harchol-Balter and Downey [HBD95] in their
simulated load distribution scheme. Here a centralised agent periodically identifies the
most and least loaded host and orders a migration between them. There are no
ownership constraints, and the only way a migration is avoided is if there are no suitable

candidate processes on the source host.

In dictatorial policies such as this, it is likely that the participation policy is also
delegated to the central agent, which would have to resolve security issues and

participation thresholds.

Sender Initiated

Sender initiated is the most common form of load distribution [Ber85, Rub87, DO91],
and occurs when a source host decides to participate in load distribution, perhaps due to
its exceeding a local load threshold. In this case, the source host is fixed and the location
policy is only required to identify a destination host which will participate. The actual
policy may be to locate the least loaded host, or a random idle host from a pool of idle
hosts, but it is not significant how the information from which the decision is made is

obtained.

All of the initial placement algorithms implemented in the experimental part of this
thesis are sender initiated, and are described in section 8.1. It is therefore redundant to

include an example of a sender initiated policy in this section.
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Receiver Initiated

Receiver initiated load distribution [LM82, LO86] occurs when a host decides to
participate in load distribution, perhaps due to finding itself below a minimum load
threshold. In this case, the destination host is fixed as the initiating host, and the
location policy is used to find a source host from which load may be transferred. This is

a rare form of load distribution, of which early examples are the broadcast idle (BID)

and poll when idle (PID) algorithms from Livny and Melman [LM82].

For the BID algorithm, when a host becomes idle, it broadcasts a status message. All
hosts with more than one process wait a time inversely proportional to the number of
processes on that host. The first host to broadcast a reply is the host with the most

processes, and therefore obtains the idle host.

The PID algorithm avoids the broadcast facility by polling a randomly selected subset of
hosts. The hosts are polled in order of their selection, and the polling host will either
receive a reply consisting of a job or a negative response. If no busy hosts were in the

subset, the idle host gives up.

In these two examples, the location selection is completely dependent on the
communication mechanism, but the actual location selection policy of the BID algorithm
is to select the most loaded host, and that of the PID algorithm is to select a random

busy host.

Symmetrically Initiated

Eager et al. [ELZ86a] compared sender and receiver initiated location policies, and
concluded that sender initiated policies are superior during light to medium system
loads, and receiver initiated policies are more effective at high system loads. Thus the
sender and receiver initiated policies can be combined to take advantage of the different

characteristics exhibited at high and low loads.

The Periodic Symmetrically-Initiated (PSI) Algorithm from Benmohammed-Mahieddine
and Dew [BMD94| operates in both receiver and sender modes. If the host is above
threshold 7', sender mode is initiated and a single request is sent to a random host. If an

acceptance message is returned, the sender transfers a job to the replying host. If the



24 CHAPTER 2. OVERVIEW OF LOAD DISTRIBUTION

host is below threshold 7', receiver mode is initiated and a single request is sent to a
random host. If the contacted host is overloaded, it will return a job to the receiver. If
there was no reply to the original request (equivalent to a negative response) for either

sender or receiver modes, the algorithm simply gives up and waits until the next period.

A similar threshold approach is from Krueger and Shivaratri [KS94], except that rather
than random polling, potential senders and receivers consult lists of hosts that have
identified themselves as busy or idle. The sender or receiver lists are used to poll
candidates for status confirmation, until either a partner is found or a probe limit is

reached.

Other Considerations

There are other considerations that the location policy may have to contend with. A
good load metric is required to enable a suitable host to be selected from a set of eligible
destination hosts, see section 2.3.5. The system may also be heterogeneous - in
performance or configuration, in which case a multiplicity of concerns can intrude in the
simple selection of a destination. Hosts of different power need to be ranked (preferably
by a load metric that accounts for this) and if migration is possible between ‘binary
incompatible’ hosts as in Theimer and Hayes [TH91] and Bishop et al. [BVW95], then

this cost must be weighed against the loads on the hosts that are compatible.

2.3.3 Candidate Selection Policy

There are three main approaches to selecting candidates for load distribution:

e Select any candidate.
e Select a reasonable candidate.
e Select a good candidate.
Some systems require a process or object itself to initiate load distribution and in this

case, there is no need for a global candidate selection policy. However, if a host condition

triggered migration, then a candidate needs to be selected.
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The following sections assume that all candidates are eligible for remote execution. In
reality there are jobs that are not able to execute remotely, such as those that must
access frame buffers or local filesystems. Consider these jobs excluded from the following

discussion.

Selecting any Candidate

In this policy there is no attempt to filter jobs, and all jobs are considered eligible for
load distribution. Examples are the random and least loaded initial placement policies,

detailed in sections 8.1.1 and 8.1.2 respectively.

Selecting a Reasonable Candidate

It is clear that the previous method of selection may choose jobs or processes that are
characteristically unsuitable for distribution [JXY95]. The most obvious subset of
unsuitable jobs and processes are those which do not execute for a sufficient length of

time to repay the cost of moving them.

Two ways in which these jobs and processes can be rejected as distribution candidates

are:

e Statically: Processes can be analysed from system traces, and a static set of
suitable processes can be used to filter candidates. This method is used by

Zhou [Zho87], and Holzer[Hol96).

e Dynamically: A runtime record of process behaviour can be maintained, and
those processes that have responded badly to remote execution can be avoided in
future. This system is used in an automatic load balancer added to Sprite by

Osser [0ss92].

Selecting a Good Candidate

The previous approach avoided distributing jobs and processes that are poor candidates,
however, the criterion can be tightened further and the selection of a good candidate

made. Initial placement and process migration, detailed in section 2.3.4, impose different
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restrictions in the selection of a candidate. Choosing a good candidate may require a
great deal of knowledge about the job or process as well as the potential destination
hosts. Indeed, it is possible that the location policy is secondary to the candidate policy,
as in the Emerald system where Lehrmann [Leh93] moves heavily communicating objects

so they reside on the same host.

Migration systems can obtain information about current process behaviour by
monitoring each process as it executes, and good candidates can be selected by referring

to this behaviour.

Initial placement is restricted to placing the job before execution, and as a consequence is
not privy to the future activities of the job. In this case, good candidates can be selected

using prediction or classification. This approach will be examined in section 3.1.

Barak and Shiloh [BS85] implemented a set of criteria to select good migration
candidates in MOS. Each host periodically runs a daemon that asks processes, in a

round robin fashion, if they wish to migrate. The process itself then evaluates whether:

A lower expected response time is available on other hosts.

More than half of its communication is with processes on another host.

There are sufficient resources for forking on the current host.

There is a ‘favoured’ host.

If these factors are favourable, the process agrees to be migrated.

Self Selection

There are systems where a process or object itself may initiate load distribution. The
MOS selection scheme described in the previous section is one such system, as it is the
process that decides if it wishes to migrate. The only direction from the host is to
dictate when the process may consider itself as a candidate, to prevent it from spending

too much time considering migration.

Another form of self selection is that used in the original Sprite system. In this system

there was no automatic load distribution, and all load distribution was initiated by user
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level applications. One example is pmake, which uses as many idle workstations as it

requires for a parallel version of make.

Both of these approaches fix the candidate (or forked child) and consequently fix the
source host. The Chorus Object Oriented Layer (COOL) is a system that emulates a
distributed shared address space over a set of loosely coupled hosts, see Lea et

al. [LJP93] and Amaral et al. [AJJT92]. Objects are the logical unit of distribution, and
may move between local address spaces. If an object references a remote object, the

system has two options:

e To migrate the referenced object into the physical local address space.

e To migrate the current object (activity) to the physical remote address space.

If the first option is not possible, as when referencing an object representing a system
resource, then the second option of migrating the referencing object is taken. In both of
these cases, the source and destination hosts are fixed, and the candidate depends on the

option.

Candidate Fairness

In addition to the candidate selection criteria outlined above, there is also a ‘fairness’
principle incorporated into some candidate selection policies. Essentially, there are two

ways of considering any benefit offered by load distribution:

e For the good of the migrated process. (greedy)

e For the good of the remaining processes. (altruistic)

Greedy implies altruistic, but altruistic need not imply greedy. Namely, the migrated
process may increase its response time due to the overhead involved in moving it, and
never reclaim the loss, but the processes on the host from which the process was moved
will benefit, and reduce their response time. The best situation is that both greedy and
altruistic occur, but if they don’t, then at the very least a load distribution scheme

should provide altruistic.
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Greedy is often embodied as a ‘fairness’ principle as in [HBD95], where a candidate is
only eligible if it can expect better service on the new host. However, load distribution
may still be worthwhile on a global scale, even if the moved processes must be purely

altruistic.

2.3.4 Transfer Mechanism

The transfer mechanism physically moves the processes from source to destination host.
There has been a great deal of research in this area, including Artsy and Finkel [AF89],
Powell and Miller [PM83], Douglis [Dou90] and Theimer [TLC85], concentrating on
issues of transparency, residual dependencies, performance and complexity. These issues
are rooted in the design and implementation of the mechanism and are outside the scope
of this thesis, as are the arguments supporting the different approaches. The significant
aspect of the transfer mechanism in the terms of this thesis, is the stage at which load

distribution may occur.

Initial Placement and Process Migration

Distribution of workload can occur in either of two phases: tasks can be allocated to a
processor before they begin execution, or they can be moved after they have begun
execution. These two phases are known as Initial Placement and Process Migration

respectively and are in principle independent.

Each of the two phases offer different opportunities to the policy components of load
distribution. Policies that utilise migration can monitor the runtime behaviour of
processes and make decisions that may involve moving existing workload as the situation
demands'®. Migration is often associated with the high cost incurred in transferring the
address space of an active process, however fewer migrations may be required to balance
the load. Policies that are restricted to initial placement have the advantage of a lower
transfer cost, but once a process is assigned to a host it must remain there until it
completes or is terminated. In depth analyses of the issues of initial placement and

process migration are available in [ELZ86b, DHB95, KL88].

10gatisfies dynamic process behaviour - at stage 1 a process may require X and then later Y, if X and
Y are best provided for from different hosts, then the best solution may be to move the process during
execution to suit the different phases of execution.
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2.3.5 Load Metric

The load metric is important in a load distribution scheme, as it represents the workload

being distributed. There are a wide variety of possible load metrics, a few examples are:

CPU queue length.
e Resource utilisation.
e Communication delay.

Host idleness.

Object affinity.

Participation, location and even candidate selections are made on the load, and it is
therefore critical that the load metric is relevant. For example, Martin [Mar94] found
that the number of processes on a host is a completely irrelevant load metric as it does

not provide any information about the contention for resources on that host.

Fastest Response

The V migration system discussed in Theimer et al. [TLC85], used a delightfully simple
ranking metric based on the group communication facility of V. When a transfer is
initiated, potential hosts are polled via a multicast request. All hosts which meet an
availability criteria respond, and the first response is selected. The reasonable
assumption is that the first host to respond is generally the least loaded. This ‘ranking’

mechanism also neatly solves the problem of load communication.

Idle Hosts

If there is a reasonable proportion of idle hosts at any time in a system, then these hosts
represent an allocable resource. This approach is central to many load distribution
schemes that are based on the workstation model, as the ‘low power’ of individual
workstations, combined with a high degree of idleness makes anything other than a

boolean idle-busy metric unnecessary.
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The idleness criteria from Sprite [Dou90], is fairly typical. An idle host must have had
less than one runnable process, averaged over the last minute, and no keyboard or mouse

input for the past 30 seconds.

Object Affinity

Communication may also be a measure of load, and minimisation of this requires
communicating entities to reside together on the same host. A migration policy
developed by Lehrmann [Leh93] in the object based Emerald system, combined two load
balancing strategies. The first transfers objects from overloaded to underloaded hosts,
the second moves heavily communicating objects to the same host. The second policy
clusters communicating objects, and thus through communication, certain objects

express an affinity for each other.

Resource Availability

A common approach is to consider the resources available on a host, and express them in

a way that enables suitable hosts to be ranked.

Most systems simply consider the CPU resource, and neglect all others, while others use
a more complex combination of resources, see Bond [Bon93]. Ferrari and Zhou [FZ87]
explore variations on this form of load metric, with load metrics ranging from the
instantaneous CPU queue length, through to a linear combination of CPU, memory and
10 queue lengths. They found that for their system and set of assumptions, that the
linear combination of exponentially smoothed CPU, 10 and memory queue lengths
produced the best performance. In a contrary finding, Kunz [Kun91a] found that single
resource queue lengths were as good as a combined metric in his study with a stochastic
learning automaton. These two results confirm that the load metric is important, but
also indicate that the suitability of any load metric depends on the system, workload and

load distribution scheme for which it is used.

2.3.6 Load Communication

Once the load on a host has been measured, it must be communicated to whatever

agents make load distribution decisions. This poses a difficult problem in most
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distributed systems, as there is a cost involved in both the collection and distribution of
the load data. There are also problems of reliability, update delays and even locating the
state, any of which can result in out of date information being used to make current

distribution decisions.

A number of clever solutions have been proposed for load communication, most of which

are variations on one of the following five methods.

Polling

Polling is a message directed at only one host to return its current load. If polling is
performed on demand it results in the most up to date information, but at a potentially
high cost. The PID algorithm from Livny and Melman [LM82], the PSI algorithm from
Benmohammed-Mahieddine and Dew [BMD94], and the approach from Krueger and
Shivaratri [KS94], all of which are discussed in section 2.3.2, use polling to obtain

current host conditions.

Broadcast

A form of undirected communication, where all hosts exchange information by

broadcasting over the network. There are a number of problems with this approach:

¢ It may lead to an unacceptable amount of network traffic.
e All hosts receive the load updates whether they are involved in migration or not.

e In large networks there may be a substantial propagation delay over all hosts in the

network.

The primary advantage is also that all hosts on the network have access to all the
broadcast information, and this can be used not only to update recorded host loads on
all hosts, but also to synchronise a distributed load distribution policy. A good example
of this is the BID algorithm implemented by Livny and Melman [LM82], already covered

in section 2.3.2.
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Group Communication (Multicast)

This is a form of broadcast constrained to the members of a group. This reduces some
problems associated with the broadcast method, as only members of the migration group
receive the load information, but there still may be a lot of traffic. The primary
advantage of the group communication system is that identification of participating
hosts is simplified, making the location of suitable sources or destinations a much simpler
problem. The group communication facility of the V system is used to considerable

advantage in the process migration system of Theimer et al. [TLC85].

Centralised Collection Agent

Four load communication alternatives were described by Zhou [Zho87] of which three

used a central collection agent:

e Global: All hosts periodically transmit their loads to a central collection agent. If
there is no change in a host’s load from the last period, then no update is sent to
the collection agent. The accumulated load vector is then periodically broadcast

from the central collection agent to all hosts in the system.

e Central: This system also has a central agent, except that the load is not
periodically collected or distributed. Instead if a host wishes to offload a job, then
it sends a request as well as its load to the central agent. The central agent then
replies with a suggested destination. The load information held by the central

agent is only updated by the distribution requests.

e Centex: Another approach is a combination of the Global and Central algorithms
where a central agent collects all of the periodic load updates, but does not
automatically distribute them. If a source host needs to locate a destination, then
it contacts the central agent for the most recent information. This approach was
also used by Bond [Bon93] in his Distributed Resource Measurement Service

(DRUMS) and by Holzer[Hol96].
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The Worm

Barak and Shiloh [BS85] use a worm in a rather creative solution to the distribution of
load information between hosts in the MOS system. The idea is, that providing correct
load information about all host loads is an unacceptable expense. In particular, there is
a conflict between the availability of load information and the overhead required to
obtain it. Thus Barak and Shiloh introduce the worm, which periodically sends half of

its information vector L, of arbitrary length n, to a random host 4.

Send : at each period,
Update own load value Ly.
Send vector < Ly,... ,L% > to random processor i.

Receive : on host 2 and merge into own load vector by:

L’ih—>L’i2h, 1§h§ -1

|3

and

Lry — Li2h+1, 0<h< -1

|3

where Li is the local load vector on host ¢ and Lr is the received load vector. This merge
ensures only the most recent information is held, by interleaving the local and received
vectors. The order of a load in the load vector implies the age of the information, and
dropping half the load vector when sharing the load vector is a form of aging. There is
no mechanism to remove repeated hosts from the load metric during the merge, and this
may reduce the pool of possible distribution partners. Repeated elements also provide
conflicting information for which there is no way of determining absolutely, which load is

the more recent.

2.4 Summary

The chapter has emphasised a taxonomy for describing, comparing, designing and
summarising load distribution policies. Previous work has been used to highlight its

application, as well as to provide an overview of load distribution in general.
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Chapter 3

Hypotheses:
Balanced Resource Allocation

Chapter 2 introduced the general area of load distribution and provided a framework in
which to discuss load distribution schemes. This chapter is intended to clearly identify
the area of work embodied in this thesis, by firstly arguing for, and then presenting the

central process miz and associated hypotheses.

3.1 Resource Management

All load distribution policies consider a subset of system resources as a basis for load
distribution. There are two main approaches that depend on the configuration of the

physical distributed system:

e Systems which are homogeneous in both capability and compatibility tend to
concentrate on a single resource that they consider typifies the contention for
resources [LO86, Kun91b, Oss92, GDI93, HBDY5]. Systems that are homogeneous
in compatibility but heterogeneous in capability may still use only one resource to

represent resource contention, but scale the value appropriately.

e Purely heterogeneous systems that differ in both capability and
compatibility [Bon93, KRK94, CCGY5], tend to consider the capability of a host to
provide the range of resources required by a process or job and distribute the

workload appropriately.
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Leland and Ott [LO86] have shown that processes usually fall into four categories: CPU
bound, IO bound, ordinary (both unbound) and the extremely rare! CPU and IO
bound. Devarakonda and Iyer [DI89] confirmed these categories, and observed an

additional heavy memory use category.

These results imply that not only should the requirements of a process be matched to
host capabilities in a heterogeneous system, but homogeneous systems may also benefit
by controlling the miz of CPU, memory and IO bound process types on any one host. In
particular, the processes already executing on an individual host combine to produce a
set of remaining resources that are not homogeneous over all hosts in the system. So
while each host has the same initial capabilities, the remaining capacity is different. As a
simple example, consider the processes and their resource requirements summarised in
table 3.1. Processes 1 and 2 are CPU bound, while processes 3 and 4 are I0? bound.
These four jobs are to be distributed between three completely homogeneous hosts, A, B
and C. A conventional CPU oriented distribution system will allocate one CPU bound
process to each of A and B and the two IO bound processes to C. An obviously better

arrangement is to place process 3 on the same host as process 1.

‘ Process H CPU utilisation ‘ IO utilisation ‘

1 85 0
2 90 6
3 5 45
4 15 70

Table 3.1: Two CPU and two 10 bound processes. Care needs to be taken when scheduling
these four processes to three hosts.

Thus it is not only bottlenecking of the CPU that is a potential source of system
degradation, but bottlenecking of IO as well. This argument can be extended to other

system resources that are in demand, such as the memory system.

'Between 8 and 10 processes out of 8.5 million are both CPU and IO bound.
*Ignoring for now issues of file locality.
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3.2 Hypotheses

The previous section argues that the management of all primary resources is important
to the performance of any distributed system, therefore I suggest the following

hypothesis:

Hypothesis 1 (Process Mix) The distribution of a balanced miz of CPU, memory
and IO bound processes to each host will lead to the more effective use of resources and

delay the onset of bottlenecking.

This process mix approach to load distribution is a logical extension of the traditional
load distribution philosophy noted in Casavant and Kuhl [CK88], “...being fair to the

hardware resources of the system is good for the users of that system”.

This hypothesis has two major implications:

e If the system’s resources are used more effectively, then individual processes will

progress through the system at a higher rate.

e A means for distributing the processes within the system is required. If the
resource use of a process is only available from its current execution, as in [JXY95],
then the process can be migrated to a host to improve the process mix on both the
source and destination hosts3. If a priori knowledge about jobs is available, then
this can be used in conjunction with initial placement to distribute jobs to hosts,

and so achieve a desirable mix of processes on each host.

A priori knowledge about a job for initial placement can be provided by estimating its
future behaviour from its historical behaviour. Examples of prediction systems providing
a priori knowledge for initial placement are Bond [Bon93] with a heterogeneous system,

and Goswami et al. [GDI93] in a homogeneous system.

No prediction mechanism can expect 100% accuracy with a dynamic workload, and
therefore the question arises of how sensitive the performance of a policy is, when relying

on such predicted values.

3This also solves the situation where processes are nonhomogeneous in behaviour (i.e., those whose
resource requirements change over its execution).
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Hypothesis 2 (Prediction Accuracy) Perfect prediction accuracy is not required nor

realistic, and a reasonable estimate is sufficient for good performance.

As prediction can provide a priori knowledge to load distribution policies, it should be
possible to place a job correctly, and therefore it will be unnecessary to later migrate
that job after it has begun execution. A job that is correctly placed is one that behaves
as predicted and results in resource demands that are consistent with the policy by

which it was placed.

Hypothesis 3 (Initial Placement) Initial placement can use prediction to attain

performance comparable to that of process migration.

Workloads containing interactive processes suffer a degree of randomness and therefore
predictions are not always accurate. In particular, any system that relies totally on
prediction is likely to suffer from this degree of randomness that can not be accounted
for by the load distribution policies. Therefore hosts should still be monitored to ensure

they are consistent with their computed loads.

If the initial placement policies using prediction are indeed sensitive to this inaccuracy,
hypothesis 3 may lack support. One way around this, is to accept that mistakes are
made with initial placement, and use another mechanism such as migration to provide a
degree of correction. Many systems, such as Sprite [DO91] and V [TH91] provide both
initial placement and process migration systems, yet do not integrate the use of both

mechanisms in a single load distribution policy.

Hypothesis 4 (Combination) Combining initial placement and process migration in a
single load distribution policy, will enable placement errors to be corrected, thus

improving system performance.

3.3 Summary

This chapter presents an argument that the composition of the workload on an
individual host is important, and suggests that by maintaining an appropriate mix of

processes based on the resources that they consume, the use of system resources will be
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improved and the onset of bottlenecks reduced. This argument is embodied in the first

and central process miz hypothesis.

There are two physical means for distributing processes to adjust the mix of processes.
Migration can monitor the activity of a process and make adjustments to the workload
composition at any time. Initial placement is more restrictive, as distribution occurs
before any activity can be monitored. Thus policies for initial placement mechanisms
require more information than is available at distribution time and must use some form
of prediction. Thus the prediction accuracy and initial placement hypotheses are

presented while assuming the process mixz hypothesis.

The final combination hypothesis suggests that if the initial placement hypothesis fails,
the combination of initial placement and process migration may solve the prediction

accuracy problem.

Chapter 8 describes the algorithms developed to test these hypotheses and chapter 4

details related work.
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Chapter 4

Related Work

Chapter 3 presented the hypotheses that form the basis for the thesis. The related work
detailed in this chapter is mostly concerned with providing or using resource or lifetime

information to make placement decisions.

Providing this information falls into two broad categories:

e Probabilistic models are derived from analysing workload data, and determining
relationships from which a probability function can be derived. These models can

then be used directly as in section 4.1.2 or indirectly as in section 4.1.1.

e Historical data from previous presentations of a process may be used to predict its
future behaviour providing a form of a priori knowledge. The advantage of using
historical data is that a prediction can be made before a process is started, and is
therefore suitable for initial placement. There are two ways in which historical data

can be used for load distribution:

— Explicitly: Given a job, a prediction can be made about its behaviour
(perhaps it’s lifetime or resource use), and this information is used to
distribute the job conventionally (i.e., the prediction and distribution systems

are distinct). Examples of this approach are discussed in section 4.2.

— Implicitly: Given both a job and the system, a learning mechanism may use
previous experience to recognise and schedule the job to a suitable host. In
this case, the prediction (if there is one) and distribution systems are
intrinsically combined. Two different implicit approaches are discussed in

section 4.3.
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4.1 Probabilistic Models

Probabilistic models are derived from analysing real workloads and using relationships
therein to predict future behaviour. The two approaches presented are based on the
same process lifetime probability distribution model in which older processes have a
higher probability of remaining in the system than younger processes. The difference

between the two models is the way in which they schedule the processes.

4.1.1 Process Lifetime Model

Leland and Ott [LO86] investigated the behaviour of 9.5 million UNIX processes and
found that there was on average, an almost perfectly linear relationship between the
current age of a process and its expected residual CPU time. This resulted in the
rejection of any type of exponential distribution for process lifetimes, and the finding
that it is better to distribute old rather than new processes due to a long thick tail on

the actual distribution.

They consider the theoretical Spiral Assignment of processes to hosts by age as the basis
of a load distribution policy. Essentially, if all I processes p; in a system are sorted by

age A, so that at some time t:

Ap1(t) < Apa(t) < -+ < Api(t) <--- < App (1)

Then the spiral assignment assigns the processes to hosts such that:

host; <= pi, P(i+N), P(i+2N)> - - -

where N is the number of hosts in the system. This arrangement has a number of

advantages:

e Young processes have a low probability of remaining in the system and thus the
most likely process to leave is p; (mapped to hosti). As a new process will be the
youngest, it will be assigned to host;. This property helps maintain the spiral

arrangement.
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e There is a mix of process ages on each host which Leland and Ott implicitly

correlate with balanced load.

The Spiral assignment policy as given, requires instantaneous and free reshuffle of the set
of processes over the set of hosts, and in this sense is not practical. Thus Leland and Ott
developed an approximation to the spiral assignment based on the sum of the ages of all
processes younger than process p; on the same host (CRIT;). If the oldest process p; on
a host has a CRIT; greater than a MINCRIT threshold, then that process is eligible for
migration to an idle host. This policy is implemented as receiver-initiated, if a host is
idle, it calls for bids and the location selection policy selects the host A with the highest
load that also has some processes py,, - .., p, above the MINCRIT threshold. The
candidate selection policy then selects the process p; with the greatest C RIT; value from

host h.
4.1.2 Process Lifetime and Movement Cost Model

The work by Harchol-Balter and Downey [HBD95] is a logical continuation from the
work by Leland and Ott. In particular, the empirical observation that migration of old
processes is superior to that of migrating young processes, forms the basis of the policy

developed by Harchol-Balter and Downey.

The primary departure is that Harchol-Balter and Downey use the process lifetime
distribution probabilities explicitly. Rather than assigning processes by age in a spiral
assignment, and always migrating the oldest process, they use a two tier candidate
selection approach for selecting processes to transfer from the most loaded host,, to least

loaded host;.

e A set of n eligible processes p1,...,p, is formed from those processes on host,

that would obtain ‘better’ service on host;.

e Then the best candidate from this set is selected with the following candidate

selection criterion:

D1 time alive D2 time alive DPn time alive
max .

3 7 7
P1 cost of migration P2 cost of migration Pn cost of migration
This approach is described in more detail in section 8.2, as it is one of the algorithms

used in the experimental part of the thesis.
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4.2 Explicit Load Distribution

The following sections all detail different approaches to using some form of prediction to
improve the quality of load distribution. Workload classification is a common research
topic [CF86, BB94, Raa93], however there has been less research on how it can be

applied to load distribution, two examples are discussed in sections 4.2.2 and 4.2.3.

4.2.1 Average

Prediction need not be complex, and in some situations, quite simple schemes can prove
useful. If all processes in a system are homogeneous, or at least similar, then a static
constant can be used to estimate the resource requirements. The simplest dynamic
solution is persistence, where the resources required by a process during the most recent
execution are predicted for the next execution. A running average is another simple
approach for providing predictions, and can be combined with persistence to favour the

values from more recent executions.

The use of averages is a common technique, examples include Bond [Bon93] who used
averages of CPU, IO and memory in a prototype of the Simple Task Allocation using
Resource Selection (STARS) system, and Osser [Oss92] who used average lifetime to

exclude short jobs from remote execution.

4.2.2 Load Distribution without Host State

Goswami et al. [GDI93] used the state transition prediction mechanism developed by
Devarakonda and Iyer [DI89] to provide estimates of process resource use. This estimate

is then used to compute the host loads for placement.

State-Transition Model

The prediction system uses states and state transition probabilities to estimate the

future resource requirements of a process.

A k-means® clustering algorithm was used to identify seven high density clusters in a 3

dimensional space (CPU, memory and 10). The centroid of each cluster was defined as a

'minimise Ele Ej (x;; —T)?, where x;; € C;, C; is the i** cluster of k and Z is the centroid of C;.
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state representing process resource usage. The states in general agree with the categories
of process found in Leland and Ott [LO86], with CPU bound, IO bound and neutral
categories. In particular, an approximate total of 20% of all process instances were found
to fall into the CPU bound and IO bound categories (roughly 10% each) and an
additional category of heavy memory use was identified that consisted of around 2%% of
all instances. The processes falling into the remaining four categories were all light

resource consumers.

With the observation that a process may change the state it occupies between separate
executions, transition probabilities are defined between states for each program, and the

last NV program executions are used to estimate the state transition probabilities ¢t Pr:

transitions from state i to j

tPri; =
Y number of transitions from state i

Prediction Scheme

Given the state-transition model for a program, its future resource usage is predicted by:

e The past N executions of p are sorted into sets belonging to each of the seven

clusters (states).

e Each of these sets forms a subcluster, and the centroid of this subcluster is taken

as the program’s resource usage in this state.

The program’s resource requirements r, are computed by multiplying each of the
transition probabilities ¢Pr;, from the state occupied during the process’s last execution

[, with the centroid of each subcluster d;:
N
T = ZtPrljdjk, k= CPU, I0 or memory
j=1

where N is the number of clusters (seven).

Load Metric and Communication

Goswami et al. argue that conventional load distribution systems require too great an

overhead if the load information is communicated frequently, and note that performance
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of the load distribution falls as the frequency of load updates is reduced. They propose
that proper initial placement of processes based on predicted resource requirements will

produce better response times with lower communication overheads.

The essential idea is that the load on a host need not be collected, but may be computed
from the resource requirements of scheduled processes. This unconventional approach
means that the only updates required by the load distribution mechanism are

notification of process termination.

The scheduler now takes on the responsibility of providing the load on each host,

without measuring the state of the host. This is achieved by treating predictions as
‘perfect’ and recording the estimated resource usage from each placement made to a
host. These values are then used to compute the ‘load’ on each host before another

placement is made:

B % CPU required,
N e CPU required, + 10 required,

load,; (4.1)

where

e load; is the load on host;
e N; is the number of processes on host;

e CPU required, and 10 required, are the predicted CPU and IO requirements for
process p.

The load is updated when a process starts or finishes. When a process terminates it is
buffered, and the updates are periodically sent to the scheduler. The scheduler removes
the terminated processes from the host load computation and then passes the

termination information to the prediction system for further learning.

Policies

Goswami et al. developed four load distribution policies, two centralised and two
distributed. The centralised policies are sufficient to explain the approach, and as
discussion of the distributed policies will not contribute to the explanation, they are

omitted.
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The first placement policy was a simple scheme that used the computed CPU load to
select the least loaded host. The second policy estimates the expected response time rt;
that a job 7 will receive at each host 7, and then selects the most favourable:

N;

rt; = Z min(CPU required,, CPU required;)
p=1

where N; is the number of processes on host i.

This equation sums the CPU requirements of all processes on host; that are smaller than
the new process, and for each process larger, the new process’s CPU requirement is
summed. The estimates the response time experienced with a round robin scheduling

algorithm.

This is primarily to avoid problems with round robin scheduling and too long a quantum.

Summary

Goswami et al. use a prediction system for providing a form of a priori information
about processes before execution. The information is used to compute the load on the
hosts in the system, rather than obtaining this information from the hosts themselves.
No attempt is made to perform any kind of candidate selection, other than a simple age

filter in one of the distributed algorithms.

Due to the CPU load computation from equation 4.1, the load estimates will be
exaggerated for interactive processes or processes waiting on timed events. This could
reduce the load distribution to random, as no checking is performed to ensure that the
load estimates are representative of the actual system load. The load computation
method also requires that the load distribution is pervasive, as load that is not under

direct scheduler control will invalidate the estimates.

4.2.3 Weighted Resource Allocation

Bond [Bon93] also employs classification in STARS to predict the requirements of a job
prior to execution, but exploits this information to select the best site for executing the

process in a system of heterogeneous? hosts.

2Heterogeneous in both capability and compatibility.
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Prediction Scheme

The prediction scheme developed for STARS, classifies tasks incrementally and seeks to
overcome shortcomings evident in the prediction mechanism from Devarakonda and
Iyer [DI89]. In particular, Bond claims that additions to the state transition model
require regeneration of the entire model, and this alone makes it unsuitable for
incremental updating. In addition, Bond suggests that prediction can be improved by
considering additional predictors, such as group and time rather than simply relying on

program name.

Load Distribution

STARS begins by forming a set of compatible hosts for executing a new job. This set of
eligible hosts is then ranked by capability, using a set of weights that reflect the relative
importance of resources to the particular job. A typical weight vector for a CPU bound

program may consist of:

max cpu idle 0.25, mazx mips 0.25, min load 0.5

which gives i weighting to an idle CPU, i weighting to a powerful processor and %

weighting to a minimum load. These weights are then applied to the resource availability
of each eligible host, and the highest value indicates the most suitable host for execution

of the job.

STARS and the prediction system were not completely integrated, and the system tested

in Bond’s thesis used moving averages to tailor the resource weights for each job.

4.2.4 Tracing

In a novel approach, Ju et al. [JXY95] trace a process through the first second of its life,
to identify processes suitable for remote execution. If the process is suitable, being non
interactive and non IO bound, then the process is terminated and restarted on an

appropriate host.
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Predicting Future Behaviour

Processes are only traced for one second from the start of execution. Therefore Ju et al.
require the assumption that a process will exhibit the same behaviour over its entire

lifetime as it did in that first second.

The data collected during the trace period is intended to determine if the process is
suitable for remote execution. Ju et al. collect the total memory requirement, the length
of all opened files, the total CPU time and the amount of data read and written to
memory, and to files. These values are used to estimate the CPU and IO utilisation of

the process, and the speed of memory and file access.

The expected lifetime 7, of a process, is estimated from the time required to access all

memory pages allocated to the process and to read all opened files:

T = (allocated pages x access time) + (open files X access time) (4.2)

If the program has been executed before, then the values obtained during previous

executions are available to adjust the lifetime estimate from equation 4.2.

Load Distribution

An eligible candidate is preferably CPU bound, has an expected lifetime 7 of at least ten

seconds and is non interactive.

The process is considered interactive if any of the open files are stdin? or stdout. The
recorded CPU and IO utilisation is used to classify the process as CPU (> 70%

utilisation) bound, I0 (> 30% utilisation) bound or neutral.

If the candidate is eligible, it is terminated and restarted on the least loaded host.

4.2.5 Best Fit Resource Allocation

Cena et al. [CCGY95] take a priori information as given, and concentrate on the actual
distribution of load to hosts. Although a neural network is used, load distribution is

explicit, as the a priori information is provided to rather than by the neural network.

3Stdin and stdout are UNIX files intended for writing to and from the console.
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Load Distribution via Best Fit

This location selection policy is designed for a heterogeneous* distributed system, and as
a consequence, focuses on the capability of a particular host to supply resources required

by a job.

The prototype system divides available system resources into available memory and
available CPU (normalised). Processes are characterised by the required amount of
memory and the desired response time. A conventional best fit algorithm, as described
in section 8.3.2, is used to allocate processes to the available resources in the following

order:

1. Determine the set of hosts that can satisfy the memory request.

2. Select the host that leaves the minimum unallocated CPU while still satisfying the

request.

If the memory request can not be satisfied, then the process can not be executed. If
however there is insufficient CPU, the request is satisfied with the best available (as the

response time is desired, not mandatory).

Neural Network Implementation

There is no requirement for the fitting to be implemented by a neural network, indeed,
the training set was computed conventionally. However a stated goal of LAHNOS (Local
Area Heterogeneous Operating System) for which the scheduler was designed, is to
increase the ‘automation’ of the system and therefore a brief description of the

implementation is included for completeness.

The distribution algorithm was implemented by training a feedforward neural network

using the Back Propagation (BP) learning rule [HN90].

The input vector encodes the requirements of the job and the current availability of the
system (restricted to three machines in the prototype system). The output is a single

value representing the selected host.

4Heterogeneous in capability rather than compatibility
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4.3 Implicit Load Distribution via Learning Mechanisms

Learning mechanisms are used to make placement decisions, in which, depending on the
success of the last placement, the decision is reinforced or degraded. The candidate and
location selection policies are combined into a single operation, and the policies are

therefore implicit.

4.3.1 Stochastic Learning Automaton

A basic stochastic learning automaton is a set of permissible actions® (i.e., place a job on
machine X), each of which has an associated probability. The probabilities associated
with each action are modified depending on the success of each placement decision (the
learning rule). If a poor decision is made, the probability associated with that action is
decreased (penalised) and if the decision is good, then the probability is increased

(rewarded).

Kunz [Kun91b] extends this basic approach by giving the automaton a set of states, each
of which contains a complete set of permissible actions and associated probabilities. A
mapping derived from the system status (load) is used to select the appropriate state

from which action probabilities are drawn.

Figure 4.1 illustrates the automaton from host four of a five host system. The set of

permissible actions in each state do not include self assignment to host four.

The mapping in Kunz is based on the current status (load conditions) of the system as a
whole. The use of multiple states increases the stability of the stochastic learning
automaton as it allows different load conditions to be represented. State 1 in figure 4.1 is
as yet unvisited and shows the initial condition of a state - uniform random, the other

three states demonstrate varying degrees of learning.

Learning

The probabilities of the stochastic learning automaton are adjusted depending on the

success of a job placement. An error function is a means of determining the success of a

5Self assignment is not a permissible action, and therefore the set of actions does not include an
assignment to the local host.
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State 1

Job -> M1 Prob =0.25
Job —> M2 Prob = 0.25
Job —> M3 Prob = 0.25
Job —> M5 Prob = 0.25

State 2

Job —> M1 Prob = 0.15
Job —> M2 Prob = 0.25
Job —> M3 Prob = 0.35
Job -> M5 Prob = 0.25

State 4

Job —> M1 Prob = 0.17
Job —> M2 Prob = 0.26
Job —> M3 Prob = 0.33
Job -> M5 Prob = 0.24

State 3

Job —> M1 Prob = 0.16
Job —> M2 Prob = 0.05
Job —> M3 Prob = 0.29
Job —> M5 Prob = 0.50

Figure 4.1: A single stochastic learning automaton.

placement, and a learning rule is used to adjust the weights. Kunz investigated three

error functions and three learning rules for training the automaton. The most basic error
function is a binary measure of goodness §, where a placement is considered ‘good’ if the
destination host was underloaded, and ‘bad’ if the destination host was overloaded. The

other two error functions return quantitative rather than qualitative results:

0 = threshold — current load
and

0 = cs.load — rs.load

where ¢s% is the source and rs is the destination host.

It is obvious that the two quantitative error functions require different learning rules to
control the learning with the extra error information, however the binary case is simpler

and provides a suitable example for demonstrating this approach.

The basic learning rule is the linear reward-penalty scheme, where the following reward

and penalty functions are used to modify the current action probabilities:

5These names are the compute server and remote server. They are in this form to maintain consistency
with the conventions adopted in chapter 8.
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reward[Pr;(n)] = A x Prj(n)

and

penalty[Pr;j(n)] = (ri) — B x Prj(n)

where
e 0 <A< 1land0< B <1 are reward and penalty constants respectively,
e 1 is the number of hosts in the system,

e Pr; is the probability of choosing action j at time n.

The reward and penalty constants A and B are used to control the speed of probability

adjustment (learning).

Kunz’s learning automaton does not consider the job being scheduled. This is not a
restriction of the stochastic learning automaton itself, as the job could be used as a

factor in the mapping of states.

A later study by Schaerf et al. [SST95] into multiagent stochastic learning for load

distribution is also of interest, and further extends the approach outlined above.

4.3.2 Adaptive Linear Element

Koch et al. [KRK94] developed a load distribution scheme based on a single adaptive
linear element (Adaline”), illustrated in figure 4.2. The Adaline computes the weighted

sum of an input vector x with a weight vector w:

n
Y= ziw
=0

resulting in an output y.

The input vector x, is comprised of elements representing the current load on the
system. The job and machine are not represented in the input vector, but are instead
used to select the weight vector w used by the Adaline to compute the weighted sum y.
Each job and machine pair is represented by it’s own weight vector, a strategy similar to

Kunz’s additional states, to improve the stability of the Adaline.

"Developed by Widrow and Hoff, 1960.
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Weights
X0

X1—
w1
Input X27%\

Xn

Output (y)

Error

Desired Output (d)

Figure 4.2: The adaptive linear element or Adaline.
Load distribution

On presentation of a job j, the Adaline is used to predict the expected execution time y
for j on each machine. The machine with the shortest expected response time for j is

selected and j is initiated there.

Learning

The Adaline is trained by measuring the difference § between the expected execution

time y, and the actual execution time d:

d=d—y

The § term (error) is then used to update the weights using the standard Widrow and
Hoff Least Mean Square (LMS) delta rule:

Wil = Wi + adpXy

where

e w; is the weight vector associated with the job and the host on which it was
executed,

® wg 1 is the result of learning from the placement of the job,
e X; is the input vector,

e « is the learning rate (i.e., the size of each weight adjustment).
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4.4 Summary

The systems presented in this chapter have one factor in common, all have attempted to
make better load distribution decisions by using more information about resources, or

relationships between jobs and hosts.

The two probabilistic models use the current age of a process to predict its expected
lifetime. The remaining seven systems use learning mechanisms, as simple as averaging
or as complex as hierarchical clustering, to either provide a form of a priori information
about a program (explicit), or to perform the entire load distribution from experience

(implicit).

None of these previous investigations do more than superficially overlap the area of
investigation, and thus none provide an alternative approach with which to compare the

results or progress of this work.
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Chapter 5

A Testbed for
Load Distribution Policies

Load distribution is a difficult system service to evaluate, its actions may be observed,
but its performance can only be assessed by measuring its side-effects. Side-effects
commonly used to gauge the performance of load distribution include metrics such as:
average process response time; utilisation rates for cpu, disk and the network; and mean
CPU waiting time. Thus the evaluation and comparison of load distribution policies

requires a testbed, on which these and other side-effects can be measured.

5.1 The Testbed Design

The primary requirement of the testbed design is that it needs to facilitate the testing of

the hypotheses introduced in section 3.1.

There are three major components in the testbed:
e The distributed system model.
e The load distribution mechanism.

e The load distribution policy.

Figure 5.1 illustrates the conceptual design of the testbed, with the load distribution
policy determined by the current experiment. The centralised load distribution policy
shown is not essential, but is better for illustrating the separation between the

components.
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Compute Servers

Distribution Policy

) N N Performance
input stream ~— E Statistics
7/
7/
/

system state

Load Distribution
Policy

Distributed System +
Load Distribution Mechanism

Figure 5.1: A testbed for comparing load balancing strategies on a distributed system with
n compute servers.

With this testbed, load distribution policies can be tested and compared using the same
underlying distributed system and load distribution mechanism. Section 5.2 argues the
choice of a trace driven simulation for the distributed system part of the testbed, and
chapter 6 describes the actual simulator. Chapter 7 details the load distribution

mechanism, and chapter 8 presents the load distribution policies and their algorithms.

5.2 Methods of Analysis

There are a number of different approaches to representing the distributed system
component of the testbed. The three following approaches outline the main alternatives
and argue their applicability for this study. All three have their own advantages,

consequently there is no completely correct choice.

5.2.1 Theoretical Models

Theoretical models are excellent for analysing simple systems, and models already exist
for static load balancing systems. Payne [Pay82] states that, “a system that can be
analysed mathematically, will generally provide more accurate results and more
information with potentially less effort than simulation”. However the more complex and

interesting dynamic models tend to be intractable [Pay82, WMS85].
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Systems involving nonlinear elements such as queues and random influences can often be
analysed with queueing theory. Unfortunately these solutions are only available for
limited dynamic cases, and when different algorithms and distribution architectures are

being studied, a change in the parameters of the system often requires a new model.

The system to be modelled is an unrestricted distributed system: potentially
heterogeneous in composition, containing resource queues, and fundamentally dynamic in

nature. Any one of these make the system a poor candidate for mathematical modelling.

5.2.2 Direct Measurement of a Real System

Experimenting on a physical system has the primary advantage of realism. There are no
simplifying assumptions that could invalidate the results, other than in the workload
(when synthetically generated), or in the measurement of the effect on the system. There

are however, some properties in a real system that reduce its desirability.

e Measurement hardware is specialised, inflexible and expensive.

e Interference can be introduced into the system by software measurement.

e A real system is too complex to account for, or control every clock tick and
interrupt. As a consequence experiments lack repeatability and even an entirely

synthetic load will incur variation across runs.

These problems are minor when compared to the value of the results from a real system,
however, the experiments required for this thesis need to be repeatable. Otherwise valid
comparisons and therefore support for the hypotheses can be difficult to make.

Additionally the cost in implementation time as well as experimental time is too great.

5.2.3 Simulation

Simulation is a tool for system analysis that has been studied for a considerable length of

time. In this respect it is a well understood discipline, with well defined areas of
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application. Shannon [Sha75] provides the following formal definition:

Simulation is the process of designing a model of a real system and conducting ex-
periments with this model for the purpose either of understanding the system or of
evaluating various strategies (within the limits imposed by a criterion or set of criteria)
for the operation of the system.

An alternative definition of simulation comes from Franta [Fra77]:

A system is a big black box

Of which we can’t unlock the locks,

And all we can find out about

Is what comes in and what goes out

Perceiving input-output pairs,

Connected by parameters,

Permits us, sometimes, to relate

An input, output and a state.

If this relation’s good and stable

Then predict we may be able,

But if this fails us - heaven forbid!

We’ll be compelled to force the lid!
Kenneth Boulding

The last part of Shannon’s definition describes perfectly the purpose of this thesis,
without the costs inherent in building or modifying a real system. Simulation can also
deal with more complex systems and interactions between systems than mathematical

models. Other advantages are:

e Simulation is a completely controlled environment and consequently repeatable

experiments can be performed.

e The software basis of simulation makes it flexible as system parameters and

functions can be easily changed.

e Simulations are not restricted to real time. Experiments can be sped up or slowed

down as required.

e Simulations have been used successfully in previous studies of this area, in
particular, Eager et al. [ELZ86b], Benmohammed-Mahieddine and Dew [BMD94],

and Zhou [Zho87] encourage its use.
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The major limitation of simulation is not in the implementation, but in the validity of
the models used to construct the simulation itself. Flawed models can destroy any value
that the simulation results may have. For this reason alone, the process of system
development suggested by Payne [Pay82], recommends that simulation should be used as
a stage before the use of a prototype, to verify a hypothesis prior to the commitment of
costly resources. It is this support of the hypotheses that is desired from this thesis, and
therefore simulation is indeed a suitable choice for the distributed system component of

the testbed.

5.3 Workload Data

There are three main approaches to providing a workload description for the simulation:

e Stochastic models of the workload have the advantage of being derived from
probability distributions and are therefore statistically well defined. Stochastic
modelling is a method often introduced for dealing with uncertainty (when there is
variation but no discernible pattern), Franta [Fra77]. The main advantage of this
approach is that parameters can be altered to provide widely different test
situations. The simplifying assumptions used in creating a stochastic model can be

difficult to defend, yet this is a popular approach.

e Traces of jobs started on a real system are recorded and used to drive the
simulator. Provided a true cross-section of activity is recorded, this will provide
the most realistic data. In addition, traces can be rerun for repeatability, and
different traces can be used to study different workload situations. The drawback
of this approach is that it is still a sample, and the data may only reflect the
activity on the system from which it was recorded. Another problem is that
obtaining detailed trace data from a real system, may interfere with the activities

being recorded, thus reducing the value of the measurements.

e Synthetic mixes are obtained by observing the system under study, deriving
rules and relationships to create a facsimile of the real situation. Like a simulator
this approach has the advantage that it is under complete control and can be used

to show effects on demand (i.e., rare situations can be created and the implications
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for the system can be studied). Care must be taken when constructing the models
for a synthetic workload, as any results are open to challenge if the models do not

represent a realistic workload.

All of the above methods require a description of a workload for which results can be
obtained and analysed. Experiments should be repeatable and poor workload

descriptions must be avoided on the principle of ‘garbage in, garbage out’.

With this in mind, the process miz hypothesis is most effectively tested with a real
workload composition, as it is important that the proportions of the resource bound
processes are realistic. A synthetic or stochastic model could easily misrepresent the
system load, and lead to faulty conclusions. Therefore the most reliable choice is to use

system traces to drive the testbed simulator.



Chapter 6

A Distributed System Simulation

The primary aim of this chapter is to introduce and describe the simulated distributed

system component of the testbed outlined in chapter 5.

6.1 Distributed System Model

Earlier simulations such as those used by [ELZ86b, LO86, Zho87, BMD94, HBDY5],
tended to accurately represent only the CPU resource in the system, and while adequate
for those studies, evaluation of the process miz hypothesis requires a full set of resources

to be modelled.

As load distribution is concerned with the interaction of a set of processes and compute
servers', these two components obviously form the basis of a model for the distributed

system simulation.

e A Set of Processes: Each process is characterised by the set of resources it

requires to finish and the rate at which each resource is consumed.

e A Set of Compute Servers: Fach compute server consists of a finite set of

resources for consumption by processes.

There are two possible approaches to constructing a model from these components.
Firstly the processes could be passive, and the compute servers the active component,

dividing its resources evenly between its processes, paying no attention to the rates at

! As this chapter deals with a simulation based on a real system, the generic term ‘host’ is replaced with
the more accurate and specific term ‘compute server’.

65



66 CHAPTER 6. A DISTRIBUTED SYSTEM SIMULATION

which different process consume different resources. A more realistic approach is for the
the processes to be active, driving the simulation with their processing demands, leaving

the compute servers as simple providers of system resources and arbitrators of contention.

This leads into an explanation of the structure of the chapter. As processes are the
active agents in the simulation, the first half of the chapter explains the modelling of the
processes, and the way in which they flow between resources. The second half of the

chapter details the simulation of the compute server, and its service rates.

6.2 Process Modelling

A process is a program in execution and as such consists of code, data and machine state
such as the stack register. This model is more complex than is needed, and can be
simplified by considering a process to be characterised by the resources it uses or visits

during execution. The significant resources are:

e The amount of CPU time.

The number of file IO transfers.

The number of page transfers.

The number of external events?.

The amount of memory used.

Section 5.3 presented the three main options for providing a workload to drive the
simulator, with the conclusion that a system trace offered the most suitable data. The
most accessible form of a system workload trace is the accounting log. The accounting
log also has the advantage that it is collected automatically by the system, and therefore

does not cause any additional interference to the system being measured.

6.2.1 Resource Accounting

The accounting log provides the following summary of a process’s activities in the

system:

2User interactions and timer events. This is discussed in section 6.2.8.
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e The command name.

The user and group identifiers.

The terminal.

The amount of user and system CPU time used?.

The time the command started and finished execution.

The elapsed time of the command.

The average amount of memory used.

e The total number of bytes transferred, described in 64 byte blocks®*.

The simulation also requires the following process information that is not provided by

the accounting system:

e The paging activity in which the process was involved.
e How many IO blocks were local, and how many were remote.
e When IO and paging events occurred.

e The time spent waiting on external events.

The only other caveat is that the reported values are statistically gathered by the
accounting software, and are therefore not exact. This is of minimal concern, as the level
of simulation is quite coarse, however, in addition to this inaccuracy, section 6.3.2 finds
that the reported memory values do not reflect the savings made from code sharing. I

will, defer discussion on this point to section 6.3.2.

As the objective is not a complete reconstruction of previous events, but rather the
representation of a realistic load, these small inaccuracies are not expected to be critical
to the validity of the simulation. The lack of paging, file IO and user information is more
serious, but these can be reconstructed by modelling these events from the information

that s present in the accounting logs.

3CPU user time is the time spent executing user level code, while system time is the time spent executing
kernel code. This user time should not be confused with the time spent interacting with a user.

“The only information is the number of bytes, the use of 64 byte blocks in the accounting log has
nothing to do with the size or frequency of transfers.
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Trace Data Collection

To provide a representative sample of system activity for the system trace, the
accounting logs from five Sun IPX compute servers used by second and third year
computer science undergraduates were recorded over a one month period. These five
compute servers and an associated fifty X-terminals follow the Xterminal-Server model,
and therefore it is this model that is used in the simulation. All five compute servers are

peers, with the students’ home file systems divided evenly amongst them.

In addition to the accounting log information, the size of the program file was included

in the trace.

Arrival Time Resolution

The start and finish times from the accounting log have a resolution of one second. This
results in multiple jobs with the same apparent starting time, and up to thirty
‘simultaneous’ jobs occurring during some peak periods. This is an unrealistic situation,
as in reality the jobs would be distributed within the interval. To correct this, the arrival
times were modified by adding a two digit random number to represent hundredths of a
second. This increases the resolution of the starting times, distributing the jobs bursts

over the entire one second interval.

6.2.2 Processes

To restate, processes are consumers of resources such as CPU time, and each compute
server is a provider of a finite set of resources. The compute server is responsible for
controlling access to its resources, however the process determines which resources it
wants to consume, and in what order. This means that the process may be in any one of

the following states:

e Resource Use States:

— Ready: The process is waiting in the ready queue for the CPU
— Running: The process currently holds the CPU.

— IO service: The process is waiting for an 10 request to complete.
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— Paging: The process is waiting for a page request to be filled.

— User: The process is waiting on a user event to complete.
e Control States:

— Swapped: The process has been swapped out.

— Migrating: The process is in migration and is logically not in the compute

server.

— Finished: The process has finished execution, and the empty process is

waiting to have its runtime statistics collected.

The resource states represent the process accessing or waiting to access a specific
resource during its execution. The control states represent the states were the compute
server dictates the actions of the process. The following sections are dedicated to
explaining the entry into each of the resource states. The swapped control state will be
discussed in section 6.3.3, the migrating control state is explained in section 7.3.2, and

the finished control state is described in section 7.4.

6.2.3 Process Flow

The processes within a compute server move between the states defined in the last
section. The actual flow of a process is determined by it’s probability Pr of visiting each

state, which is calculated from the remaining resource requirements of the process.

Decision node

N Pr(cpu) /
ew rq—o_>Finished
Process _>ﬁ_> cPU ———> Processes
Pr(io)
- 10 -
Pr(page)
B PAGING -¢
Pr(user)
USER -¢

Figure 6.1: A process’s view of it’s compute server is as a set of resources which are visited
until all of the process’s resource requirements are satisfied.
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The process must pass through the CPU state before any other state. In particular, a
process may only initiate a page transfer, file IO or user event after first obtaining the
CPU. A ready process enters the CPU and at the end of each CPU chunk®, the
probability Pr of the process returning to the CPU or utilising some other system
resource, is computed in the decision node from the remaining resources required by the

process p.
e The probability of returning to the CPU (if the quantum has not expired) is:
Prcpu =1- (Prio + P""page + PTuser)

e The probability of an IO event is:

Pr. — Premaining io
Tio =

Premaining cpu T Premaining io + Premaining pages T Premaining user
Where the remaining CPU visits are defined as the remaining time divided by the

current chunk size, see sections 6.2.4 and 6.2.5.
e The probability of a paging event is likewise:

Dremaining pages

Prpgge =
Premaining cpu T Premaining io + Premaining pages T Premaining user

see section 6.2.6.

e As is the probability of a user event:

Premaining user

Pryser =
DPremaining cpu + Premaining io + DPremaining pages + Premaining user

see section 6.2.8.

As a process consumes its resources, the relative probabilities will change to reflect the
proportion of remaining resources. So these probabilities must be recomputed every time
the decision node is entered, to ensure that the correct number of visits are paid to each

of the resources, preceded by a CPU visit.

Given the probabilistic flow of processes within the compute server, the rest of this
section will detail the computation of the resource totals, from which the initial

probabilities are computed.

5A CPU chunk is the defined in section 6.3.1
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6.2.4 CPU Usage

The total time a process spends on the CPU is the sum of the user and system times
from the accounting log. A process terminates when its CPU time is fully satisfied,
regardless of any other unconsumed resources. To minimise the possibility of resources
remaining at the end of a processes execution, the time that a process spends on the
CPU during each visit is adjusted to allow one more visit to the CPU than there are
remaining resource visits. The length of the current CPU visit is computed every time

the process obtains the CPU with:

Premaining cpu time

tC u
74 ]
pTemaim'ng 10 premaining pages p’l emaining user

6.2.5 File IO Access Patterns

The only file IO data available from the accounting log is the total number of bytes
transferred. There is no data as to when the file IO accesses were performed, how many
bytes were transferred during each access, or even if the access was to a local or remote
fileserver. Modelling these is difficult as they all depend on either the user, the process

or the compute server.

Block Transfers

It is reasonable to assume that there is a minimum physical block that is the actual unit
of transfer from the physical device to a memory buffer. Each compute server specifies a
standard transfer size, currently an arbitrary two kilobytes. Therefore the total number

of physical file IO transfers by a process p is:

Diotal io blocks = Dio bytes
total io blocks Transfer Size

6.2.6 The Paging Model

In Unix, the paging system is used to load the code required for the execution of a
program, and is also used on occasion, for mapping files into the address space of a

process. This is termed background paging as it is required for the execution of the
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process, rather than for the management of the compute server’s memory, termed forced
paging.

In extreme cases forced paging will degrade the performance of the system as a whole,
but in practice, these situations are rare. However, forced paging still needs to be
modelled in the simulator, as it represents memory resource contention, a potentially

important factor in the evaluation of the process miz hypothesis.

Thus the paging activity in which a process is involved consists of two distinct

components:

e Background paging: For bringing in code, files, etc. in the normal execution of

the process.

e Forced paging: The memory system forces pages held by the process to be

reclaimed for use by other processes.

The pages requested by the process are logical pages, while the pages transferred from a
device to memory by the system are physical pages. The information on the number of

logical or indeed, physical pages transferred is not recorded by the accounting logs. The
physical paging performed by a single process can be measured with the Unix command
time. However, time only reports the physical pages transferred. The difference between

the number of logical and physical pages transferred is due to:

e Code sharing: Code or read only pages may be shared when processes using the
same binary are coresident. In this case, logical requests do not result in a physical

page transfer.

e Page Reclamation: Pages that have been added to the free list are able to be

reclaimed, and therefore do not constitute a true physical paging event.

These features of a real system obscure the logical paging that was carried out by
individual processes, and modelling these features is difficult. To simplify matters, the
simulation models logical paging, where all logical requests result in a physical page

transfer.

Assumption 1 (paging) There is a one to one correspondence between logical

(requested) and physical (actual) paging.
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Once a paging event has been triggered, it is serviced by the local file IO system as a

normal file operation, see section 6.3.4.

Estimating Background Paging

To model background paging, it needs to be related to some known quantity. The most
obvious choice is as a proportion of the program’s binary file size, as the background
paging reflects the loading of the program. However, as the binary file also contains
infrequently executed code such as, exception handlers, only a proportion of the binary

file should be paged in.

To determine a reasonable value for this proportion, the paging from a small set of
diverse test programs was measured on a single SUN IPX machine. All users were
excluded from the machine for the duration of the measurements, to avoid the prospect
of code sharing and page reclamations. Page reclamations between presentations of the
test set were avoided by rebooting the server between the test runs. Due to the rather
long cycle between experiments, only a small number of measurements were taken and
are summarised in table 6.1. Each program ran to completion except emacs, which was
run until the user could begin typing. The particular programs used to measure

background paging were selected arbitrarily to represent a cross section of process types.

| program || samples | page faults | bytes paged | filesize (bytes) | average ratio | std deviation |

sim 4 10.50 43008 122880 0.35 0.03
pasC 4 8.00 32768 106496 0.31 0.00
xteddy 4 48.75 199680 245760 0.81 0.04
emacs 4 280 1146880 2334720 0.49 0.02
overall 0.49 0.20

Table 6.1: Paging as a proportion of file size.

There is only a small variance between the runs of each of the programs, and the final
average is larger than two standard deviations. These results indicate that a background
paging rate of half the binary file size is a reasonable estimate, and this will be used in

the simulation.

The page size on the SUN IPX is 4 kilobytes, and is the same as that used in the

simulator. Thus the number of pages brought in during background paging for a process
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p is:

D _ ’V DPfile size -‘
total = |\
orat pages 2 x page size

The stochastic distribution of page references detailed in section 6.2.3 is somewhat
contrary to the traditional single process paging model presented in Deitel [Dei84] which

is shown in figure 6.2.

=
o
o

Percentage of a
process’s pages referenced

Time

Figure 6.2: The percentage of a typical process’s pages referenced from the time the process
begins execution.

However, the stochastic model is useful as it eases the modelling of forced paging
activity, and although it is inconsistent for a single process, on average the paging across
all processes on a compute server will average to produce a similar degree of paging

activity to the stochastic model.

6.2.7 Estimating Forced Paging

A process may be required to do more than just background paging when there is a
shortfall in available physical memory. Modern memory management systems are good,
and there is usually little forced paging, however there are extreme situations where
forced paging does occur. To determine the magnitude of this degradation, the response
of the virtual memory system on a standard Sun IPX running SunOS 4.1.3 was subjected

to intense overload, and the results were monitored with the Unix command vmstat®.

5Vmstat reports amongst other things, the activity of the virtual memory system.
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The Environment

The experiments were again run on a Sun IPX with no other users. Code segment

sharing was prevented by giving each process its own copy of the binary.

The Experiment

The program selected to exercise the paging system was a modified version of lastcomm?,

extended to gather statistics. The program featured a high degree of file access from
reading the logs, a large hash table used to store the statistics - giving the program a

very large working set size, and a small binary file size of 35K

The performance of the paging system was monitored with vmstat set to the fastest

update rate of 5 seconds. Typical output of vmstat is shown in figure 6.3.

procs memory page disk faults cpu

rbw awm fre si so pi po fr de sr sO sl d2d3 in sy cs us sy id
10 0 O 0O 364 0 O 8 44 48 0 6 3 1 0 O 44 2441 39 2276 2
10 0 O 0O 344 5 0 8 36 44 0 9 3 0 O O 452424 37 18 79 3
10 0 O 0 292 0 0 O0 36 48 0 8 1 0 O O 322476 31 2077 2
10 0 0 0 300 0 O O 36 44 0 13 2 0 0 O 342450 312274 4
10 0 0 0 284 5 0 0 16 24 0 17 2 1 0 O 34 2448 34 20 77 2
10 0 0 0 26 5 0 0 12 24 0 17 0 1 0 O 26 2489 3218 78 3
10 0 0 0 28 5 0 0 0 20 0 28 0 O 0 O 202514 332077 4

Figure 6.3: Sample output from vmstat, the interesting fields are fre (free list in kilobytes),
pi and po (kilobytes paged in and out) and fr (kilobytes freed by the paging daemon,).

As the amount of free memory is not under direct experimental control, the best that
can be achieved is a relationship between the free memory and the amount of memory
paged. In order to sample a reasonable cross section of paging system performance,

experimental runs were taken with five, ten, fifteen, twenty and twenty five concurrent

copies of the test program.

The paging in and out totals from each run were summed, normalised and averaged
against the other runs. These measurements were repeated over three days and the
results combined to give figure 6.4. The runs with five and ten concurrent test processes
ran to completion, while the larger degrees of concurrency involving fifteen, twenty and

twenty five processes were terminated by the system before finishing. The terminations

TA UNIX utility for displaying the previously executed commands from the accounting logs
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probably resulted from the inability of the compute server to hold all of the working sets
in memory and a general shortage of virtual memory, and thus only the runs for 5 and

10 concurrent processes are used to determine the effect of a physical memory shortage.

The paging shown in figure 6.4 is only the low memory paging, and should consist of
mostly forced page transfers. Several factors contribute to this statement. Firstly each
test run was started on a freshly rebooted machine, so the paging in of the code binaries
is at a much higher free memory value. Secondly, the test program grows very slowly,
meaning that all of the test processes started well before memory was in crisis. These

lead to the conclusion, that most of the paging activity pictured is forced.
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Figure 6.4: The paging rate as measured from an overloaded system with 5 and 10 concur-
rent test processes. The area under the bars sums to 1, giving around 40% of low memory
paging between 200 to 225 kB. The source of interest in this graph is the increase over the
background rate as the amount of available memory decreases.

The Sun 4 Paging system

The SunOS 4.X paging system described by Cockcroft [Coc93] uses three values to
control the paging rate in the system. Firstly; lotsfree is the threshold (256 kilobytes)
below which the paging daemon is invoked; desfree, which is the desperation level, a

point above which the paging daemon tries to maintain free memory (100 kilobytes); and
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lastly minfree, which is the minimum free memory (32 kilobytes) considered tolerable
before involuntary swapping begins. The scanning rate of the paging daemon increases
linearly below lotsfree as shown in figure 6.5. A consequence of these thresholds is that
all forced paging in a system will occur below lotsfree.

Pages/Second
A

fastscan

Scanning rate

slowscan

mirlwfree I lotsfree free memory (kB)
desfree

Figure 6.5: The parameters that control the page scanning rate in a Sun0S 4.X system.

Vmstat

There are considerable limitations to the data provided by vmstat, firstly fre is an
average over five seconds, and secondly the paging figures are of the kilobytes transferred
in only the last second - thus losing all but the most recent value. The averaging of the
free list prevents direct demonstration of the SunOS paging mechanism as any memory
shortage will usually be resolved before it can have any noticeable effect on the average.
The results obtained via vmstat are still useful in building a model however, as the
proportion of paging is still much the same even with missing paging activity and as the

simulator uses average memory figures, averaged free memory is sufficiently accurate.

Analysis

The frequencies of forced paging in figure 6.4, agree with the action of the paging
daemon described in the previous subsection. Essentially, even though the page scanning
rate increases linearly freeing more pages, the pages freed are more likely to be needed
by the process from which they were reclaimed. This would indeed result in the non

linear growth observed.



78 CHAPTER 6. A DISTRIBUTED SYSTEM SIMULATION

Simulation Values for Forced Paging

The forced paging in a system can be modelled on a per process basis, namely the effect
of a physical memory shortage is to increase the rate at which processes must page by
altering the background rate. Figure 6.4 indicates the rate of paging increase as the
amount of physical memory decreases. This rate can be approximated by a multiple of

the background rate bg, over certain ranges of free memory, as in table 6.2.

‘ free memory (kB) H rate ‘
> 450 1% bg
400-449 2 * be
350-399 4 * bg
300-349 8 * bg
250-299 16 * bg
200-249 32 * bg

Table 6.2: Paging penalties as memory approaches the desperation threshold.

Free memory values below 200 are not permitted in the simulator to represent the

minfree threshold where swapping occurs.

Increasing the rate of paging will simply cause a process to do all of its paging at the
start, as pages brought in are subtracted from the total number of pages required by the
process. In this case, a notion of paging success is required, where a successful page
transfer is one that does not result in the paging process losing another page before it
next claims the CPU. The arbitrary values in table 6.3 are intended to represent the

rate of success that a process meets after paging at a low memory availability.

‘ free memory (kB) H rate ‘ Pr(suc) ‘
> 450 1*bg | 100
400-449 2%bg | 85
350-399 4 * bg 65
300-349 8 * bg 45
250-299 16 * bg 28
200-249 32 * bg 10

Table 6.3: The probability of a successful page transfer decreases with memory availability.
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Memory Allocation

When a process starts on a compute server, it consumes the average memory value
recorded by the accounting log. This amount of memory in use does not change
dynamically in relation to the the paging activities of the process as there is no direct
link between the memory and the paging models. It is unclear that integrating both

models would be beneficial, especially in light of the increase in complexity.

6.2.8 The User Model

There is a class of processes delayed by factors other than the speed with which they can
be provided system resources. This class typically includes interactive processes, that

must wait on user responses, and periodic processes, which are activated by timed events.
I will call these processes externally delayed, as the source of the delay is independent of

the state or power of the machine.

Externally delayed processes have been ignored in previous simulation studies, but
greatly effect the speed with which processes progress through the system. If the external
delay is omitted from the simulation, the time spent by processes within the system is
too short, decreasing memory residency and therefore contention for other resources as
well. Counterintuitively, it does not produce the same effect as the infinite memory
assumption, as longer stay, externally delayed processes have a greater chance of causing

contention with more processes than if they had completed their execution and departed.

Estimating User Time

Given that external delays are significant and require modelling, a model is required that
copes with both periodic and user based delays. However, there is no record in the
system log on how much time was spent waiting on user responses or timers. From this

point, for brevity I will refer to the time spent waiting on all external delays as user time.

The obvious approach of subtracting an estimated time for performing the processes
CPU, IO and paging, from the elapsed time is unworkable due to extremely variable
elapsed times. Code sharing, page reclamation, caching, and the system load are all

factors contributing to this variability, of which the net result is, that many known
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interactive processes appear to have negative user times, a quite unrealistic situation.
A Better User Model

Broadly speaking, processes can be classified into one of two categories, there are the
externally delayed processes identified earlier, and then there are batch processes which
will proceed through the system as quickly as resources allow. Thus if batch processes
are party to the same degree of caching, queueing time, code sharing and page
reclamation as externally delayed processes, then the only difference between the two

types is the user time.

Assumption 2 (process behaviour) Batch and externally delayed processes exhibit

similar behaviour except that batch processes have mo user time.

Thus, if a model can be constructed for batch processes relating known parameters from
the trace such as CPU and IO to the elapsed time, then this model can be used to
compute the estimated batch time® for an externally delayed process. The difference

between this estimated time and the actual elapsed time is the user time.

4000 T T T T 8000

3500 — 7000

3000 — 6000

2500 M B 5000

2000 4000

frequency

1500 B 3000

1000 — 2000

500 — 1000 J
L L L L 0

0 20 40 60 80 100 0 0.005 001 0015 0.02
cpulelapsed time cpu time per io operation

Figure 6.6: The distributions of df, the leftmost is a measure of how CPU bound the
process s, the right, how IO bound. Note the bimodalily, reflecting two different behaviours
depending on the command line option.

Figure 6.6 shows the distributions of these times for the Unix command df °. The batch

job processes chosen to construct the model must have enough samples (between ten

8That is, the time the process would take if it were a batch process.
9df displays the free disk space statistics
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thousand and twenty thousand), and produce consistent runtime behaviour that does
not rely on an external component such as the file size, as does cp. These criteria result
in only five useful candidates giving a total of six points (bimodal = 2 points). Plotting

distribution medians produces the relationship f'° shown in figure 6.7.
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Figure 6.7: Relationship f between 10-boundness and CPU-boundness.

Thus, the estimated batch time of a process is computed by the ratio of the CPU and IO

times:

estimated batch time = f (@
io

)

giving the mean of the CPU-boundness. To preserve some variation, the final value is
picked randomly from a normal distribution with the mean set to the value and the

standard deviation set empirically to one third of the mean.

User Delay Lengths

Once the user time has been estimated, another model determines how the time is used

over the lifetime of the job. The basic assumption is:

Assumption 3 (User Delay Length) A greater the proportion of user time to total

time, gives a longer delay.

10 Approximated with log(x x A)B, where A = 12000 and B = 6
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The simulator recognises two types of user delays, keystroke delays, and those due to
think times. The keystroke delays where measured from two students typing quickly
giving a distribution with a mean . To model the longer think times and coffee breaks,
the number of user events before the next event of any other type are computed from the

probability, see section 6.2.3, generating a new mean value pu':

Py Pr(user)
B=RrxqZ Pr(user)

If i is the same or less than u, a keystroke delay is randomly selected from the
measured distribution, otherwise the y’ forms the median of a new distribution from
which the longer user delay is taken. The user delays in figure 6.8 are produced by the

simulator with this model.

Frequency
400000 600000 800000
| |

200000

I I I I I I
0 1 2 3 4 5

User Delay Length (seconds)

Figure 6.8: The distribution of user delays generated by the user model. It is bimodal, the
first mode at = 110 milliseconds represents the pause between keystrokes in normal typing
and the second mode at =~ 650 milliseconds represents the longer thought pauses. The tail
on this distribution is very long to include the possibility of coffee breaks, conversations
etc.
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6.3 Compute Server Modelling

The three fundamental resources modelled in the compute server are CPU, memory and
file IO. In addition to the provision of these resources, each compute server is also

responsible for the sharing of them between competing processes.

The compute server model is designed to allow a considerable degree of resource
heterogeneity in both availability and rate of service. A configuration file is used to
specify the service rate of the CPU, the length of the quantum, the local and remote file
IO service times, and the amount of physical memory. The cost of state collection can

also be adjusted.

Processes flow individually from the ready queue into the CPU, which then provides
CPU time until the process requires some other system resource, or has its quantum
expire. Processes moving to other system resources are returned to the end of the ready
queue after servicing, as seen in figure 6.9. The actual branches are followed

probabilistically, a point detailed in section 6.2.3.

Quantum Expiry

Ready Queue
New Process E]—b CPU <—(-)—>Finish
A
10 Queue / 10 -
Diek 10 PAGING |-=
USER -
A
Swap Space

Figure 6.9: The compute server model. Each process decides which resource to visit, and
the compute server shares the resources between competing processes. The 10 subsystem
llustrated is simplified, showing only the local system.

Each compute server maintains an independent microsecond clock, used to sequence
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events within each compute server and over the distributed system. The server clocks are

synchronised by the arrival of new processes and the migration of processes.

6.3.1 The CPU

The CPU is the core of the simulator, and all processes must pass though it before
entering any other service. Thus the CPU controls the advancement of time within each
compute server, and is in one of two states, idle or running. In the running state the
CPU advances time to the next event, be it a service request, page fault or quantum
expiry, and allocates the elapsed time towards the current process’s CPU requirement.
In the idle state there are no processes available to run, and in this situation the clock is
advanced immediately to the next event, when either a new process enters the compute

server, or a process returns to the ready queue from a resource.

Adjustable CPU Performance

The rate at which the CPU can service processes is specified relative to the service rate
of the CPU on the machine from which the trace was recorded. Thus if a CPU service
rate is specified as 2.0, the CPU will service processes twice as fast as the original

machine. All experiments in this thesis were conducted with a CPU service rate of 1.0.

CPU Time

The CPU time of a process is divided into n + 1 chunks, where n is the total number of
visits that a process needs to make to the other resources (10, paging and user). Each
visit to the CPU consumes one CPU chunk, after which the process decides if it wishes
to access another system resource or continue with the CPU. If the process reenters the
CPU, the chunk size is recomputed to ensure that there is always a CPU visit before any
other service. If the quantum expires, the process returns directly to the ready queue.

For more detail, see section 6.2.4.
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Scheduling CPU Processes

To provide a realistic allocation of processes to the CPU, a scheduling system is needed.
There are a number of simple methods of single CPU scheduling that can be considered
as candidates for the scheduler, including first come first served (FCFS), shortest job
first (SJF), round robin (RR), and multi-level feedback queue scheduling. Round robin
and the multi-level feedback queue are both preemptive systems and therefore preferable
candidates for simulating modern interactive computer systems. The multi-level
feedback queue is likely to add unnecessary complexity to the simulation, as the
provision of fast response times for interactive users is not a priority. Thus processes are
scheduled in a RR fashion for simplicity, and preempted on the expiry of an adjustable

quantum (arbitrarily chosen as 50 milliseconds for all experimental work).

6.3.2 The Memory System

The memory system is often neglected in load distribution simulations with the
assumption of infinite memory being common, as in Eager et al. [ELZ86b] and
Harchol-Balter and Downey [HBD95]. This is acceptable, if the load distribution
algorithms concentrate on the CPU as the basis for load distribution. However, as the
resources of the system are vital to full test the process mixz hypothesis, careful modelling

of this primary system resource is required.

Memory Data

The memory information available from the trace is an estimate of the average virtual
memory used by a process over its lifetime. This is rather limited as it gives no insight
into the rate at which memory was acquired by the process, or the extent to which it
could be released in times of memory drought. Figure 6.10 shows the memory that is
recorded as allocated in the accounting log on a typical day on a machine which is not
overloaded. This graph shows that there are periods during the day, when the amount of
allocated memory reported exceeds the combined capacity of the swap space and the

physical memory. Two conclusions can be drawn from this:

e Code sharing is not accounted for in the log, and is a significant factor.
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e The memory allocation record is unreliable, and should be treated with caution.
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Figure 6.10: The amount of allocated memory claimed by the accounting log for Cantina
on the first of May 1995. The actual period is from 2 am to 10 pm, with 600 minutes
corresponding to 12 noon.

Memory Model

The system memory model must interact with the processes in an intelligent way, yet
remain simple. As there is no dynamic memory data available, I will adopt a static
memory allocation model, where the amount of memory recorded for a process is
allocated to that process for its entire lifetime. This immediately leads to the
observation from figure 6.10 that physical memory will be completely allocated from
eight fifty in the morning until eight in the evening. It is obvious that some means is
required for extending the availability of physical memory in the system, and the
associated management of competing processes. 1 will neglect the significance of code

sharing, and allow an infinite swap space:

Assumption 4 (code sharing) The absence of code sharing will affect all load

distribution algorithms in the same way, and therefore is not essential to the model.



6.3. COMPUTE SERVER MODELLING 87

Assumption 5 (swap space) A Swap space is infinite.

An infinite swap space is a reasonable assumption, as none of the traces recorded a

compute server being so overloaded that it could not start a process.

6.3.3 The Memory Swapper

Physical memory is a finite resource just like CPU time, and therefore must be shared
between competing processes. Ready processes and those waiting on the CPU or 10
queues must be active, while processes waiting on user or external events, as described in
section 6.2.8, may be inactive. Active processes require a presence in physical memory,

while inactive processes may be swapped out.

When there is a physical memory shortfall, processes that are waiting on user or external
events may be removed from memory and placed in the swap space. Also, if there is no
memory available to start a new process then it must still be initiated, but placed in the

swap space until there is room to begin execution.

Swapping Out

The decision of when demand is sufficient to result in exile to the swap space is an
arbitrary two tiered scheme and swapping is initiated when either:
e Available physical memory falls below 10%, at which point any process beginning a
user delay of greater than one second is swapped out.
e The process is scheduled for a user delay longer than five seconds, in which case it

is always swapped out.

The process will stay in the swap space until it has completed its delay period, and it

then becomes eligible for returning to physical memory.

Swapping In

Swapping in is accomplished by placing eligible jobs onto a priority queue, ordered by

the time of eligibility. When memory becomes available (another process finishes, or is
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swapped out), then processes that are small enough to fit are removed from the front of
the queue. With this heuristic it is possible that large processes will accumulate at the
front of the queue, and will suffer starvation in times of low memory availability. In
practice this does not appear to be the case, and the response times of even very large

processes are close to those experienced on the original system.

The Performance of the Memory System

The memory swapper produces very realistic physical memory results, as shown in
figure 6.11. The memory utilisation in the simulated distributed system remains high for
long periods of the day, with memory being freed only when there is a peak demand, or
a process terminates. This produces results similar in effect to the SunOS virtual

memory management discussed in section 6.2.7.
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Figure 6.11: The physical memory allocated in the simulator over the same period as figure
6.11.

The memory swapper is critical to the simulator if the assumption of infinite memory is
to be avoided, and a realistic memory statistic is to be reported for the load distribution

algorithms.
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6.3.4 The Disk IO Subsystem

The Disk 1O subsystem services both the logical file and paging IO requests from

processes. Two different sets of assumptions are required for file and paging IO:

File IO Assumptions

There are two types of file IO present in processes running on in a distributed system:
the accesses to the compute servers local disk (local file I0), and those that access disks

on remote compute servers (remote file 10).

There is no distinction between local and remote file IO in the accounting logs, and
therefore some assumptions are required if there are to be realistic costs for local and

remote execution:

Assumption 6 (file visibility) All files are visible to all compute servers, that is, the

distributed system is equipped with a transparent network file system.

This assumption mirrors any real system which has a network file system.

Assumption 7 (file locality) Files are local to the compute server on which a process

1s originally initiated.

As there is no distinction made in the accounting logs between local and remote file 1O,
any decision must be arbitrary. The assumption that the host on which the job was
intended to execute (prior to load distribution) holds all of the required files locally is
both simple and reasonable. There are two main implications resulting from this
assumption. Firstly, file access will always be less expensive when a process is run
locally, and secondly, all accesses made by a single process are of the same type (i.e., all

local or all remote).

Assumption 8 (file caching) There is no file IO caching in the system. Thus every

file IO access in the accounting log results in an access to the disk.

Caching is a thorny problem when processes are redistributed across the system. For

example, a migrated process will have to populate the cache on the new compute server,
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and therefore experiences a low hit rate. A fixed hit rate is misleading, and modelling
anything else would add additional complication to the model with little expected

benefit.

Assumption 9 (file access cost) Local read and write operations incur the same

service times.

This last assumption is supported by the measurements made in section 6.3.4.

Paging 10 Assumptions

All paging access are to the local disk for processes executing locally and remotely, under

the following assumption:

Assumption 10 (local binaries) Code binaries are mirrored on the local disk.

The only exception to this ,is when a process has been migrated, in which case all pages

are fetched from the remote disk, see section 7 for more detail.

The Design

Local and remote disk IO are fundamentally independent when considering disk IO on a
single machine, one is serviced by the local disk, and the other by the network. The
immediate observation is that these are parallel events, with no interference between
them. The situation is more complicated, when the distributed system as a whole is
considered, as every remote disk IO access will result in a local disk IO operation on the

compute server that physically holds the file or page.

The simulator models disk IO on each machine with two queues as shown in figure 6.12,
and each has a different service rate (see section 6.3.5). The local queue services all local

disk IO accesses, and in effect, equips each compute server with one device for local disk

I10.

The single remote queue services all remote disk 10 accesses made from foreign processes
executing on the machine. The distributed system being modelled is based on a set of

peer servers, where users local file systems are distributed evenly between the servers,
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and there are no specialised file or compute servers. In this situation, I suggest that
remote disk accesses will be evenly distributed across the network, and as a consequence,
it is sufficient to model the contention for remote disk IO devices on a per compute

server basis (i.e., the contention for remote disk IO, averages out).

10 and Paging Processes

local disk to ready queue

|
I remote disk |
|

File 10 Subsystem

Figure 6.12: The Disk 10 subsystem.

Both of the disk IO queues operate on a simple first in first out (FIFO) basis, with
processes leaving the queue at a maximum rate determined by the service time of the

device.

Table 6.4 indicates that for similar disk IO utilisation, the higher the number of seeks,

the lower the amount of data transferred. This implies the assumption that:

Assumption 11 (Seeking) Secking dominates the time to access and transfer a block

from a physical disk.

Processes performing file and paging 10 are treated in exactly the same way by the disk
IO subsystem, except that, a file IO transfer is a 2 kilobyte byte block and a page is an 4
kilobyte block. The two different block sizes both have the same disk service time due to

the seeking assumption.

6.3.5 Determining Disk IO Performance

To ensure that the disk IO service times are realistic and more importantly that local
and remote access times are in proportion, the disk IO performance of a Sun IPX

t'1 and the results are

workstation was measured with the Unix command iosta
summarised in table 6.4. The disk IO service times for the simulator are chosen as the

minimum time measured on the real system. The reason for choosing the minimum

HTostat is a UNIX command that reports the disk activity.
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rather than the average service time, is that the model of the disk 1O system includes
contention for the resource, and therefore the maximum rate at which the device can

service requests is the significant factor.

The disk IO performance was measured using the following procedure:

e Local disk IO performance was measured using a program that wrote a very large
file of random information to a local disk on the test SUN IPX. The read
performance was then tested using this file, taking around five minutes to read the
file, and producing around 300 samples per run. The cache was flushed between
the writing and reading phases of the experiment to ensure that the actual physical

transfer time was measured, (see section 6.3.4 file caching assumption).

e Remote performance was measured using the same principle, except the test file
was written to a remote disk. The remote machine was a DEC Alpha workstation
situated on the same subnet as the test Sun IPX and to maintain consistency all

results were measured on the Sun IPX.

Local Disk 10 |

maximum access frequency/second || maximum transfer rate/second
run | accesses | transfer (kb) | disk (%) [ access | transfer (kb) | disk (%) || action
1 82.0 904 96 62.0 1425 94 read
2 77.1 872 94 64.9 1237 95 read
3 80.0 863 96 62.9 1182 95 read
4 81.0 976 99 69.0 1423 97 read
5 82.0 984 100 42.0 1376 100 write

Remote Disk IO |
maximum access frequency/second || maximum transfer rate/second
run | access | transfer (kb) | disk (%) [ access | transfer (kb) | disk (%) | action

1 63.0 688 84 51.0 909 74 read
52.0 487 85 45.0 560 84 write

Table 6.4: Mazimum disk 10 performance on a SUN IPX.

Table 6.4 lists two different sets of results for each run. The first set of three columns
refer to the number of accesses made to the disk, the number of bytes transferred and

the utilisation of the disk for the one second period that had the highest access rate for
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that run. The second set of three columns represent the same quantities, except the
values correspond to the one second period that had the highest number of bytes
transferred. These two results give some support to the seeking assumption from

section 6.3.4, as they show a distinct tradeoff of seeking and transfer.

Selection of disk IO Service Times

The maximum of 82 accesses per second on local reads and writes from

table 6.4 corresponds to a local service time of approximately 12 millisecond per access.
The 63 accesses per second for remote accesses gives a remote service time of
approximately 16 milliseconds per access. These are the service times that will be used

in the testbed simulator for all experiments.

The Test Environment

The test runs were conducted on a freshly booted system with no other users present.
The measurements for writing are included only for completeness, as reads tend to
dominate disk IO and hence it is the value for the read operation that is used a basis for

the simulator service times.

Observations

There is little difference in the performance of the local read and write operations and

these results support the file access assumption, made in section 6.3.4 for local accesses.

The results indicate that remote writing is more costly than remote reading, but there is
the possibility of outside interference, as it was not possible to isolate the remote

compute server from other users.

The disk IO test program exhibits high access locality, as the single test file is read
sequentially. The SunOS 4.X file system attempts to arrange files in rotationally
contiguous strips, thus minimising head latency and seeking. However, modern disks
perform remapping of logical tracks and sectors to physical tracks and sectors, and such
a scheme may no longer perform its desired function. Thus even though the file is

logically contiguous it may not be physically contiguous, and a sequential file access may
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involve seeking and head latency. Thus this is a reasonable approximation to the
situation where real processes have more than one file open, and are quite likely to make
use of seeking inside them. Even if this were not the case, the important feature is the
proportional cost of local and remote disk IO devices, since both local and remote

systems experienced the same locality, the proportions are preserved.

6.3.6 Compute Server Instrumentation

Each compute server also needs to collect load information for both load distribution

activities and for measuring the performance of the system.

The system load is collected on each compute server by periodically running a system
load process that also updates the globally accessible state. The information collected by

the system load process is:

CPU utilisation

Local disk IO utilisation

e Free memory

Instantaneous length of the ready queue

Instantaneous length of the local disk IO queue

Instantaneous length of the remote disk IO queue (awaiting NFS I0)

The number of processes currently in the system

e A timestamp

The utilisations are taken over a period equal to half the update period 7. This ensures

T

that the utilisation statistics are at most, 5 old. All other values are purely

instantaneous.

The system load process is treated in exactly the same way as normal processes, and
incurs all normal queueing delays. The resource requirements of the system load process
are specified in a compute server configuration file, but for these experiments no cost was

attributed to either the collection or dissemination of the load information. This lack of
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cost does not invalidate any comparisons made between different load distribution
techniques, as all of the algorithms share the same load metric and communication

architecture.

One major difference between the system load process, and all other processes is that it
may not be migrated. If it were, the source host would no longer make state updates,

and the destination host would make multiple updates.

6.4 Summary

Models of each of the primary resources (or sources of delay) in a compute server have
been constructed with the intention of providing a sufficiently realistic distributed

system simulation for the evaluation of resource balancing.

The simulation is driven by the processes, which move between compute server resources
based on each process’s individual requirements, thus creating realistic contention for

popular resources.

Remotely executing processes differ from local processes by the service time of file IO
operations. Other costs that a remotely executing process may involve are remote
displays, message forwarding and in some implementations, all kernel calls must be
serviced on the original compute server. In order to preserve simplicity in the simulator,

these costs are neglected.
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Chapter 7

Load Distribution Mechanism

The taxonomy from section 2.2.3 identified three major components of the mechanism
required for load distribution: the load metric, load communication, and the transfer
mechanism. These three components are discussed in sections 7.1 to 7.3. Section 7.4

details the mechanism to supply job resource predictions.

The mechanisms developed in this chapter are simple, as the objective is not to test or
develop new mechanisms, but rather to develop and test the policies which they support.
Thus for simplicity, the mechanism is implemented with a global load collection and

local policy modules.

7.1 Load Metric

The load metric, provided to all' of the load distribution algorithms in chapter 8, is a

three dimensional vector of CPU, memory and IO utilisation.

load =< CPU,;;, memoryysi, IOy >

This load vector is further refined by each load distribution algorithm to provide its
desired type of ranking. For example, the standard metric used in the simulation is the

average of the vector componentsQ:

CPUyit + memoryygi + 10y
3

1To ensure fairness in the evaluation of the load distribution policies, all must have access to the same
information on which to distribute the workload.

2This is in effect a linear combination which was found to give good performance by Ferrari and
Zhou [FZ87].

load =

97
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The resource based algorithms use the three vector components individually, as

explained in section 8.3.1.

7.1.1 Resource Utilisation

Resource utilisation values are used in the load vector, as unlike the queue length, the
range over which they occur is well bounded. This behaviour is important for the
resource based algorithms, and to ensure comparability and fairness, all algorithms

employ utilisation.

7.2 Load Communication

The exchange of load information is essential for dynamic load distribution.
Unfortunately collection of load information is often expensive, and too frequent
exchange of such information can result in unacceptable communication overheads. A
number of methods for the collection and exchange of load information were described in
section 2.3.6. Of these, the two most common are polling and periodic updating. With
polling, all potential hosts in the system are contacted before each job is scheduled, and
a current load vector assembled in reply. This could result in the job being delayed while
waiting on the other hosts to respond®, and as the number of job arrivals in the system
increases, there will be a corresponding rise in the network traffic. Periodic updating is
cheaper, and when cached on the local machine, is fast. The major problem is that

information can become stale between updates, and result in incorrect job placements®.

The architecture of the information exchange mechanism involves a local (per host)

update process that forwards the load vector to a global load collection agent (GLA) at
time T', as shown in figure 7.1. The GLA distributes this information to each host after
the last update is received at time 7" + . The load distribution algorithms then use the

local copy to make load distribution decisions.

The only exceptions to this design are the load distribution algorithms that estimate the

load between periodic updates. In these cases, the new load estimate must be forwarded

3If complete information is required. If only the first one or few replies are needed this is less of a
problem.

4Process migration does not suffer from this problem as it is initiated immediately after the load update,
and therefore the load data is used before it becomes stale.
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global load collection agent (GLA)

\ Load Updates, t=T +¢
\

\

Periodic Updates, t=T

Figure 7.1: Global state update collection and distribution.

to the GLA, which in turn must relay this estimate to all hosts.

7.3 Load Transfer Mechanism

As detailed in section 2.3.4, load distribution can occur either before a job is started, or
during its execution. The mechanisms to perform these two types of transfer are distinct,
and implemented separately on top of the distributed system simulation. The follo