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[ Abstract] In a periodic real-time system scheduled with the Earliest Deadline First (EDF) algorithm, it is necessary to
compress some current tasks to avoid overloading if new task requests to run. Compressing a task means that its period is
prolonged while its computation time keeps unchanged. An interesting problem is to find the earliest time to release new
tasks without any deadline missing,that is, the earliest smooth insertion time. In this paper,a general frame to calculate
the earliest time with multiple rounds of deadline checking is given,which shows that the checking can be done from the
request time of the new tasks. A smart way is provided and proved, which takes the value of the A checking of the current

round as the time step to the next. These techniques potentially reduce the amount of the calculation and the number of the

rounds of the checking to get the earliest time. Simulation results are also given to support the conclusion.
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0 Summary

Many real-time systems often schedule tasks
adaptively with the load'?'. In this paper, the load
refers to the sum of the utilizations ( or bandwidths) of
all the tasks in the system,that is,the total utilization.

A light load system may operate at low frequency
to save energy,or even sleep“'”. As the load becomes
heavier, the operating frequency should probably be
increased to meet the timing constraints of the tasks in
the system. Consider a heavy load system scheduled
with the Earliest Deadline First ( EDF) algorithmm If
some new bandwidth requirements arrive,then the total
utilization may be greater than one and the system will
become overloaded and unschedulable even if the
working frequency is increased. A possible way to
avoid overloading is to compress some current tasks,
that is,to decrease their utilizations''’.

The new bandwidth requirements may be some
current tasks’ acceleration and/or new tasks’ insertion
into the current task set'®’. Some application scenarios
[1,7],such as the
scheduling for robot target approaching. A task’ s

are described in References

acceleration means that its period is decreased while

the computation time keeps unchanged. It is proved
that the acceleration of a current task can be treated as
the insertion of an equivalent new task * . Therefore , as
for as new bandwidth requirements, new tasks’
insertion (or insertion for short) is discussed only.
The problem of the insertion belongs to a kind of
mode-change problem[g'm. It has three stages:the old
mode starting from ¢, ,the transition process from ¢,

and the new mode from ¢ t, is the time point at

newb "
which the request of the insertion occurs and some
current tasks may be compressed.

If new tasks are inserted at ¢, immediately, it is
known that deadline missing may occur even though

[],117. In

the total utilization does not exceed one
Reference [ 12 ], the transition process is reasonably
defined, and it is proved that deadline missing is only
possible during the transition process [1,,1,,,,) if the
total utilization is not greater than one.

Vit=1,t is called a smooth insertion time § if
new tasks are released at ¢ without any deadline
missing afterwards. Obviously, finding the -earliest
smooth insertion time ( denoted by §,,. ) IS a

significant problem.

A simple way to evaluate § is to do multiple

earliest
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rounds of deadline checking,named “Simple way” in
the following sections. In this way, first this paper
assumes o

aearlies&
concludes that §

= ¢, and checks every deadline from

earliest

to ¢ If deadline missing is not found then it

newb *
ealiese 18 Teally equal to ¢, and no more
checking is required, otherwise, the next round of
checking is needed with

Ocartiest = Ocartiest T Liep (D)

The ¢, in Equation (1) takes one time unit.
Similarly, the third round of checking is needed if a
missed deadline is asserted from the second round. And
so on. Finally, the number of the required rounds to
find the real §

transition process and the number of the deadlines

eatiew. depends on the length of the
during the transition.
The major contribution of this paper is that a

more efficient way to calculate is provided and

earliest

proved,named “Smart way” or “Smart try”. Instead

in the

step

of one time unit in the Simple way, the ¢
Smart way takes the difference of the total processor
demand minus the length of the discussed time
interval, which is greater than or equal to one time

unit.
1 Processor demands after compression

In this section,first the model of tasks’ compression
provided in References [ 12-13 | 1is recalled and
improved, then several expressions for evaluating the
associated processor demands after compression are
presented, which are used to judge whether the
deadlines in the transition process are satisfied.

1.1 System model

As in Reference [ 12],the task model 7, (C_,T,)
is used in this paper, where T is the period and C,
represents the computation time in each period.

Suppose that a periodic real-time task set M has
m tasks,m=1. As shown in Figure 1, VY 7,(C,,T,) €
M,ie (0,1, -, (m - 1)), the utilization of 7, is
U, =C,/T, and the starting point of its current period
is t,. At t_,new tasks are required to be inserted and
thus 7, is compressed, its period increases to T", from
T. and utilization decreases to U; = C,/T,. Apparently,
its computation time C,; of the current instance is
divided into two parts by ¢, the first part C, — ¢, (1,)
has already been completed with the old deadline 7, +
T
computation time) is to be executed with the new
deadline ¢, + T|.

and the second part ¢;(t,) ( the remaining

i

1 Cimei(t) ¢;(1,) to be executed
1

1 1

1 1

! !
,‘ already ) | |
| completed i The period being 1

i i prolonged

: » 1
ti 1 1+T; 4T,

the request time
for compression

Fig.1 Compression of the task 7,

Note that 7= T,. This model is also reasonable
even if there are some tasks not to be compressed. If
the period of 7, is not prolonged then 7] =T, and U, -
U;=0.

In order to simplify the associated descriptions
and d/,
earliest deadline and the latest deadline of all the

below, d/ are introduced to represent the

n X

current instances of the tasks in M after compression,
respectively , that is,

dr:nn =min { (to +T0,) 7(tl +T1,) v""(tm-l +Tl;-1 ) }

d.=max{(t,+T)),(t, +T) -, (t,_ , +T._ )|

The task set M is compressed for new tasks’
insertion. In the following descriptions, it is supposed
that all the new tasks form a subset J and they are
inserted into the system at the same time, the sum of
the utilizations of these tasks is U, and r, is introduced
to represent the release time of their first instances.
Obviously, r, = t,.

r

In order to keep the system
schedulable in the new mode, U, is not greater than the
freed utilization from M ,that is,

m—1
U,< 3 (U, -U) (2)
Up to now, it is clear that our system has the task
set M before compression. It contains M ( compressed )
and the subset J after compression. The running of the
[¢,,d!,) is defined as the transition

max

system in
process .

The release point r, of the first instances of the
new tasks may be any time from ¢ . The earliest r, that
The
insertion is called an immediate smooth insertion if
Ocartiest = 11+
1.2 Processor demand calculation

The proof of the theorems below requires the
[14-15]

does not cause any deadline missing is &

carliest *

processor demand  criterion Firstly, some
associated symbols and notations are given.

In [¢,, ¢t ], the processor demand of the task
7.(C,,T,) is labeled with D (t,,t,). The sum of the
processor demands of all the tasks in J and M are
indicated with D, (¢, ,7,) and D, (¢, ,t,) ,respectively.
The sum of D,(#,,t,) and D, (¢, ,t,) is called the

total processor demand D, (¢, ,t,).
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Then,A (t,,t,) =D, (t,,t,) - (t, — 1) is
introduced. According to the criterion in Reference
[14 ], the deadlines at t,
A(t, ,t,) is less than or equal to zero. Checking
whether A(t,, t,)
“A checking”

are met if and only if

is greater than zero is called
in the following descriptions.

Again see Figure 1. The processor demand of task
7, in [1,,t,+T]] is its remaining computation time
¢;(t,).In other words,its deadline ¢, + T is met if 7,
is assigned the processor time equal to the amount of
the bandwidth
C,/T' after
t, + T'.. Therefore, its processor demand from 7, to a

c¢;(t,) in this interval. Furthermore,

requirement of 7, from the system is U’ =

later time ¢ can be expressed as
D.(t.,t) =c,(t),ift=t+T (3)

D10 =e 1) U o

J it >t +T)

(4)
The new tasks in the subset J are released at r,.
Vr,(C;,T,) e J, from r, to any time ¢, it gets
D;(t,,t) = (t-r,)/T;]C,. Therefore,
t—r,
o, =320 c (5)

je j

Based on these expressions, Theorem 1 is given to
check whether the deadlines are satisfied ( thus
calculating the earliest smooth insertion time).

Theorem 1 With compressing the task set M,
suppose d_ is a deadline during the transition process.

Then deadline missing will not occur at ¢t = d_ if and

only if
d, -
%o+ T tdy < - (6
Je j
Di(trv x)_
0,ifd <t,+T
c,(t,),ifd, =t +T]
, (7)
d -t -T,
PR A A

Proof; In [z, ,d ] it gets
D[olu](tr’ X) - I(tr’ )) +D (tr’ r)

d,
3%

Then A checking is calculated

A(t,,d,) =D (t,,d,) - (d, -1)

The deadline at t = d_ is satisfied if and only if
A(t ,d,) <0. Replacing ¢t with d, in Equation (3) ~
Equation (5),it is easy to see that Equation (6) and

Jc +"zD(zl, d)

J

Equation (7) are correct.

Theorem 1 is proved.

2 The Smart way

In order to clearly demonstrate the advantages of
the Smart way, it is necessary to pay special attention
to the time sequence

fSdy, <dg, (8)

To get the earliest smooth insertion time &,
with the Simple way,it is assumed that the release time
of the new tasks is r, = ¢, and start the first round of
checking. A checking should be done with all the
deadlines before d/, .If no deadline is missed then
o

deadline is found then the first round of checking is

=t and no more checking is needed. If a missed

earliest

is started.

step

ended and the next round with r, =r, +1¢

Two features with the Simple way should be
noticed: 1) A checking should be done with every
deadline and 2) the ¢

Comparatively ,based on the following Theorem 2

is equal to one.

step

and Theorem 3, there are two advantages with the
Smart way: A checking is only needed with the
deadlines in [d’,

min 3 max

). Also,since its ¢, is greater

step

than or equal to one time unit, then probably only
some of (not all) the deadlines in this region need to
be checked.

Theorem 2 With compressing the task set M,
the system must be schedulable in [ z,,d!. ) ,that is,all

r 2 “min

the deadlines in this region are satisfied.
Proof; Consider a deadline d_in [¢,,d!, ). From

r 2 “min

t, to d_,based on Theorem 1,it gets

m—1

D, (1,.d,) = 3 D,(1,.d,) =0

d -t
D,(1.d4) <3| | G <t -1 0,

)

(d,-t,)
Dy (t,,d,) =D, (t,,d,) +D,(t,,d,)<(d, -t,)
Therefore,
At d,) =D, (1,,d,) - (d, ~1,) <0

This means that d_must be met.
Theorem 2 is proved.

Theorem 2 shows that the deadlines before d’.

min

will never be missed whenever the new tasks are

inserted from . Therefore, the first round of A

checking is started with the deadlines only from d/ .

Theorem 3 With compressing the task set M,

suppose that the new tasks are released from r, and

deadline missing occurs at some time ¢  in
[dl. ,d.. ) then the insertion should be delayed and
it must have

Seutien =1, +A(1,,1,) (9)
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That is, the delayed insertion becomes possibly
smooth only when the release time is delayed by not
less than the value of the A checking.

Proof: When A checking is done at ¢ ,A,,B,,and
C, are caculated as

A, =D .(t,t,)

B, =D,(t,t.)

C,=D,(r,,t,)

Obviously,A, =B, +C, and A(t,,t,) =A, = (¢, -t,).

If the value of the A checking with this round is
A(t.,t.) >0, then the release time of the new tasks

T

and the next round of

step

should be delayed to r, + ¢
checking is started. It is guessed that this ¢, should be
greater than or equal to A(7,,1,).
This paper continues the discussion with Case 1
and Case 2.
Case 1

new tasks at ¢ ,as shown in Figure 2.

If there is at least one deadline from the

the compressed
tasks (omitted):

TTTTyTTTTTTTTTTTTTTATTT deadline missing
i occurs
release new tasks at 7y | >
A S

| ¥y

t
i
delay the release: L
P

! ry t

tr 7yt tyep bt Tgep

Fig.2 New tasks have at least one deadline at ¢_

Then, this deadline will shift to 7, + 7, with the
delaying. Notice that after the delaying, not only the
deadlines (if any) at ¢ should be met, but also the
must be satisfied.

step

deadlines at f_+1¢
Let us introduce A, ,B,,and C, for this new round

of checking after the delaying:

A, =D, ( L, + tstep)

B, =D, (t,t +t,,)
C,=D,(r, +1,,,t, +1)
A, =B, +C,

High attention should be paid to the new tasks
that have C, = C,, that is, the processor demand of
every new task does not increase till ¢ + ¢

However, the old tasks have B, = B

step *
., since their
processor demands may increase. Thus, the total
processor demand of the system is

D, (t.,t +t,)=A,=B,+C,=B, +C, =A,

X step
With this new round of checking,the deadlines at

t, +1,,, are satisfied if and only if the A checking value
is not greater than zero, that is,
Dmta](tr’tx + tstep) - (tx + tstep - tr) =

A(t, ,t +t

s Px step

) <0

Then,
law =D (1,1, +1,) = (1, —1,) =A, = (1, —1,)
Here, it should be noticed that A, — (¢, —¢,) is the

A checking value of the previous round. This shows

that the minimal value of this 7,

checking value of the previous round, hence Equation

(9) is true.
Case 2

at ¢ ,as shown in Figure 3.

is equal to the A

If no deadline from the new tasks exists

the compressed

deadline missing
occurs
tasks: __
tc
try: L
7y b
delay the release: L
i _____
1
again delay the release: L
\ ————

H ry b bt
+ 1.

release new tasks

————— e

step

Fig.3 No deadline from new tasks exists at ¢,

That is to say,the missed deadline at ¢, must be
from some compressed tasks. Suppose that the deadline
from the new tasks closest to the left of 7 is at ¢ . The
release of the new tasks is delayed if the A checking
value is A(¢,,t.) >0. The first step delay taken is so
that the deadline from the new tasks at ¢, moves to 7,.
However, because the processor demands of the
compressed tasks as well as the new tasks remain
unchanged in [7,,7,],A(t,,t.) keeps the same value
as before the delay,and hence further delay has to be
done.

Note that it is an exact Case 1 after the first step
delay. This implies that with Case 2 ,the minimal value
of its ¢

step

previous round,thus Equation (9) is correct.

is greater than the A checking value of the

Taking Case 1 and Case 2 together, Equation (9)
is got.

Theorem 3 is proved.

Theorem 3 indicates that if the release of the new
tasks based on this round is unsuccessful, then there
must be a A checking value greater than zero ( at least
one time unit). This value can be taken as the 7, to

the next round,and ¢, _=1.

step =
The Smart way has the advantage that the 7,
may be greater than one. Let us call it “advantage of
step” . This paper discusses how many times of the A
checking can be saved by this advantage in two cases.
1) Suppose that the unsatisfied deadline d  being
checked is from the compressed tasks. Using the

Simple way,d, will be rechecked after the delay of r,
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by one time unit, that is, r, = r, + 1. However, the

Smart way rechecks d_ after r, = r, + ¢, so that the

step
times of the checks that can be omitted is “7,, —1".
2) Suppose that the unsatisfied d, is from the new
tasks. In this case, the next deadlines to be checked
after delay with the Simple way and the Smart way are

d +1andd, +t

step ?

respectively. Then, the times of the

checks saved by the Smart way is also “¢,,, —1".
Another advantage of the Smart way is that only

the deadlines in [ d’ ) need to be checked. Let

min 2 n‘ldX
advantage of region

113

us call it ”. Apparently, this
advantage depends on the number of the deadlines of

the new tasks in [ 7,,d], ). Because a deadline from a

new task will be shifted with the delay of r,, it is
recommended to check all the deadlines of the
compressed tasks before the check of J, that is, M
first. Note that one time of the A checking is enough
for every deadline in the region [7,,d’, ) due to the
fact that it must be met based on the Theorem 2.
Therefore ,the number of the times of the checks saved
“the number of

after the

by “advantage of region”
the deadlines from the subset J before d’

min

is equal to

inspection of M” .
3 Simulations

The Theorems described above are verified by

simulation. An illustrative example is shown in
Figure 4. The compressed task set M is composed of
7,(8,16) and 7, (8,16), while the subset J of the

new tasks contains only one task 7,(2,8).

Ty=16 to T;'=32

10(8,16)—|||||||7|||||||||||||||
m“@h¢Lu¢LIIIIIi4¢LIIIIII4LJ

not sat]sﬁed [: It should have been

executed before =16.

1(28)|1||1|||ha-lllllll-J—|

“m°||111|1||1|11|1|1|11|11|||||11|1
0 +10 15 20 25 30

Iy the transition process

N 1

Fig.4 Example of deadline missing after insertion

First let ¢, = 8, then different values of ¢ are
discussed. Here, 7, is compressed while the period of
7, remains unchanged, and

ty+T,=0+32=32=d]

t, +T, =16 =d},,

The remaining computation ¢,(t,) =0,c,(¢,) =8.

) =[8,32).
The total processor demand of the system before and
after compression is U, + U, =8/16 + 8/16 =1 and
U, +U, +U, =8/32 +8/16 +2/8 =1, respectively.
The system is schedulable both in the old mode and

The transition process is in [ ¢,,d’

max

the new mode based on the EDF algorithm.

Now the Smart way to evaluate the earliest
smooth time is used. Note that only the deadlines in
[d.,,d..) =016,32) should be checked.

Round 1:

Let r, = ¢, = 8. The deadlines of the compressed
tasks in M is checked. As shown in Figure 4,7, has no
deadline in [16,32) ,thus the deadline of 7, at r =16
is checked first.

A(8,16) =D, (8,16) - (16 -8) =

D,(8,16) +D, (8,16) +
D,(8,16) -8=0+8+2-8=2>0

This positive value of the A checking means that
there is deadline missing at # = 16. One deadline of 7,
is not satisfied as in Figure 4.

Round 2.

Taking the positive value from Round 1 as the
tp » the release time of the new task is increased to
r, =1, +t,, =8 +2 =10. Again the deadline of 7, is
checked at r =16

A(8,16) =D, (8,16) - (16 -8) =

D,(8,16) +D,(8,16) +D,(8,16) -8 =
0+8+0-8=0

This indicates that no deadline will be missed at
t =16. Now the inspection of M is completed and the
check of J is started. 7, has two deadlines at r =18 and
t =26 ,the A checking values of them are 0 and -6,
respectively. Both are satisfied.

Therefore, the second round of checking draws
the conclusion that the system is schedulable. Then the
earliest smooth insertion time is

Scaticst = 10

In this way, & is obtained through 4 times of

earliest
A checking with 2 rounds. Comparatively , if the Simple
=1) is used,it is not difficult to find that 3

rounds and 5 times of A checking are necessary: The

Way (tslep
first round is done with r, =8, the second round with
r, =9,and the third with r, =10.

Let NO and NO
times of A checking with the Smart way and the

represent the required

smart simple

Simple way, respectively. Also, the
reduction” ,labeled with P is introduced that
P =(NO )/NO

“ percentage of

simple - sman simple
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The greater the P ,the greater the advantage of the
Smart way has. With the above example,

P=(5-4)/5=20%

In Figure 4,if t, =9 is assumed instead of 7, =8,
the new task can not be inserted immediately either,
and the Smart way or the Simple way is required to get
Seuiest- The value of the corresponding P is

t,=9,P=(4-4)/4=0%

The Smart way shows a certain advantage when ¢, =
8. This is because of a larger A checking value of 2.
Compared with the Simple way,one time (2 -1=1) of

11

the A checking can be omitted by this “advantage of

¢

step”. In addition, the “advantage of region” in this
example is zero, as there is no deadline from J before
d’. . These advantages of the Smart way may vary with
different parameters of the tasks or different values of 7.
For instance,if the tasks in Figure 4 take these parameters
7,(64,128) ,7,(64,128),7,(16,64) , T, =256, and ¢, =
64 ,then it gets a larger A checking value of 16 so that 15
checks can be saved. By further calculation,it gets P =

(19 -4)/19 =78.9% . This value is quite significant.
4 Conclusions

This paper discusses the problem of when new
tasks can be inserted smoothly after compressing the
task set M, that is, to evaluate the earliest smooth

insertion time § The main features of the proposed

earliest *
Smart way are as follows

1) Rather than from ¢, , Theorem 1 gives the
expressions to calculate the processor demands of the
tasks from ¢, that is the start of the transition process
and is usually later than 7, . This helps to reduce the
amount of calculation.

2) Only the deadlines in [ d/

min

d! . ) need to be
checked to get &

earliest *

3) In some cases,d can be calculated by A

earliest

checking with the 7, greater than one, thus the
number of the rounds and the times of the A checking
are reduced to reach §,,, ;...

However, if in a certain round of checking, a
missed deadline is asserted by a A checking with a

value of 1,then the 7, of the Smart way is the same

step
as that of the Simple way. In addition, if too many
deadlines exist in [d., ,
0

problems in the future.

d..) ,then the trying for

is still time consuming. We will try to study such

earliest
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