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Research on the Schedulability of Sporadic Tasks in Spaceborne
Mixed Real-Time Operating System
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Abstract: A spacecraft is a typical time-sensitive system, and the characteristics of hard real-time and limited
resources make the design of real-time scheduling algorithms particularly crucial in spaceborne operating
system. With the development of space technology, onboard computer has transformed from a closed system
with a single type of task to an open system with mixed sets of tasks. The system allows new tasks to be
dynamically loaded during operation, leading to real-time changes in the types and numbers of tasks, further
increasing the difficulty of predicting and the uncertainty of the system. Sporadic tasks are more common in
actual system and have special temporal characteristics of releasing by a random frequency, making the
schedulability determination more complex than that of other types of tasks. Therefore, we focused on the
schedulability of sporadic tasks in spaceborne operating system and first classified the situations in which
schedulability needs to be determined. For each preemption case in different situations, corresponding
determination strategies were proposed based on Response Time Analysis (RTA). Due to RTA’s high time
complexity, we additionally utilized Interference Bound Function (IBF) to judge the schedulability, thus providing
flexible choices for system design. By tracking task’s runtime information and analyzing at a finer granularity,

our methods reduced pessimism and achieved a better schedulable ratio.
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1 Introduction

At present, real-time systems are widely used in
various fields, such as autonomous vehicle, industrial
robots, digital airplane, phased array radar, even in
graphics processingl!=3l.  Different from general
computing systems, real-time systems have higher
requirements for the generation instant of computing

results. Some applications, also defined as real-time
tasks, running on such systems usually need to meet
their own deadline requirements. According to the
severity of time constraints, real-time tasks can be
divided into hard real-time tasks, soft real-time tasks,
and firm real-time tasks. The former does not allow

missing deadline, otherwise it may lead to catastrophic
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consequences!?. Due to the special time sensitivity of
real-time tasks, some existing traditional scheduling
methods, such as Round Robin and FCFS3!, cannot
perform well. Therefore, real-time scheduling has
become a hot research topic in both academia and
industry.

Real-time task scheduling in spacecraft computers is
more complex. Spacecraft, as a typical hard real-time
system, is strictly limited by volume and heat
dissipation constraints, resulting in significant
differences in computing power and storage resources
compared to ground platforms. The implementation of
scheduling strategies should be lightweight, and the
computing resources need to be fully utilized as much
as possible, which implies that a highly accurate
schedulability determination method is crucial.
Previously, the type of space tasks in OnBoard
Computer (OBC) was relatively single, mainly some
safety-critical control tasks such as attitude and orbit
control, which are periodically initiated at fixed time
instants and therefore also defined as “fixed-point
tasks”. The targeted scheduling method for such tasks
is table-based scheduling strategy!®), which completes
runtime scheduling by manually planning the execution
timing of tasks in advance before the space vehicle is
launched into space. This method trades space for time,
which is simple to implement and has strong
predictability, but not flexible enough, and can only be
applied to situations where the type and numbers of
tasks have already been determined.

With the development
technology, the execution of tasks in many subsystems
and payloads carried by satellite platforms has been
integrated into OBC. Scattered tasks are centralized,
and the OBC needs to handle real-time tasks with
multiple different In many aerospace
scenarios, such as Mars rovers, manned spacecraft, and
satellite constellations![”], the related space missions are
extremely complex and different from others,
especially in terms of time characteristics, resulting in
changes of types of real-time tasks, from a single type
to a mixture of multiple types. In addition to fixed-

of onboard electronic

attributes.

point tasks, there may also be sporadic tasks, such as
attitude correction, multi-satellite collaboration, image
classificationl®, and aperiodic tasks that
randomly during system operation like obstacle
avoidance. Besides, most spacecraft have evolved from

arrive

closed systems to open systems, allowing new tasks to

be dynamically loaded from external sources during
operation, as shown in Fig. 1. Consequently, the
ground station is no longer able to figure out all
possible situations and is difficult to update spacecraft
from a long distance. So spaceborne operating system
must be able to analyze the schedulability of mixed sets
of tasks online. In actual production, the current
approach is still to analyze all possible tasks in advance
and manually formulate their execution timing. The
handling of emergencies is separated from OBCs, and
an independent control system is used, which requires
additional microcontrollers and lacks autonomy. Some
available researches toward this issue have the problem
of insufficient analysis of task types and cannot
balance the accuracy of analysis and time complexity
well, which is presented in Section 2.

We have previously studied the schedulability of
aperiodic tasks in the aforementioned situation. While
sporadic tasks are more common in practical systems
and have more special timing characteristics which
makes it more difficult to determine schedulability.
Compared to aperiodic tasks, sporadic tasks trigger
multiple instances; compared to fixed-point tasks, the
frequency of task’s instance is not fixed.

In Section 2, we summarize relevant research and
analyze the shortcomings of existing methods when
applied in aerospace field. Section 3 introduces the
system model, including basic assumptions, task
model, and scheduling method, as the basis for the
subsequent design of schedulability determination
algorithms. Section 4
definitions and theorems with their proof.

In Section 5, we expound detailed illustration and
derivation of our strategies. We discover there exists an
easy to implement but pessimistic approach to make
sufficient schedulability determination, but it can only
reach a bad schedulable ratio. So, we sum up all
possible preemption cases of sporadic tasks and
propose corresponding determination algorithms based

introduces some critical
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Fig.1 Mixed sets of tasks in open system.
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on Response Time Analysis (RTA) and interference
bound function respectively. Section 6 presents
simulation experiments and effectiveness of our
methods. Finally, a detailed conclusion is drawn.

2 Related Work

In 1973, Liu and Layland®! proposed the classic Rate-
Monotonic (RM) and Earliest Deadline First (EDF)
algorithm for periodic tasks in single-core processors
and defined the “critical instant” at which the response
time of a task reaches maximum. Liu and Layland!®!
also provided an upper bound on processor utilization
for two algorithms as sufficient condition for
schedulability determination. For RM algorithm, when

n
the task set satisfies ZCP/Tpgn(%—l), it is

schedulable, where n is thg:ﬁumber of tasks, Cp, and T,
are the Worst-Case Execution Time (WCET) and the
period of the task, respectively. Liu and Layland’s
researchl®! laid an important foundation for the
development of real-time scheduling. The “critical
instant” provides key idea for determining the
schedulability of tasks and has been widely utilized by
subsequent research.

The upper bound can only serve as a sufficient
condition for schedulability determination, that is,
when a task set exceeds this bound, it does not mean
the task set cannot be scheduled. Therefore, some
sufficient and necessary schedulability determination
methods were proposed. Lehoczky et al.l'% proposed a
determination strategy for RM algorithm which only
needs to check whether there is an instant before the
task’s deadline that meets the processor requirements
of all tasks. However, when the number of tasks is
large, it may need to check too many instants, thereby
increasing time overhead. Another necessary and
sufficient method is RTA[!'l. Unlike other methods,

RTA can accurately calculate the Worst-Case
Response Time (WCRT) of a task, as follows:
LR
RS’H—I) = C,"FZ Tl_j 'Cj
j=1

When RE"“) :RE"), the iteration stops, and RE") is
WCRT of the task. Due to the characteristic of iterative
computation, when the number of tasks is rational,
finding RS") is an NP-hard problem, but RTA is still
widely used. The schedulability can be determined by
comparing the relative deadline with the WCRT.

The high precision of RTA has obvious advantages
when system load is high. While in general, some
algorithms that sacrifice certain accuracy but have
lower time complexity can be better. Request Bound
Function (RBF) is defined as

RBF(t;, 1) = {Tﬂc,
representing the maximum execution time generated by
task 7; within a time interval of length #[12]. When used
for schedulability determination, all tasks are generally
considered to release at critical instant, and ¢ can be set
as the relative deadline of the task. Obviously, the
results obtained by RBF may be greater than ¢, so there
is a certain degree of pessimism. Interference Bound
Function (IBF) can also be used to calculate the total
execution time of tasks within a certain intervalll3l,
Compared to RBF, IBF separately calculates the
execution time within an incomplete period, thereby
improving accuracy. We also utilize IBF to judge the
schedulability in Section 5.

As for sporadic tasks, Deadline Monotonic (DM)
algorithm, which assigns priority based on task’s
relative deadlinel!*l, has been proven to be the
optimal algorithm for sporadic tasks under fixed-
priority scheduling. Liu et al.[!3] analyzed the density
upper bound of sporadic task sets and provided a
sufficient condition for schedulability determination
under DM algorithm. Chen et al.[!o] constructed a
schedulability test framework “k2U”,
generate utilization-based methods for many different
types of tasks, including constrained-deadline and
arbitrary-deadline sporadic tasks, accordingly having a
better generality. Sun et al.l!”! proposed a polynomial-
time schedulability analysis method for sporadic tasks
based on integer programming model, which obtained
a significant improvement in the number of
deterministic examples compared with existing
algorithms.

which can

Initially, real-time tasks are mainly divided into hard
real-time tasks and soft real-time tasks based on their
tolerance for missing deadlines. The relative
scheduling methods mainly include background
scheduling, bandwidth reservation, and slack
stealing[!8-201 All these methods aim to ensure hard
real-time tasks meet their deadlines while minimizing
the response time of soft real-time tasks and allowing
them to occasionally miss deadline. Many subsequent
studies were conducted based on these ideas but with
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better real-time performancel?!-22l. While we only
consider hard real-time tasks in this paper, and the
classification of tasks is mainly based on their arriving
patterns. Each task needs to be strictly judged for its
schedulability. Compared with more attention paid to
reduce response time, our focus is on how to
effectively determine reduce schedulability, which is
different from the aforementioned researches. How to
reduce time overhead and improve the schedulable
ratio is the key of schedulability determination. Isovic
combined offline scheduling and online scheduling for
mixed sets of tasks with complex constraints, solving
the schedulability determination problem of three types
of tasks: periodic, sporadic, and aperiodic tasks(23],
Compared to background scheduling, this method
greatly improves the schedulable ratio of task sets. But
But it has high time consumption and is difficult to
implement. Coutinho et al.[24 pointed out that when
sporadic tasks are jointly scheduled with synchronous
periodic tasks, the determination of schedulability only
needs to consider the critical instant, while when
scheduled with asynchronous periodic tasks, the worst
Therefore, they defined the
“asynchronous critical instant” of sporadic tasks and
then determined the schedulability based on RTA. The
“asynchronous critical instant” here only considered
two types of tasks, and no corresponding proof process
was provided. So we prove this concept and
additionally considered aperiodic task, extending to
three types of tasks (Section 4).

Regarding mixed scheduling of fixed-point task and
other types of tasks, Liu et al.l»! proposed Virtual
Zoom Out Period (VZOP), which solved the admission
control problem of sporadic tasks. The time complexity
of VZOP is only O(n). But it leads to a certain degree
of pessimism by using RM’s upper bound as the
schedulability determination method. When system
load increases, the schedulable ratio of task sets
decreases rapidly. Based on bandwidth reservation, Liu
et al.[26] further proposed method Virtual Utilization
Worst Fit (VU-WF) in multi-core processors. A
sporadic server with maximum priority was
constructed for execution of fixed-point tasks and
achieved a higher schedulable ratio by utilizing the
determination method in Ref. [10] compared to VZOP.
Based on aCoral operating system, Jiang[27] analyzed
the WCRT of sporadic task and quantitatively
considered the time consumption of admission control
under resource constraints. But as the number of tasks

case 1s unknown.

increasing, this cost would impose a significant burden
on the system. Chen et al.[?8] also studied the mixed
scheduling when fixed-point and sporadic tasks coexist
under shared resources and proposed a lock protocol
based on the idea of avoidance blocking which can
reduce schedulability loss.

We find there is still few research on mixed
scheduling of fixed-point tasks and other types of tasks,
especially when aperiodic tasks are additionally
considered in open systems. It is also difficult to
balance algorithm’s time complexity and schedulable
ratio for any methods which could directly affect
system performance. The above questions are precisely
what this paper aims to solve.

3 System Model

System modeling is the foundation for analyzing the
schedulability of task sets. As discussed earlier, there
are three types of tasks in the system, namely fixed-
point task, sporadic task, and aperiodic task, running on
a single-core processor with no resource constraints,
and the switching cost between different tasks is
included in the WCET of each task. We define two
states of the system: offline phase and online phase. In
offline phase, there are already some fixed-point tasks
and sporadic tasks that reflect the basic functions and
applications of the system, and the number of these
tasks is determined. The tasks are not running, and the
system is closed at this state. While during online
phase, the system and tasks are dynamically running,
and new tasks are allowed to be loaded from external
event. The system transforms into an open system. We
ideally deem the schedulability determination will be
conducted immediately upon arrival of tasks.

The parameters of each task are divided into two
categories: Static parameters and Dynamic parameters.
The static parameters are determined during the offline
phase of system and will not change with the operation
of tasks. On the contrary, dynamic parameters require
system to record and update in real time to reflect the
task’s execution status which can contribute to higher
precision for schedulability analysis!23- 291,

Fixed-point tasks F; can be represented by a 4-tuple
F; =(R;, C;, D;, T;), where all parameters are static. R;,
the arrival offset of F;; C;, WCET; D;, relative
deadline; T, the system control period. Each fixed-
point task releases at a predetermined instant in 7, and
completes before the next system control period with
the highest priority. Therefore C;=D;. F; satisfies
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R;+C; < Riy; when i #n, so any fixed-point task does
not interfere with others. Obviously, fixed-point tasks
are a kind of special asynchronous periodic task. A task
set composed of n fixed-point tasks is represented as
Tr(n)=(F1, Fa, ..., Fy).

Sporadic task S; can be represented by an 8-tuple,

Si= (Ch D;, T;, Sf-{, aré‘, df, Ef»‘, f,-k)-

Static parameters: WCET C; and relative deadline D;;
T;, the minimum time between two consecutive
invocations of S;. Dynamic parameters: S f‘ , the k-th
job of S; (a single invocation of a task is called a job or
an instance); ar, the arrival time of S¥; ¥, the
absolute deadline of S¥; E¥, the remaining execution
time of S¥, with an initial value of C;; f¥, the finish
time of S¥. The initial value of ar’ is 1, indicating that
no job of §; has been triggered yet. The initial value of
ﬂ‘ is a maximum value, indicating that the current
instance has not finished, i.e., Elk #0. A task set
composed of n sporadic tasks is represented as T's(n) =
(S1,82, ..., Sp).

Aperiodic tasks are generally triggered by external
events, which do not have periodic characteristics and
arrive randomly during system runtime. Therefore,
task’s parameters are unknown in offline phase.
Aperiodic tasks can be represented by a S-tuple,
A; = (Cy, ary, E;, f;, d;). Static parameters: ar;, the
arrival time of A;; d;, the absolute deadline; C;, WCET.
Dynamic parameters: E;, the remaining execution
time of A;; f;, the finish time of A,. The relative
deadline of A, is the difference between d; and ar;. A
task set composed of n aperiodic tasks is represented as
TA(n) = (Al, Ag, ey An).

We adopt fixed-priority driven preemptive
scheduling algorithm to achieve better predictability
and lower difficulty in implementation. Fixed-point
tasks are given the highest priority because they often
represent some safety-critical control tasks, such as
orbit return of manned spacecraft. As for sporadic tasks
and aperiodic tasks, their priorities are assigned
according to DM algorithm. The priority of a task
depends on its relative deadline. A smaller relative
deadline means that the task will be allocated a higher
priority.

4 Basic Conception

Definition 1 The scheduling window of a sporadic
instance S¥ is [arf.‘, dl’.‘], which means that if the

execution requirement C; cannot be met within this
interval, S f cannot be scheduled, and therefore S,
cannot be scheduled.

Definition 2 Interference bound from sporadic task
IBF(S;, a, b) denotes the maximum interference that a
sporadic task §; can cause to lower-priority tasks
within a time interval [a, b],

IBF(S;, a, b) = V)Ti

JTl-+min{Ci, (b —a)modT;}.

]

This formula assumes that S; requests the processor
simultaneously at the critical instant with other tasks.
We use it to calculate for arbitrary interval by using
task’s dynamic parameters.

Lemma 1 When only fixed-point tasks are
considered, the response time of S f‘ reaches its
maximum when S{.‘ releases simultaneously with a
fixed-point task F;. And within scheduling window of
Sk, the total execution time of all fixed-point tasks is
also the largest. In particular, the response time is not
necessarily related to execution time.

Proof For each fixed-point task F;, the releasing
time ar’ of S¥ can only locate in [Ri-j +Ci—y, R+ Ci].
Therefore, the relative positions of arf.‘ to R; within this
interval can be discussed separately.

(1) Response time. In Fig. 2, arf = R,, S¥ releases
with F, at the same time, when Sf.‘ releases in advance,
ie., arf < R,, because there is no task in [R; +C1, R>],
the response time remains unchanged. However, if the
WCET of § f is very small and can be completed
within a short idle, then the response time will be
respectively small; when arf > R,, due to the constant
idle time within [R;, finish_time] and the later releasing
time, the response time decreases.

(2) Execution time of fixed-point tasks. As shown
in Fig. 3, the interval [ar¥, d] shifts to left and
becomes [x’, y’]. Since [x/, arf] is idle, the total
execution time of fixed-point tasks will not decrease
unless [y, df.‘] is also idle; for the interval [x”, y”'], on
the other hand, the execution time of fixed-point tasks
decreases when arf moves to x” because [arf, x”] is

4

i i N EE § 1 BN

‘ arf finish_time
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Fig.2 Response time of S{‘ .
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Fig. 3 Execution of fixed-point tasks.

continuously computing. If there is some idle within
[df‘, y”’], the execution time of fixed-point tasks within
the overall interval will reduce.

The execution time of fixed-point tasks is not
necessarily related to the response time of sporadic
instances, as shown in Fig. 4.

Obviously, within the same interval [arf, ], for
Case 1, the execution time of fixed-point tasks is
greater than Case 2. Assuming
requirement of § f can be met during the idle interval in

the execution

Case 1, the response time in Case 1 will be smaller
than that in Case 2.

Lemma 2  Considering fixed-point tasks and
sporadic tasks with higher priority (releasing at
maximum frequency), when S* and these sporadic
tasks release simultaneously with a fixed-point task,
the response time of S f‘ reaches its maximum;
moreover, the total execution time of all higher-priority
tasks within the scheduling window of Sf.‘ is also
maximum.

Proof Lemma 1 shows that if only fixed-point
tasks are considered, when a sporadic instance releases
simultaneously with a fixed-point task, the response
time of this instance and the total execution time of
fixed-point tasks within the scheduling window reach
maximum. On this basis, sporadic tasks with higher
priority are introduced as follows:

(1) Execution time of all tasks with higher priority
(including fixed-point tasks and sporadic tasks). In

Fig. 5, 5 has higher priority than S}. when §% releases
k
j
decreases within [arf, df]; because the total idle time

in advance, i.e., ar’; moves left, the execution time of §;

Case 1

Case 2

Fig. 4 Relationship between the execution time and the
response time.
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Fig. 5 Execution of fixed-point and sporadic tasks.

for sporadic tasks in [ar¥, d¥] is fixed, the available idle
time gradually decreases as ar’; shifts to right. Both
these situations result in a decrease in the execution
time of sporadic tasks.

The above process only considers S f releasing
simultaneously with F;. So the cases of releasing at
different instants also need to be proved.

Let S f represent a sporadic instance with higher
priority now. In Fig. 6, interval [x, y] changes to
[x’, ¥'], and the corresponding releasing time ari.‘ is also
advanced to x’. According to Theorem 1, the execution
time of fixed-point tasks in [x’, y’] remains unchanged
or decreases. Since both [x, x] and [y’, y] are idle, the
execution time of fixed-point tasks in the new interval
remains unchanged. Assume the length of [x/, y'] is
twice as the period of Sf.‘. S triggers at the maximum
frequency. In Case 2, ari.< continues to move left by a
certain value 4. Since there is no idle in 4, the
execution time of S, in [x’, y'] does not reduce. At the
same time, due to the advance of arf.‘+2T,~, a new
period of S, enters, resulting in an increment of
execution time of S, in [x’, y’], as indicated by the
arrow.

In fact, the increment of execution time needs to
meet the following requirements: the idle time in the

’ BRI ‘
xx Yooy
Case 1 H H{
g arf arf+ T, tarf+ 27,
Case 2 h:l H Hh __, Increment

arf!

arf+ T, arf+2T |

Fig. 6 Releasing at different instants with fixed-point task.
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left interval is less than that in the rigth interval after
moving. In Case 2 of Fig. 6, it is shown that the idle
time in [ar¥, x’] is less than idle time in [ar +2T;, y'].
This is because during the left shift of arf.c , the idle time
in the left interval leads to a decrease in the total
execution time of sporadic tasks, while the idle time in
the rigth interval allows new sporadic instance to be
executed. The total change in execution time of
sporadic tasks depends on the relationship between the
idle time in the left and right intervals and the WCET
of sporadic tasks.

We can increase the execution time of fixed-point
tasks by moving the interval to left. In Fig. 6, moving
X' to arf.‘ in Case 2 changes the analysis interval to
[ar¥, ar¥ +27;]. The execution time of S, in this new
interval stays unchanged, and the execution time of
fixed-point tasks increases. So the total execution time
still increases compared to the initial analysis interval
[x', y']. According to this rule, we can continuously
move ari.‘ and adjust the analysis interval until its left
point is equal to the offset of F;. Now sporadic tasks
and fixed-point tasks release simultaneously again.

(2) Response time. When a sporadic task with higher
priority releases simultaneously with a fixed-point task,
regardless of whether this sporadic task releases earlier
or later, it may cause sporadic task with lower priority
to be executed earlier, thereby reducing its response
time.

When a task with lower priority, represented by S,
does not release at the same time with fixed-point task,
analysis can still be carried out using Fig. 6. There are
two situations that may increase the response time, as
follows:

(i) Assuming the response time of S, in Case 1 is
equal or very close to arf + T, [ar¥, ar +2T;] shifts left
by 4. Since there is no idle in 4, interference generated
by sporadic task with higher priority in [ar¥, ark + T}]
does not decrease. At the same time, ar;‘ +T; advances,
causing the execution of S, to be preempted, resulting
in an increase in the response time.

(i) [arf, arf +27;] shifting to left increases the
execution time of all instances of S, within [x', y']. If
the response time of S, in Case 1 is equal or very close
to arf +2T;, the newly added execution time of S, will
increase the response time of S,. Due to the execution
of fixed-point tasks within 4, if the releasing time of S,
moves from x’ to arf?, its response time will further
increase. Similarly, according to this rule, the releasing

time of S; and S, can continuously shift to left until it is
equal to the arrival time of F,. If the releasing time
continuously moves the idle time before F; will cause
S; to be executed earlier, thereby reducing its response
time.

S Schedulability Determination of Sporadic
Tasks

Under mixed scheduling of different types of tasks,
there is no such a critical instant likes RM that can
directly determine the schedulability. A simple but
pessimistic method is to assume that all tasks release at
the same time (since each fixed-point task has a fixed
offset, this situation will never occur). The response
time of sporadic instance with lower priority reaches a
considerable extreme value. We call this method Over-
Pessimistic Method (OPM), and our method shows that
the accuracy of analysis can be significantly improved
by utilizing task’s dynamic parameters.

In our previous work3%, we provided a method for
calculating the execution time of fixed-point tasks
within any interval RTg(a, b), where a and b are the
left and right endpoints of the interval. In addition, we
also defined IS(S;, Rg?), where RX? is the result of the
n-th iteration in RTA method. IS(S;, RX'I_)) utilizes the
runtime information of sporadic tasks and can calculate
the total execution time generated by sporadic tasks
with higher priority in each iteration of RTA. On this
basis, we solved the admission control problem of
aperiodic tasks and got the worst-case response time of
aperiodic tasks. The above results are used in the
following analysis.

There are three situations where the schedulability of
sporadic tasks needs to be determined, as follows:

(1) Schedulability analysis on initial sporadic tasks
when system is not running, i.e., offline phase.

(2) During online phase of system, new sporadic task
may dynamically request to join the system. Therefore,
it is necessary to determine the schedulability of this
new task and other tasks with lower priority.

(3) Aperiodic tasks with higher priority that
randomly arrive during runtime may preempt existing
sporadic tasks, so their schedulability need to be tested
again.

5.1 Schedulability determination in offline phase

According to Lemma 2, when a sporadic task with
lower priority and all other sporadic tasks with higher
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priority release simultaneously at a fixed-point task’s
offset, the response time of this sporadic task reaches
its maximum. Therefore, we can traverse each fixed-
point task and find out the worst case. The
schedulability can be determined by comparing the
relationship between the maximum response time and
the relative deadline of the task.

Assuming the sporadic task to be determined is S;,
one of the sporadic tasks with higher priority is S and
the set of sporadic tasks Ts(n)=(Sq, S2, ..., S,) is
arranged by descending order according to task’s
priority, therefore j<i. The execution time generated
by S; during time interval ¢ is recorded as ReT(¢) and
ReT;(t) = [t/Tj]-Cj, when §; releases with S, at the
same time. Therefore, the execution time generated by
all sporadic tasks with higher priority during ¢ is
i-1
ZReT_,-(t); the execution time of fixed-point tasks is
=1
RTr(R,,, R, +1), where R, is the offset of the m-th
fixed-point task.

On this basis, the WCRT of S ; can be calculated via
RTA. The initial iterative value is equal to the
execution time of §;, i.e., C;. The iterative calculation
is shown in Algorithm 1.

5.2 Schedulability determination when new

sporadic tasks arrive

Since the instants when new sporadic tasks require to
join the system are random, the determination of the

schedulability needs to consider whether the current
instance is preempted by aperiodic tasks. We traverse
all aperiodic tasks, and the interference caused by these
tasks on sporadic instance is the sum of their remaining
execution time.

Let T4 p(n) denotes the set of aperiodic tasks with
higher priority and n is the number of tasks. The
interference generated by these tasks can be recorded

as Z E;. The newly arriving sporadic task to be
Ai€Tp—p(n)
determined is S;, the arrival time of its first instance S 11

is ar}, that is, the current system time when S, requests

to join. Based on whether E; is equal to 0,
A;€Tp—p(n)
there are following discussions:

€)) Z E; # 0. The execution time of aperiodic
A;€Tp_p(n)
tasks in T4 j(n) only preempts the current sporadic

instance and does not affect the next instance. This is
because if there is a preemption for the next sporadic
instance, it indicates that the aperiodic tasks have not
been completed within the scheduling window of S 11
and S} will definitely not be executed, thus missing its
deadline. Within the scheduling window [ar}, d|] of
S}, the execution time of fixed-point tasks can be
calculated through RTp; the interference generated by
sporadic tasks with higher priority can also be obtained

Algorithm 1 RTA method for determining the
schedulability of sporadic tasks in offline stage

Input: Tr(n) = (F1, Fa, ..., Fp), Ts(m) =(S1, S2, ..., S»)
Output: WCRT of S,

: int worst_response_time = 0

. int current_iteration = C;

:int last_iteration = 0

:for Ry, in Tr(n)

: while current_iteration != last_iteration

last_iteration = current_iteration;

= Y O

current_iteration = RTg(R,,;, R, +last_iteration) +
i-1
Z ReT j(last_iteration)+ Cj;
J=1 .
8: end while
if current_iteration > worst_response_time
10:  worst_response_time = current_iteration;
11: return worst_response_time

Algorithm 2 RTA method for determining the
schedulability of current sporadic instance in online stage

Input: Tr(n) = (F, Fa, ..., Fy), Ts(n) =(S1, S2, ..., Sp),
Ta(n)= (A1, Aa, ..., Ap)

Output: WCRT of § :l
1: int worst_response_time = 0

2: int current_iteration = C;

3: int last_iteration = 0

4:  while current_iteration != last_iteration
5: last_iteration = current_iteration;

6: current_iteration = IS(S j, last_iterator) + C; +

i
Jj=1
RTF(arl.l, arl.l + last_iteration) + Z E;;

7: end while AcTu-4(r)

8: return worst_response_time

Note: Only when worst_response_time is less than or equal to
D;, S; can be deemed as scheduled.

Note: It is not only necessary to determine the schedulability of
current sporadic instance, but also to analyze whether S, can
meet its deadline in worst case (as it is difficult to determine
whether the current instance has the maximum response time
among all instances, even it is preempted by aperiodic tasks).
The determination method is the same as Section 5.1.
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by using tasks’ dynamic parameters. At this point, the
schedulability of S 11 can be determined, shown in
Algorithm 2.

2) Z E; = 0. It indicates that tasks in T4, (n)
Ai€Tp-p(n)
do not directly preempt S!, but this does not mean S

is not be disturbed by aperiodic tasks. Consider the
following example:
At the moment ar}, aperiodic tasks have been

B o P
Z E;=0. The priority of Shigh is

Ai€Tp_p(n)

greater than §; but less than aperiodic tasks, so

completed,

although Sf.  releases at arf, ., it is not executed until
g ig
F, finishes. In this case, aperiodic tasks with higher
priority indirectly affect the execution of §;, possibly
making the worst case in Lemma 2 no longer hold. As
shown in Fig. 7, if ar’l‘ligh is equal to ar!, assuming the
response time at this time reaches the maximum in
Lemma 2, it is obvious that if arfligh shifts to left, the
response time of S; may increase or remain unchanged.
Therefore, it cannot be simply confirmed the aperiodic

tasks will not interfere with Si1 if E; =0, and
Ai€Tg—p(n)

itis still necessary to analyze its schedulability of

currentinstance and worst case.

RTA can provide a sufficient and necessary test
method, but the time complexity is considerable.
Judgment for new sporadic tasks occurs in online
phase, and unlike the offline stage, the time cost of
algorithm should not be too high. Although the RTA
method can accurately determine the worst-case
response time of a task, it also brings the problem of
heavy computing overhead. IBF can also be used to
determine the schedulability of sporadic tasks by
utilizing Algorithms 3 and 4. IBF reduces time
complexity, but introduces a certain degree of
pessimism, which may lead to a decrease in the
schedulable ratio of task sets. In actual system design,

JE
> E
4ETy ()

k k
Al alyy, + Thlgh

1
ar,

Fig. 7 Indirectly effect of aperiodic tasks on sporadic tasks.

Algorithm 3 IBF method for determining the
schedulability of current instance in online stage
Input: Tr(n) = (Fy, Fp, ..., Fp), Ts(n)=(S1, S2, ..., Sn)
Ta(n) = (A1, Ay, ..., Ap)
Output: schedulability of sporadic instance

1: bool schedulable = true

2: int interference_time_s =0
3: int interference_time_total = 0
4: for j from 1 to i—1

50 ifark=-1
J
6: interference_time_s += IBF(S}, arl.l, dil);
7:  elseif ar]jf #-1
8: ifark.+T,-<arA1
J o 1
9: interference_time_s += IBF(S}, arl.l, dil);
10: if_fjf <arl <arf+T;
11: interference_time_s += IBF(S}, ar’jf + T, dil);

.oap ol gk
12: 1fari<fj

13: interference_time_s += Ef + IBF(S;, arlj‘. +T;, d il);
14: interference_time_total = interference_time_s +
> Ei+RTpr, db);
A;€Ts_;(n

(n)
15: if interference_time_total + C; > D;;
16: schedulable = false;
17: return schedulable

Note: The time complexity of Algorithm 3 is O(max(n, m, p)),
where n, m, and p represent the numbers of fixed-point tasks,
sporadic tasks, and aperiodic tasks with higher priority,
respectively. max(-) takes the maximum value.

Algorithm 4 IBF method for determining schedulability in
worst case

Input: Tr(n) = (Fy, Fa, ..., F), Ts(n)=(S1, S2, ..., S»)
Output: schedulability of sporadic instance

1: bool schedulable = true
2: int interference_time_total = 0
3: int interference_time_max =0
4: for R, in Tr(n)
i~1
5: interference_time_total = ZIBF(S j» Rms Rin+Dj) +

j=1
RTF(Rm, R, + Di);

if interference_time_total > interference_time_max

6
7: interference_time_max = interference_time_total;
8: if interference_time_max + C; > D;

9

schedulable = false;
10: return schedulable

Note: The time complexity is O(nm), where n and m are the
numbers of fixed-point tasks and sporadic tasks with higher
priority.
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IBF or RTA can be dynamically selected based on
system requirements and parameters of tasks. The main
difference for IBF is the calculation of execution time
of sporadic tasks. The pseudocode is shown in
Algorithm 3.

Due to the arrival of new tasks, sporadic tasks with
lower priority may not be schedulable. So it is
necessary to re-evaluate the schedulability of all these
tasks. Not only does it need to determine the
schedulability in the worst case (Lemma 2) but also
need to analyze whether the current instance will miss
its deadline. Assuming at the arrival time arl.1 of the new
sporadic task §;, the current in stance of sporadic task
S o With lower priority is § {‘OW, and the sum of the
remaining execution time of aperiodic tasks with
higher priority than S, is Es. There are following

discussions:
@ ar{;w <ar} < ar]’;w +Tiow. In Fig. 8, at ar!, if
E{‘OW # 0, it is necessary to determine the schedulability

of current instance. The new scheduling window can be
selected as [ar], di ] to analyze whether the remaining
execution time could be satisfied. The determination
method is similar to the aforementioned process, and
IBF or RTA can also be used separately.

When E{‘OW =0, if there are no aperiodic tasks or if
the finish time of aperiodic task f4 is less than fl’(‘)w of
sk

low”’
considered; otherwise, regardless of whether E4 is
equal to O or not, referring to the previous analysis,
aperiodic tasks may directly or indirectly interfere with
the next instance S ﬁ;“wl Due to the possibility of the

only the worst case in Lemma 2 needs to be

large number of sporadic tasks to be redetermined, a
relatively pessimistic judgment method can be adopted
to control the time consuming: directly consider the
worst case in Lemma 2, where the response time is the
largest. Firstly, calculate the sum of execution time of
fixed-point tasks and all sporadic tasks with higher
priority in an interval of length D, by using IBF. On
this basis, add the sum of execution time of aperiodic
tasks with higher priority to obtain a relatively
pessimistic total execution time of all tasks. By

B,
Slm\
ar,, dy, ang + 1,
s,

ar/ ar' +7,

i

Fig. 8 Preemption of new task on sporadic tasks.

comparing this value with D, schedulability can be
determined.

) arl’ﬁ)w +Tiow <ar}.InFig. 9, if at ar}, Ef =0 and
ari1 > ar{‘ow + Tow, regardless of whether E4 is equal to
0 , the next instance Si+! may be affected by aperiodic

ow

tasks. Obviously, the worst case occurs when the
releasing time of SK*! is equal to ar] and all tasks
trigger at maximum frequency. At this point, the
analysis interval can be selected as [ar], df:vl]’ and the
execution requirement of S {‘le is its execution time
Ciow. Similarly, when there are currently no aperiodic
tasks or when f4 is less than ﬂ;w, only the worst case
in Lemma 2 needs to be considered.

3 arﬁ)W = —1. It indicates that no instance of S,
has been triggered yet. Like discussion in (2), the worst
oy €quals to ar; .

In fact, the new sporadic task may also affect the
schedulability of some aperiodic tasks. Our previous

work[3% can effectively solve this problem.

case occurs when ar

5.3 Schedulability determination when aperiodic
tasks arrive

When aperiodic tasks arrive, the schedulability of
sporadic tasks with lower priority needs to be re-
evaluate. We assume that the worst-case response time
of aperiodic task A; is Response;. Sporadic tasks with
lower priority is S;, with the last instance S;‘ upon A;
arriving. There are following situations between S ’; and
Aj:

(1) A; does not directly preempt S;.‘. If ar; > ar’j‘. ,
Response; < § ’;+T ; and the remaining execution time
E’j‘ of § ’j is equal to 0, A; will not directly cause any
interference. However, similar to the situation shown in
Fig. 7, it cannot be determined whether A; indirectly
affects the next sporadic instance S’j‘.“. Therefore, it is
necessary to determine the schedulability of $%*',
and the relatively pessimistic method described in
Section 5.2 can be used.

(2) A; preempts current sporadic instance. In

<Jm | |

ar

low

k k k
d,,, ang, + T,
s,

1 1 g
ar, ar, +1,

Fig. 9 Case where the next sporadic instance has not yet
arrived.
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Fig. 10, obviously, at ar;, the remaining execution time
of § ’J‘ is not zero (if Response; > d;‘. , S ’J‘ will inevitably
miss its deadline). Since the worst-case schedulability
judgment has been passed when S; joined the system, it
is only necessary to analyze whether the remaining
execution time of the current instance can be satisfied
before its deadline. The analysis method can still use
IBF (Algorithm 5) and RTA (Algorithm 6)
respectively, with interval selected as [ar, df.]. Let
Etoral Tepresent the sum of remaining execution time of
aperiodic tasks with higher priority than S;. The
pseudocodes for the two methods are shown in
Algorithms 5 and 6.

(3) A; influences next sporadic instance. As shown
in Fig. 11, at ar;, when E’j‘ =0 and Response; > ar’j‘. +T;,
A; will cause interference to the (k+1)-th instance S ’;“
of §;. For §;, T; is the minimum arrival interval
between two consecutive instances. In actual system
operation, the arrival interval of sporadic instances may

il

ar; Response;

Fig. 10 Directly preemption of aperiodic tasks on sporadic
task instance.

Algorithm 5 RTA method for determining the schedulability
of current instance when aperiodic tasks arrive
Input: Tr(n) = (F1, F2, ..., Fu), Ts(m)=(S1, So, ...
Ta(n) = (A}, Ay, ..., Ap)

Output: schedulability of sporadic instance

> Sn)s

1: int worst_response_time = 0
2: bool schedulable = true

. int current_iteration = E’jc
: int last_iteration = 0

3

4

5:  while current_iteration != last_iteration
6 last_iteration = current_iteration;

7

current_iteration = Eyya + E’Jc +RTF(ar;,

J
ar; + last _iteration) Z IS(S ,, last_iterator);
m=1
8: worst_response_time = current_iteration;
9: if current_iteration > (d’]? —ar;)
10:  schedulable = false;
11: return schedulable

1971

Algorithm 6 When aperiodic tasks arrive, IBF method for
determining the schedulability of current instance

Input: Tr(n) = (Fy, Fa, ..., Fn), Ts(n)=(S1, S2, ..., Sn),
Ta(n)= (A1, Az, ..., Ap)
Output: schedulability of sporadic instance
1: bool schedulable = true
2: int interference_time_s =0
3: int interference_time_total = 0
4: for m from 1 to j—1
50 ifark =-1
6 interference_time_s += IBF(S,,, ar;, d’]?);
7:  elseif ark # -1
8. if arﬁq +Ty <ar;
9: interference_time_s += IBF(S , ar;, d’j‘.);
10 if ff <ar; <ark, + T,
11: interference_time_s += IBF(S,, ar],;1 + Ty, d’j?);
12: if ar; < f,’,‘l
13: interference_time_s += E’j‘ + IBF(S 1, arﬁq + Ty, d’j‘.);

14:  interference_time_total = interference_time_s + Eyya +
RTr(ar;, d5);
15: if interference_time_total + Ef > (d]jf —ar;)

16:  schedulable = false;
17: return schedulable

Note: The time complexity of Algorithm 6 is O(max(n, m, p)),
the same as that of Algorithm 3.

be greater than T';. In fact, when S ’;” releases as early
as possible, its response time reaches the worst case.
§%+! can only be executed after Response;. As shown
in Fig. 11. when ar’j‘fr1 < Response;, the earlier S’j‘.’rl
releases, the greater the response time will be.
Therefore, when the value of alr’]‘fr1 is max(ar;, ar’J‘. +T)),
the response time of § ’j‘.“ reaches its maximum. The
reason for the value of ar’j‘fr1 is that ar; can be either
greater than or equal to ar’jc +T;, or less than ar’J‘. +T;.
When ar; > ar’/‘.+T ;, the analysis interval is [ar;, dj‘.“],

ar; Response;

Fig. 11 Preemption of aperiodic tasks on the next sporadic
instance.
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and regardless of the method used, IBF or RTA, it is
similar to previous When
ar; < a1r’jc +Tj, the value of ar’j‘.+1 is ar’/‘. +Tj, two

analysis  processes.
judgment ideas are given below.

(1) In interval [ar, d’}‘.“], directly use IBF to find out
the total execution time requirement of all tasks in the
worst-case and compare this value with the interval
length. IBF itself is a relatively pessimistic method.
Therefore, when the total execution time is less than or
equal to d1;+1 —ar,, it indicates that the actual execution
time must also be less than or equal to the interval
length. That is, there exists an idle interval inside
[ar;, d’j‘.“], and because [ar;, Response;] is constantly
computing, the idle part can only be in
[Response;, d’J‘.”]. Therefore, the execution demand of
sporadic instance can be met before its deadline. When
the total execution requirement is greater than
di*! —ar;, §5+1 is directly judged as unschedulable.

(2) By dynamically recording the runtime
information of tasks, we can obtain the dynamic
parameters of sporadic instances and aperiodic tasks
and use this information to assist schedulability
determination. However, the system generally cannot
possess such information at a certain instant in the
future, unless some constraints are added.

Some assumptions are established in Fig. 12: O
sporadic tasks within [a, b] are triggered at maximum
frequency; ) before instant b, all instances generated
by tasks with higher priority have been completed. It
can be inferred that under the premise of above
assumptions, the time relationship between b and the
sporadic instance is as follows: if b locates in the
scheduling window of ST, then

b—a—(ar’]‘.+Tj—a)
T;

b—ar’f—T,-
] J

T;

=k+1+

m=k+1+{

Therefore, among all instances of S i with a releasing
time greater than or equal to b, the minimum arrival
time is ar’}”‘ . When a > ar’j‘. +Tj, m=k+ [(b—a)/TJ.

For sporadic instances in Fig. 11, the analysis

5 H j HE(

k k m
ar/ arf + 7, ay

,
a1,

|

a b

Fig. 12 Prediction of sporadic task.

interval can be selected as [Response;, di?]. Assuming
the set of aperiodic tasks with priority lower than A;
but higher than §; is Tmi(n), and their remaining

execution time is E,, So the interference of
AqETmid(")
these aperiodic tasks to S; at Response; is still

E, (these tasks have not been executed before
Aq€Tmia(n)
Response;).

For the interference from sporadic tasks with higher
priority, all sporadic tasks with priority greater than § ;
can be divided into two parts: one part has the priority
greater than A;, denoted as S, and the other part has a
priority greater than §; but less than A;, denoted as
Smia- Obviously, for tasks in §,, [ar;, Response;]
conforms to the above two hypotheses: (D when
calculating the response time of A;, it is assumed that
all tasks in §, release at the maximum frequency; @ at
Response;, all instances generated by these tasks have
finished. Therefore, for each task in §,, among all
instances of this task with releasing time greater than
Response;, the one with the minimum releasing time is
set to S¥. When ar; < ar} + T}, the arrival time of S is

Response; — ark — T},
arﬁ+Th+max{0, [ P ! h l.T,,}.

T,

When arj>arf+7, or arf=-1, this time is

I
Response; —ar;

ar; + —— -Ty, where arﬁ
h

time of the last instance of S, compared to the arrival
time of A;.
For each task in Spg, the relationship between the

arrival time ar; of A; and the last instance of this task,
k

is the releasing

denoted as S fn > are as follows: @) ar ., <ar; <
k e k . . ko_
ark .+ Tmia; @ ark .+ Tia <ar;; @ ark . =—-1. In any

case, only when Spg releases at the maximum
frequency can the response time of § ’j‘.” be maximum.
Therefore, the minimum releasing time but greater than
Response; can also be obtained through above process.
However, the difference with §, is that since the
priority of S 4 is less than A;, the remaining execution

time EX .. of Sk at ar; can only be executed later than
Response;, and also preempts S ’;“ within

[Response;, dfnjé]. The sum of the remaining execution
time at ar; for all tasks in S ;g can be recorded as fyq.
Therefore, the schedulability of S’]‘.Jrl can be
determined by RTA, and the initial iteration value is
the execution time C; of S4*!.
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Algorithm 7 RTA method for determining the
schedulability of next sporadic instance when aperiodic task
arrives

Input: Tr(n) = (Fy, Fa, ..
Ta(n)= (A1, Ay, ..., Ap)
Qutput: schedulability of next sporadic instance

o Fn), Ts(m)=(S1, S2, ..., Sn),

1: bool schedulable = true

: int current_iteration = C;
: int release_time(n)

: int last_iteration = 0
cfor Sy in {S;US nig}

s if ar]; #—1 and arp <ar§+Tb

- O B N SO

release_time(b) =

Response; — ar’; -Tp
Ty

8:if arﬁ = —lH(ar’; #—1and ar; > ar,’j+Tb)

ar’l; +Tp +max<0,

'Tb};

Response; — ar;

Ty
10: while current_iteration != last_iteration

9: release_time(b) = ar; +{

11: last_iteration = current_iteration;

12:  current_iteration = C; + Z Eg + tmig +
Ag€Tmia(n)
RTr(Response;, Response; + last_iteration);
13: for Sp, in {S,US miq}
14:  if (Response; + last_iteraton > release_time(b)
15: current_iteration +=
Response; + last_iteration —release_time(b)
T,
16: if current_iteration > df —Response;
17:  schedulable = false;
18: return schedulable

]Clﬁ

Note: Obviously, both IBF and RTA require traversing all types
of tasks, so the time complexity depends on the maximum
number of tasks with higher priority among three types of tasks.
When using RTA, an additional array is required to store the
period information of sporadic tasks, and its space consumption
depends on the number of such tasks.

6 Simulation and Result

Analysis

Experiment

6.1 Experimental methods and results

We compare the “schedulable ratio” (one of the real-
time performance metrics for scheduling algorithms)
between our methods (denoted as track-IBF-S and
track-RTA-S) and other existing methods. The
schedulable ratios of different methods are compared
under varying system loads (the utilization ratio of a
task set, which is equal to the sum of the utilization
ratios of individual tasks).

(1) Experiment 1. Experiment 1 compares the
difference in schedulable ratio between our method and
VZOP!35] during the offline phase of system, when
only fixed-point tasks and sporadic tasks are
considered. The initial number of tasks is set to 15,
which includes five fixed-point tasks and ten sporadic
tasks. For each task, we use UUnifast algorithm[!] to
generate the task’s parameters. Because VZOP is only
applicable to implicit-deadline sporadic task, the
relative deadline is not be considered in Experiment 1.
The default deadline for sporadic tasks is equal to their
periods. The experimental result is shown in Fig. 13.

(2) Experiment 2. Experiment 2 simulates the
runtime of system. We add new tasks to system at
random instants, then compare the schedulable ratio of
task set using OPM and our method under different
system load (here the “system load” refers to the
utilization ratio of task set in offline phase, and the
addition of new tasks will increase this value). We
generate relative deadline for each task based on tasks
in Experiment 1, so each task changes from implicit
deadline to constrained deadline. For every system
load, three sporadic tasks and two aperiodic tasks were
generated as new tasks that arrive randomly during
runtime. Only when these five tasks all pass the
schedulability determination, the entire task set is
confirmed to be scheduled. Improvement of
schedulable ratio by our method is shown in Fig. 14.

6.2 Analysis of experimental results

It can be seen from Fig. 13 that our methods, whether
track-IBF-S or track-RTA-S, achieve a significant
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Fig. 13 Comparison of schedulable ratio for different
algorithms during offline stage.
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Fig. 14 Comparison of schedulable ratio for different
algorithms during online stage.

improvement in schedulable ratio compared to VZOP.
This is because VZOP utilizes the upper bound of RM
algorithm: n(ﬁ - 1), where n is the number of tasks.
Therefore, when the number of tasks is fixed, the value
of this formula is also determined, meaning that all task
sets with utilization ratio greater than this value will be

judged as unschedulable. To improve real-time

performance, VZOP introduces an additional “false”

utilization ratio of the task set, making the overall
utilization ratio higher than the actual ratio, which
further exacerbates the pessimism. In Experiment 1, the
corresponding upper bound of VZOP is 0.715. When
the utilization ratio of the task set is greater than or
equal to 0.5, the schedulable ratio of VZOP decreases
significantly. When the system load is high (greater
than 0.7), the schedulable ratio of VZOP is almost 0,
while track-IBF-S and track-RTA-S can still maintain a
high level. The average schedulable ratio is increased
by 38.80% and 51.9%, respectively by track-IBF-S and
track-RTA-S when the system load is greater than 0.5.
For Experiment 2, due to the addition of five new
tasks compared to offline phase, the overall utilization
ratio of task set increases, resulting in a certain
decrease in schedulable ratio compared to Experiment
1. As mentioned earlier, OPM has significant
pessimism. As system load increases, the schedulable
ratio of OPM decreases rapidly. When the utilization
ratio of a task set is greater than or equal to 0.35, the
average schedulable ratio of track-IBF-S is 15.6%
higher than that of OPM, and that of track-RTA-S is
24.1% higher. Further, track-RTA-S always has a
higher schedulable ratio than track-IBF-S due to the

difference in accuracy between RTA and IBF. When
system load is high, track-RTA-S can enable more task
sets to be determined as schedulable, which may help
better utilize processor resources.

7 Conclusion

We first elaborate on the development background and
existing challenges of spacecraft as a typical real-time
system. Its characteristics of openness, hard real-time,
and supporting multiple types of tasks introduce
challenges for task scheduling. Then we select the
schedulability determination problem of sporadic tasks
with more specific timing constrains in spaceborne
operating system. We construct basic but essential
system assumptions, task models, and scheduling
strategies. The dynamic parameters in task model play
an important role in improving the accuracy of the
schedulability determination algorithm. On the above
basis, we conduct a fine-grained analysis by classifying
different preemption RTA and IBF
combined with the task’s dynamic parameters are
respectively used to complete schedulability
determination. We achieve a higher analytical accuracy
by using RTA, while IBF has a lower time overhead,
thus providing flexible choices for system design. Both
methods achieve a better schedulable ratio compared
with other methods we currently know.

situations.
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