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Abstract: To fulfill the requirements for hybrid real-time system scheduling, a long-release-interval-first

(LRIF) real-time scheduling algorithm is proposed. The algorithm adopts both the fixed priority and the

dynamic priority to assign priorities for tasks. By assigning higher priorities to the aperiodic soft real-time jobs

with longer release intervals, it guarantees the executions for periodic hard real-time tasks and further

probabilistically guarantees the executions for aperiodic soft real-time tasks. The schedulability test approach for

the LRIF algorithm is presented. The implementation issues of the LRIF algorithm are also discussed. Simulation

result shows that LRIF obtains better schedulable performance than the maximum urgency first ( MUF)
algorithm, the earliest deadline first (EDF) algorithm and EDF for hybrid tasks. LRIF has great capability to
schedule both periodic hard real-time and aperiodic soft real-time tasks.
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Classical real-time scheduling theories only focus
on scheduling for periodic hard real-time tasks'' ™. A
large class of scheduling algorithms belongs to priority-
driven approaches, which are efficient to schedule real-
time systems'”'. According to different policies to as-
sign priorities to jobs, priority-driven scheduling algo-
rithms fall into two categories: fixed priority scheduling
and dynamic priority scheduling. The rate monotonic
(RM) algorithm proposed by Liu and Layland'* is the
well-known fixed priority scheduling algorithm. And
the earliest deadline first (EDF) algorithm also pro-
posed by Liu and Layland'" is a typical dynamic prior-
ity scheduling algorithm. Generally speaking, the dy-
namic priority scheduling algorithm can achieve a
higher processor utility than the fixed priority schedu-
ling algorithm can"'. It is proved that the EDF algo-
rithm can schedule any set of periodic tasks with pro-
cessor utilization no larger than 100% . So it is the opti-
mal scheduling algorithm.

With the development of real-time technique and
its applications, there are more and more requirements
for hybrid real-time systems, in which the real-time
tasks may be either hard or soft, either periodic or ape-
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riodic'”. There exist some algorithms for scheduling
both periodic and aperiodic real-time tasks, such as the
DS algorithms'” and the EDF-based aperiodic schedu-
ling algorithms'' . However, these algorithms are only
suitable for hard real-time systems. The maximum ur-

gency first (MUF) algorithm'”’

is an algorithm for hy-
brid real-time systems to schedule both hard and soft
periodic real-time tasks.

Essentially, MUF is a combination of fixed and
dynamic priority scheduling, also called mixed priority
scheduling. It can support a schedulable bound of up to
100% for the critical set.

However, with the MUF algorithm, there is no
guarantee how many jobs of soft real-time tasks will
meet their deadlines. In fact, the MUF scheduler makes
hard real-time tasks to be executed as soon as possible,
no matter it is necessary or not. Meanwhile it postpones
the execution of soft real-time tasks more or less. So
MUF is not suitable for applications including soft real-
time tasks. Besides, MUF cannot be used to schedule
aperiodic real-time tasks.

In this paper, in order to find a better solution for
hybrid real-time tasks, a long-release-interval-first task
scheduling algorithm named LRIF is proposed. It can
not only support the scheduling of periodic hard real-
time tasks, but also probabilistically guarantee the
schedulability ratios of aperiodic soft real-time tasks.
The principle of LRIF is to reasonably improve the
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schedulable task ratio by privileged scheduling jobs
with longer release interval. For those jobs with shorter
release interval, called “burst jobs”, lower priorities are
assigned. It is allowable for these burst jobs to miss
their deadlines. The schedulability test approach is also
deduced with priori release interval probability distribu-
tion for soft real-time jobs.

1 Real-Time Scheduling Model and LRIF
Algorithm

1.1 Model

In this paper, we consider the scheduling of a real-
time system on single processor. The task set running
on the processor consists of periodic hard real-time
tasks and aperiodic soft real-time tasks.

We use T, =(p;, ¢;, d;) to denote a periodic hard
real-time task. p, is a period of task 7. e, is the worst-
case execution time. And d, <p, is the relative dead-
line of T;. The k-th job of T; can be denoted as J, , =
(pi»ei D), D, is the absolute deadline of J, ,.

Suppose the release intervals of an aperiodic soft
real-time task subject to a certain probability distribu-
tion, we can use T, = (Dstrb/., e, d;) to denote the ape-
riodic soft real-time task. Dstrb; is the probability dis-
tribution of 7,’s release interval. e; and d; are the worst-
case execution time and relative deadline of T;, respec-
tively. The k-th job of 7; can be denoted as J; , = (e,
D;,), D, is the absolute deadline of J; ,.

For an aperiodic soft real-time task T, = (Dstrb,,
e;,d;), given a probability p, which we call permitted
deadline miss rate, if the ratio of the missed jobs to the
total jobs is lower than p, we call T is feasible.

1.2 LRIF algorithm

The basic requirement for the real-time system is
predictability. Unless the behavior of a real-time system
is predictable, a scheduler cannot guarantee that the
computation deadlines of tasks will be met. The idea of
the LRIF algorithm is to encourage jobs of aperiodic
soft real-time tasks to arrive smoothly. Jobs with steady
arrival will be set to higher priorities and scheduled as
hard real-time jobs. Meanwhile, those burst jobs will
be set to lower priorities, and will not be scheduled un-
til the jobs with higher priorities are arranged.

With LRIF, a task priority consists of two parts:
basic priority and dynamic priority. The dynamic prior-
ity is inversely proportional to the deadline of a job.
For a hard real-time task, the policy is to assign high
basic priority to all its jobs. A soft real-time task is as-
sociated with a base release interval L. To assign basic

priorities to jobs of soft real-time tasks, the following
policy is applied: If the interval between the release
time of a job and the release time of its immediate
precedent is shorter than L, the policy is to assign low
basic priority to the job. Otherwise, high basic priority
is assigned.

Suppose that an aperiodic soft real-time job’s ab-
solute deadline equals the sum of its release time and a
fixed relative deadline. The probability distribution of a
task’s absolute deadline interval is the same as that of
the task’s release intervals. So, the policy to assign the
basic priority for soft real-time jobs can also be presen-
ted as follows: If the interval between the absolute
deadline of a job and the absolute deadline of its im-
mediate precedent job is shorter than L, the policy is to
assign low basic priority to the job. Otherwise, high
basic priority is assigned.

Whenever a job is released or the current sched-
uled job finished, a reschedule operation is performed.
The LRIF scheduler is used to determine the next task
for execution. It first selects a job with the most urgent
deadline among jobs with high basic priority. Without
any jobs with high basic priority, a job with low basic
priority can be selected according to the EDF schedu-
ling policy.

LRIF consists of two parts. The first part assigns
basic priorities to jobs and pushes them into ready
queues. The second part involves the actions of the
LRIF scheduler during run-time. The following pseudo
codes illustrate these two parts.

Part 1 Assignment of the basic priorities
Input: Job J; , belongs to task T;.If T; is an aperiodic soft real-
time task, J; , =(e;, D, ;). 1f T; is a periodic hard real-time task, J; , =
(pirei.Di ).
Output: Basic priority of J; ;.
if (7; is hard real-time task) {
basic _ prior(J; ;) = High;
Push J; , into High _ basic _ prior _ queue according to EDF pol-

icy;
} else{
if (D;, =D, =L;) //L; is the base release interval of task
T
basic _ prior(J; ;) = High;
Push J; , into High _ basic _ prior _ queue according to EDF
policy;
} else {
basic _ prior(J; ;) =Low;
Push J; ; into Low _ basic _ prior _ queue according to EDF
policy;

}

return basic _ prior(J; ;) ;
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Part 2 Reschedule operation of LRIF

Input: Real-time task set{7;}
Output: None
while (true) {
if ((new job is released)//( currently scheduled job is fin-
ished)) {
if (High _ basic _ prior _ queue is not empty) {
Get the job from the head of High _ basic _ prior _
queue, and schedule it for execution;
continue; //go to next loop
}else {//There is no job with high basic priority
Get the job from the head of Low _ basic _ prior _ queue,
and schedule it for execution;

continue; //go to next loop

In part 1, given the length of the ready queue n,
the time complexity to push a job into a ready queue is
O(logn) . So the time complexity of part 1 is O(logn).
It is equal to the time complexities of EDF and MUF.
Considering that jobs with low basic priority are per-
mitted to miss their deadlines, a job with low basic pri-
ority may be directly inserted at the tail of low _basic _
prior _ queue, which costs a time of O(1). The time
complexity of part 2 is just O(1). Therefore, the time
complexity of LRIF is the same as that of EDF and
MUF.

With LRIF, soft real-time jobs with the release in-
terval longer than the base release interval are assigned
high basic priorities and scheduled as hard real-time
jobs. These jobs will not miss their deadlines. For the
hard real-time tasks, the scheduling behavior of LRIF
is the same as that of EDF. Hence the schedulability
test approach for EDF based hard real-time systems can
also be applied to the systems scheduled with LRIF.

Since some soft real-time jobs have the same bas-
ic priorities as hard real-time jobs according to their re-
lease intervals, it must be careful to develop an effi-
cient schedulability test algorithm for soft real-time
tasks and to determine their base release intervals, in
order not to incur the miss of hard real-time jobs’
deadlines.

2 Schedulability Analysis for LRIF

The schedulability test problem for an aperiodic
real-time task can be stated as follows: Given the per-
mitted deadline miss rate, and the release interval prob-
ability distribution of a task set, is the task set feasible
with a certain scheduling algorithm?

2.1 Schedulability test approach for LRIF
In order to deduce the schedulability test algo-

rithm for aperiodic soft real-time tasks, we first propose
and prove the following theorem.

Theorem 1 Suppose that the release interval of a
task T, = (Dstrb,, e;, d;) is less than L,(L,=d;) with a
probability p. If a task set is feasible with EDF, in
which T, is replaced by a periodic real-time task T} =
(L;, e;,d,), then the jobs of T, will miss their deadlines
with a probability not more than p, when the LRIF al-
gorithm is applied and the base release interval of 7; is
L,

Proof All the jobs of T, belong to two sets: S,
and S,. All the jobs in S, have release intervals not
shorter than L,. All the jobs in S, have release inter-
vals shorter than L,. With LRIF, all the jobs in S, are
set to a low basic priority. These jobs have no effect
on the feasibility of jobs with a high basic priority. All
the jobs in S, are set to a high basic priority. For the
jobs with a high basic priority, the scheduling result
with LRIF is the same as that with EDF. Since 7 is
feasible with EDF, and the jobs in S, have the release
intervals not shorter than L;, which is the release inter-
val of T7, all the jobs in S, keep their deadlines. Con-
sidering that some jobs in S, may meet their dead-
lines. P{J, , misses its deadline} <P {J,, € S,}, ac-
cording to the definition of S,, P{J; , € S,} =p. There-
fore, P{J, , misses its deadline}<p.

The schedulability test approach for aperiodic soft
real-time tasks with LRIF can be derived from theorem 1:

1) For every aperiodic soft real-time task 7, in

i

the task set, given the permitted deadline miss rate
™, set the task’s base release interval L, according to
the probability distribution of task’s release interval.
That means to set the base release interval L;, so that

the job’s release interval is shorter than L; with the

miss
P

possibility of p

2) For every aperiodic soft real-time task in the
task set, replace the task by its corresponding periodic
hard real-time task, in which the period equals the
base release interval and the deadline and the worst-
case execution time remain the same.

3) Test the feasibility of the task set with the
schedulability test algorithm for EDF. If the task set is
feasible with EDF, then the original task set is feasible
with LRIF; 1. e., the aperiodic tasks are feasible with
LRIF.

The schedulability test for periodic hard real-time
systems with EDF can be made based on processor
utilization according to Ref. [4]. It has the time com-
plexity of O(n), in which n refers to the task number
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in a system. So, the schedulability test approach for a-
periodic soft real-time tasks has the time complexity
of O(n).
2.2 Assignment of the base release interval

Assignment of the base release intervals for ape-
riodic soft real-time tasks is critical in the LRIF sched-
uling algorithm and its schedulability test. The follow-
ing example illustrates how to set the base release in-
terval according to the probability distribution of a
task’s release interval and the permitted deadline miss
rate.

Suppose that the job arrival rate of an aperiodic
soft real-time task has a Poisson distribution with A.
The release interval of the task subjects to a negative
7 " The probability distribu-

- At

exponential distribution
tion function is F (1) =1 —e
Suppose that the base release interval of T is L,,
if the permitted deadline miss rate is p, according to
theorem 1:
P{L<L,}=p (1
where L denotes the release interval of T,.
Because L subjects to the negative exponential

distribution,
P{L<L,}=F(L) =1-¢e™*" (2)
Combining Egs. (1) and (2),
1 —e AL =p
Therefore, L, :ln( ! )/A.
l-p

3 Implementation issues of LRIF

To implement the LRIF scheduling algorithm, a
scheduling framework illustrated in Fig. 1 is devel-
oped. The framework consists of two parts: the LRIF
admission controller and the LRIF scheduler.

Admission control requests
for real-time tasks

i

| LRIF admission controller |

JL

&» »  |High_ basic_ prior_ queue 5

—E | —TTI]

Input g & QR

—19 7 —»| o |Output
i 2

Low _ basic_ prior _ queue

LRIF scheduler

Fig.1 Structure of LRIF scheduling framework

The LRIF admission controller is in charge of
schedulability test. The schedulability test approach is
presented in section 2. When a new task asks for ente-

ring the system, it makes a decision for admission. A
task is rejected if it is unfeasible. Otherwise, LRIF ac-
cepts it, and stores the real-time parameters such as
task type, period or base release interval, relative
deadline, and worst-case execution time, into LRIF
scheduler.

The jobs of a task can be scheduled by the LRIF
scheduler and guaranteed to be feasible, when the task
is admitted.

There are two ready queues in the LRIF schedu-
ler: a queue for jobs with a high basic priority, and a
queue for jobs wtih a low basic priority. The LRIF
scheduler takes two steps.

Step 1 Assign the basic priorities to the arriving
jobs and push them into either of the two ready
queues.

Step 2 Select jobs from the two ready queues
for execution.

Step 1 is done by the basic priority assigner. Step
2 is done by the job selector. The details of both of
them are presented in section 1. 2.

4 Simulations and Analysis

To evaluate the capabilities of LRIF to guarantee
the feasibilities of both periodic hard real-time and
aperiodic soft real-time tasks, the following simulation
is designed.

The real-time task set consists of five periodic
hard real-time tasks and two aperiodic soft real-time
tasks. The total processor utility of the five periodic
hard real-time tasks reaches 50% . One aperiodic soft
real-time task subjects to a normal distribution, the
other subjects to a uniform distribution. To simplify
the discussion, the processor utilities of the two aperi-
odic soft real-time tasks are the same, which vary be-
tween 5% and 25% in different cases.

The task set is scheduled by LRIF and other
scheduling algorithms respectively. The deadline miss
rates of tasks are recorded. Because the MUF schedu-
ling algorithm can only schedule periodic tasks, it was
not chosen as the contrast algorithm. In this simula-
tion, pure EDF (denoted as EDF) and EDF for hybrid
real-time tasks (noted as H-EDF) are compared. H-
EDF schedules the task set with the following policy:
Hard real-time jobs are scheduled with EDF as long as
these jobs exist. Otherwise, soft real-time jobs are
scheduled with EDF.

The deadline miss rates of the tasks with EDF are
shown in Tab. 1. The deadline miss rates of the tasks
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with EDF and H-EDF are shown in Tab. 2 and
Tab. 3, respectively.
Tab.1 Deadline miss rates of tasks with LRIF

Case number

Task ID

1 2 3 4 5
T, 0 0 0 0 0
T, 0 0 0 0 0
T; 0 0 0 0 0
T, 0 0 0 0 0
Ts 0 0 0 0 0
T, 0. 027 0.03 0.044  0.068 0.097
T, 0 0 0 0 0.012

Processor utility/ % 60 70 80 90 100

Tab.2 Deadline miss rates of tasks with EDF

Case number

Task ID
1 2 3 4 5
T, 0 0 0 0 0
T, 0 0 0 0.018 0. 04
T 0 0 0 0.01
T, 0 0 0 0 0.02
Ts 0 0 0 0.01
Te 0.011 0.03 0.033 0.065 0.093
T, 0 0 0 0. 036
Processor utility/ % 60 70 80 90 100

Tab.3 Deadline miss rates of tasks with H-EDF

Case number

Task ID

1 2 3 4 5
T, 0 0 0 0 0
T, 0 0 0 0 0
T 0 0 0 0 0
T, 0 0 0 0 0
T 0 0 0 0 0
T, 0.031 0.052 0.08 0.105 0.12
T, 0 0 0.024 0.036 0.059

Processor utility/% 60 70 80 90 100

As shown in Tabs. 1 to 3, from case 1 to case 3,
all the tasks are feasible with any of the three algo-
rithms. That means all the three algorithms are satisfy-
ing when the load is not heavy. When the load turns
heavy, the difference appears. With EDF, no matter
hard or soft, all the jobs are scheduled according to
their absolute deadlines. So jobs of periodic hard real-
time tasks may miss their deadlines, while the deadline
miss rates of aperiodic soft real-time tasks are low.
With H-EDF, jobs of the hard real-time tasks have the
precedence, so all the periodic hard real-time tasks are
feasible. However, there’s no guarantee for soft real-
time jobs, which incurs larger deadline miss rates of
aperiodic soft real-time tasks. With LRIF, all the peri-
odic hard real-time tasks are guaranteed feasible. At
the same time, the deadline miss rates of the aperiodic
soft real-time tasks are lower than the permitted dead-
line miss rates.

5 Conclusion

In this paper, an EDF-based real-time scheduling
algorithm named LRIF is proposed. With LRIF, both
periodic hard real-time and aperiodic soft real-time
tasks are feasible. The time complexity of LRIF is the
same as that of EDF and MUF. The schedulability test
approach for LRIF is developed. The implementation
issues of this scheduling algorithm are also discussed.
Simulation result verifies its capability to guarantee
the feasibilities of both periodic hard real-time and
aperiodic soft real-time tasks.

The LRIF scheduling algorithm is flexible and
extensible. Currently, only periodic hard real-time
tasks and aperiodic soft real-time tasks can be sched-
uled with LRIF. In order to schedule periodic soft re-
al-time tasks with LRIF, little improvement need to be
done in LRIF scheduling framework. Because the re-
lease intervals of periodic soft real-time tasks are
fixed, in basic priority assigner, other policy needs to
be applied so that a certain proportion of periodic soft
real-time jobs will be assigned a high basic priority.
The schedulability test approach needs to be adjusted
correspondingly.
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