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Abstract

In embedded systems, such as aerospace crafts and au-
tomobiles, it is desirable to run several real-time applica-
tions of different criticality on a single computing board
by exploiting temporal partitioning. The applications,
however, are usually developed by different organizations
independently. Thus providing a seamless way to inte-
grate separate applications on a control board guaran-
teeing real-time requirements and criticality is a very im-
portant issue. In this paper, we suggest a partition model
with a mechanism that can decide each partition’s period
and execution time automatically preserving its critical-
ity level. We show that the suggestion can i) prevent a
task in a low-criticality partition preempting a task in a
high-criticality partition (i.e., criticality inversion) and ii)
provide high system throughput. 1

1. Introduction

Embedded systems, such as aerospace crafts and auto-
mobiles, require highly elaborate control for stable move-
ment while carrying out various tasks. Since the real-time
applications running on such embedded systems are get-
ting more and more diverse, putting them together on an
embedded system is a quite complicate task. Especially,
in the perspective of size, weight, and power (SWaP), it
is desirable to run several applications on a single com-
puting board. The applications are, however, usually de-
veloped by different organizations independently. In ad-
dition, some of them can be reused on different embedded
systems with other set of applications. Thus providing a
seamless way to integrate separate applications on a con-
trol board guaranteeing real-time requirements and criti-
cality is a very tricky issue.
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Industry Promotion Agency) (#NIPA-2011-C1090-1131-0003) and also
supported by Basic Science Research Program (#2011-0013001) and
National Space Lab Program (#2011-0020905) through the National Re-
search Foundation of Korea (NRF) funded by the Ministry of Education,
Science and Technology.

Since an application (i.e., partition) usually consists
of several tasks, both intra- and inter-partition scheduling
should be provided, which is also called local and global
scheduling, respectively. There have been significant re-
searches on such hierarchical scheduling [4, 3, 5, 10, 11, 7,
2]; however, following two issues have not been discussed
thoroughly in an integrated manner:

• Criticality guarantee for each partition: Applica-
tions running on our target systems have critical-
ity level. For example, an avionics system has
flight-critical partitions and mission-critical parti-
tions, where the former should be considered more
importantly than latter. The scheduling order be-
tween accepted partitions may not be an important
issue as far as the partitions do not overrun. How-
ever, the releasing point of tasks becomes very im-
portant if a task overruns, which can happen due to
the stochastic measurement of worst case execution
time (WCET) for example. Intuitively, earlier releas-
ing of tasks in high-criticality partitions can provide
better durability on the overrun case.

• Resource reservation for each partition: Since the
applications can be developed by different organi-
zations, the developers may not have overall picture
of whole systems. Thus, it is difficult to decide the
period and execution time of partitions considering
both deadline of each task and criticality of the parti-
tions. Therefore, in real world, a mechanism that can
decide period and execution time of each partition
automatically is very useful. It should be noted that
the decision mechanism has to provide better system
throughput while considering the criticality of parti-
tions.

To cope with these issues, we aim to suggest a mecha-
nism that decides each partition’s period and execution
time automatically for mixed-criticality systems. We tar-
gets a fixed-priority preemptive global scheduling on a
single processor, in which the system integrator assigns
a unique priority for each partition statically based on its
criticality level. Our suggestion prevents a task in a low-
criticality partition preempting a task in a high-criticality



partition. In addition, we suggest a partition model with
variable execution time for high system throughput.

2. System model and problem statement

System model. We use the periodic task model
that defines a task as T j

i (p
j
i , e

j
i ), where pji and eji are

the period and execution time of task i in partition j,
respectively. Similarly, we also use the periodic partition
model P j(Πj ,Θj), where Πj and Θj represent the period
and execution time of partition j, respectively. The lower
j value means the higher priority, which is statically as-
signed by the system integrator based on the criticality of
partition. We define the maximum and minimum periods
of each partition and whole system as follows: the maxi-
mum period in a partition pjmax = Max(pj1, p

j
2, · · · , pjn),

the minimum period in a partition pjmin =

Min(pj1, p
j
2, · · · , pjn), the maximum period across

all partitions pallmax = Max(p1max, p
2
max, · · · , pmmax),

and the minimum period across all partitions
pallmin = Min(p1min, p

2
min, · · · , pmmin). We let

Rj = (pjmax/p
j
min). For the sake of simplicity, we

assume that a task’s period is always divisible by any
of smaller periods in the system. We believe that we
can remove this restriction by rounding up the division
of periods, which is left as future work. We target a
uni-processor system and assume that the system over-
heads such as context switch and interrupt handling are
negligible.

Basic partition scheduling. We can have simple for-
mulas to decide the period and execution time of partitions
as follows:

Πj = pjmin (1)

Θj =

n∑
i=1

⌈
eji(
pj
i

pj
min

)
⌉
. (2)

For example, we consider tasks for unmanned aerial
vehicle system, which are shown in Table 1. In this real
scenario, the partition P 1 is a flight-critical application
called Operational Flight Program (OFP) where five tasks
control motors in 50Hz to move control surfaces of un-
manned helicopter, read data from sensors such as AHRS
and GPS, and communicate with the ground control sys-
tem. P 2 is a mission-critical application, in which three
tasks capture video image, adjust camera to trace an ob-
ject, and send the video image to the ground control sys-
tem.

We can define two partitions as P 1(20, 6) and
P 2(40, 16) by Equations 1 and 2 for the task sets given in
Table 1. However, as we can see in Figure 1(a), the tasks
in low-criticality partition (i.e., P 2) preempt the tasks in
high-criticality partition (i.e.,P 1). For instance, on time 6,
T 1
3 is preempted by T 2

1 . Such criticality inversion delays
the execution of T 1

5 until time 62 on which no sufficient
buffer exists when the task overruns. The criticality inver-
sion happens because Equations 1 and 2 do not consider

the precedence of individual tasks across different parti-
tions.

Simple partition scheduling to prevent criticality in-
version. To prevent criticality inversion, we need to guar-
antee that the tasks in high-criticality partition run earlier
than those in low-criticality partition. This can be done
by reserving sufficient execution time for high-criticality
partition as follows:

Πj = �× pjmin (3)

Θj = Πj − I�. (4)

Ir represents the idle time in rth (1 ≤ r ≤ Rj) micro-
period (i.e., pjmin) for every macro-period (i.e., pjmax). �
is the minimum r such that Ir > 0 or Ir+1 = 0, or Rj if
IRj = 0. Ir is computed as follows:

Ir = pjmin −
n∑

i=1

(eji × fi)− Lr, (5)

where the boolean value, fk, denotes whether the task T j
k

has to run in this period assuming that all tasks try to run at
the start point of their period. This does not always mean
that the tasks are actually released at the start point of their
period. fk can be computed as follows:

fk =

⎧⎨
⎩

1, if pjk = pjmin

1, if r mod (pjk/p
j
min) = 1

0, otherwise.

In Equation 5, Lr denotes the workload that has not con-
sumed during the previous period. This overflowed work-
load does not mean the deadline miss but does happen be-
cause of the assumption for fk mentioned earlier. Lr can
be computed as follows:

Lr =

⎧⎨
⎩

0, if r = 1
−Ir−1, if Ir−1 < 0
0, if Ir−1 ≥ 0.

Then we can define two partitions in Table 1 as
P 1(20, 18) and P 2(40, 20) by Equations 3 and 4. In this
case, however, the schedulability test fails for partition
P 2 because the resource utilization (i.e., 18/20 + 20/40)
is larger than 1. This is because Equation 4 reserves the
execution time excessively in order to avoid the critical-
ity inversion, which is depicted in Figure 1(b). Conse-
quently, this method results in underutilization of proces-
sor resource.

Problem statement. In this paper, we try to address
following two problems:

1. Criticality consistency between partition and task:
guarantee that a task in a low-criticality partition
does not preempt a task in a high-criticality partition.

2. Achievement of high system throughput: while re-
solving the first problem derive both Πj and Θj that
can achieve high system throughput.



Table 1. Example tasks for two partitions
Partition 1 Partition 2

i p(ms) e(ms) i p(ms) e(ms)
1 20 2 1 40 4
2 80 4 2 40 8
3 80 4 3 80 8
4 80 4
5 80 4

Related work. Deciding a suitable pair of period and
execution time for each partition for given task sets is a
critical process when we integrate several real-time appli-
cations into a computing board. Shin and Lee [11] have
suggested enhanced way to decide the partition’s execu-
tion time but the period of partition still has to be pre-
defined. Lipari and Bini [7] and Lee [6] have suggested
novel methodologies to decide both period and execution
time. Nevertheless, they do not consider the criticality
inversion. There are also active researches on mixed-
criticality systems [12, 9, 1]. They deal with task-level
criticality while our interest is the partition-level critical-
ity. Many other researches on hierarchical scheduling fo-
cus on the schedulability test for given period and execu-
tion time of partitions [4, 3, 5, 8, 10, 2].

3. Suggested partition scheduling

Basic idea. To address problem #1 in Section 2, we run
tasks in high-criticality partition earlier than those in low-
criticality partition. Then tasks in low-criticality partition
run when the high-criticality partition becomes idle. To
address problem #2, we propose a partition model that al-
lows variable execution time for each period. Our sugges-
tion can seem to simply allocate in each period as much
execution as needed to the partitions in order of their criti-
cality. Though the basic behavior looks similar, the model
can test the schedulability providing high system through-
put. In addition, the model can provide a service frame-
work that detects an overrun and lets the application no-
tice about this so that the application or health monitor can
handle such situation.

Computation details. We suggest a partition model
P j(Πj ,Θj

r), where period Πj and execution time Θj
r are

calculated as follows:

Πj = pallmin (6)

Θj
r = Min

(
n∑

i=1

(eji × fi) + Lr, p
all
min −

j−1∑
i=1

Θi
r

)
. (7)

It should be noted that Θj
r is the execution time in the rth

period (1 ≤ r ≤ (pallmax/p
all
min)). Thus Θj

r may vary for
every period but only for certain number of periods and
shows predictable pattern.

fk and Lr in Equation 7 have the same meaning with
those of Equation 5 and can be evaluated as follows:

fk =

⎧⎨
⎩

1, if pjk = pallmin

1, if r mod (pjk/p
all
min) = 1

0, otherwise
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Figure 1. Scheduling of partitions in Table
1 by (a) Equations 1 and 2, (b) Equations 3
and 4, and (c) Equations 6 and 7

Table 2. Steps to obtain Θj
r of partitions in

Table 1

Partition 1
r f1 f2 f3 f4 f5 Lr Ir Θ1

r

1 1 1 1 1 1 0 2 18
2 1 0 0 0 0 0 18 2
3 1 0 0 0 0 0 18 2
4 1 0 0 0 0 0 18 2

Partition 2
r f1 f2 f3 Lr Ir Θ2

r

1 1 1 1 0 -18 2
2 0 0 0 18 0 18
3 1 1 0 0 6 12
4 0 0 0 0 18 0

Lr =

⎧⎨
⎩

0, if r = 1
−Ir−1, if Ir−1 < 0
0, if Ir−1 >= 0,

where the idle time for rth period, Ir, is

Ir = pallmin −
j−1∑
i=1

Θi
r −

n∑
i=1

(eji × fi)− Lr.

Example. Figure 1(c) shows that the suggested model
can guarantee the criticality consistency and provide high
throughput for task sets given in Table 1. Table 2 shows
steps to obtain Θ1

r and Θ2
r by Equation 7, where Πj is 20

by Equation 6.
Schedulability test. In order to test schedulability, we

manage load L(k,r) and idle time I(k,r) in each rth period
for task k as shown in following equations:

L(k,r) =

⎧⎨
⎩

0, if r = 1
−I(k,r−1), if I(k,r−1) < 0
0, if I(k,r−1) >= 0,

where I(k,r) is

I(k,r) = pallmin −
j−1∑
i=1

Θi
r −

k∑
i=1

(eji × fi)− L(k,r).
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Figure 2. Overall design of ARINC 653

We keep updating L(k,r) and I(k,r) while computing
Θj

r. The given partition is not schedulable if I(k,r) < 0

for r such that r mod (pjk/p
all
min) = 0.

Intuitively, the suggested partition scheduling still can
suffer poor system throughput because the execution time
of high-criticality partition is concentrated on the early pe-
riods (i.e., small r values). Consequently, the schedulabil-
ity test for low-criticality can fail although there are suffi-
cient idle slots in the later periods. To overcome such limi-
tation, if the schedulability test fails, we shift the topology
(i.e., release point) of low-criticality partition and recalcu-
late Θj

r, which is repeated until the test passes or the topol-
ogy is shifted up to pallmax/p

all
min. The latter case means fail

of schedulability test.

Qualitative analysis and case study. Since our par-
tition model allows variable execution time, we can im-
prove the system throughput compared with Equations 3
and 4. For example, in Figure 1, our model utilizes 70%
of system resources while Equations 3 and 4 utilize only
30% discarding Partition 2. In addition, we minimize the
release time of tasks in high-priority partitions by running
them early as much as possible. Accordingly, there is
a sufficient room to run tasks in high-priority partitions
without deadline miss when they overrun. For example,
in Figure 1, T 1

5 of Partition 1 has only 14 time units un-
til its deadline in (a) while 62 time units in (c). That is,
our model can provide high-critical partitions with better
durability on the overrun case.

We have implemented the proposed partition model
into the ARINC 653 over Linux (kernel version 2.6.32).
The ARINC 653 standard defines periodic partition and
software interfaces of operating system for aerial vehi-
cles. Figure 2 shows the overall design of our preliminary
implementation. Internally, each partition has a separate
red-black tree, which consists of the processes belong to
the corresponding partition. We use the EDF algorithm
for process scheduling. We have observed that process
switching and partition switching take about 30μs and 5μs
in our implementation, respectively. The health monitor
invokes the error handler of the corresponding partition
when a deadline is missed.

4. Conclusions and future work

In this paper, we have suggested a partition model that
can decide each partition’s period and execution time au-
tomatically for fixed-priority preemptive global schedul-
ing. In the suggested model, we have defined the execu-
tion time that can vary over the periods. The suggested
model can guarantee the criticality consistency between
partitions and provide high system throughput.

As future work, we plan to remove the restriction on
task period and perform formal proof. In addition, we can
consider more general task model such as sporadic model
and take into account the resource sharing among tasks
from different partitions.
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