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Abstract

Best-effort scheduling techniques use “benefit functions” that allow the system designer to
specify the time-dependent benefit to the application of completing a task at a certain time.
Previous best-effort research has focused on the design of algorithms that achieve good aver-
age performance during overloads, but has not provided techniques to help the system
designer achieve a specific overload behavior. This research introduces a method of control-
ling the overload behavior of best-effort schedulers that use beneﬁt density as their load
shedding criterion. The paper introduces the notion of bounded benefit density and describes
an importance setting algorithm that allows the designer to separate task importance levels
into scheduling strata. A scheduling algorithm is presented which ensures that, during over-
load, feasible tasks executing in one scheduling stratum are always selected for execution in
preference to tasks executing in a lower stratum. Extensive simulation results demonstrate
the effectiveness of this algorithm. An extension to the algorithm is proposed that would
facilitate the integration of results from off-line schedulability analysis. The proposal would
allow system designers to guarantee the successful completion of an arbitrary set of tasks
that is known to be schedulable when run without interference. Such a method could be

used to integrate the execution of traditional “high-level” and “low-level” real-time tasks on

a single computer platform.



1 Introduction

Over the past several years, researchers have explored a class of scheduling techniques
known as best-effort scheduling [Jensen 85] [Locke 86] [Clark 90} [Chen 91]. The focus of
past research has been the development of processor scheduling algorithms that have high
average performance under both normal and overload conditions. A major benefit of the
best-effort approach is that application-specified values are used in selecting which tasks
should be executed when overloads occur. The system designer conveys this information to
the system by defining benefit functions! that specify individual task importance and timeli-
ness requirements. When overloads occur, the best-effort scheduler uses this information
along with knowledge about expected resource utilization to shed tasks which either cannot
complete successfully or which will provide relatively little benefit to the application given
the processor time and/or other resources they will consume (i.e., those that have a low bene-

fit density.)

The best-effort approach gives the system designer flexible control over the overload
behavior of the system. However, to exercise this control effectively, the designer must know
how to specify benefit functions that result in a desired behavior. Practical experience using
best-effort schedulers has revealed that, while system designers are comfortable specifying
the shape énd relative importance of benefit functions, they find it more difficult to specify
exact importance levels that will cause the system to behave in the desired manner when

overloads occur [Maynard 88} [Trull 88].

1. Benefit functions generalize the notion of time-value functions developed by Jensen

in 1977 and employed in previous best-effort scheduling research [Jensen 91].
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The work reported here addresses this problem by introducing algorithms and tech-
niques that allow the designer to ensure a strict ordering among selected groups of tasks
during overload. Although this is a common trait of other scheduling techniques, the ability

to control overload task precedence directly has been absent in previous best-effort work.

In the work reported here, the concept of bounded benefit density is introduced as a
load shedding criterion. An on-line, best-effort scheduling algorithm that uses this criterion
is then described. The paper introduces the notion of scheduling strata. A scheduling stra-
tum is a collection of importance levels defined in such a way that feasible tasks with impor-
tance levels in one stratum will always be selected for execution over tasks with importance
levels in a lower stratum. An algorithm for setting task importance levels to create schedul-
ing strata is then described. Finally, a technique is presented that exploits the concept of
scheduling strata to incorporate results from off-line schedulability tests into the on-line
environment. The technique can be used to guarantee the successful completion of a set of
“low-level” tasks that do not require the adaptive behavior afforded by best-effort resource

management, but which the designer does wish to execute on the same computer platform.

Extensive simulation studies have been used to compare the behavior and performance
of the newly proposed scheduling techniques to related techniques that have been suggested
previously. The results indicate that the new techniques provide very effective control over
the overload behavior of best-effort schedulers and allow the designer to achieve high aver-
age performance while maintaining the necessary assurances about the completion of criti-

cal tasks.



1.1 Application Domain

There are several classes of real-time systems. Previous best-effort scheduling work
has focused on a class known as supervisory real-time systems. Typical applications of this
type include industrial factory automation (e.g., automobile manufacturing), platform man-
agement (e.g., space stations), and military command and control (e.g., air defense). These
systems must operate correctly in highly dynamic environments where requirements and
resources may vary gradually or may change suddenly without warning. Supervisory real-
time systems manage a wide range of complex tasks that often have unpredictable arrival
and execution times. Because this work introduces techniques for integrating off-line sched-
ulability analysis, it extends the potential application domain for best-effort scheduling into
lower-level systems. In the future, the goal will be to create integrated real-time systems

capable of satisfying a variety of timeliness and adaptability requirements.

Although supervisory systems operate in a non-deterministic environment, their spe-
cialized nature usually makes it possible to characterize parts of the application workload.
For example, the set of possible task types is usually well-defined. Information such as the
maximum number of active tasks of each type may be available in addition to worst-case
task execution times or execution time profiles. Although exact run-time parameters such as
task importance and inter-arrival times may be unknown, it is often possible to bound the
range of possible values based either on the system design or on the application environ-
ment. Such advance knowledge can be exploited by the system designers and by on-line

resource managers to ensure that the system behaves acceptably under adverse conditions.



1.2 Best-Effort Scheduling

Because of the potentially complex and dynamic nature of activities and their time con-
straints, effective processor scheduling for supervisory real-time systems is very difficult.
Most of the interesting on-line scheduling problems have been shown to be NP-hard. The
problem is further complicated by the requirement that systems cope gracefully with both
transient and permanent overloads caused by changes in the environment (e.g., alarm condi-
tions) or by reductions in the available resources (e.g., node failures). The goals for schedul-

ing resources under these conditions can be summarized as follows:

¢ When sufficient resources are available, tasks should be scheduled in such a

way that their timeliness requirements are satisfied.

e When the system is overloaded, tasks should be removed from the schedule so
that the timeliness requirements of tasks that do execute will be satisfied. Fur-
ther, the scheduler should choose tasks to execute so that the ones selected will

be the most beneficial to the application.

Best-effort scheduling refers to the class of scheduling techniques designed to work
within the Benefit Accrual Model (BAM) of real-time systems [Jensen 91]. The goal of a best-
effort scheduler is to provide the “best” timeliness possible in a given situation. The system
designer specifies task benefit functions, task importance functions, and system benefit
accrual predicates that define “best” for each application. As in previous research, this work

only considers accrual predicates where the scheduling goal is to maximize the sum of the

individual task completion benefits.

Benefit functions define the benefit (to the application) of completing a task at a partic-

ular time. Some example benefit functions are shown in Figure 1 For simplicity, this paper
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Figure 1: : Sample Benefit Functions

only considers tasks constrained by classical hard deadlines. The benefit function represen-
tation of a hard deadline is shown in Figure 2. In this case, a task has some positive benefit

to the system when completed before its deadline, and zero benefit otherwise.
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Figure 2: Benefit Function for Hard Deadline

In this paper, we assume that constant importance functions are used as multiplicative
scaling factors for the benefit function (see [Jensen 91] for other choices and further explana-
tion). We will assume that benefit functions have already been scaled so that their constant
height before the deadline equals the logical importance of the task. This simplification

allows tasks to be characterized by their deadline, importance, and execution time.

The work reported here considers the on-line scheduling of independent tasks for uni-
processor systems. A generalization of these techniques that handles more complex benefit

functions is relatively straightforward, but more difficult to characterize.



2 Controlling Overload Behavior

One of the controls that a system designer would like to have is the ability to impose
some type of ordering on the sequence in which tasks are shed when overloads occur. By
ordering tasks or groups of tasks, the designer can ensure that less important activities do
not consume precious time when more important tasks could be running. Most scheduling
techniques only allow this type of control by imposing a simple priority scheme. (That is, if

any form of overload handling is supported.)

The goal of existing best-effort schedulers during overload is to maximize the sum of
task benefits. At times, tasks with a lower absolute benefit can be chosen in preference to
tasks with a higher benefit. Such a decision might be made if a task with lower benefit will
finish much faster than a “more beneficial” task. By running the less beneficial task, the
scheduler quickly adds to the benefit sum and frees the processor for other tasks that may
accrue even more benefit. By saying that we want to impose a strict ordering on tasks, we
are really saying that some tasks are always more beneficial than others, no matter how
much time they will take. To achieve this behavior in a best-effort context, we need both a
new scheduling algorithm and a new technique that allows the system designer to specify
that certain sets of tasks are always more beneficial than others. This section introduces

both components of such a solution.

First, we examine the load shedding behavior of traditional best-effort algorithms and
investigate why a new scheduling algorithm is needed. An enhanced scheduling algorithm

that facilitates controlled load shedding is then introduced.

Once the scheduling mechanism is in place, the system designer needs a set of guide-

lines to help translate a set of system requirements into actual scheduling parameters. For



example, how much bigger should one importance level be than another to ensure that tasks
at the higher level are never usurped by tasks at the lower level. Such an algorithmic
method of setting importance levels compares with “naive” importance level assignments

which are based solely on the system designer’s perceptions and experience.

The final part of this section proposes a new technique that could eventually change
the manner in which large real-time systems are constructed. By combining the techniques
presented here with the results of off-line schedulability analysis, we present a new method
for combining both traditional low-level real-time tasks and more complex real-time tasks on

the same computer platform.

2.1 Bounded Benefit Density

The on-line, best-effort algorithms that have been proposed to date utilize some notion
of benefit density (BD)—task benefit divided by remaining execution time—when selecting
which tasks to execute during overloads.? By using benefit density as a load shedding crite-
rion, the algorithms attempt to maximize the benefit achieved in each time interval. If the

remaining execution time, t,;, for a task T is known, then a formal definition of BD(T)) is

rj»

given by:

M

2. Different algorithms have used slightly different load shedding criteria depending on
what assumptions were made about benefit function shapes, task execution times, and inter-

task dependencies.



where E[B(T})] is the expected benefit obtained if the task is executed. E[B(T))] is a function
of the task completion time, ¢.;, and the benefit function. In this paper we consider only step-
function benefit functions with an importance I; and a deadline at ¢4, so the expectation is:

E[B(T)] = {IJ” e = taj

@

While the use of benefit density generally improves the average performance of best-
effort algorithms, it limits the designer’s ability to predict which tasks will be executed when
overloads occur. The problem becomes apparent by considering that benefit densities are

nearly unbounded as the remaining execution time approaches zero.3

(L
lim | L | =0 (3)
t,j—>0 trj
To allow greater control of a system’s overload behavior, it is necessary to bound the
benefit density that a task can attain. This can be accomplished by placing a lower bound, 8,
on the divisor of the benefit density formula. The bounded benefit density (BBD) of a task is
then defined as:

E[B(T)]

max(9, trj) @

BBD(TJ.) =

2.2 The BBD; Scheduling Algorithm

Having defined the bounded benefit density for a task, we can now describe a best-

effort scheduling algorithm, BBD, that uses BBD as its load shedding criterion. The algo-

3. The discrete nature of time in a computer system prevents the benefit density from

being truly unbounded.



rithm is based on Clark’s Dependent Activities Scheduling Algorithm [Clark 90] with the
dependency handling components removed (referred to as DASA/ND). The potential value
density (PVD) load shedding metric used in DASA/ND is replaced with the calculation of
BBD. In the absence of dependencies, PVD and BBD differ only when the remaining execu-

tion time of a task is smaller than 3. As  — 0, the behavior of DASA/ND and BBD; con-

verge.

At each scheduling point, the BBD; algorithm constructs a schedule of tasks to execute
sorted in earliest deadline first (EDF) order. Tasks are tentatively added to the schedule in
order of decreasing BBD. After each task is tentatively added, the schedule is checked for
feasibility. If the resulting schedule is not feasible, the candidate task is removed. The pro-
cess continues until all tasks have been considered. Tasks are removed from consideration
(aborted) when they pass their latest start time (LST) and have no chance of completing suc-

cessfully.4

Since this paper is not focused on algorithm design, we will not spend significant time
analyzing the implementation or complexity of the BBD; algorithm. A straightforward
implementation maintains a list of n active tasks stored in decreasing BBD order. A resched-
ule operation (ReSched) is performed whenever a new task arrives. Each ReSched scans the
active list, attempting to add each candidate to the schedule and aborting tasks that have

passed their LST.

In general, the longest path in ReSched occurs when all tasks are schedulable. In this

case, n queue operations are required to add tasks to the generated schedule. Each queue

4. If worst-case execution times are used instead of known execution times, the latest
start time calculation must use either the minimum execution time for the task (if known),

or must assume a minimum time of zero (causing task aborts after their deadlines).
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operation can be performed in log(m) time (where m is the current length of the generated
schedule). The schedule grows by one task at each stage. The feasibility check at each stage
is at most O(m). Finally, a few additional queue operations are sometimes required to main-

tain the list of active tasks. The total execution time is given by:

n
Z [alog (i) +bi+c] +dlog (n) +e (5)

i=1
where a, b, ¢, d, and e are constants. The feasibility checks dominate this time, leading

to a complexity for ReSched of O(n?). Other BBD, operations all have lower complexity.

The main advantage of the BBD algorithm is that it maintains the high average per-
formance of DASA/ND while placing a bound on the benefit density used in load shedding
calculations. This bound facilitates the a priori analysis of the possible benefit densities
which tasks can attain at run time. The bound also allows task importance levels to be set in
such a way that the benefit densities for some tasks will always be larger than those for

other tasks—thus allowing direct control over the load shedding process.

2.3 Scheduling Strata

A major advantage of best-effort scheduling is its ability during overloads to allocate
processor time to the tasks that will yield the most benefit. This technique is much more
flexible and adaptable than a simple priority mechanism. In general, however, there may be
tasks or groups of tasks that should always be considered more beneficial than others, no
matter how much time or resources they consume. In this paper, we introduce the notion of
scheduling strata as a nomenclature for representing these relationships. A scheduling stra-
tum is a set of importance levels. Our goal is to select the importance levels in such a way

that tasks executing with levels in one stratum will always have a higher BBD than tasks
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executing in a lower stratum. This relationship ensures that the BBD; algorithm will

always opt to run feasible tasks in a higher stratum before considering tasks in a lower one.

A stratum is represented by S; where i is the stratum number. If i > j then we write
S; > §; to signify that S; is a higher stratum than S;. Each stratum is defined by the range of
importance levels it contains. The formal specification of a stratum is:
S; = [1,h]
where /; and h; are the minimum and maximum importance levels in the stratum respec-

tively. The range of importance levels within a stratum is r; = 4; - /;.

Within a stratum, the ordering of BBD values for different tasks may change over time.
These changes occur as different tasks become active and are partially executed. By using
multiple importance levels, the designer can influence the order in which tasks are shed

within each stratum.

2.4 Importance Setting Algorithm

Now we will consider the problem of setting task importance levels so that the desired
ordering between strata is ensured. Informally, we need to assign task importance levels
such that the maximum possible BBD for all tasks in one stratum is less than the minimum
possible BBD for any task in a higher stratum. We will first analyze the mathematical basis

for the problem. Then, we will describe an algorithm that sets importance levels to achieve

the desired results.

2.4.1 Mathematical Basis

The maximum BBD for a particular importance level I = k is:
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