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ABSTRACT

Future real-time systems will require to be adaptive in response to their
environments and to system failures, as well as meeting their time constraints for mission
and safety-critical functions. Currently, the critical functions of real-time systems are
guaranteed before run-time by performing a worst-case analysis of the system's timing and
resource requirements. The result is that real-time systems are engineered to have spare
capacity, under normal operation. A challenge of current research is to make use of this
spare capacity, in order to satisfy the requirements for adaptivity in the system. Adaptivity
can be implemented by optional computations with firm deadlines. Optional computations,
can be scheduled, and even guaranteed at run-time, by methods of flexible scheduling.

This thesis starts by surveying the complex requirements for adaptivity within real-
time systems. There is evidence that the run-time support for a computational model which
incorporates all such complex requirements, would incur such large overheads that little
spare capacity would remain for the optional computations themselves. The solution
devised in previous research is to employ specialised hardware, or additional processors, 1n
order to facilitate the support of a complex computational model. This thesis provides an
alternative approach by developing a constrained computational model, which 1s
nevertheless general enough to support many of the requirements for adaptivity. The claim
1, that the relatively small overheads incurred by the run-time support for a constrained
model, will leave adequate capacity for the performance of optional computations.

In order to demonstrate the viability of the run-time support for the constrained
computational model, the thesis develops and evaluates (1) efficient algorithms for the on-
line acceptance testing of optional computations (11) allocation methods which enhance the
throughput of optional computations within multiprocessor systems, and (111) cost-effective
policies for the admission of optional computations which pass their acceptance tests. The
thesis also addresses programming 1ssues by demonstrating that the constrained model can
be implemented 1n a standard programming language 1.e. Ada 95.

A major conclusion of this work 1s that the constrained computational model is
viable, so long as acceptance tests, allocation methods and admission policies are chosen,

which are appropriate to the spare capacity which exists on the processor(s).



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Real-time applications are characterised by their requirement to respond to their
environments within finite and specified time constraints. In soff real-time systems, a failure
to meet such a time constraint is merely inconvenient. In hard real-time systems such a
failure may have catastrophic results. Such hard real-time applications include medical
monitoring systems, process control systems, control systems for power stations, and flight
control systems for aircraft.

Real-time systems are often modelled and implemented as concurrent fasks. Each
task is a schedulable entity which delivers some of the functionality of the application
within its required time constraints. Tasks can be periodic in which case they run regularly
at intervals e.g. sampling a sensor. Alternatively tasks can be aperiodic in which case they
run irregularly e.g. in response to some change in the environment in which the real-time
system operates. Critical tasks are vital to the system, and usually have hard deadlines, 1n
line with the definition of 'hard' given above. Non-critical tasks may have soft deadlines.
Tasks have a worst-case execution time (WCET) which can be derived from their code and
1S an estimate of the highest amount of processor time they will use in one execution. When
real-time tasks complete their computations within their deadlines, they provide some
service to the real-time system which may be quantified as having some utility or value to
the system. The characteristics and behaviour of the tasks in a real-time system can be
described in a computational model. Whether this model includes scheduling issues 1s a
matter for debate.

Hard real-time systems may often be safety-critical systems because certain failures
of the system may result in catastrophic consequences such as loss of human life. Hard real-
time systems may also have mission critical components whose correctness and reliability
1s crucial to the key services delivered by the system. There may well be requirements for
fault-tolerance within such systems, and graceful degradation under failure. Hard real-time
systems are often embedded in larger systems e.g. a real-time control system for an aircraft.
Therefore the size and weight of hardware may be a constraint, along with the memory
available for software.

In order to guarantee the performance of hard real-time systems, predictability is
important. This ensures that time and resource constraints can be known to be satisfied

even under maximum loading of the system. Therefore safety or mission-critical tasks



within the real-time system are analysed before run-time to ensure that they can be
scheduled to meet their time constraints even under worst-case conditions. This results in
such systems being constructed with a processing capacity which meets the worst-case
requirement but is excessive for normal operation. One current area of research 1s into
making use of this spare capacity in order to enhance the total utility delivered by all the
tasks in the real-time system [8,27,35]. The work of this thesis is a contribution to this

research area.

1.2 MOTIVATION

Over the past few years there have been several keynote articles on the future of
real-time systems. According to Stankovic [S1] the next generation of real-time systems
will be more complex and capable of exhibiting intelligence. They will have long lifetimes
and be required to exhibit a great deal of adaptability. They will function in distributed and
dynamic environments, and economic, human and ecological catastrophes will result if their
timing constraints are not met.

More recently Musliner et al. [38] write about future real-time systems combining
Artificial Intelligence with the requirements to perform within real-time constraints. Such
Real-time Al systems would have to:

e work continuously over extended periods of time

e Interface with the external environment via sensors and actuators

e handle uncertain or missing data

e concentrate resources on the most critical events

o handle both pertodic and aperiodic events in a predictable fashion with guaranteed
response times

e degrade gracefully

An example given 1s that of the proposed Mars Rover for NASA. This must operate
at a distance of about 15 light-minutes from earth and therefore cannot be tele-operated. It
must operate continuously and autonomously in an incompletely specified environment. It
must react in real-time to unpredictable conditions such as navigation route blockages and
dangerous terrain such as sand pits. This requires "adaptability and intelligence beyond the
capability of current real-time technology" [38].

One of the aims of current research is to make use of the spare capacity of real-time
systems mentioned above, in order to incorporate Al techniques for such adaptability and
intelligence. Requirements for fault-tolerance and graceful degradation can also be met by
making use of spare capacity. A key problem with AI techniques is that they often have
very large bounds on their WCETs. This makes them difficult to integrate with



conventional real-time tasks whose worst-case performance can be more easily bound, and
guaranteed to meet hard deadlines.

The first steps in solving this difficulty is to distinguish between those tasks which
are critical and those which are non-critical. Critical tasks are necessary to achieve the
minimum standards of safety and reliability in the real-time system. Because a missed
deadline in a critical task could be catastrophic, all critical tasks must have their
computation times bound and their deadlines guaranteed by schedulability analysis. In
contrast, the non-critical tasks need not be guaranteed betore run-time. However some
non-critical tasks may have firm deadlines which means that, although missing such a
deadline in not catastrophic, it does result in a significant loss of utility to the system. Tasks
which perform Al functions may well fit into this category. These tasks provide adaptivity,
and by their very nature may be required to run unpredictably. Therefore the 1ssue arises as
to whether such tasks should be guaranteed at run-time, before they start, in order to

ensure that they can meet their firm deadlines.

1.3 INCORPORATING ADAPTIVITY

The Spring Project [52] models the tasks within a real-time system to be either
critical, essential or non-essential. Essential tasks have firm deadlines, as described above,
whereas non-essential tasks have soft deadlines. The project attempts to incorporate these
three types of task into a consistent scheduling scheme which satisfies the need to
guarantee critical tasks before run-time and the need to be flexible in guaranteeing essential
tasks af run-time. Non-essential tasks have soft deadlines and need not be guaranteed. The
project assumes a distributed real-time system with a number of nodes. Each node of the
distributed system has a resident set of critical tasks which have been tested for
schedulability before run-time. These tasks are assumed to be periodic whereas essential
tasks are assumed to arise aperiodically.

Spring provides dynamic or flexible scheduling for essential tasks in that they can
either be guaranteed on-line on the node on which they arise, or if this guarantee 1s not
possible, an attempt can be made to guarantee them on another node of the system. In the
Spring Project, the algorithms used to guarantee the schedulability of essential tasks are
called guarantee algorithms. These algorithms attempt to construct a schedule which
preserves the guarantees given to resident critical tasks and previously accepted essential
tasks, but also incorporates the new essential task. If an essential task cannot be guaranteed
at one node of the system, then a distributed scheduling algorithm is used to direct the task
to another node where 1t 1s likely to be guaranteed.



As has been said, tasks which provide adaptivity, are not only required to run
aperiodically, but may have execution times which are difficult, or impossible, to bound.
This makes it difficult to guarantee such tasks. Liu [33,34] has developed techniques for
modelling various requirements for the computation of such tasks.

According to Liu, tasks can be divided up into those components which are
mandatory and must be guaranteed, and those components which are gptional. Mandatory
components are mission or safety-critical and must be guaranteed. They correspond to the
critical, periodic tasks on a Spring node. However, 1n some applications, mandatory tasks
can be improved upon by further execution, or can be replaced by longer tasks which
would provide more utility to the system if they could be scheduled at run-time. If such
additional computations have firm deadlines, then 1t may be possible to guarantee them at
run-time, provided that their WCETs can be bounded.

Various schemes have been developed for mandatory and optional computations, in
order to meet the different requirements for flexible computation. Four methods are:

o Imprecise Computations

e Sieve Functions

e Multiple Versions

o Approximate Processing

The methods are now described briefly. It 1s assumed that all of the components of
computation can in some way be bound, so that the only i1ssue 1s whether or not to attempt
to guarantee each component (1) before run-time or (i) at run-time. (Components of
computations whose WCETSs are unbounded, cannot be guaranteed, and must simply be
executed in the hope that they will produce a useful result in whatever processing time 1s
currently available. How to optimise the execution of such components is not considered
here.)

Imprecise Computations model the requirements of tasks which provide some
result of minimum precision, reliability or confidence level, which may be improved by
further computation. It 1s an assumption of this method that the improvement in the result
will increase steadily or monotonically after each stage of further computation. The
minimal computation may be modelled as a mandatory task which must be guaranteed ofi-
line, and further computation(s) can be modelled as optional task(s) which may be
guaranteed at run-time. Often the extra computation takes the form of a sequence of
iterations, each iteration refining the results generated by the previous. An integer number
of iterations may therefore be included in the optional computation, depending on how
many can be guaranteed to meet the (firm) overall deadline of the Imprecise Computation.
Applications which require Imprecise Computation can include numerical computation,

statistical estimation and prediction, heuristic search activities, and sorting.



Sieve Functions model the requirements for adaptive processing where a
computation consists of alternating compulsory and optional components. At the end of a
compulsory component, it is possible to improve upon the result by further computation
which is assumed to monotonically improve the quality of the input for the next
compulsory stage. The compulsory components can be guaranteed off-line to meet the
overall deadline for the sieve function. Each optional part may be guaranteed dynamically
by the flexible scheduler. The overall deadline for the sieve function may be thought of as
being hard for the compulsory components but firm for the optional components. Should
the optional components fail to be guaranteed, then a minimum utility will be provided by
the compulsory components which will simply execute in sequence.

Multiple Versions can be applied widely where there are a number of versions of a
computation which provide different utilities to the system. In the simplest case of two
versions, the primary version is the preferred, more computationally expensive version,
which may be guaranteed dynamically by the flexible scheduler. If the guarantee 1s not
given, then a secondary version, which is cheaper, but has been guaranteed off-line, will
run instead. The secondary version will provide the minimum service required.

Multiple versions which can be bounded and guaranteed, may be extended to more
than one alternative version, so that the most expensive (most preferred) version which can
be guaranteed at run-time, is the one which 1s chosen.

Approximate Processing assumes that the value of the WCET of a task may be
defined by a set of parameters. Assuming that the mapping from parameter values to
WCET is available, then it is possible to select values for the parameters so as to provide
maximum utility, within a WCET which is known to be currently schedulable. The selection
of parameter values may be facilitated by a knowledge of the spare capacity which 1is

currently available on the processor.
1.3.1 Application Example

Future applications for real-time systems may have more complex requirements for
optional computations than can be satisfied by the simple methods described above. Take
as an example an aufonomous vehicle control system [40]. Here, there may be a
requirement for a complex hierarchy of tasks and subtasks each of which may be
mandatory or optional. Tasks and subtasks may each have deadlines. There may be
complex precedence relationships between subtasks. At the top of the hierarchy may be
intelligent functionality such as route planning, whereas at the bottom there may be critical
functions such as collision avoidance. At run-time a choice i1s made as to which
computations should be scheduled in order to provide optimum utility to the system. Such

a system may have a requirement for fault-tolerance and graceful degradation which can be



achieved by the progressive abandonment of optional computations leaving the mandatory
computations to provide a safe level of service. For example, in town traffic where collision

avoldance takes a great deal of processing time, it may be necessary for the human operator
to instruct the route to be taken.

1.4 FLEXIBLE SCHEDULING OVERHEADS

1.4.1 Scheduling Concepts

As has been described above, flexible scheduling allows the on-line guarantee of
optional computations whilst sateguarding the guarantees which an off-line schedulability
analysis has already given to cntical tasks. Flexible scheduling may be supported by a
variety of scheduling policies. 1t 1s the scheduling policy which determines, at any given
time, which task 1s dispatched to the processor for execution. Scheduling policies are pre-
emptive if the task which 1s currently running on the processor may be interrupted by a
more urgent task. The urgency or importance of tasks can be indicated by allocating them
priorities, and one of the main issues in scheduling 1s to decide upon what basis such
priorities should be allocated. Priorities may be static or dynamic according to whether
they are fixed off-line or can be varied at run-time. For example the Earliest Deadline
policy allocates priorities dynamically so that the tasks with the nearest deadlines have the
highest priority on the processor [32]. In contrast Deadline Monotonic scheduling policy
[3] has a static allocation of priorities which corresponds to the monotonic ordering of task
deadlines which have been specified oft-line.

The scheduling policies used in hard real-time systems must allow schedulability
analysis of all tasks in the task set. Analysis 1s performed statically for the set of crtical
tasks which are periodic. However it may be performed dynamically for optional tasks
which arise aperiodically. Acceptance tests for aperiodic tasks ensure that they are
schedulable alongside the resident set of critical tasks, and any aperiodic tasks which have
already been accepted. Acceptance tests often require to know the slack possessed by each
of the existing tasks on the processor. A task's slack 1s defined as the task's relative
deadline, minus the task's remaining computation time and any delay in the tasks execution
which may be caused by the execution of higher priority tasks.

When there are competing optional tasks, then admission policies may be used to
arbitrate between them. An example of an admission policy 1s Best Effort [35] in which an
aperiodic task of high utility may abort aperiodic tasks of lower utility, in order that it may
pass the acceptance test. (Ultility provides some measure of the service which a task

provides for the system, when the task has completed its computation.)



The scheduling services described here are usually provided by a real-time kernel

or run-time support 1.e. low-level software which runs 1n support of the application code.

1.4.2 Cost-effectiveness of Flexible Scheduling

A key 1ssue 1n current research 1s whether the overheads incurred by flexible
scheduling are small enough for it to be cost-effective. In terms of the above discussion: are
the overheads incurred by admissions policy and acceptance testing outweighed by the
increase in total utility gained by the system? This 1s a crucial i1ssue when the overheads
occur on the same processor which runs the applications tasks, because the overheads
reduce the processor time which 1s available for applications tasks. Some researchers [39]
have avoided this problem by going to the expense of developing specialist hardware which
carries the overheads for acceptance testing and scheduling.

Much of the evidence from recent research would indicate that the overheads for
flexible scheduling prohibit i1ts use on the same processor that runs the applications tasks.
For example, it has been found by Wendorf [60] that the overheads for the original version
of Best Effort admission policy can drastically reduce the time available for applications
tasks on the processor.

In the Spring Project [56] Stankovic et al. investigate the acceptance testing of
general task sets with resources and precedence constraints between task executions. So
high are the overheads incurred that they develop heuristics in order to speed up
schedulability analysis. They go on to design a hardware co-processor [39] which will
remove the flexible scheduling overhead from the applications processor. The Spring
Project also develops methods of distributed scheduling [53,55] which can incur large
overheads in order to re-allocate rejected tasks to other nodes in a network where they may
be guaranteed.

Audsley [2] has shown that an algorithm which can provide an exact acceptance
test at run-time has a pseudo-polynomial complexity. Following the work of Audsley,
Davis [8] has found that the overheads incurred by the pseudo-polynomial algorithm can so
reduce performance, that a simpler but inexact algorithm can provide an equal, if not better,
throughput of aperiodic tasks.

This thesis will claim that, contrary to the above evidence, flexible scheduling can
be performed cost-effectively, on the same processor which runs the applications tasks.
Therefore, a major aim of this thesis will be to demonstrate that the overheads for
admission policy and acceptance testing can be reduced to such a level that greater utility

may be provided for the real-time system
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1.5 PROGRAMMING LANGUAGE SUPPORT

This thesis will also consider programming language support for flexible scheduling.
One approach to the provision of flexible scheduling in the next generation of real-time
systems, 1s to provide suitable constructs in the programming language(s) which will be
used to implement such systems. These constructs must have sufficient expressive power to
allow the programmer to request the dynamic guarantee of optional computations in
various forms e.g. imprecise computations, sieve functions or multiple versions. A major
language 1ssue 1s whether optional computations should take the form of the tasks or
processes within a concurrent programming language, or whether they should be
formulated as sections of code within tasks.

At present there are few programming languages which offer constructs for the
flexible scheduling of optional computations with firm deadlines. Furthermore the ones
that do exist are experimental languages which have never been used for real-world
applications. For example, the languages Flex [26] and Real-time Concurrent C [19] have
been developed by researchers to provide support for flexible scheduling. However, neither
language has been sufficiently implemented to be of practical use in the engineering of real-
time systems.

The Flex language allows the specification of time and resource constraints for
Imprecise Computation and Multiple Versions using the concept of performance
polymorphism. This allows different real-time functions to be chosen at run-time, according
to the time and resources available. However, the Flex execution environment concentrates
on optimising the average performance of these real-time functions. Therefore Flex does
not emphasise the guarantee of firm deadlines.

Real-time Concurrent C [19] 1s an extension of Concurrent C [18]. This language
provides full facilities for the run-time guarantee of sections of code within processes/tasks,
and also provides for the execution of some alternative action if a guarantee 1s not given.
The language also allows time constraints to be placed on the time taken for the guarantee
itself. However, there has been little work on the necessary run-time support for this
language. As discussed previously, run-time support can incur excessive overheads. The
designers of Real-time Concurrent C fail to indicate [42] the likely overheads which would
be incurred by such a run-time system. Since Real-time Concurrent C 1s allied to the Spring
Project it may be that its designers envisage the use of computationally expensive heuristics
in order to guarantee time and resource constraints.

In contrast to such experimental languages, the programming language PEARL has
been used extensively in Europe for the programming of large real-time systems. The
existing PEARL standards [14,15,16] do not provide for flexible scheduling. However
Halang and Stoyenko [22] have proposed extensions for the language which would allow
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(1) Multiple Version programming under system overload, and (11) the selection of different

sections of code according to the residual execution time of tasks. However, these features
do not provide full flexible scheduling, and they are not yet embodied in a PEARL
standard.

A new standard has however been agreed for the programming language Ada which
has been widely used for the engineering of real-time systems. The new standard, Ada 95,
has advanced concurrency features in the core of the language, and an annex which
provides specific facilities for the programming of real-time systems. This Real-Time
Systems Annex does not explicitly address flexible scheduling as conceived here.
Nevertheless, a variety of new constructs are provided, and it may be possible to use these,

and some of the new concurrency features, in order to implement flexible scheduling in
Ada.

1.6. THESIS STATEMENT

1.6.1 Assumptions

Contrary to the difficulties outlined above, this thesis attempts to demonstrate that
flexible scheduling 1s practicable. The contention i1s that flexible scheduling can be
efficiently implemented using existing, conventional technology, without resort to specialist
hardware or experimental programming languages.

In regard to the hardware required, this thesis assumes that flexible scheduling is
implemented on the same processor that runs the application tasks. As stated earlier,
previous researchers have used specialised hardware to reduce the effect of the overheads
incurred by flexible scheduling. For example, the Spring project uses a specialised co-
processor to perform guarantees of aperiodic tasks. Alternatively performance could be
speeded up by implementing real-time kernel functions in hardware on the same processor.
Although such specialised hardware can always provide greater performance, its use has a
number of significant drawbacks. It i1s not general-purpose, or generally available, and it
incurs greater costs in verification. This thesis presents a different approach by arguing that
flexible scheduling can be made to perform efficiently on conventional processors.

In regard to programming languages, the thesis does not require a non-standard
language which may never be fully implemented. Instead, the claim is that flexible
scheduling may be implemented by using the existing constructs of a standard language,
with a wide user-base. Therefore an application which requires flexible scheduling, need

only include the approprnate library objects. (It may be necessary to assume that the run-
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time support for the programming language has been extended to provide some support for
flexible scheduling.)

The thesis assumes that a computational model embraces both concurrency and
scheduling issues. Therefore a computational model 1s defined as a framework which
includes a definition of task characteristics, and also describes how the tasks are to be
scheduled. Task characteristics include: whether tasks are periodic, aperiodic or sporadic,
whether tasks have hard or soft deadlines, and whether tasks are independent, or share
resources and intercommunicate. Scheduling includes a definition of which scheduling

policy and which admission policy are used.
1.6.2 Thesis

The central thesis can be stated as follows:

"The application requirements for flexible scheduling can be embraced In a
constrained computational model for which cost-effective run-time support can be
provided. The model can be implemented in a standard programming language so

that applications written in this language can increase their utility."
The key aims of the thesis are:

e to derive a constrained computational model which fulfils the set of application

requirements for the flexible scheduling of optional computations.

o to provide cost-effective algorithms and implementations for the run-time support of
the model. It 1s assumed that the run-time support executes on the same processor as
the applications tasks. Therefore, the run-time support must be cost-effective 1.e. its

overheads must be sufficiently small, that applications tasks achieve a net increase in

their utility.

o to develop methods of allocating optional computations to processors, such that the
throughput of optional computations is enhanced. Again the emphasis 1s on finding
computationally inexpensive methods, so that additional hardware i1s not needed to

support the allocation methods.

e to demonstrate that a standard programming language may be used to implement the

computational model, so that the model can be used in practice.
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1.7 APPROACH

The above aims suggest three strands of enquiry throughout the work:

1.

3.

A survey of the requirements for optional computations in the next generation of real-
time systems and the derivation of a computational model which 1s general enough to
incorporate difterent forms of mandatory and optional computations, but sufficiently

constrained to be supported by run-time support which incurs low overheads.

A review of existing run-time support for flexible scheduling and the development of (i)
more efficient algorithms for the guarantee of optional computations, and (1) efficient
methods of allocating optional computations to processors, such that the number of
computations being guaranteed are maximised.

The success of part (1) of this strand 1s vital to the thesis because, without cost-
effective run-time support, the computational model is not viable under the assumption
of conventional hardware, running applications tasks and run-time support, on the same
processors. Therefore part (1) will form a major portion of the work, and whatever

algorithms are developed, will have to be evaluated for their efficiency.

An investigation into programming language support for optional computations, and a
demonstration that optional computations may be implemented in a current

programming language for the engineering of real-time systems.

Strand 2 above can be elaborated further because of its central importance within the

thesis. The two-pronged attack on the development of cost-effective support for the

computational model will consist of .

(i) an investigation into efficient algorithms for the guarantee/rejection of requests for

optional computation. A particular concern is to find the algorithms which provide the
optimum trade-off between the overheads they incur, and the exactness of the
schedulability test which they provide. (It is assumed that less exact algorithms can be

pessimistic in that they sometimes reject optional computations which may in fact be

schedulable).

(i) an investigation into methods of allocation of optional computations within a multi-

processor cluster. In (1) optional computations are considered to "arise" and can be
schedulability tested in the same way whether they have been released locally or have

originated from some remote client. Here the assumption is made that those optional
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computations arriving from outside a processor cluster are subject to some allocation
policy within the local cluster. This can be considered as the dynamic analogue of the
problem of providing a static allocation of tasks within a multiprocessor system. The
aim here 1s to maximise the throughput of optional computations within the cluster. It is

assumed that full schedulability testing of the optional computations is still performed
on the target processors.

1.8 METHODS USED

Modelling and simulation studies are standard techniques for research in scheduling
12,7,8,56]. In this work, simulation studies are used throughout strand 2 as described
above. In part (1) of strand 2, simulations are used to compare the relative performances of
guarantee algorithms and to measure their overheads. Task set generators are built in order
to provide task sets with a variety of characteristics. Different task sets are used to
establish performance profiles for the various algorithms under examination.

Further simulation studies are conducted during strand 2 (i) of the work. Here the
objective 1s to enhance the performance of the computational model within a processor
cluster. Both targeted and random allocation of optional computations within the cluster
are simulated. Various configurations of processors within the cluster are modelled, and the
effects of optional computations which are generated both inside and outside the cluster are
investigated.

The most efficient of the guarantee algorithms from strand 2 (1) 1s used i1n
simulation studies which evaluate the admission policy used in the computational model of
strand 1. Performance parameters are varied in order to establish the windows of operation
within which the model and its admission policy, can be supported cost-effectively.

Strand 3 aims to demonstrate that optional computations can be implemented in a
standard language for the engineering of real-time systems. This requires verification by

reference to the requirements gathered at the review stage of strand 1.

1.9 THESIS ORGANISATION

This section outlines each chapter ot the thesis.

Chapter 2: Review of Flexible Scheduling
This chapter reviews recent work relating to the three strands of the thesis which

are discussed above. Firstly, there 1s a survey of future application requirements for flexible
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scheduling within real-time systems. This section goes on to consider existing
computational models and programming paradigms for optional computations.

Secondly, existing run-time support for flexible scheduling i1s reviewed, starting
with algorithms which optimise, but do not guarantee, the execution of optional
computations. Next, the Spring Project is considered in some detail, with special reference
to guarantee algorithms and methods of distributed scheduling. This section concludes by
reviewing Audsley's algorithms for sfatic schedulability testing which are considered as a
promising basis for cost-eftective dynamic schedulability testing.

Thirdly, the current provision of programming language support for flexible
scheduling 1s reviewed. The languages included are Flex, Real-Time Concurrent C, PEARL
and Ada. This leads to the choice of Ada 95 as a standard language in which to

demonstrate the implementation of optional computations.

Chapter 3: A Constrained Computational Model

This chapter develops a constrained computational model which fulfils many of the
application requirements for optional computations. The chapter starts by making the case
for simplicity in the model in order to reduce the overheads of run-time support. After
some discussion of the necessary constraints, the model 1s presented. It provides 3 levels of
utility for optional computations: high, medium and low. Each level s regarded as adding
value to a baseline utility provided by mandatory computations. Optional computations of
higher utility may abort those of lower utility, according to a version of Best Effort
admission policy. A key i1ssue which determines the viability of the model 1s the relative
values of the utilities assigned to each level. Finally the model 1s 'verified' by a discusston of

how the various requirements for optional computations may be met within it.

Chapter 4. Viability of On-line Acceptance Testing

This chapter investigates efficient schedulability test algorithms which could
contribute to cost-effective run-time support for flexible scheduling. The chapter describes
how existing static schedulability tests may be adapted to make use of dynamic scheduling
data and thus provide schedulability tests for incoming optional computations. The adapted
algorithms trade off complexity with pessimism. Their performance may be improved by
combining them in a Aybrid algorithm. Further performance improvements may be made in
all of the algorithms by inserting a timeout, in order to limit their worst-case execution
time. The hybrid algorithm 1s used in an investigation into the parameters which determine
the optimum value of this performance-enhancing timeout. Finally, this optimum value 1s
made use of, in an investigation into the effect of changing the proportions of mandatory

(periodic) and optional (aperiodic) utilisations.
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Chapter 5: Enhanced On-Line Guarantees

This chapter describes attempts to enhance the performance of the hybrid algorithm
developed in Chapter 4. The first component of the algorithm has O(N2) complexity and
the second component has pseudo-polynomial complexity. The chapter describes the
development of a number of variations on the hybrid algorithm in an attempt to (i) make
the O(N?) component more exact and (1) make the pseudo-polynomial component faster
by giving it a 'head start. Both of these approaches trade off schedulability testing
overheads against the pessimism of the schedulability test. Depending on factors such as
the number of resident periodic tasks, both methods are found to be capable of enhancing
the number of optional computations guaranteed.

The chapter also investigates the effect of using an optimal, dynamic placement of
optional computations within the task list. Hitherto, static placement has been used,
according to the value of task deadlines at release time. The chapter concludes by

discussing performance profiles for a number of variations of the hybrid algorithm.

Chapter 6: Allocation Methods in Multiprocessor Systems

The aim of the work in this chapter 1s to enhance the throughput of optional
computations when they are allocated among a number of processors within a cluster. Each
processor can receive optional computations generated either externally or internally, to the
cluster. Performance 1s measured by the throughput of optional computation over the
whole the cluster. The first cluster configuration investigated 1s that of a targeting
processor and three farget processors arranged 1n a four-processor cluster. The targeting
processor receives optional computations from outside the cluster and uses its knowledge
of the current slack on each of the targets in order to direct optional computations to the
targets most likely to guarantee them. (Target processors still perform schedulability tests
on the optional computations which are discarded if the tests fail.) It 1s assumed that
scheduling data are communicated between the targets and the targeting processor.

The main 1ssues investigated are:

« how to minimise the overheads for monitoring slack on the target processors
e whether targeting provides higher throughput than simple 'round robin' allocation

e how the distribution of mandatory processor utilisation on the targets affects

throughput

The second cluster configuration which is investigated is that of a loop within which
optional computations are allocated 'round robin’, but are shuffled to the next processor

along if they fail their schedulability test on their previous processor. This shuffling
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continues until each optional computation has either been accepted, or has been rejected on

all of the processors. The technique is named Shuffle Schedulability Testing

Chapter 7: Admission Policies

This chapter presents simulations studies which compare the performances of Best
Effort Admission Policy (as used in the computational model) with the use of FCFS
Admission Policy. The objective is to determine ranges of parameters of the simulations.
within which, the computational model with Best Effort, provides a superior performance
to that of the simple FCFS Admission Policy used hitherto. Performance is measured by the
total utility gained by optional computations throughout a simulation. The simulations use
one of the versions of the hybrid guarantee algorithm, developed in Chapter 5.

The simulation parameters which are varied include (i) the Total Processor
Utilisation (mandatory plus optional computations) (i1) the proportion of Periodic
Utilisation (mandatory computation) and (ii1) the ratios of the utility values associated with
the three classes of optional computation. The results of the simulations indicate that the
computational model with Best Effort, provides superior performance for Periodic

Utilisations of less than 50%, and optional computation overloads of up to 100%.

Chapter 8: Implementation of the Computational Model

Firstly, the case 1s argued for implementing optional computations within Ada tasks,
rather than at the task level itself. The chapter goes on to review some of the Ada 95
constructs which may be useful in implementing optional computations. The asynchronous
select statement is chosen as a construct which can carry the code for an optional
computation, within an Ada task.

The chapter next presents the Ada code for a protected object which can be called
by requests for the guarantee of optional computations. This protected object handles all
concerns regarding the utilities of optional computations, and implements the algorithm for
Best Effort admission policy. However, the assumption is made that the protected object 1s
able to call the Ada RTS in order to (1) perform a schedulability test for each optional
computation (it) withdraw a lower utility optional computation from the task list and (111)
efficiently reinstate all withdrawn computations if a request 1s finally rejected.

The chapter ends with a case by case demonstration, that the asynchronous select
statement can be used in different ways, to fulfil many of the requirements for optional

computations which were discussed 1n the review of Chapter 2.

Chapter 9: Conclusions

This chapter discusses major conclusions, and the contribution which has been

made by this work. Future work 1n this area 1s also discussed.
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CHAPTER 2

A REVIEW OF FLEXIBLE SCHEDULING

2.1 INTRODUCTION

Chapter 1 has outlined the three-stranded approach of this thesis. Each strand
begins with a review stage:

1. A survey of the requirements for optional computations.
2. A review of the existing run-time support for flexible scheduling.
3. An nvestigation into programming language support for optional computations.

This chapter 1s divided into three main parts corresponding to each strand. Sections 2.2 and
2.3 review examples of real-time applications which require flexible scheduling, and then
go on to consider the paradigms and models which have been developed so far by
researchers such as J. Liu, Garvey and Lesser, Locke, and those involved in the Spring
Project.

Sections 2.4 to 2.7 review existing run-time support for flexible scheduling. Section
2.4 considers methods which preserve bandwidth for aperniodic tasks but do not actually
guarantee them. Section 2.5 reviews the guarantee algorithms of the Spring Project, and
Section 2.6 considers the methods used in the Spring Project for distributed scheduling.
Section 2.7 reviews the off-line schedulability tests developed by Audsley et al. These tests
are included because they provide a promising basis for cheaper on-line guarantee
algorithms than those used in the Spring Project.

Section 2.8 surveys the current programming language support for optional

computations. The languages included are Flex, Real-Time Concurrent C, PEARL, and
Ada 935.

2.2 APPLICATION REQUIREMENTS FOR OPTIONAL COMPUTATIONS

2.2.1 Examples of Applications

As stated in Chapter 1, future real-time systems will need to exhibit adaptivity and

intelligence in response to the highly dynamic and unpredictable environments in which
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they operate. They will also be required to provide a flexible and robust response in the
event of system overload or failure. Thirdly, they will often be embedded systems, where
constraints in size, weight, or cost, dictate that adaptive performance is required from a

system of hmited capacity. There follow examples of systems which have these
requirements.

2.2.2 Autonomous Vehicle Control System

An Autonomous Vehicle Control System must be safe, reliable and adaptive.

Research detailed in [24] indicates that in order to automate the 'driving function' there is a

need tor the following capabilities:

e accurate and timely sensing of other vehicles and obstacles
e vision and scene interpretation

e real-time decision making

e route and path planning

e communication co-operation with other vehicles

Implicit in the above requirements are a range of real-time constraints. Within a
time frame of 10-100 seconds, the system must plan and update routes to reach the
assigned destination, whilst taking into account traffic conditions, and minimising fuel
consumption and journey time. Within a time frame ot approximately 1 second, the system
must recognise scenes, assess other vehicles movements, and plan a path which ensures
that the vehicle can steer a safe course. Within a time frame of less than 1 second, the

system needs to sample sensors and detect, and avoid, possible collisions with obstructions

or other vehicles.

In addition, the Autonomous Vehicle Control System may be required to operate in
a variety of modes:
o fully autonomous mode

e co-pilot mode: the human driver can intervene and take control

« monitoring, display and alert mode: as an aid to the human driver
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Furthermore, such a system must perform safely at all times, and must retain
reliability while under overload or failure. A method of achieving graceful degradation in
such a system i1s to distribute functionality throughout a number of nodes connected in a
common network architecture. Obviously the mission and safety critical tasks must be
guaranteed to execute on their host nodes, within their deadlines, and to provide results of
a mmnimum acceptable quality. In addition to this, optional computations may be used to
enhance system utility by increasing the frequency, timeliness, precision or confidence level

of the results which are produced.

2.2.3 Radar Tracking

Cheong [6] provides another example of an application which requires a mix of
mandatory and optional computations. In radar tracking, a sensor returns signals from a
tracked target and the system produces estimates of the target's position, velocity and
acceleration. When the periodic task providing the estimates i1s terminated prematurely, it
produces coarse estimates of the targets parameters. It 1s critical to the continuation of the
tracking that a precise measure of the targets position, velocity and acceleration 1s
generated at some longer interval. If this does not occur, then errors generated by coarse
estimates accumulate beyond a maximum threshold of acceptability.

Cheong points out that the requirements may be satisfied by a mixture of mandatory
and optional computations. Before accumulated errors exceed their threshold values, a
mandatory computation must execute in order to renew the precision of the estimates.
After the mandatory computation has executed, then optional computations may run. Each
optional computation will provide a coarse estimate if it 1s not allowed to complete.
However, if an optional computation does complete, and precise measurements are

produced, then a future mandatory computation can be postponed.

2.2.4 Summary

The above applications, and others such as robotics [40] and advanced avionics
[37], provide evidence for the requirement for a mixture of mandatory and optional
computations. There 1s also evidence that optional computations may require to change
their timing requirements at run-time. For example, unpredictable changes in the
environment of the system, or faults within the system itself, can cause optional
computations to change their execution time. Deadlines may change from one invocation to

the next. Optional computations may even vary their frequency of execution, according to
the rate of change of an input from the environment.
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2.3 EXISTING MODELS FOR OPTIONAL COMPUTATIONS

The following sections review existing techniques for optional computations. These

include computational models, programming paradigms, and scheduling strategies.

2.3.1 Imprecise Computation

Imprecise computation 1s a paradigm for programming optional computations
which comes under the heading of techniques of iterative refinement. Sieve functions also
refine intermediate results. Alternative paradigms to these are provided by multiple
versions and approximate processing. All of these techniques are discussed in Section 1.3
above. However imprecise computation 1s now covered in more detail.

The model of imprecise computation is mainly due to Liu et al [34]. The technique
1s based upon the assumption that a real-time task monotonically increases the quality of its
results as 1t 1s given more time to execute within its deadline. The imprecise computation
can be divided into a mandatory component, which i1s executed first, and produces results
of the minimum quality which 1s acceptable to the application. Subsequent iterations of the
algorithm can be implemented by optional computations which improve upon the minimum
quality. After each iteration a new (and higher quality) intermediate result is recorded.
Scheduling within the system will determine how many iterations are performed before the
deadline for the imprecise computation 1s reached.

Error indicators may be used as a measure of the quality of the result, and to
establish whether the result which 1s finally produced, 1s acceptable. Liu et al use various
measures of the errors produced by imprecise computations whose iterations are aborted.
For example Liu et al. [7] use the average error produced by computations and Shih [45]
uses the number of iterations which are discarded when they are aborted. Much of the
work of Liu et al concerns the development of heuristics which minimise the total error for
all imprecise computations across the system [7].

Imprecise computation can be used in a variety of applications including numerical
computation, statistical estimation and prediction, heuristic searches, and database query
processing.

An interesting extension to the model of imprecise computation 1s the concept of
conditional performance profiles which 1s due to Zilberstein [64]. Here the quality of the
result of an imprecise computation depends not only on the length of time it has run, but
also on the quality of the input data. This implies a trade-off between the computation time
allowed and the improvement on the quality of the input data which can be achieved. For

example, in a composite task whose components pass on data, one to the other, there may
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be an optimal way in which the composite task's total budget can be distributed over the

components in order to optimise the improvement in the final output data.
2.3.2 Computational Models for Real-time Al Applications

Requirements

According to Yen and Natarajan [62] there are several important differences

between the requirements for real-time Al and those of conventional real-time systems:

e greater unpredictability in the timing of AI components e.g. the time taken for tree

searches can vary widely.

e very pessimistic worst-case performance which it 1s impractical to build into the system

e.g. depth of searches can be very great in the worst case.

o the time granularity of real-time AI techniques are typically larger than conventional

real-time systems e.g. the order of seconds rather than milliseconds.

This has led to the development of the anytime algorithm which 1s the counterpart of
imprecise computation in the Al community. An anytime algorithm iterates, and
monotonically increases the quality of its result as further iterations proceed. The algorithm
can be cut short at anytime, and still give a result of a certain quality. Quality can be
measured by extra precision, confidence in the result, completeness of the result, etc. With
anytime algorithms there is typically a trade-off between the time and resources used in the

computation and the quality of the result produced.

Task Hierarchies

Garvey and Lesser [17] describe the requirements for real-time Al computations in
terms of a complex task hierarchy and the Al methods which group tasks or subtasks
together. They use the concept of safisficing which involves finding a solution which 1s
acceptable, but not optimal, given the time and resources available. They broadly detine
two techniques for satisficing: iferative refinement and multiple methods. These have much
in common with the definitions of iterative refinement and multiple versions given above.
However multiple methods 1s a more complex concept than multiple versions because
several methods may execute concurrently, and may share intermediate results. For

example, a computationally expensive method may be aborted, but the intermediate result
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which it produced may be used by a less expensive method, which has also been executing.
A further complexity is that, in the real-time AI context, the techniques of iterative
refinement and multiple methods must often be represented in complex task hierarchies.

In the task hierarchies presented by Garvey and Lesser [17], rask groups are
independent solutions with their own deadlines. Within task groups, tasks are
interdependent and can be subdivided into subtasks which themselves can be subdivided
etc. At the lowest level of the hierarchy are executable methods which are the smallest
schedulable units of work. For each task in the structure, there may be multiple sets of
subtasks which may be combined to "solve the task". Each of these sets is known as a
method for solving the task. Clearly the overheads in supporting flexible scheduling for
such a task model could be very high.

Utilities within Hierarchies

Yen and Natarajan [62] also describe the need for a task/subtask hierarchy, and
consider the problems of decomposing imprecise computation down to a subtask level.
However, these authors also develop a decision theoretic framework for computations.
Essentially, rules are applied in order to decide which combinations of tasks/subtasks
should be allocated processor time and other resources within the system. Tasks/subtasks
are allocated resources according to their utilities, and some overall rule about which
allocation 1s hikely to gain maximum utility for the system.

Allocation proceeds according to decisions which are expressed formally and are
compiled into the implementation. This has the double benefit of allowing developers to
reason about the application, and also permitting analysis of the performance of the
implementation. Decisions can be complex and can involve the probabilities of tasks
producing results of acceptable quality, using the resources available e.g. the aggregation
of the individual probabilities that a set of subtasks may complete, with a certain quality of
result, within a certain time. In order to provide a consistent set of task/subtask utilities
within a hierarchy, the authors present a system of (de)composing utilities within a
hierarchy.

Yen and Natarajan's decision theoretic treatment provides a powerful framework
with great flexibility. According to the authors the decisions themselves take up few

resources. However this claim is not substantiated in the paper, and seems to need further

justification.
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2.3.3 Locke's Value Functions and Utilities

Locke [35] argues for the use of value functions by the real-time applications
programmer. A value function gives the curve obtained by plotting the value to the system
of the completion of a process, against a time axis which represents the possible completion
times of the process. Locke goes on to describe scheduling algorithms which use the value
functions of the process set, to construct a schedule which maximises the total value
obtained from all processes. Locke's value functions can be parameterised. Parameters
which could be relevant in a complex application might be the system state, the states of
the task itself, the input data to the task, or the state of other tasks within the system.
Dynamic parameters such as these can be useful in complex real-time systems, for example
those which incorporate Al into real-time applications. However, the run-time support for
such dynamic value functions could prove very costly.

A different approach to the characterisation of the value of each task 1s to use
utilities [62]. In contrast to Locke's value functions, utilities need not be associated with
particular completion times, but represent some numeric value which is gained by the
system when the task completes within its deadline. The utility associated with a task may
be fixed and statically allocated, or it may vary dynamically. For example, dynamic changes
in utility may be of use in a fault tolerant system where the utility of a replicated module
may decrease if a replicant module completes. Conversely, the utility of the replicated
module may increase if the replicant fails. A more sophisticated approach is to model a task
as a composition of subtasks each of which may have a different utility associated with it.
Hence the utility of the task varies according to the point it has reached in its execution.

It is possible to define either the utility or value function of a task in terms of those
already defined for other tasks. For example, Locke [35] shows how a (dynamic) definition
of the value function of task may be made by adding the value functions of two other tasks,

each weighted with coeflicients.

2.3.4 The Spring Model

The requirements for real-time systems assumed by the Spring Project have been
outlined by Stankovic and Ramamritham [52]. They assume that the real-time system 1s a
distributed set of nodes which exists in a highly dynamic environment. Nodes are
multiprocessor clusters which primarily serve a particular location within the distributed
system.

The researchers define three types of tasks within a system. Crifical tasks have their
hard deadlines and resource requirements guaranteed before run-time by worst-case

analysis. Essential tasks have firm deadlines, so that there 1s a loss of value, but no
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catastrophic consequences, to the system if their deadlines are not met. There are assumed
to be many more essential tasks than critical tasks. Because it is too pessimistic to reserve
full resources for all essential tasks before run-time, these tasks are guaranteed at run-time
by a guarantee algorithm. 1f the guarantee algorithm rejects the essential task on one node,
then an attempt may be made to guarantee on another node of the system.

Non-essential tasks are the third category. They may have soft deadlines or no
deadlines at all, and they execute in such a way as to have no impact on the other
categories of tasks.

Spring considers many general requirements for tasks. Tasks may be preemptable or
non-preemptable, periodic or aperiodic, have a variety of resource constraints, and may
have precedence and communication constraints. Spring integrates the scheduling of tasks
with these various requirements by using sophisticated guarantee algorithms which attempt
to produce a feasible schedule for all the tasks on an applications processor. However, the
requirements for adaptivity within the distributed system are met by higher level
decentralised scheduling in which nodes can co-operate in order to guarantee essential
tasks.

Some work has been done [52] to extend the Spring project into support for real-
time Al applications. Spring workers envisage the following requirements being supported

by the Spring kernel:

o the ability to dynamically change the criticalness, timing requirements, resource needs,

precedence constraints, and even the structure, of a computation.

o the ability to plan future execution times of functions that may subsequently need to be

re-planned.
o the ability to perform trade-off analyses (on-line).
« the ability to respond to an application program with appropriate system information.
In order to do this, large extensions are needed to the data held in, and the algorithms used

by, the Spring kernel.
Sections 2.5 and 2.6 below present a detailed review of the existing run-time

support provided by the Spring kernel
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2.3.5 Summary

The material reviewed in this section suggests the need for a complex
computational model embracing complex interdependencies between tasks such as
task/subtask hierarchies, precedence relations and intercommunication dependencies.
Dynamic value functions or utilities would also be required, and would need to be
(de)composed within the task hierarchy. Such value functions would depend on parameters
such as the system state, the states of the task itself, the input data to the task, or the state
of other tasks within the system. Simple paradigms such as Imprecise Computations, Sieve
Functions, etc. would be subsumed under a more powerful, general model. Distribution of
tasks, and resource allocation, would also be supported within the model. The model
would also have to incorporate great flexibility, allowing dynamic changes in planned
schedules on the basis of known probabilities of task, or system, behaviour. All this would
be required, without adversely affecting the a priori guarantees given to mandatory
computations.

Clearly such a model would be extremely expensive in terms of run-time support.

2.4 EXISTING RUN-TIME SUPPORT FOR FLEXIBLE SCHEDULING

According to many of the models reviewed above, real-time systems consist of a set
of periodic, mandatory computations which are resident on a processor, plus aperiodic,
optional computations which may arise locally or via a request from a remote node. The
conventional approach 1s to schedulability test the set of mandatory computations before
run-time, while flexibly scheduling optional computations at run-time, and even
guaranteeing their firm deadlines. The following section reviews methods for flexible
scheduling which optimise response times, or throughput, of aperiodic computations with

soft deadlines, but fall short of guaranteeing deadlines.

2.4.1 Methods for Optimising Response Time of Soft Tasks

Background and Polling Server

The problem of scheduling soft tasks on a processor which runs its own set of
resident periodic tasks with hard deadlines, has been tackled at various levels of
sophistication. In background processing, soft tasks are assigned priority levels below those
of the hard tasks. This means that soft tasks may have very long response times when the

processing demands of hard tasks are high
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Soft task response times may be reduced by the use of a polling server [43]. This is
a periodic task with a fixed, high priority whose capacity 1s set, pre run-time, at a level
which allows all hard tasks to meet their deadlines. The polling server is released
periodically and during its execution, its capacity is available for aperiodic tasks. The
capacity 1s replenished at the server's next release.

The problem with the polling server 1s that it does not preserve its capacity. After
release, its capacity 1s spent whether or not there are aperiodic tasks pending. Aperiodic
tasks which arrive after the capacity is spent, must wait until the next release of the server
until they can execute. Nevertheless the polling server improves upon the response times
provided by background processing. However the server's inflexibility, leads to longer

response times than for the improved methods which are described below.

2.4.2 Bandwidth Preserving Algorithms
Deferrable Server

The deferrable server [30] also makes use of a high priority periodic server task.
However it 1s able to preserve its capacity when there are no aperiodic tasks pending. It
theretore preserves its bandwidth throughout 1ts period. This reduces the average response
times of soft tasks to below that of the polling server.

The deferrable server discards any remaining capacity at the end of its period, and
then immediately replenishes its capacity for the next period. The fact that the deferrable
server preserves unused capacity at a high prionty affects the static analysis of the
maximum capacity which the server may be allocated. Because the deferrable server can
produce back-to-back interference on lower priority hard tasks, its capacity must be smaller
than an equivalent polling server. Nevertheless the bandwidth preservation of the deferrable

server leads to smaller average response times than the polling server.

Priority Exchange Algorithm

The priority exchange algorithm [30] also uses a high priority periodic server to
provide capacity for aperiodic tasks. However the priority of the server is not fixed, but
decreases during its period. When no aperiodic tasks are pending the server exchanges its
higher priority with the highest priority runnable hard task. The servers capacity i1s then
converted to guaranteed execution time at the lower priority of the hard task. As priority
exchange proceeds, capacity may be accumulated at low priority levels. This capacity is not
discarded at the end of the servers period, but may be carried over into subsequent periods.
The high priority capacity is still replenished at the start of every period.
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The priority exchange protocol has as high a capacity as the polling server but also
preserves bandwidth like the deferrable server. It does however suffer from the

disadvantage that, under overload conditions, soft deadlines are missed in an unpredictable

manner.

Sporadic Server

This algorithm attempts to combine the advantages of both the deferrable server
and the priority exchange algorithms. Like the deferrable server, it maintains capacity at the
original priority, but its capacity 1s equal to that of priority exchange or polling. A high
priority periodic task 1s used, but instead of being replenished every period, it can be
replenmished at some earlier time, after higher priority tasks have executed. The capacity of
the sporadic server has been shown to be comparable to that of a polling server [44] while
early replenishment of capacity can allow a lower response time than the previous methods.
Because the server task keeps its high priority, the sporadic server misses deadlines

predictably under overload.
Extended Priority Exchange Algorithm

The Extended Prionity Exchange Algorithm [49] 1s an extension to the Prionty
Exchange algorithm. It has the advantage that 1t reclaims gain time 1.€. time made available
when a hard task completes 1n less than its worst-case execution time (WCET). It
replenishes capacity at a particular priority level each time a hard task is released at that
level. Furthermore, if the hard task completes in less than 1ts WCET, the gain time 1s added

to the capacity available at that priority level.

2.4.3 Slack Stealing

This algorithm is due to Lehoczky and Thuel [27] and it 1s optimal in that all spare
processing time 1s made available to soft tasks, as soon as possible, and at the highest
priority level. The algorithm depends on the availability of a statically derived schedule of
the hard periodic tasks over the complete LCM of their periods. At run-time, counters are
used to keep track of slack at each priority level. After the completion of a hard task, the
slack at that priority level 1s incremented according to data on slack time in the static
schedule. Slack counters are also decremented when hard or soft tasks run.

Slack stealing has the limitation that it cannot work for sporadic tasks, or tasks

which suffer release jitter. It also imposes the overhead of holding a schedule which is the
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length of the LCM of the periods of the hard tasks. Further work on slack stealing due to

Davis [8] 1s reviewed in Section 6.2.2.

2.4.4 Summary

While the above methods preserve and allocate spare capacity for soft aperiodic
computations, they do not guarantee that there is sufficient capacity available in order to
meet an aperiodic task with a firm deadline. Static schedulability analyses can be applied to
the above methods 1n order to guarantee the deadlines of aperiodic tasks off-line. However,
this approach is pessimistic, in that run-time capacity has to be reserved on the processor,
regardless of whether the aperiodic task arrives at its maximum rate or not. What is really
required are on-line schedulability tests for aperiodic tasks with firm deadlines. These
would either guarantee that sufficient capacity is available within the specified deadline, or

reject the aperiodic task so that some alternative action may be taken. The following

section reviews such dynamic guarantee algorithms.

2.5 THE SPRING PROJECT

The Spring Project [52] considers real-time systems which are physically distributed
and consist of a network of nodes which are multiprocessors. Each node consist of one or
more applications processors, and one or more system processors. The Spring kernel
includes guarantee algorithms, and algorithms for co-operative scheduling between nodes.
It runs on the systems processor(s) which frees up the applications processor(s) to simply
dispatch applications tasks according to a schedule constructed by the system processor(s).
The following sections describe the guarantee algorithms and the distributed scheduling

algorithms which are used in Spring.
2.5.1 Spring Guarantee Algorithms

Spring guarantee algorithms [53] are aimed at guaranteeing newly arrived aperiodic
tasks alongside resident periodic tasks plus any aperiodic tasks which have already been
guaranteed. The algorithms take into account many task characteristics including the arrival
time of the aperiodic task, its WCET, and its deadline. Other characteristics which can be
included are: what resources are required by the task, whether these are required in shared
or exclusive mode, whether the task 1s pre-emptive, and whether there are precedence

constraints between tasks. To guarantee all such requirements is, in general, NP-hard [52].
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Therefore Spring attempts to guarantee by using heuristics to facilitate a search for a
feasible schedule.

The Spring guarantee algorithm starts at the root of a search tree which represents
an empty schedule. It then tries to extend the schedule by moving to one of the vertices at
the next level of the search tree, and so on, until a full feasible schedule is determined. A
heuristic function 1s applied individually to some or all of the tasks which remain to be
scheduled at each level of the search. The task with the smallest value of the heuristic
function 1s chosen to extend the current schedule. As the (partial) schedule is extended, the
algorithm determines whether it is strongly feasible or not. A partial schedule is strongly
feasible it all of the schedules obtained by extending the schedule, with any of the
remaining tasks, are also feasible. Once a partial schedule is found not to be strongly
feasible (e.g. when it 1s extended and the added task misses its deadline) then the search 1s
aborted along that particular branch of the search tree. The algorithm then backtracks and
extends the partial schedule by a different task. The search continues until either a full
schedule 1s determined, or the number of evaluations of the heuristic function reach an
upper bound, set by the system. This upper bound ensures that the systems processor has

sufficient time to perform its other activities.
2.5.2 Complexity of the Algorithms.

A Spring guarantee algorithm is applied to a list of the tasks to be scheduled which
is sorted into order of increasing deadline. The insertion of the newly arrived aperiodic task
into this list carries O(N) complexity (where N is the size of the task set). Spring
researchers claim [53] that the complexity of the subsequent search for a full schedule 1s
also O(N) because the heuristic function need only be applied to a small subset, £, of the
full task list, N, each time a partial schedule is extended.

2.5.3 Heuristics

The heuristics investigated by the Spring researchers are divided into (1) simple and
(ii) integrated heuristics. They take into account not only the timing requirements of tasks,
such as their earliest start times, deadlines and WCETs, but also the earliest time that tasks
can execute, due to the availability of the resource(s) which they require. Simple heuristics
include minimum deadline first, minimum processing time first, and minimum earliest start
time first. (Minimum earliest start time first is the latest time, chosen between the

specified earliest start time for the task, and the earliest time at which its required

resource(s) are available.)
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Simulations carried out by Spring researchers proved more successful when
integrated heuristics were used, with weightings applied to certain components. The most
successful of these heuristics was minimum deadline + minimum earliest start time, where
minimum earliest start time has a weighting applied to it. In general, this heuristic provided

the best guide to the task most likely to extend a feasible (partial) schedule.

2.6 DISTRIBUTED SCHEDULING IN SPRING
2.6.1 The Distributed Algorithms

In the Spring Project, when tasks are not guaranteed locally as described above,
methods of distributed scheduling are provided for the guarantee of tasks at other nodes in
the system. The distributed scheduling algorithms which are investigated by Spring are
focused addressing, bidding and the flexible algorithm [56]. In addition, two simpler
algorithms are used as benchmarks: the noncooperative algorithm and the random
scheduling algorithm.

In the noncooperative algorithm a task 1s rejected when it cannot be guaranteed
locally, and no attempt 1s made to request its execution at other nodes. In the random
scheduling algorithm, the local node which cannot guarantee the task, sends a request for
the tasks execution to some other randomly selected node. Obviously this cheap method
suffers from the disadvantage that there 1s only a random chance that the task will be
schedulable at a randomly selected node.

2.6.2 Focused Addressing, Bidding and the Flexible Algorithm

Focused addressing, bidding and the flexible algorithm, each use information
about the availability of time and resources on remote nodes, in order to decide where to
send requests for the guarantee of tasks which were failed locally. Each node in the system
periodically calculates its node surplus and sends this data to a subset of the nodes in the
system. A node surplus 1s a vector, with one entry per resource on the node. Each entry
indicates the total amount of time, within a recent window, during which the resource was
not used by local tasks. Each node also holds a list of remote nodes, ranked according to
how many requests from them have been guaranteed locally during the recent time
window. Each node sends its node surplus to a subset of the nodes held in its ranked list.
Obviously this targeting of information 1s intended to provide data only to those remote

nodes which have successfully torwarded aperiodic tasks in the recent past. This reduces

the exchange of information across the network.
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The three algorithms differ in the way they use information from remote nodes, in
order to select a remote node for a request for guarantee. The focused addressing
algorithm determines the remote node with the highest surplus of time and resources
required by the aperiodic task which has failed the local guarantee. If this surplus is greater
than the focused addressing surplus (a tuneable system parameter) then the request is
immediately sent to the chosen remote node. If no node exists whose surplus exceeds the
focused addressing surplus, then the aperiodic task is rejected.

The bidding algorithm, is a more expensive algorithm which makes a more
sophisticated decision regarding which remote node to choose for a likely guarantee. The
local node which has failed to guarantee the aperiodic task, selects £ nodes with sufficient
surplus 1n the resources needed to guarantee the aperiodic task. (The value of & is chosen
to maximise the chances of finding an appropriate node for the aperiodic task.) A request-
for-bid message 1s sent to each of the & nodes. When a node receives a request-for-bide
message, it calculates a bid, which indicates the likelthood that the aperiodic task can be
guaranteed by 1it. If the node's bid 1s higher than a pre-set minimum level, then the bid is
sent to the requesting node. After receiving the bids, the requesting node sends the
aperiodic task to the node which has offered the highest bid. If no acceptable bids are
forthcoming, then it 1s assumed that the aperiodic task cannot be guaranteed within the
system.

The flexible algorithm 1s a combination of focused addressing and bidding, intended
to achieve 'the best of both worlds' at the expense of more processing at nodes and more
communications over the network. First, focused addressing 1s used to select a focused
node, to which the aperiodic task 1s immediately sent. (This 1s done according to the same
proviso that the focused addressing surplus must be exceeded by the surplus on the
focused node.) The £ -/ nodes remaining are then sent request-for-bid messages along
with the identity of the focused node. The k£ - /1 nodes then calculate their bids and send
them to the focused node.

In parallel, the focused node, which has received the aperiodic task, attempts to
guarantee it. If the guarantee is successful then all the bids which are received from the & -
I nodes are ignored. If not, then the focused node sends the task to the highest bidder. It
there are no acceptable bids then the task is rejected. (A message about whether and where
the task has been guaranteed i1s sent to the original node so that it can update its
information on other nodes.)

In the case where no nodes are eligible to be the focused node, then the flexible

algorithm defaults to bidding where bids are returned to the original node.
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2.6.3 Summary of Spring

(1) The guarantee algorithms developed in the Spring Project enhance system
performance as measured by the guarantee ratio at each node. (Guarantee ratio is
defined as the proportion of the aperiodic tasks arrivals at a node which are
guaranteed by that node.) However, the guarantee algorithms were found to incur
considerable overheads, with the result that Spring researchers have designed a
hardware coprocessor spectfically to perform guarantees [39]. The approach of this
thesis 1s to avoid the use of dedicated or specialist hardware and to implement
guarantee algornithms on the same processor which runs the applications tasks.
Theretore, less computationally intensive methods must be sought in order to provide
a schedulability test for aperiodic tasks, and also considers their resource usage. One
line of approach 1s to adapt for on-line use, the static schedulability testing algorithms
of Audsley et al. [2]. These algorithms assume that a concurrency control protocol
such as priority ceiling protocol allows upper bounds to be placed on blocking caused
by exclusive access to resources. The range of static schedulability tests developed

by Audsley et al. are reviewed in Section 2.7.

(1) The Spring simulation results show that, in general, distributed scheduling improves
the throughput of aperiodic tasks with firm deadlines [56]. For example, the flexible
algorithm was tound to outperform the noncooperative algorithm under all load
distributions. The flexible algorithm also outperformed both bidding and focused
addressing, under conditions of average communications delay across the network.
However, these algorithms incur such large overheads that extra general-purpose
system processors are required in order to support them [52]. This thesis will
investigate the development of less expensive but equally effective methods, which do
not require dedicated hardware, but nevertheless serve to direct aperiodic tasks to the

processor most likely to guarantee them.

2.7 ALGORITHMS FOR STATIC SCHEDULABILITY TESTING

In his thesis, Audsley [2] has reviewed the topic of Static Schedulability Testing.
He goes on to develop an extensive analysis of Deadline Monotonic scheduling which
generalises previous work on Rate Monotonic scheduling [32]. Using his analysis of
Deadline Monotonic, Audsley presents a set of static schedulability test algorithms with a

range of complexities. It 1s assumed that pre-emptive priority scheduling is used for a set of
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N fixed priority tasks, which are listed in order of increasing, static deadline. The tasks are
considered to be periodic, such as a set of critical tasks which are resident upon a
processor, and must be guaranteed a priori. Audsley discusses four sufficient and not
necessary algorithms which he refers to as Tests 1 to 4. He also presents a sufficient and
necessary schedulability test which shall be reterred to as PP on account of its pseudo-

polynomial complexity.
2.7.1 Sufficient and Not Necessary Tests

The tasks in the task list are assumed to be ranked in priority order according to the
deadline monotonic algorithm. The period (7), deadline (D) and WCET (C) of each task
are known. It 1s assumed that all tasks are released simultaneously (worst-case critical
instant). If B 1s the worst-case blocking time a task may experience, due to the operation of
some concurrency control protocol, and / 1s the worst-case interference a task may suffer

from higher priority tasks, then for any task to be schedulable:
D> C+ B + 1 (2.1)

Techniques for the determination of C and B are not given by Audsley except to say that C
may be estimated during compilation, and B may be upper bounded by, for example, the
use of the priority ceiling protocol. He presents four algorithms for the determination of /
for the duration of the deadline of whichever task is being schedulability tested (known as
the test task, 7). This may include interference which does not occur during the lapsed
execution time of the test task. Hence these tests are suflicient but not necessary. In
general the list of higher priority tasks 1s scanned to provide the following sum which 1s the

total interference from all higher priority tasks ;:
>i(IDj = T;1Cj) (2.2)

Inequality (2.1) may then be used to test the schedulability of the test task.

Test 1 uses exactly the above procedure. Every task in the list takes a turn as the
test task so the complexity of Test 1 i1s O(Nz). Note that this test 1s pessimistic (sufficient
and not necessary) since, depending where the deadline of the test task occurs, a final
interference by a higher priority task j within the deadline may not be the full value of that
task's computation time. Tests 2 to 4 use increasingly expensive methods in order to

decrease the pessimism of this aspect of Test 1.
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Test 2 uses the fact that the maximum interference from the final hit of an

interfering task j with the test task 7 is given by:
min (C;, D; - LD; + T;IT)) (2.3)

D;-LD; + TJJTJ is the interval between the release time of the final hit of an interfering task
and the test task's deadline. If this interval is less than the value of the WCET (C j) for the
interfering task, then the worst-case final interference of the interfering task can be taken as
this interval, rather than the full WCET of the interfering task. Therefore, in some cases,
Test 2 1s able to make a less pessimistic estimate of the final interference of the higher
priority task within the deadline of the test task. The complexity of Test 2 is still O(N2)
although the extra comparison above will impose a further overhead.

Test 3 also uses (2.3) in an attempt to find a lower bound on final interferences.

However, when considering interferences within the test task, i, by a jth higher priority
task, Test 3 uses the fact that, if D; - |D; + TJJI} < (j then Dj - | D; + Y}JY} may be
subtracted from D; in order to reduce the deadline of the test task to an effective de<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>