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Abstract

Real-time scheduling is the theoretical basis of real-time systems engineering. Earliest
Deadline First (EDF) is an optimal scheduling algorithm for uniprocessor real-time systems.
The existing results on an exact schedulability test for EDF scheduling with arbitrary
relative deadlines need to calculate the processor demand of the task set at every absolute
deadline to check if there is an overflow in a specified time interval. The large amount of
calculations restricts the use of EDF in practice. In this paper, we proposes new results on
necessary and sufficient schedulability analysis for EDF scheduling; the new results reduce
the calculation times in logarithm scales in all situations. For example a 16 tasks system
that in the previous analysis had to check 858,331 points (deadlines) can, with the new
analysis, be optimally check at just 12 points. The required calculation by the proposed
analysis is stable for all kinds of task sets.

There is no restriction on the new results: each task can be periodic or sporadic, with
relative deadline which can be less than, equal to or greater than its period; the tasks can

have release jitter, and they can share non-preemptable resources in the system.



1. Introduction

Real-Time systems are playing a crucial role in our society, and in the last two decades,
there is an explosive growth of real-time systems being used in our daily life and industry
production, such as the chemical and nuclear plant control, space missions, flight control
systems, military systems, telecommunications, multimedia systems, and so on. The most
important attribute of real-time systems is that the correctness of such systems depends on
not only the running results but also on the time at which results are produced. In other
words, real-time systems have strict timing requirements that must be met. Real-time
systems guarantee that all the timing requirements can be met by the theory of real-time
scheduling and schedulability analysis.

In real-time scheduling theory, a real-time system comprises a set of real-time tasks, the
tasks can be scheduled by a number of policies including fixed priority or dynamic priority
algorithms. The success of a real-time system depends on whether all requests of the tasks
can be guaranteed to complete their executions before their timing deadlines; if they can,
then we say the task set is schedulable.

The most common dynamic priority scheduling policy for real-time systems is the
earliest deadline first (EDF) algorithm which was introduced by Liu and Layland [10] in
1973. It has been proven by Dertouzos [7] to be optimal among all scheduling algorithms
on a uniprocessor, in the sense that if a real-time task set cannot be scheduled by EDF, then
this task set cannot be scheduled by any algorithm.

Liu and Layland [10] presented a necessary and sufficient schedulability condition for
EDF scheduling under the assumption that all tasks’ relative deadlines are equal to their
periods (see Section 2 for definitions), the schedulability condition is that the total
utilization of the task set is less than or equal to 1. However, in real-time systems, a task’s
relative deadline is not always equal to its period, so the above assumption severely
restricts the usage of EDF in practice.

The existing results on exact schedulability analysis for EDF scheduling with arbitrary
relative deadlines need to calculate the processor demand of the task set at every absolute
deadline to check if there is an overflow in a specified time interval, this interval is bound
by a certain value which guarantees we can find a failure point if the task set is not
schedulable. In such an interval, there could be a very large number of absolute deadlines
that need to be verified. The significant effort required to perform the exact schedulability

test restricts the use of EDF in realistic systems, hence the EDF algorithm has not been



used as widely as the fixed priority algorithms in commercial real-time systems.

In this paper, we proposes new results on necessary and sufficient schedulability
analysis for EDF scheduling, we refer it to as the Quick convergence Processor-demand
Analysis (QPA) algorithm which builds on the traditional processor demand analysis. A
tighter upper bound for the processor demand analysis is also presented. By intensive
experiments, we show that QPA reduces the calculation times in logarithm scales in all
situations, for example a 16 tasks system that in the previous analysis had to check 858,331
points (deadlines) can, with the proposed analysis, be optimally check at just 12 points. The
required calculation by QPA is stable for all kinds of task sets.

We first prove that the traditional processor demand analysis can incorporate release
jitter and blocking. We also show that the QPA algorithm can be integrated with both
release jitter and blocking, hence general tasks with release jitter can share non-preemptable
resources in our system model.

The rest of the paper is organized as follows. Section 2 describes the system model and
notations used in this paper. Section 3 describes the existing results on exact schedulability
tests based on the processor demand analysis for EDF scheduling with arbitrary relative
deadlines. In Section 4, we present a tighter upper bound for the processor demand analysis.

In Section 5, we propose the QPA algorithm which provides fast schedulability tests for
EDF scheduling, it is also necessary and sufficient. In Section 6, we give some examples to
illustrate the proposed analysis. In Section 7, by intensive experiments on a large number of
randomly generated task sets, we show that the QPA algorithm reduces the calculation
times in logarithm scales in all situations, and the result is stable for all kinds of task sets.

Section 8 integrates the proposed new results with release jitter. In Section 9, we show
that blocking and release jitter can be considered at the same time in the processor demand

analysis, and that QPA can be integrate with both release jitter and blocking.

2. System Model

A hard real-time system comprises a set of n real-time tasks {r,,7,,...,7,}, each task
consists of an infinite or finite stream of jobs or requests which must be completed before
their deadlines. Let 7, indicates any given task of the system. Each task can be periodic or
sporadic.

Periodic tasks. All jobs of a periodic taskz, have a regular interarrival time 7, we
call 7, the period of the periodic taskz;. If a job for a periodic taskz, arrives at time ¢,

then the next job of task 7, must arrive at ¢+7;.



Sporadic tasks. The jobs of a sporadic taskz, arrive irregularly, but they have a
minimum interarrival time 7, we call T, the period of the sporadic taskz,. If a job of a
sporadic task 7, arrives at ¢, then the next job of task 7, can arrival at any time at or after
t+T,.

If there are periodic tasks in the system, since in realistic situations it is difficult to
forecast or to handle the exact starting time of all tasks when a system starts up, the
periodic tasks are supposed to start or arrive at the same time. Each job of task 7, requires
up to the same worst-case execution time which equals the taskz,’s worst-case execution
time C,, and each job of taskz, has the same relative deadline which equals the taskz,’s
relative deadline D,. If a job of taskz, arrives at time ¢, the required worst-case
execution time C, must be completed in D, time units, and the absolute deadline of this
job is t+D,. Each task could have release jitter, when a job of taskz, arrives at time ¢
with the absolute deadline 7+ D,, it will be released for execution at the latest time 7+ J,
(the actual release time can be early than #+J,).

At any time, an arrived job with a higher priority can preempt a lower priority job's
execution. When a job completes its execution, the system chooses the pending job with the
highest priority to execute. According to the EDF algorithm, the released job with the
earliest absolute deadline is assigned the highest priority.

The following notation is used throughout the paper:

C, —the worst-case execution time of task

D, —the relative deadline of task 7,

T'—the period of task 7,

n —the number of tasks in the system or the task set

U,—the utilization of task7,, and U, =C,/T,.

U —the total utilization of the task set, and U = z; C /T

J,—the maximum release jitter of task z,

r.—a job (or a request) of task r,

3. Previous Results on Exact Schedulability Analysis

This section describes the previous research results on exact schedulability analysis for
EDF scheduling with arbitrary relative deadlines. In 1980, Leung and Merrill [9] noted that
a set of periodic tasks is schedulable if and only if all absolute deadlines in the period
[0,max{s } +2H] are met, where s, is the start time of taskz,, and min{s,} =0. In 1990,

Baruah et al. [2, 3] extended this condition for sporadic tasks system, and showed the task



set is schedulable if and only if: V¢>0, h(t)<¢, where Ah(¢) is the processor demand

function given by:

t-D,
7 J}C,» (1)

1

h(t)= Zn:max{O,IJ{

Baruah et al. ([2, 3, 4]) showed that using the above necessary and sufficient

schedulability tests, the value of ¢ can be bound by a certain value.

Theorem 1 ([2, 3, 4]) A general task set (I, and D, are not related) is schedulable if
and only if U <1 and
Vi<L, h(t)<t

where L is defined as follows:

L, =max{D,,...,D,,max,__, {T — D,.}%} ()

In 1996, Ripoll et al. [12] gave a tighter upper bound for the schedulability test under
the assumption that all D, <7, the upper bound is:

> (T,-D)U,
L2 — =l
¢ 1-U
>(T,-D)U, U
Obviously, = T <max, T - D,-}ﬁ

However for the general task set in which D, could be greater than 7, the maximum
relative deadline max,__ {D,} should be reconsidered. Therefore the necessary and

sufficient condition for schedulability becomes:

Theorem 2 ([4, 12]) A general task set is schedulable if and only if U <1 and
Vi<L,, h(t)<t,

where L, is defined as:

n

(T.—D)U,

1 1

L, =max{D,,...,D,,= 3 3)

1-U
In 1996, Spuri [14] and Ripoll et al. [12] derived another upper bound for the time

interval which guarantees we can find an overflow if the task set is not schedulable. This



interval is called the synchronous busy period (the length of the first processor busy period
of the synchronous arrival pattern). However Ripoll et al. [12] only considered the situation

of D <T.

Definition 1 ([12, 14]) A synchronous busy period is a processor busy period in which all
tasks are released simultaneously at the beginning of the processor busy period and then at
their maximum rate, and ended by the first processor idle period (the length of such a

period can be zero).

The length of the synchronous busy period L, can be computed by the following
process [12, 14]:

w' =Y C., 4)

Wm+1 — c Wm , 5
2|7 (5)

the recurrence stops when w™"' =w", and then L, = w™".
> b

Lemma 1 ([14]) The length of the synchronous busy period is the maximum length of

any possible busy processor period in any schedule.

Lemma 2 ([10]) When the EDF algorithm is used to schedule a set of tasks on a
processor, there is no processor idle time prior to an overflow (deadline miss).

Theorem 3 ([14]) A general task set is schedulable if and only if U <1 and
Vi<L,, h(t)<t,
where L, is the length of the synchronous busy period of the task set.

Lemma3 A(L)<L,.

Proof. Let all tasks be released simultaneously at # =0 and then at their maximum rate,
according to Definition 1, the processor is always busy during [0, L, ). Suppose h(L,)>L,,
then the processor continues busy at and after =L, , so the busy period can be longer than

L, , this contradicts Lemma 1, hence A(L,)<L,. O

Since there is no direct relationship between L, and L, , the time interval that needs to



be checked can be bound to the value min(L, ,L,). As the processor demand /(¢) could

only be changed at the absolute deadlines, the schedulability test becomes:
Theorem 4 ([4, 12, 14]) A task set is schedulable if and only if U <1 and
Vte P, h(t)<t,

where P={d, |d, =kT,+D . And, <min(L,,L,),ke N}.

4. Improvement to the Upper Bound L,
In this section, we present a tighter upper bound for the schedulability test, there is no

restriction on task parameters when we use the new upper bound.

Theorem 5 A general task set is schedulable if and only if U <1 and
VteP, h,(t)<t,

where P={d, |d, =kT,+D.rd, <L, keN},
2 (L-D)U,
and where L =max{(D,~T),....(D, —];),":‘T}. (6)

Proof. When ¢>max_ (D, ~T} < (2D ~T & (-D>-T < T_D"JZ—I

= 1+V_D”JZO,
T

i

then we have: h,(¢) = Zmax{o, 1+ {t —TQ

i=l

J}q - i(uh—D"Jm,.

n C n C
=t) —* — (T - D,
27 +;73 (T,-D)

i

If U <1 and the task set is not schedulable, #,(¢)>¢

nC‘ nC‘
t<ty —+ —(T.-D,
= <;T+IZ=:‘TI,(’ )

i
n

& t(l—Z%)<i%(Ti—Di)

i=1 4; i=1 4;



>.(T-D),
= R S — O
1-U

Example of improvement

Here we give an example of a task set comprised of 5 tasks:

Execution Relative
Task Period
Time Deadline
T, 3 4 9
7, 2 6 4
7, 4 2800 3100
7, 8 10170 10200
[ 3 406 430

The old result (see equation (3)): L, =10170, there are 3401 absolute deadlines in the
interval (0,L,) thatneed to be checked.
The new result (see equation (6)): LZ =7.9, there are only 2 absolute deadlines in the

interval (0, LZ) that need to be checked.

5. New Algorithm for Schedulability Analysis

The existing results on exact schedulability test for EDF scheduling need to check all
the absolute deadlines in the time interval (0,min{L,,L,}) when the task set is
schedulable, this interval is bounded by a certain value which guarantees we can find a
failure deadline if the task set is not schedulable. In a given interval, there can be a very
large number of absolute deadlines needing to be checked.

In this section, we propose the Quick convergence Processor-demand Analysis (QPA)
algorithm which provides fast and simple schedulability tests for EDF, it is also necessary
and sufficient. By the proposed algorithm, we do not check every deadline, and we do not
need all the values of deadlines in the interval even when the task set is schedulable.

We define L to be the minimum value of L: and L,. Considering that the upper
bound L: does not work (divide by 0) when the utilization of the task U is equal to 1, let
L be defined as:

. {min(L:,Lb) U<l @
L, U=1



In this section, let d, to be an absolute deadline of a job for taskz,, and d, =kT,+D,,
ke N. When a system is unschedulable, define d“ to be the largest d, satisfying
0<d <LAh(d)>d,.

QPA words by starting with a value of ¢ close to L and then iterating through a
simple expression toward 0. The value of this ¢ sequence converges for a unschedulable

system to d"“, and converges for a schedulable system to 0 (orat A(f) <min{D,}).

Lemma 4 For a unschedulable system, let d =max{d, |d, <L}. If h(d
d* <h(d*)<d', where d'=min{d, |d, >d"*}.

)<d,, then

m

Proof. Since d, =max{d,|d, <L}, and h(d, )<d, , we have d“<d,6 , and
d'<d, <L. Suppose h(d“)>d', as h(t) is a non-decreasing function with ¢, and
d'>d"*, wehave h(d") >h(d")>d'. This contradicts the condition that d* is the largest
d, satisfying 0<d, <LAh(d)>d,,so d*<h(d*)<d'.

Lemma 5 For a unschedulable system, let d, =max{d, |d, <L}. If h(d, )<d,k , when
te[h(d*),L), then d* <h(t)<t.

m?2

Proof. The period [A(d"),L) can be divided into three intervals:
1) te[h(d"),d"), where d'=min{d,|d,>d"}, from Lemma 4, d* <h(d*)<d"',
therefore h(t)=h(d")<t.
2) teld'.d,), then h(t)=h(d;), where d, =max{d, |d, <t}. Suppose t<h(t), we
have d, <t<h(t)=h(d,), since L,<d'<d, <L, this contradicts the condition that
d* =max{d, |0<d, <LAh(d)>d}, therefore h(¢)<t.
3) teld,,L), h(t)y=h(d, )<d, <t.
Since A(¢) is a non-decreasing function with ¢, ¢>h(d")>d" = h(t)>h(d")>d",

hence we have d* <h(t)<t in each interval. O

Theorem 6 Let E={d |d =kI,+D,d <Lk>0}={d,.d,,...d, }#,  where
d <d,<..<d, .If U<I and the task set is not schedulable, then there exists one or more
absolute deadlines d, e EAh(d,)>d,. Let d* be the largest of such d,, we can use the
following algorithm to find &“. If the following iterative process could not find d*, then

the task set is schedulable.



t=d

m?

while(h(t) <t A h(t)>d,)
{if (h(t)<t) t=h();

else t=d; where d <t<d,,

}

if (h(t)<d,)

1

the task set is schedulable;

else the task set is not schedulable (then ¢ equals d“);

Proof. Suppose the task set is not schedulable.

If h(d,)>d,, the iteration stops as h(t)>¢.

If h(d,)<d,, wehave d, >d", then there are three cases during the iterative process:

Case 1.

Case 2.

Case 3.

h(t)<t: at the beginning of the iteration t=d,k >d", since A(t) is a non-
decreasing function with ¢, h(t) > h(d"), then we have h(d*)<h(t)<t<L,
from Lemma 5, h(d,)<d, ~te[h(d*),L]= d" <h(t)<t,so after ¢« h(1),
we still have d® <h(L,)<h(t)<t<L. Therefore ¢ is always greater than
d" in this case.

h(t)=t: at this time, ¢ is still larger than d*, if we let t < d,, where
d <t<d.,obviously t=d >d*. If t=d =d", then h(¢)>t, the iterative
process stops. If t=d,>d", from Lemma 4, d*<h(d®)<d' where

d'=min{d,|d, >d"}, so we have h(d*)<d'<t<L, from Lemma 5, the

i+1°

process enters Case 1 or Case 2 again.
t=h(d"): from Lemma 4, d* <h(d*)<d', so h(t)=h(d")=t, that is a

situation of Case 2, at this time, if we let #=d, such that d, <t<d,,, then

+1°

t=d", h(t)>t,and the recurrence stops.

From the above discussion, if the task set is not schedulable, then during the whole

iterative process, the value of ¢ is always greater than or equal to d* (stopped with
t=d"*), and we have h(t)>h(d*)>d" >d,. Therefore when h(f)<d,, the task set is

schedulable.

O

When Ah(t)<d,, if we change the stopping condition to let the iterative process

continue, then after one or two more iteration, ¢ will converge at 0. Theorem 6 is a

necessary and sufficient condition for schedulability, it can be presented as: a general task

set is schedulable if and only if U <1 and the algorithm of Theorem 6 could not find d*.

The algorithm in Theorem 6 needs to calculate the value of all absolute deadlines in

10



E={d |d, =kT,+D, nd, <L,k >0}, the calculation has the complex O(m), where m is
the number of deadlines in E. The algorithm also needs to eliminate the same copies of
the deadlines in £ and sort all deadlines in order, both of these two steps have the
complex of O(m’) in the worst case. When m is very large, the workload of these
calculations can be huge, but fortunately this is not necessary. We do not need to know the
exact number of deadlines in £, and we do not even need to know all the values of

deadlines in E . Theorem 6 can be changed to the following theorem.

Theorem 7 Let all tasks be released simultaneously at #=0 then at their maximum rate,
and d, be an absolute deadline of a job arrives after #=0, denote d_, =min{D,}. If
U <1, the task set is schedulable if and only if the result of the following algorithm is
h(t)y<d_, .

t=max{d, |d <L};
while (h(t)<t A h(t)>d,;,)
{if (h()<t) t=h();
else t=max{d, |d <t};
}
if (h(t)<d_, ) the task setis schedulable;

else the task set is not schedulable;

Proof. d_ =min{d,} isequalto d, in Theorem 6, max{d, |d, <L} isequalto d, in
Theorem 6, and max{d,|d, <t} is equal to d, where d, <t<d, in Theorem 6.
O

In the iterative process of Theorem 7, ¢ takes the value Ah(¢), when h(¢) <t progress
towards zero is made. Only when A(t)=¢ do we need to force the iterative process to take
a value less than A(¢). This is when we need to compute max{d,|d, <t} to let the
iteration continue, max{d, |d, <t} can be calculated by the following approach.

For a single task 7, the last arrived job before 7 is released at:
t
<H o,
T'j J

d =({H—1)Tj +D,. )

J

the absolute deadline of this job is:

11



If D;<T,, then d, in equation (8) is max{d,|d, <t}. To consider the case of
D, 2T,, we can let dj move on to the previous deadline dj = dj =T, until dj <t.

For the task set, max{d, |d, <t} isthe largest such d; for each task.

Let the initial value of d’ =0, the value of max{d,|d, <t} can be obtained by:

Jor (j=1;j<n;j++)
{d,=(t/T,|-DT,+D,;

while (d,>1) d,=d ~T;

‘Y4 o=d

max max Jj?

if (d,>d
j

After the recurrence, d., =max{d,|d <t}.

The above algorithm for finding the max{d, |d, <t} has the complex O(n), the
workload is only equivalent to calculating the value of /A(¢) one time.

In our experiments, we observed that 4(z) =¢ occurred very rarely for schedulable task
sets, and for unschedulable task sets, in most cases, /(f)=t¢ only occurred at the end of

Theorem 7’s iteration during the schedulability test.

6. Illustration Examples

In this section, first we give two examples to illustrate the analysis in Section 5, and
then we give examples to illustrate the necessary of the formula ¢ =max{d, |d, <t} in the

algorithm of Theorem 7.

Example A

In this example, the task set includes 8 tasks:

Task Exef:ution Relati.ve Period
Time Deadline

7 6000 18000 | 31000
7, 2000 9000 9800
7, 1000 12000 | 17000
z, 90 3000 4200
, 8 78 96
7, 2 16 12

12



(2]

10

120 280

73

26

160 660

The schedulability is tested by the following steps:

Step 1.
Step 2.

Step 3.

(There are 1638 absolute deadlines that require to be checked by the old approach.)
Step 4. Calculate upper bound L: by equation (6), L: =15357.

As L <L, L=L =15357; d_ =16and max{d, |d, < L}=15352.

Step 5. Verify the schedulability by the QPA algorithm given by Theorem 7:

Calculate the utilization of the task set, U = 0.803 <1.
Calculate upper bound L, by equation (3), L, =18000.

(There are 1735 absolute deadlines in L, .)

Calculate upper bound L, by equations (4)(5),L, =16984 .

(There are 1638 absolute deadlines in L, .)

1)
2)
3)
4)
5)
6)
7)

Since h(t)=2<d

t=15352, h(t)=8282,
t=8282, h(t)=2884,
t=2884, h(t)=950,
=950, h(t)=318,
t=318, h(t)=112,
t=112, h(t)=26,
t=26, h(t)=2;

min °

the task set is schedulable.

Only 7 iteration required compared to 1638 previously.

Note step 2 is not needed for the new results as L: 1s always less than or equal to L, .

Example B

In this example, the task set is taken from the evaluation in Section 7 (the parameters are

generated automatically). The period range of the 16 tasks is 1-10°, and their parameters

are as follows:

Execution Relative .
Task ) ) Period
Time Deadline
7, 0.046017 1.419897 1.324642
7, 0.103668 1.819094 1.665016
7, 0.005133 0.341237 2.894035
0.867954 17.024084 14.970213

13



7, 0.138762 37.186903 47.98906
T, 4.374349 42.335452 90.746475
T, 21.725475 | 287.330462 | 372.991594
7, 18.601216 673.81609 | 847.449375
7, 164.298311 | 1874.27352 | 1762.311388
i 624.972457 | 5915.216558 | 5787.904261
7, 1641.81716 | 7625.959698 | 15549.16986
7, 1129.07592 | 4560.327895 | 46697.68032
T, 13712.6729 | 92575.63579 | 80125.00202
T 12241.42 | 379004.064 | 439136.1428
T, 24268.6361 | 781900.4736 | 715880.6276
Ty 48061.4305 | 939573.2658 1000000

The schedulability is tested by the following steps:

Step 1. Calculate the utilization of the task set, U =0.9 <1.

Step 2. Calculate upper bound L, by equation (3), L ,=939573.265758.
(There are 1695376 absolute deadlinesin L, .)

Step 3. Calculate upper bound L, by equations (4)(5), L, =475686.09375.
(There are 858331 absolute deadlines in L, .)

(There are 858331 absolute deadlines that need to be verified by previous results.)

Step 4. Calculate upper bound L: by equation (6), L: =66019.846.

As L <I,, L=L =66019.846; d_ =0.341237 and max{d, |d, < L}=66019.710586.

Step 5. Verify the schedulability by the QPA algorithm given by Theorem 7:

1. t=66019.710586, h(t)=40798.678690,
t=40798.678690, h(t)=25950.533926,
t=25950.533926, h(t)=16663.199224,
t=16663.199224, h(t)=10272.873244,
t=10272.873244, h(t)=7161.185345,
t=7161.185345, h(t)=4296.913363,
t=4296.913363, h(t)=1551.081489,
t=1551.081489, h(t)=445.414149,

. t=445.414149, h(t)=113.948337,

10. t=113.948337, h(t)=21.893751,

11. t=21.893751, h(t)=2.992976,

12. t=2.992976, h(t)=0.200835;

Since h(t) <d_. , the task set is schedulable.

min ?

V0N L AW

Again a significant reduction, 12 compared with 858331.

14



Necessary of the algorithm t=max{d, |d, <t}

In the iteration of Theorem 7, when A(f)=¢, we need to find d, where
d, =max{d, |d, <t} , and let f=max{d, |d <t} , to make the iteration continuing.
Although the chance of A(t) =t is very small for the task set which is schedulable, and for
the unschedulable task set Ah(z) =¢ only appears at the end of the iteration in most cases,
judging if h(t)=t and letting assigning ¢=max{d,|d, <t} is necessary for the QPA
algorithm. Here we give two examples to illustrate this, one task set is schedulable and the

other one is unschedulable.

Example 1.
Execution Relative .
Task ) ) Period
Time Deadline
T, 8 11 60
7, 12 20 170
7, 6 26 120
7, 7 80 110

For this task set, L=33,and d_, =11, d,_, =26. The iteration is shown as follows:
1. t=26, h(t)=26

2. =20, h(t)=20

3. t=10, h(z)=8

Since h(t) <d_ ,the task set is schedulable.

min

Example 2.
Tusk Exe.cution Relatilve Period
Time Deadline
7, 8 10 60
7, 12 19 170
75 10 30 210
7, 6 36 190
75 8 70 280
T, 7 90 320

For this task set, L=51,and d_, =10, d_, =36. The iteration is shown as follows:

15



1. t=36, h(t)=36
2. t=30, h(t)=30
3. t=19, h()=20

Since the iteration stops with A(t) > d_. , the task set is not schedulable.

min

7. Experiments and Evaluations

This section describes experiments that have been conducted to evaluate the
performance of the Quick convergence Processor-demand Analysis (QPA) algorithm which
is proposed in Section 5, and we compare the number of calculation times needed for the
upper bounds L , L,, LZ, and the QPA algorithm by intensive experiments on a large

number of task sets with randomly generated parameters.

Utilizations generation policy.
In order to get a uniform distributed task utilizations in the range 0-1, we use the
UUniFast algorithm [6] to generate the task utilizations. Bini and Buttazzo [6] showed that

the UUniFast algorithm can efficiently generate task utilizations with uniform distributions.

Periods generation policy.
The task periods are generated according to an exponent distribution. Let

7 = =max

max 1<i<n

{T},and T =min__ {7 }.In order to make sure the periods are uniformly

distributed in the given range (the maximum value of T

max

/T . ), the range of the periods
are divided into the intervals e’ ~é', e' ~e, e’ ~¢é’, ..., if there are k intervals, then
L(n—l)/ kJ task periods are generated randomly in each interval, and one of the rest
((n—1) mod k) task periods is generated randomly from each intervals.

For example, if the task number is 14, and the given periods range is 1-100, first let
T,, =100, since In100=4.605, the range is divided into 5 intervals, they are e’ ~eé',

4.605

e ~e’, ..., e ~e"  then 2 task periods are generated randomly in each interval, and for

the rest 3 periods, one is generated in each interval, shown as following:

e ~e: 1,1, 1,

e~e: 1,1, 1,

e~ 1,1, 1,4

e~et 1, 1,

e T

Let 7, be the maximum value of 7, /T . When InT,—|In7, |<0.1, such as
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6.02

T =¢*”, there is no necessary to have an interval e® ~¢e*”, then we let the last interval be

6.02

Relative deadlines generation policy.

The relative deadline of each task D, is generated randomly from [a,b], where a 1is
the lower bound value of D,, and b 1is the upper bound value of D,. In our default
generation policy, the value of each a: when C, <10, a=C;; when 10<C, <100,
a=2xC;; when 100<C, <1000, a=3xC;; when C, 21000, a=4xC,. The default
value b=12xT,.

In some experiments, we may change the default value of @ and b for the purpose of
observation. If we do not specify, the relative deadlines are generated by the above default

policy.

On the graphs, when the y axis is labeled "Number of A(¢) Calculations", for the old
methods, it means how many absolute deadlines have to be verified in each upper bound
when the task sets are schedulable, or how many deadlines have been verified before the
end of the schedulability test when the task sets are unschedulable (verifying one deadline
requires calculate the function /(¢) one time). For the QPA algorithm, this label just
presents the required calculation for the proposed schedulability test.

A reasonable metric to compare results is to measure the number of times the processor
demand function A(¢) has to be calculated. Since the old results need to check all the
absolute deadlines in the upper bound when a task set is schedulable, we do the
experiments separately for the schedulable and the unschedulable task sets, i.e. when we
experiment on schedulable task sets, if a generated task set is unschedulable, then the
program discards it and does not count it into the experimental results. However all
experiments use the same default generation policy described above (unless an alternative

is specified).

7.1 Experiments on Schedulable Task sets

In this section, we experiment on the task sets which are schedulable. All task sets are
randomly generated according to the above default policies or the given policy if it is
specified. If a generated task set is schedulable, then the program counts it into the
experimental results; and if a task set is unschedulable, the program does not count it into

the results. Except experiment (G), each point on the result diagrams are the average of
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2,000 randomly generated task sets which are schedulable.

Due to the magnitude of the improvement, all the comparison graphs use logarithm
scales on the y-axis. In all experiments, 4 situations are compared, on the graphs, "L ",
"L,", and "L " present the number of deadlines that need be checked in L,, L,,and L,
be the old methods, "QPA algorithm" presents the required calculation by QPA. Note all
tests are necessary and sufficient and hence no task sets pass one test while failing the
others.

As the density of a task set A= Z; C,/min{D,,T;} <1 1s a sufficient schedulability
condition for EDF scheduling [11], in the experiments, we also test the density of each
schedulable task set, to see how much percentage of the task sets have A >1; in which case

we cannot judge the schedulability by this simple but sufficient test.

(A) Impact of the number of tasks
In this experiment, we let each task set's utilization be 0.9, the maximum value of
T /T

max min

is 10000, then the number of the required calculation times is a function of the

number of tasks.

10000000
1000000 —L]

»
c
2
= 100000 F
=
K
8 10000 —O—La
= == Lb
% 1000 =/+=New bound La*
5 =0=—QPA algorithm
2
£ 100
5
4

107%_,_4-——0——0———0

10 20 40 80 160 320 640 1280

Number of Tasks

Figure 1. Impact of the number of tasks

The percentage of the task sets with density larger than 1 in this experiment:
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Figure 2. Percentage of the (schedulable) task sets with density larger than 1

From Figure 2, we can see that nearly all the schedulable task sets in the experiment

have the density A>1, so that nearly all the task sets require QPA to test their

schedulability.

(B) Impact of the task periods range

In this experiment, we let the number of tasks for each task set be 30, and each task set's

utilization be 0.9, then the number of calculation times is a function of the maximum value

of T /T, .

10000000

1000000

100000

10000

1000

100

Number of h(t) Calculations

10

={=La
—6=—Lb
=7/r=New bound La*
== QPA algorithm

100 1000 10000 100000

Maximum Value of Tmax/Tmin

1000000

Figure 3. Impact of the task periods range

The percentage of the task sets with density larger than 1:
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Figure 4. Percentage of the (schedulable) task sets with density larger than 1

(C) Impact of the utilization

In this experiment, we let the size of each task set be 30, and 7, /T,

min

<10000, then

the number of calculation times is a function of the task set's utilization.

1000000

100000

10000

1000 —O=—Lb
=/r=New bound La*
100 == QPA algorithm

Number of h(t) Calculations

10

0.66 0.69 0.72 0.75 0.78 0.81 0.84 0.87 0.9 0.93 0.96 0.99
Utilization of the task set

Figure 5. Impact of the task set's utilization

The percentage of the task sets with density larger than 1:
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Figure 6. Percentage of the (schedulable) task sets with density larger than 1

(D) Impact of the maximum value D, /T,

We change the default generation policy of relative deadlines, let each relative deadline
be generated randomly from a to b, where a remains the same value as the default
generation policy, and b =max{Di/Ti}xT,. The utilization of each task set is 0.9, task
number is 30, and 7 /T . <10000. Then the number of calculation times is a function of
the value max{Di/Ti}.

Experiment 1. Let b be changed from 1.1x7, to 2.2xT;.
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=/r=New bound La*
100 == QPA algorithm

Number of h(t) Calculations
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11 12 13 14 15 16 17 18 19 2 21 22
Maximum Value of Di/Ti

Figure 7. Impact of the maximum value of Di/Ti

The percentage of the task sets with density larger than 1:
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Figure 8. Percentage of the (schedulable) task sets with density larger than 1

Experiment 2. Let b be changed from 1.2x7, to 3.2xT.
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Figure 9. Impact of the maximum value of Di/Ti

The percentage of the task sets with density larger than 1:
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Figure 10. Percentage of the (schedulable) task sets with density larger than 1

Our default generation policy for each relative deadline is b =max{D,/7,} =1.2. From
the above two experiments, we can see that the QPA algorithm can perform faster if we let
b>1.2. When max{D,/T;} <2.2, the percentage of the schedulable task sets with the

density larger than one is nearly 100%.

(E) Impact of the minimum value D, /T,

In this experiment, in order to control the maximum distance from each D, to T;, we
let each D, be generated randomly from a to b, where a=min{Di/Ti}xT , and b
remains the same value of the default generation policy, thatis b=12xT,.

We let the utilization of each task set be 0.9, the size of each task set be 30, and

T /T

max min

<10000, then the calculations is a function of min{Di/Ti}.
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Figure 11. Impact of the minimum value Di/Ti
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The percentage of the task sets with density larger than 1:
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Figure 12. Percentage of the (schedulable) task sets with density larger than 1

(F) Fix the value of D, /T,

In this experiment, in order to observer the performance of QPA when all D, <7, and
the impact of the distance from each D, to 7, we fix the value of each D,/T;, let the
number of calculation times be a function of the fixed value D, /T, .

When all D, <T;, the upper bound La* becomes:

Z (1; - Di )Ui
La*=+——
1-U

that is equal to L’ which is given by Ripoll et al. [12] under the assumption all D, <T.
Let k=D,/T, k<1, then the density of each task set is:

n

n ) 1
A— = — —’=
— mln{Dl,T} ,ZI:D. Z:kT kT T k

1 1

b

Ifwewant A>1, U/k>1=k<U.
We let the utilization of each task set be 0.9, tasks number be 30, and the maximum

valueof 7 /T, 1s10000,s0 k£<0.9.

min
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Figure 13. Impact of the fixed value of Di/Ti

Although we only experiment on the schedulable task sets, we counted the number of

the unschedulable task sets, denote it to be N

unsche >

so at each point on the graph, the
percentage of the schedulable task sets is:
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(2000+N,,.0)

x 100%
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The fixed value of Di/Ti

Figure 14. Percentage of the schedulable task sets

(G) Frequency distribution of the task sets
This experiment explores how many tested task sets can complete their schedulability

tests in a given number of /4(¢) calculations. We divide each interval on the x axis into 10;
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this means if a schedulable task set needs 126 calculations to complete its schedulability
test, then this task set is counted into the interval 120~130 on the x axis. The value of the y
axis presents the counted number of the task sets.

The experiment tests 80,000 randomly generated task sets which are schedulable, for

each task set, the utilization is 0.9, the tasks number is 30, and the maximum value of

. /T. 1s10000.
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Figure 15. Frequency distribution experiment based on 80,000 schedulable task sets

Since the numbers of calculation times needed by the QPA algorithm for all task sets are
very close to the origin of the coordinates, in Figure 15, the line of the algorithm is
superpose on the y axis. In order to see clearly the frequency distribution for the algorithm,

we give the following graph according to the above experiment.
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Figure 16. Frequency distribution of QPA
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We can see from Figure 16 that most task sets complete each schedulability test in less
than 30 times calculations of 4(¢), and all the 80,000 task sets in our experiment complete

each schedulability test in less than 60 times calculations.

7.2 Experiments on Unschedulable Task sets

This section describes experiments on unschedulable task sets. All task sets are
generated according to the default generation policies if not specify, and only the
unschedulable task sets are counted into the experimental results.

It is difficult to decide how to compare with the previous results on exact schedulability
tests, since no literature mentions or explores what order should be used to check all the
absolute deadlines by previous research results. For a schedulable system all deadlines need
to be checked and hence the order is immaterial, but for a unschedulable system here is an
issue. There can be three obvious choices: forward order, backward order, and check the
deadlines by each task in turn.

The first two choices, forward order and backward order, need all absolute deadlines to
be sorted, using the fastest approach, sorting m absolute deadlines has the complexity
O(mlog, m) in average, and O(m’) in the worst-case, when m is large, the time
needed to spent on the pretreatment of sorting could be far more than the schedulability test
itself. If we compare QPA with the previous results by these two orders, it is unfair for the
proposed analysis, since the QPA algorithm does not need such pretreatment.

Despite these factors, we would also like to observe what order to be used by previous
results can find a failure point with the least number of checked deadlines. We investigate

this first.

(H) Frequency of the first failure absolute deadline

These experiments explore the frequency distribution of how many absolute deadlines
have been checked when the program first finds a failure point according to different
checking orders.

We denote N, to be the number of deadlines that have been checked when the we
first find a missed deadline for a task set, and denote N, to be the total number of
deadlines in L=min{L *,L,} . The value of N, /N, inverses with the number of
checked deadlines.

The following 3 experiments are based on 1000 unschedulable task sets with the

utilization 0.9, and the maximum value of 7, /7 . 1is 1000. On the x-axis, 0.1 means
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O<N,/N,<0.1, and so on.
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Figure 17. Frequency of the forward order
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Figure 18. Frequency of the backward order

This experiment which explores the frequency of checking by each task in turn, the
order of tasks is checked by 7,,7,,7;,..., from the default generation policy, the less
number task have the more chance to get a shorter relative deadline (see example B,

Section 6), so the order can be regarded as smaller relative deadline task checked first.
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Figure 19. Frequency of checking by each task (order of task)

From the above experiments, we can see that verify forward from ¢=0 for the sorted

absolute deadlines can find an overflow with the least number of checked deadlines.

Although only comparing how many deadlines have been checked is unfair for the new
results, we would still like to compare QPA with the previous results by forward order from
t =0. In the following experimental comparisons, we ignore all the additional calculations
required by previous results such as sorting the deadlines.

When all task sets are schedulable, by the previous results, all the absolute deadlines in
an upper bound have to be verified, so we only need to count here are how many deadlines
in each upper bound in an experiment. But when the task sets are unschedulable, we need to
sort deadlines, and we need to check every deadline until we find a failure one, due to the
large amount of calculation required by the previous results, in this section, we could not
experiment on so large a range of the task sets as the experiments in the previous section.

Except experiment (N), each point on the following diagrams are the average of 2,000
randomly generated task sets which are unschedulable. The "old method" on the graph
means the number of absolute deadlines which have been checked by the previous analysis

by the forward order.
(1) Impact of the task periods range

In this experiment, the utilization of each task set is 0.9, and task number of each task

set is 30.
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Figure 20. Impact of the task periods range

The default value of the maximum value of 7, /7, . for all the experiments in this

section is set to be 1000. From this experiment, we can see that if we let the maximum

value of 7T /T . be larger than 1000, then the experimental results for the previous

max

analysis in all experiments will be increased significantly.

(J) Impact of the tasks number
In this experiment, we set the utilization of each task set to be 0.9, and for each task set,

the maximum value of 7, /T . is 1000.
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Figure 21. Impact of the number of tasks
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(K) Impact of the task set's utilization
In this experiment, we let tasks number of each task set be 30, and the maximum value
of T /T . be1000.
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Figure 22. Impact of the task set's utilization

(L) Impact of the fixed value of D, /T,
In this experiment, we change the default generation policy of D,, let D,/T be a
fixed value k&, hence D, =kxT,. We set the tasks number of each task set to be 30, each

task set's utilization to be 0.9, and the maximum value of 7, /7 . to be 1000.
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Figure 23. Impact of the fixed value of Di/Ti
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Let the number of the schedulable tasksets be N

sche >

then the percentage of the

schedulable task sets under each value D, /7, is:

N
percentage = ——%——x100%.
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Figure 24. Percentage of the schedulable task sets

From Figure 24, when each D, /T, <0.36, nearly all task sets are unschedulable, so we
should not use such task sets, and the experimental comparisons on such task sets is
meaningless. Only D,/7,>0.36 when there are some task sets are schedulable, the
comparisons then become meaningful. In this situation, the required number of /(¢)

calculations by the old result is close to 1000.

(M) Control the distance from each D, to C,

In this experiment, we control the distance between each D, and C,, let each D, be
generated from a=min{D,/C;} to b, where b remains the default value of the
generation policy.

For each task set, the utilization is 0.9, the number of tasks is 30, and the maximum

valueof 7, /T . 1s1000.

min
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Figure 25. Impact of the minimum value of Di/Ci
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Figure 26. Percentage of the schedulable task sets

Compare experiments (L)(M) with experiments (I)(J)(K), we can find that when the
distance between each D, and C, is no less than a certain value (i.e. 2xC,), the
calculation times by the previous results is increased significantly, and we can also reach
the conclusion that under the same situation (i.e. =30, u=0.9, task periods
range=1000), the number of calculation times in experiments (I)(J)(K) is less than the
results of (L)(M), that’s because in (I)(J)(K) some D,s are too close to C,s, an overflow

can often be found at the beginning of the deadline checking by forward order. So the
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default generation policy and the experimental results in (I)(J)(K) are optimistic for the old

analysis.

(N) Frequency distribution of the task sets
This experiment based on 60,000 randomly generated task sets which are unschedulable,

for each task set, the utilization is 0.9, the task number is 30, and the maximum value of

T. /T 1s1000.
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Figure 27. Frequency distribution based on 60,000 unschedulable task sets

The following graph is the frequency distribution of the calculation required by QPA
according to the above experiment.
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Figure 28. Frequency distribution of QPA

7.3 Conclusion of the experiments

From the experiments describes in this section, we can see that a lot of factors can
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significantly affect the experimental results of the old methods; in some circumstances, they
have exponential growth. The experimental results of QPA are stable for all kinds of task
sets, and QPA reduces the required calculation in logarithm scales in all situations.

In experiment (G) based on 80,000 and experiment (N) based on 60,000 randomly
generated task sets, by the QPA algorithm, more than 96% of the task sets complete each
schedulability test in less than 30 calculation times of /(¢), and all the task sets complete
each schedulability test in less than 60 calculation of /(¢). The function A(¢) has the
complex O(n), equal to calculating a task set’s utilization. This means the vast majority of
the task sets in the experiments only require the calculation which is equivalent to less than
30 times the utilization based test.

We also observed that the new upper bound LZ dominants the old results when each
D, is no larger than 27;. The calculation of L, has an iterative process which may need
more iteration times than the QPA algorithm, since L is simpler to calculate than L, , we

would suggest that only L: is used in the QPA when each D, is not too larger than 27.

8. Schedulability Analysis with Release Jitter

In the previous literature, Spuri [14] mentioned if we remove the assumption of null
release jitter, then the worst-case arrival pattern for testing the tasks schedulability by
processor demand criterion is obtained by releasing the first instance of each task at time
t =0, and all other instances are released at ¢ =max{k7, —J,,0} . However this conclusion
was not formally proved. Under this worst-case arrival pattern, the processor demand

h,(t) 1n a given interval is calculated by [14]:

hj(t)=imax{o,1+{”‘]}—_QJ}q= > {MJC )

i D;<t+J; T;

and the length of the synchronous busy period is calculated by:

Wl zz[w T”ﬂc,., (10)
i=l1 i

Here we give the above assumption a formal proof, and provide a complete

schedulability test which is necessary and sufficient for EDF scheduling which considers

release jitter and incorporates the new bound discussed in Section 4.

Theorem 8 A general task set is schedulable by EDF if and only if all the following

conditions are true:
1) UL1.

2) All tasks are released simultaneously at time =0 after having experienced their
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maximum release jitter, and then the subsequent instances of each task are released at their

maximum rate.

3) VieP h(t)<t,

where h, ()= Zmax {0,1+ TJFJ}—_D"J}CZ. ,

i=1 i

and P is the set of absolute deadlines in min(Z), L)), that is:

P={d |d =kT +D,—J ad <min(L’,L)),ke N}, where

i(T, +Ji _Di)Ui

L =max{(D,-T, - J,),...(D,~T,—J ), U I

and L] is the synchronous busy period with the arrival pattern of condition 2 (i.e. solution

of equation (10)).

Proof. We start from condition 2 which gives the worst-case arrival pattern for task
schedulability and the longest synchronous busy period. To prove this, at first, we remove
the release jitter assumption. Let # be an overflow time in any tasks arrival pattern, and ¢

be the last time before # such that there are no pending jobs with absolute deadline
D, <t —t before ¢t .If we move “left” all tasks’ first instances which arrive after ¢, let all
tasks be released simultaneously at ¢, the task load in [z,#] could only be increased, so
there is still an overflow at or before ¢, let ¢, denote the new overflow time after the shift,
we have ¢, <¢,.

Then we add the release jitter assumption. If we let the release time of the first instance
(arrives at time ¢) of each taskz, be fixed, and move “left” all other instances of task 7, in
the period [¢,z,], making them closer to the first one, obviously the more we move and
make the second and the following instances closer to the first one, the task load in the
period [¢,z,] could become larger. The maximum distance of each task z,’s other instances
can be moved forward to the first one is J,, that is the situation when all tasks arrive
simultaneously at time ¢ after having experienced their maximum release jitter, and then
the subsequent instances released at their maximum rate. So the arrival pattern of condition
2 is the worst-case for testing the tasks schedulability, and the overflow still occurs at or
before ¢,, let ¢, denote the new overflow time when the tasks arrival pattern has been
changed to condition 2, then we have ¢, <t,.

From Lemma 2, there is no processor idle time during [z, ]; from Lemma 1, L, gives
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the longest busy period without considering release jitter, so ¢, —¢ <L, . We can apply the
same argument of the previous paragraph to show that after changing the tasks arrival
pattern to condition 2, the length of any busy period could only be increased, hence the
arrival pattern of condition 2 also gives the maximum length of any busy period. Let L]
denote the synchronous busy period with the arrival pattern of condition 2, we have
L <L,. As t,<t,<t,, we have t,—t<t,—t<L,<L,. Let t=0, t,<t,<L], so the
overflow must be found in the period (0,L)).

When t>2max,__{D-T-J} << t=2D-T-J, & t+J,-D=2-T <&

1<i<n i i i

t+J.—D. t+J.—D.
—) 1t 1>-1 & 1+4|————=1>0,
T, T,

1

z —D.
then we have: h(t) = Zmax {0,1+ {HJ}—’

i=1

J}C,- - i(l{”"}—‘DI’J)q

1

1

n C n C
=ty —+ ) —(T+J,—-D,
27 2 )

i

L C WG
sz;?+;?(z+4—a>

i

If U <1 and the task set is not schedulable, ¢ < A(t)

& z<tzg+z%(z +J,-D,)
=1 4 =1 4
= z(1—22)<z%(ﬂ +J,-D)
=1 4 =1 4
z(]: +J; _Di)Ui
S <= O
1-U

Integrate with the new algorithm
In order to corporate release jitter into the new algorithm in Section 5, we let:

min(L', L)) u<1 n —D
p = minE, L) b =Y max{o1+| LD e
L u=1 p T

and d, =min__ {D, —J,}, then we can use Theorem 7 to test schedulability.

1<i<n

On the occasion when we need to find max{d, |d, <t}, for a single taskz,, the last
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arrived job before time ¢ is released at:

t+J, |
A

k

with the absolute deadline:

d, :({H_TJI{‘I_I)TI{ +D;,

i

so max{d, |d, <t} can be calculated by:

for (k=1;k<n;k++)
{d,=((@+J)/T,|-DI,+D,;

while (d, >t) d, =d, -T,;

if(d >d
}

‘) d =d

max max k>

After the recurrence, d. =max{d,|d <t}.

9. Resource Sharing and Release Jitter

In typical realistic cases, the tasks in the system are not independent and they need to
access shared non-preemptable resources. If a high-priority process is suspended waiting
for a lower-priority task to complete its use of a non-preemptable resource, then priority
inversion [8] occurs, it is said that the high-priority process is blocked by the lower priority
process.

There are a number of protocols that exist for limiting this priority inversion, the most
important and widely used is the Stack Resource Policy (SRP) [1], which extends the
Priority Inheritance Protocol (PIP) and the Priority Ceiling Protocol (PCP) [13]. SRP is
very easily integrated into the EDF scheduling framework.

In this section, under the framework of EDF+SRP, we show that the blocking factor and
release jitter can be considered at the same time into an exact schedulability analysis, and

the new results can be integrated with both release jitter and blocking.

9.1 Conditions for the Schedulability

Let 7z(z;) denote the preemption level of a task z,, #(z,)>7(7,) < D, <D, . Each

shared resource R, is assigned a ceiling II(R) which is set equal to the maximum
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preemption level of any task that may access it. Let 7 denote the highest ceiling of all the
resources which are held by some tasks at any given time, that is: = max{II(R)|R. is

held}. Baker [1] showed the Stack Resource Policy has the following properties:

Theorem 9 ([1]) Ifnojob r; is permitted to start execution until 7(z;) > 7, then:

1) no job can be blocked after it starts;

2) there can be no transitive blocking or deadlock;

3) no job can be blocked for longer than the execution time of one outermost critical
section of a lower priority job;

4) if the oldest highest-priority job is blocked, it will become unblocked no later than the
first instant that the currently executing job is not holding any non-preemptable

resources.

Let B(¢#) be a function presents the maximum time for job 7, with relative deadline
D, <t may be blocked by job r, with relative deadline D, >t in any given time
interval [0,7].

Spuri [14] showed that a sufficient condition for schedulability of a task set is that for
any absolute deadline d, in a synchronous busy period:

h(d))+B(d,)<d,. (11)

Although the definition of B(#) given by Spuri [14] implies that release jitter is
considered, in the proof of the schedulability condition they did not take account of release
jitter, only the blocking factor is incorporated.

The definition of B(z) given by Baruah [5] is more intuitive: let C,, denote the
maximum length of time for which taskz, needs to hold some resource that may also be
needed by task 7, , then B(#) can be defined and calculated by:

B(t)=max{C,, |D,>t,D, <t}. (12)

In the definitions of the remaining part of this section, to incorporate release jitter, we

suppose o # k.

Here we define B, () as:

B,(t)=max{C,,|D,-J,>t, D, —J, <t}, (13)
note B,(t) can also be defined as:
B,(t)=max{C,, |D,>t+J,,D, <t+J,}. (14)

B,(¢) is defined under the assumption when all tasks experienced their maximum
release jitter.

If each taskz, does not experience its maximum release jitter, but only experience a
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jitter equals to J,', where J,' is an random number in [0,J;], then the blocking time
should be defined and calculated as:
B, (t)=max{C,, |D,>t+J,", D <t+J, '}, (15)

where 0<J_ '<J ,and 0<J,'<J,.

So the definition of B(¢) and the definition of B,(#) are special cases of B,.(t).

Under the assumption that each taskz, only experience a jitter equals to J,', where
J.'€[0,J.], we can apply the same argument in Theorem 8’s proof to show that the worst-
case arrival pattern for schedulability occurs when each task 7, is released at time 0 after
having experienced a jitter J,', then at its maximum rate. In this task arrival pattern, the

processor demand in a given time interval [0,7] becomes:

t+J,-D,
TJ}C-, (16)

l

hJ.(t)=Zn:max{0,1+{

and the processor demand plus the blocking time in [0,¢] is calculated by 4,.(¢#)+ B,.(f).

The maximum blocking time depends on how many jobs can be blocked and how many
jobs can block other jobs. Comparing the definitions of B,(¢) and B,.(f), we can see that
in the definition of B,(¢), although the number of jobs which could be blocked is
increased (from D, <t¢+J,), the number of jobs which could block other jobs is decreased
(from D, >t+J_ ). So at a given ¢, the value of B,(f) can be less than B,(¢). In other
words, when all tasks experience their maximum jitter, the maximum blocking time could
be decreased. In order to show condition 2 of Theorem 8 is still the worst-case arrival
pattern for schedulability after considering the blocking time, we need to prove at any given
time ¢, h,(t)+B,(t)<h,(t)+B,(t).

Lemma 6 V¢>0, h.(t)+B,t)<h,(t)+B,(t)
Proof. If B,(t)<B,(t), since h,(t)<h,(t), we have h,(t)+B,(t)<h,(t)+B,(1).
Then we only need to prove the situation when B,.(t) > B, (¢) .
From the definition of B,(¢#) and B, (t), B,(t)<B,(t)=
max{C,, |D,>t+J,,D, <t+J }<max{C, |D,>t+J, D, <t+J "}. (17)
At any given ¢, we always have:
max{C,,|D,>t+J," D, <t} <max{C, |D,>t+J," D, <t+J,}. (18)
From inequation (17)(18):
max{C,, |D,>t+J,,D, <t+J,}<max{C, |D,>t+J, D, <t+J,}. (19)
From inequation (19), there exists a taskz, which satisfies all the following conditions:

1) denote D, to be its relative deadline, J , to be its maximum release jitter, and
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J,' to be a jitter between 0 and J, then t+J,'<D, <t+J;
2) taskz, needs to hold some shared non-preemptive resources that are also needed
by a taskz, with D, <t+J,, y#k, denote C,, to be the maximum length of

such resource;

3) C

_« 18 no shorter than any other shared resource in

{C k| D, >t+J,\D <t+J,}.
From condition 1:

t+J,-D,
D, <t+J, = t+J,-D,20 = (I+ T)Cyzcy.
v
' ' t+J,'-D,
t+J,'<D, = t+J,'-D, = (I+ T)q:o.

e

Hence:
n = D
7y (1) =Y max{0,1+ {L \]C,
i=1 i i
! _p
> Zmax{o,nr”l—l 1C,+C,
i=1 i i
= h,.()+C,.

From condition 3: C, , =max{C,,|D,>t+J," D, <t+J,}
z2max{C,, |D,>t+J, D, <t+J, '}

=B,(f).

Since C, 2C,, > B,.(t), we have:

By (1) + B, (6)2 b, (6) 2 B, (1) + C, > h, () + B,(2). 0

Theorem 10 A general task set is schedulable by EDF+SRP if the following conditions
are true:

1) U<LI.

2) All tasks are released simultaneously at time =0 after having experienced their
maximum release jitter, and then the subsequent instances of each task are released at their

maximum rate.

3) VieP h(t)+B,(t)<t,
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t+J -D,
T

i=1

where h‘,(t):Zmax{O,l+{ J}Cl., B,()=max{C,  |D,>t+J,,D, <t+J,},

1

and P is the set of absolute deadlines in min(Z’, L;), that is:

P={d |d =kT +D,—J ~d <min(L’,L)),ke N}, where

max, , {B,(d)}+ Z (T, +J,-D)U,

L’ =max{(D,~T,~J,),..(D,~T,~J,), 1 Ul b, (20

where D, =max,, {D —J,}, and L, is the synchronous busy period with the arrival

1<i<n

pattern of condition 2.

Proof. We start from condition 3, and show that the task set is schedulable if at any
deadline d,, h,(d.))+B,(d;)<d,. At first we assume there is no release jitter, let ¢ be a
time when there is a job miss its deadline in any tasks arrival, and ¢#'=0 be the last time
before ¢ such that there are no pending jobs with deadlines less than or equal to . At
time ¢'=0, if there is an arrived job r, with relative deadline D, >t holding some
shared resources which are also needed by the later arrived jobs 7, with D, <t, then this
low priority job », may block a higher priority (earlier deadline) job 7, . Let ¢, be the
first time when job r, complete its access for a shared resources and does not hold any
shared resource, from Theorem 9, the oldest highest-priority blocked job will become
unblocked immediately at time ¢, . Then there are always pending jobs with deadlines less
than or equal to ¢ in the period [t ,¢], no earlier deadline jobs can be blocked again after
t,,and r, is the only instance which could be executing in [0,#] with absolute deadline
larger than ¢. The maximum time in which job 7, could be executing in the time interval
[0,7] is C,s>

B(t)=max{C,,|D,>t,D, <t}.

so the maximum  blocking time in [0,7] is

Then we change the tasks arrival pattern. Let each task with D, <t+J, be released
simultaneously at time # =0 after having experienced its maximum release jitter then at its
maximum rate, and let each task with D >¢+J, be released at time —& after
experiencing the release jitter equal to J, —& then at its maximum rate, where ¢ is a
infinite small number. For each task with D_>¢+.J_, each absolute deadline of its job is
kT, +D,+(-¢)-(J,—&)=kT +D,—J,,keN . Then we get an arrival pattern of
condition 2, from Theorem 8’s proof, this arrival pattern is the worst-case for tasks

schedulability without considering the blocking factor. Since each task with D >¢+J  is
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released ¢ time units before the release time of each task with D, <t+J,, any task with
D, <t+J, can be blocked by any task with D_>¢+J_  if they need to hold the same
non-preemptable resource, then the maximum blocking time in [0,¢/] becomes:
B,(t)=max{C,,|D,-J, >t,D,—J, <t}. After adding the blocking time, although the
blocking time could be decreased under this arrival pattern, from Lemma 6, the total task
load (4,(¢)+B,(¢)) could only be increased. Therefore there is still an overflow at or
before time ¢, and condition 2 is still the worst-case arrival pattern for the tasks
schedulability under EDF+SRP.

Since both of the value of 4,(#) and B,(¢f) could only be changed at an absolute
deadline d, =kT,+D,-J,,ke N, if Vd,, h,(d,)+B,(d,)<d,, then there is no overflow
at any time.

The following part of the proof is to reduce the period we need to look for. As the
blocking only changes the execution order of the jobs in a busy period, any overflow still
occurs in a busy period, and the length of the longest busy period of the tasks is not
changed, from Theorem 8’s proof, condition 2 gives the maximum length of any busy

period, so we can still use L, as an upper bound for the schedulability test.

When ¢2>max,__, {D

i

t+J.—D. t+J.—D.
—) 1t 1>-1 & 1+4|————=1>0,
T, T,

1

~T-J} & (2D-T-J, < t+J,-D>-T &

then we have: h,(t)+B,(t)=B,(t)+ Zmax{0,1+ {t +J}— D, J}C-

1
i=1 i

- BJ<t>+i(1{# J)ci

= BJ(t)+tZ%+Z%(J; +J,-D,)
i=1 i=1

i i

<max, , 1B, @)}+03 24 Y S04, D)
i=1 i

i i=1
If U <1 and the task set is not schedulable, ¢<#h,(t)+ B, ()
n C n C
& t<max, , {Bj(dl.)}+t2—’+27’(7; +J,-D,)

=1 4 =1 4

43



a

o (-3 S <max, , {Bj(d,->}+2%<T,-+J,- D)

i=1 i i=1 i

N

max, ., {B,(d)}+> (L +J,~D)U,

= t< = O
1-U

Like all the previous results on the task schedulability analysis which incorporates SRP,
since the definition and calculation of B(¢#) may be pessimistic in some cases, the above
analysis is only sufficient for schedulability under EDF+SRP.

In equation (20) of Theorem 10, max,_, {B(d,)} can be obtained by calculating the
value of B(¢) at every d,€(0,D,). As max,_, {B,(d)}<max_{C} , for

convenience, we can also use max,__, {C,} as max,_, {B,(d,)}.

9.2 Integrate with the New Algorithm

In this section, we integrate blocking and release jitter into the algorithm of Section 5,
so that tasks with release jitter can share non-preemptable resources in our system model.
To give the new theorem which incorporates blocking and release jitter, we need to

show that 4,(t)+ B,(t) isnon-decreasing with ¢.

Lemma7 Vt>0, h,(¢t)+B,(¢) isanon-decreasing function of ¢.

Proof. Vit .,t,,0<¢t <t,, when B,(t)<B,(t,), h,(t,)+B,(t,)<h,(t,)+B,(t,), so we
only need to consider the situation when B, (¢,) > B,(¢,).
From the definition of B,(¢), B,(t,)>B,(t,) =
max{C,,|D,-J,>t,D,—J, <t} >max{C,, |D,-J, >t,,D,—J, <t,}.
Forany ¢ <t,, we have:
max{C,,|D,-J,>t,,D,—J, <t} zmax{C,, |D,-J,>t,,D,—J, <t}.
Therefore:
max{C,,|D,-J,>t,D,—J, <t} >max{C,, |D,~-J, >t,,D,—J, <t} (21)
From inequation (21), there exists a taskz, which satisfies all of the following
condition:
1) <D,—J,<t,;
2) taskz, needs to hold some non-preemptable resource that is also needed by a

taskz, with D, —J, <t,, denote C,, to be the maximum length of such a
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resource access;
3) C., isno shorter than any other shared resources in
{Ca,k |Da —J,>4,D—J, < t1}a
this means C,, =B, (1).
Let the execution time of taskz, be C,,wehave B,(#)=C,, <C..

gk =
L+J.-D

As t,<D,-J,, ,+J.,-D.<0 = (l+{ 5J)C§=0 (22)

¢

t,+J.—-D
#J)Cf >C. (23)

As D,-J.<t), ,+J.-D; 20 = (1+|‘

¢

From (22)(23): h(t,)= Zn:max {0,1 +{

i=1

t, +J. —D.
%J}q > h(t)+ C§

l

Therefore we have:

h,(t)+B,(t)="h,(t)+C

SR ()T C S h (L) Sh(6)+ B, (6). O

After getting Lemma 7, Lemma 8, Lemma 9, and Theorem 11 can be proved, so both
blocking and release jitter can be integrated together into the algorithm of Section 5.

In the remaining part of this section, we define L as:
min(L}, L)) U<l
{Lg U=1’

and when a system is not judged to be schedulable, denote

d* =max{d,|d e (0,L)rd <h,(d)+B,(d)}.

Lemma 8 For a system that is not judged to be schedulable, let d, =max{d,|0<d, <L}.
If h(d )+B,(d,)<d,, then d* <h,(d*)+B,(d")<d', where d'=min{d, |d, >d"}.

Proof. Since d, =max{d,|0<d <L}, and h,(d, )+B,(d,)<d, , we have d*<d,,

and d'<d <L. Suppose h,(d*)+B,(d*)>d", since d'>d", and from Lemma 7,

h,(t)+ B,(t) isnon-decreasing with 7, so we have:
h,(d")+B,(d")=h,(d*)+B,(d*)>d".

This contradicts the condition that d*=max{d, |d, (0,L)rd <h,(d)+B,(d.)},

therefore d* <h,(d*)+B,(d*)<d". O

Lemma 9 For a system that is not judged to be schedulable, let d, =max{d, |0<d, <L}.
If h,(d )+B,(d,)<d, ,when te[h,(d*)+B,(d"),L), d*<h,(t)+B, ()<t

m?
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Proof. The period [/,(d*)+B,(d"),L) can be divided into three intervals:

1) te[h,(d*)+B,(d"),d"), where d'=min{d, |d >d"} , from Lemma 8,
d* <h,(d")+B,(d")<d", therefore h,(t)+B,(t)=h,(d*)+B,(d*)<t.

2) teld'd,), then h,(6)+B,()=h(d)+B,(d,), where d, =max{d,|d <t} .
Suppose ¢ <h,(t)+B,(t), we have d, <t<h,(t)+B,(t)=h,(d,)+B,(d,), since
d*<d'<d;<L, this contradicts the condition that d® is the largest d,
satisfying d, €(0,L)Ad, <h,(d,)+B,(d;), therefore h, (t)+B,(t)<t.

3) teld,,L), h()+B,()=h(d)+B,d)<d <t.

Since &,(t)+ B,(¢) is non-decreasing with ¢, t>h,(d*)+B,(d*)>d"

= h,()+B,t)>h,(d*)+B,(d")>d", therefore we have d* <h, (t)+B,(t)<t in each

interval. O

Theorem 11 For a general task set scheduled by EDF+SRP with release jitter, let

d=kT'+D,—-J,,keN,and d_, =min__{D —J,}. If U<I, we can use the following

1<i<n

algorithm to test the schedulability:

t=max{d, |d, <L};

while (h,(t)+B,t)<t A h,(t)+B,(t)>d ;)
{l:f(hj(t)+BJ(t)<t) t:hj(t)'i'BJ(t);
else t=max{d,|d, <t};
}

if (h,(t)+B,(t)<d_, ) the task set is schedulable;

Proof. Let H,(¢f) be the function H,(¢t)=h,(t)+B,(t), since Lemma 7 is true, in
Theorem 6 & Theorem 7’s description and their proof, 4(¢f) can be replaced by H,(¢),
h(L,) can be replaced by H,(L,), h(d,) can be replaced by H,(d,), and h(d,) can
be replaced by H,(d

Lemma 8, and Lemma 5 corresponds to Lemma 9, so we can use the same process of

). After integrating with blocking factor, Lemma 4 corresponds to

m

Theorem 6 and Theorem 7’s proof to prove Theorem 11. O

9.3 Illustration Example

We give an example to illustrate the analysis which integrate with both release jitter and
blocking. This example contains 6 general tasks, and there are two types of non-preemtable

shared resources R1 and R2 in the system. The task parameters and the shared resource
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access time as the follows:

Task Exe.cution Relatiye Period Re}ease R1 Access R2 Access
Time Deadline Jitter Time Time

7, 7 34 40 6 2 0

7, 17 70 136 18 6 9

7, 60 280 360 30 22 16
7, 49 590 420 40 0 17
75 53 320 510 37 18 12
T, 70 360 490 46 16 21

The schedulability is tested by the following steps:
Step 1. Calculate the utilization of the task set, U =0.83<1.
Step 2. Calculate upper bound L. by equation (20), L’ =509.
Step 3. Calculate upper bound L, by equation (10), L, =766.
Step4. As L'<L], L=L=509. max{d, |d <L}=478; d_, =min__{D —J,}=28.
Verify the schedulability by the QPA algorithm (Theorem 11):
1) t=478, h,(t)+B,(t)=352,
2) t=352, h,(t)+B,(t)=244,
3) t=244, h,(t)+B,()=98,
4) t=98, h,(t)+B,(t)=53,
5) t=53, h,(t)+B,(t)=29,
6) t=29, h,()+B,(t)=22,

Since h,(¢t)+B,(t)<d_. , the task set is schedulable.

min °

10. Conclusion

In this paper, we have addressed and solved the problem of providing fast schedulability
analysis which is necessary and sufficient for EDF scheduling with arbitrary relative
deadlines. As the most commonly studied optimal scheduling algorithm, EDF provides
real-time systems the best schedulability among all scheduling algorithms. However the
large amount of calculation required by its exact schedulability analysis severely restricts
the use of EDF in practice.

We present a tighter upper bound for the traditional processor demand analysis which
provides exact schedulability test for EDF scheduling, by experimental comparisons, the

new upper bound dominants the previous results when each D, is no larger than 27,. We

47



propose the Quick convergence Processor Demand Analysis (QPA) which builds on the
traditional processor demand analysis, it is necessary and sufficient. By intensive
experiments, we show that QPA reduces the required calculation times in logarithm scales
in all situations compared with the previous results, and the required calculation by QPA is
stable for all kinds of task sets.

Since the QPA algorithm does not check every absolute deadlines, and it does not need
all values of deadlines in the time interval, there is no additional calculation overheads
needed by QPA, so it can further reduce the calculation in practice beyond the experimental
results.

The QPA reduces the required calculation to a level that can be accepted by nearly all
computing systems, and it can be easily used for online admission control. By the QPA
algorithm, in experiment (G) based on 80,000 and experiment (N) based on 60,000
randomly generated task sets, more than 96% of the task sets complete each schedulability
test in less than 30 calculation times of A(¢), and all the task sets complete each
schedulability test in less than 60 calculations whether they are schedulable or
unschedulable. The function #4(¢) has the complex O(n), equal to calculating a task set’s
total utilization. This means the vast majority of the task sets in the experiments only
require the calculation which is equivalent to less than 30 times the utilization based test.

There is no restriction on the new results: each task can be periodic or sporadic; the
relative deadline of each task can be less than, equal to or greater than its period.

We prove that blocking can be considered with release jitter in the traditional processor
demand analysis. We also show that QPA can be integrated with both blocking and release
jitter, so the general tasks with release jitter can share non-preemptable resources in our

system model.

11. Acknowledgements

This work was funded in part by the EU FRESCOR and ARTIST2 projects. The authors
would like to thank Robert David for his helpful comments and discussions on the

experimental part of this report.

12. References

[1] T.P. Baker. Stack-based Scheduling of Real-Time Processes. Journal of Real-time
Systems, 3 (1):76-100, 1991.

[2] S.K. Baruah, A.K. Mok, and L.E. Rosier. Preemptively Scheduling Hard-Real-Time
Sporadic Tasks on One Processor. In Proceedings 11th IEEE Real-Time System Symposium,

48



pp-182-190, 1990.

[3] S.K. Baruah, L.E. Rosier, and R.R. Howell. Algorithms and Complexity Concerning the
Preemptive Scheduling of Periodic Real-Time Tasks on One Processor. Journal of Real-
Time Systems, 4 (2):301-324, 1990.

[4] S.K. Baruah, R.R. Howell, and L.E. Rosier. Feasibility Problems for Recurring Tasks on
One Processor. Theoretical Computer Science, Vol.118:3-20, 1993.

[5] S.K. Baruah. Resource Sharing in EDF-Scheduled Systems: A Closer Look. In
Proceedings 27th IEEE Real-Time Systems Symposium, pp.379-387, 2006.

[6] E. Bini and G.C. Buttazzo. Measuring the Performance of Schedulability Tests. Journal
of Real-Time Systems, 30 (1-2):129-154, 2005.

[7] M.L. Dertouzos. Control robotics:The Procedural Control of Physical Processes. In
Proceedings of the IFIP Congress, pp.807-813, 1974.

[8] H. Lauer and E. Satterwaite. The Impact of Mesa on System Design. Proceedings of the
4th International Conference on Software Engineering, pp.174-182, 1979.

[9] J.Y.-T. Leung and M.L. Merrill. A Note on Preemptive Scheduling of Periodic, Real-
Time Tasks. Information Processing Letters, pp.115-118, 1980.

[10] C.L. Liu and J.W. Layland. Scheduling Algorithm for Multiprogramming in a Hard
Real-Time Environment. Journal of ACM, 20 (1):40-61, 1973.

[11] J.W.S. Liu. Real-Time Systems. 2000: Prentice-Hall.

[12] I. Ripoll, A. Crespo, and A.K. Mok. Improvement in Feasibility Testing for Real-Time
Tasks. Journal of Real-Time Systems, 11 (1):19-39, 1996.

[13] L. Sha, R. Rajkumar, and J.P. Lehoczky. Priority Inheritance Protocols: An Approach
to Real-Time Synchronization. /EEE Transactions on Computers, 39 (9):1175-1185, 1990.
[14] M. Spuri. Analysis of Deadline Schedule Real-time Systems. Technical Report 2772,
INRIA, France, 1996.

49




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


