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Abstract

This paper deals with low power dynamic reconfigurations of real-time embedded
systems. A reconfiguration scenario means the addition, removal or update of tasks in
order to save the whole system at the occurrence of hardware/software faults, or also
to improve its performance at run-time. When such a scenario is applied, the energy
consumption can be increased or some real-time constraints can be violated. An
agent-based architecture is defined where an intelligent software agent is proposed to
check each dynamic reconfiguration scenario and to suggest for users useful technical
solutions that minimize the energy consumption. It proposes first of all to modify
periods, or to reduce execution times of tasks or finally to remove some of them. Users
should choose one of these solutions in order to guarantee a low power consumption
satisfying limitations in capacities of used batteries. We developed and tested a tool
supporting all these services to be evaluated in the research work.

Keywords: Embedded Real-Time System, Reconfiguration, Low Power,
Agent-based Architecture.

1 Introduction

Nowadays, the minimization of energy consumption is an important criterion for the devel-
opment of real-time embedded systems due to limitations in the capacity of their batteries,
in addition to their tasks which become more and more complex than ever. These systems
should provide optimal real-time services with low power consumptions. Several interest-
ing studies have been proposed in recent years for their real-time and low power scheduling
[1, 2, 3, 4, 5]. Although these rich and useful studies provide interesting results, they do
not address dynamic adaptations with low power consumptions of a system such that
real-time solutions are automatically calculated for users when the system’s behavior is
dynamically changed. The new generations of embedded systems are addressing new crite-
ria such as flexibility and agility. To reduce their cost, they should be changed and adapted
to their environment without disturbances. Several interesting academic and industrial
efforts have been made in recent years to develop reconfigurable embedded systems [6].
We distinguish in the existing research two reconfiguration policies: static and dynamic
reconfigurations. Static reconfigurations are applied off-line to apply changes before a



system starts [7], whereas dynamic reconfigurations are dynamically applied at run-time.
Two cases exist in the latter: manual reconfigurations applied by users [8] and automatic
reconfigurations applied by Intelligent Agents [9, 10]. This research focuses on the dynamic
reconfigurations of real-time embedded systems that should meet deadlines defined in user
requirements [11].

These systems using CMOS-based processors [12], are implemented by sets of tasks
that are assumed independent, periodic and synchronous (i.e., they are simultaneously
activated at t = 0 time units). Each set is executed when a particular reconfiguration
scenario is applied at run-time. According to the work in [13], each task is characterized
in this study by a functional priority defining its static priority in the system, a period
equal to the deadline, and a Worst Case Execution Time (WCET). We define an automatic
reconfiguration as any operation allowing additions-removals or also updates of tasks at
run-time. Therefore the system’s implementation is dynamically changed and should
meet all considered deadlines of the current combination of tasks. In addition, the energy
consumption should not be increased but should be stable or decreased after each possible
reconfiguration in order to satisfy the battery’s capacity.

To reach this goal, an agent-based architecture is defined where an intelligent software
agent is proposed to check each dynamic (manual or automatic) reconfiguration scenario
to be applied at run-time, and to help users for feasible and low power reconfigurations.
If some tasks of the new execution model violate corresponding deadlines, or if the power
consumption is increased, the agent proposes new solutions for users in order to re-obtain
the system’s feasibility with low power consumption.

The agent proposes first of all to modify periods and deadlines of tasks in order to
decrease the processor speed. It suggests as a second solution to modify execution times
of tasks in order to decrease the processor utilization. Finally it proposes for users to
remove some of them according to their static priorities or also according to their processor
utilizations. The minimization of the energy consumption is computed for each solution.
Users should decide in this case which one to apply such that all tasks (new and old) meet
deadlines with a low power consumption.

This original work is useful in industry to allow feasible real-time reconfigurable tasks
with low power consumptions. Due to the work in [2], it is assumed that the processor
utilization in this present paper is proportional to the processor speed. Therefore, it will
be useful to keep the energy consumption stable or to minimize it. In order to guarantee
feasible low power reconfigurations, users should decide which solution to apply into the
real-time embedded system where all tasks (new and old) meet all deadlines and allow
the minimization of the energy consumption. A tool was developed at Xidian University,
Xi’an, China, to support all the services offered by the agent. The minimization of energy
consumption is calculated for each solution to be offered by the agent. These services are
useful and precious for users at run-time when reconfiguration scenarios violate deadlines
of tasks or increase the energy consumption without any consideration of capacities of
batteries.

In the next section, we analyze previous works on low power and real-time scheduling
as well as reconfigurations of embedded architectures, before we formalize reconfigurable
real-time systems in Section 3 and we evaluate the power consumption of such systems in
Section 4. We define in Section 5 the agent-based architecture for low power reconfigu-
rations of real-time embedded systems. This architecture is implemented, simulated and
analyzed in Section 6. Finally, we conclude and present our future works in Section 7.

2 Related Work

We present related works dealing with reconfigurations, real-time and low-power schedul-
ing of embedded systems.



2.1 Reconfigurations of Embedded Systems

Nowadays, a fair amount of research has been done to develop reconfigurable embedded
systems. The work in [7] proposes reusable tasks to implement a broad range of systems
where each task is statically reconfigured without any re-programming. This is accom-
plished by updating the supporting data structure, i.e., a state transition table, whereas
the executable code remains unchanged and may be stored in permanent memory. The
state transition table consists of multiple-output binary decision diagrams that represent
the next-state mappings of various states and the associated control actions.

Rooker et al. propose in [8] a complete methodology based on the human intervention
to dynamically reconfigure tasks. They present in addition an interesting experimentation
showing the dynamic change of tasks by users without disturbing the whole system. The
authors in [14] use Real-time-UML as a meta-model between design models of tasks and
their implementation models to support dynamic user-based reconfigurations of control
systems. The research in [15] proposes an agent-based reconfiguration approach to save
the whole system when faults occur at run-time. Developed in [10] is an ontology-based
agent to perform system’s reconfigurations that adapt changes in requirements and also
in environment. They are interested in studying reconfigurations of control systems when
hardware faults occur at run-time.

As far as the authors know, no work is reported to address the problem of dynamic
reconfigurations under real-time and low power constraints. We are interested in this
original study in feasible low power dynamic reconfigurations of real-time systems where
additions and removals of real-time tasks are applied at run-time. In this case, we aim to
minimize the energy consumption after any reconfiguration scenario.

2.2 Real-Time Scheduling

Real-time scheduling has been extensively studied in the last three decades [11]. Several
Feasibility Conditions (FC) for the dimensioning of a real-time system are defined to enable
a designer to grant that timeliness constraints associated with an application are always
met for all possible configurations. Different classes of scheduling algorithms are followed:
i) Clock-driven: primarily used for hard real-time systems where all properties of all jobs
are known at design time. ii) Weighted round-robin: primarily used for scheduling a real-
time traffic system in high-speed, and iii) Priority-driven: primarily used for more dynamic
real-time systems with a mixture of time-based and event-based activities. Among all
priority-driven policies, EDF or Least Time to Go (LTG) is a dynamic scheduling algorithm
used in real-time operating systems. It places processes in a priority queue. Whenever
a scheduling event occurs (a task is finished or a new task is released) the queue will be
searched for the process closest to its deadline. This process is the next to be scheduled
for execution. EDF is an optimal scheduling algorithm on preemptive uniprocessor in
the following sense: if a collection of independent periodic jobs characterized by arrival
times equal to zero and by deadlines equal to corresponding periods, can be scheduled by
a particular algorithm such that all deadlines are satisfied, then EDF is able to schedule
this collection of jobs.

We present the following well-known concepts in the theory of real-time scheduling
[13]:

e A periodic task 7; (Cj; T;; D;) is an infinite collection of jobs that have their request
times constrained by a regular inter-arrival time T;, a WCET C; and a relative
deadline D;,

e A real-time scheduling problem is said feasible if there is at least one scheduling
policy able to meet the deadlines of all the considered tasks,



A set of tasks is schedulable with a given scheduling policy if and only if no jobs in
this set miss their deadlines,

e A task is valid with a given scheduling policy if and only if no jobs in this task miss
their deadlines,

e An idle time ¢ of a processor is defined as a time where no tasks released before time
t are pending at time t. An interval of successive idle times is classically called an
idle period,

e A busy period is defined as a time interval [a,b) such that there is no idle time in
[a,b) (the processor is fully busy) and such that both a and b are idle times,

e In the case of independent, periodic and synchronous tasks (e.g., simultaneously
activated at ¢ = 0), the verification of the system’s schedulability is possible to be
done in a hyper period [0, LCM] where LCM is the Least Common Multiple, and

n
o U => % is the processor utilization factor of a system composed of n tasks. In
i=1""

the case of synchronous, independent and periodic tasks such that their deadlines
are equal to their periods, U < 1 is a necessary and sufficient condition for the
EDF-based scheduling of real time tasks.

We present an example of preemptive periodic tasks with EDF simulated by Cheddar
[17] in Fig. 1, which contains 5 synchronous periodic tasks. All of them release at time
equal to zero time unit. The first task, task,, with period/deadline equal to 4 time units
and WCET C, equal to 1 time unit. The second one, tasky, with period/deadline equal to 5
time units and Cj, equal to 1 time units. The third one, task., with period/deadline equal to
8 time units and C, equal to 1 time units. The forth one, tasky, with period/deadline equal
to 10 time units and Cy equal to 2 time units. The fifth one, task., with period/deadline
equal to 20 time units and Cy equal to 2 time units. In this figure, we can see that tasky
and taskg are preemptive, the processor utilization of the tasks set is 0.875, and all tasks
respect their deadlines. The LCM is 40 time units.

In our current work, it is assumed that dynamic priority of real-time tasks can be re-
configured at run-time. In this case, the energy consumption should be controlled after any
reconfiguration scenario adding-removing-updating tasks consider about the limitations of
capacity in the used batteries.

2.3 Low Power Scheduling

Several interesting research works have been proposed for low power and real-time schedul-
ing of real-time embedded systems. Under the well-known FPP Policy, Shin and Choi [1]
present a simple run-time strategy that reduces the energy consumption. Their work in
[2] proposes an optimal algorithm with exponential complexity. Yun and Kim [3] prove
that the problem of computing the voltage schedule for real-time tasks under FPP is NP-
hard and propose an approximate solution to resolve the problem. If the well-known EDF
policy is applied, Yao et al. in [4] propose an off-line algorithm to find a voltage schedule
for independent tasks.

Over the past several years, many methods and techniques for low power consumption
of real-time embedded systems have been reported [18, 19, 20]. Power-reduction techniques
can be in general classified into two categories [21]: static and dynamic.

Dynamic techniques are generally easy to implement and applied at run-time. Exam-
ples of such techniques include those in [1, 22, 23, 24, 25, 26, 27]. We note also that several
static power management policies have been investigated [4, 30, 28, 29]. Previous investi-
gations on the voltage scheduling problem have focused mainly on real-time jobs running
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Figure 1: An example of periodic tasks

under dynamic-priority scheduling algorithms such as the EDF algorithm [33, 28, 31, 32].
Although all these related studies are interesting, our current research addresses low power
reconfigurations of real-time embedded systems when dynamic additions-removals-updates
of tasks can be applied at run-time to save or improve the performance of the system. An
original agent-based architecture is defined where an intelligent agent supervises the sys-
tem’s evolution and provides useful solutions for users after any reconfiguration scenario
when deadlines are violated or also when the energy consumption is increased and does
not consider the limitation of batteries. The agent proposes modify periods and WCET's
or possibly to remove tasks. An original tool is developed that supports all these services
which are precious for users at run-time.

3 Formalization of Reconfigurable Real-Time Systems

Recent developments show that dynamic reconfigurations of embedded real-time systems
are useful technical solutions to save the whole software/hardware architecture when faults
occur at run-time, or also to improve the system’s performance under well-defined con-
ditions. A reconfiguration scenario is assumed to be an operation allowing the addition-
removal-update of tasks from/to the system. Nevertheless, each scenario should be applied
while reducing the energy consumption which is a very important criterion. Indeed, when
a scenario is dynamically applied such that new tasks are added to the system, the energy
consumption should be stable or decreased. It is assumed in this research work that a
real-time embedded system Sys composed of a set of tasks that should meet real-time
constraints defined in user requirements: Sys = {71, 72,...,7,}. When a reconfiguration
scenario is applied, a subset of tasks can be added /removed to/from the system.

Each task 7; of Sys describes: i) a function F; defining its function, ii) the static
priority S; among all the system’s (new and old) tasks, iii) the release time R; defining the
execution start time of the task, iv) the WCET Cj, v) the period T;, and vi) the deadline
D;. Tt is assumed in addition that a) all the system’s tasks are periodic and synchronous,



i.e., all release times are equal to zero time units, and b) the period of each task is equal
to the corresponding deadline.
We also assume in the following that the system Sys is dynamically reconfigured at

run-time such that its new implementation is Sys = {71,72,...,Tn, Tn+1,---,Tm}. The
subset {741, ..., 7m} is added to the initial implementation {71, 72, ...,7,}. The processor
utilization before and after the reconfiguration scenario is as follows:
n
C;
Uper = — 1
bef Z Tz ( )
=1
m
C;
Uasrt = — 2
aft ; Tz ( )

4 Power Consumption of Reconfigurable Embedded Real-
Time Systems

This section evaluates the new energy consumption after a reconfiguration scenario. In
the literature, the power consumption (P) of a processor following the CMOS technology
is determined by two components: static and dynamic power consumptions [12]. The
static power consumption (Ps) is the product of the device leakage current and the supply
voltage. It is assumed to be negligible in this research. The dynamic power consumption
(Pp) is composed of two parts: Transient power consumption (Pr) and capacitive-load
power consumption (Pr). P, Pr, and Py, can be expressed as follows:

P=Pp=Pr+Fp (3)
PT = de X VCQ'C X f[ X NSW (4)
P =Y (Cpn x fon) X Véc (5)

where

e C)pq is the power consumption capacitance (F),

e f1 is the input frequency (Hz),

fon represents the different output frequencies at each output, numbered 1 through
n (Hz),

Ngyw is the total number of outputs switching,

Vee is the supply voltage (V), and

Crn represents the different load capacitances at each output, numbered 1 through
n.

Accordingly, we have

P = [(Cpq % fr X Nsw) + Z(CLn x fon)] x Vic (6)

Eq. (6) indicates that the energy consumption (P) of a CMOS-based processor is
quadratically dependent on supply voltage Ve and proportional to (Cpg % f1 X Nsw) +
> (Crn X fon)- In this case, reducing Ve is an effective technique to minimize the energy
consumption. In this study, we are interested in the influence of Vo and the influence of
(Cpa x fr x Nsw) + > (Crn X fon) is ignored. We hence have

7



By [16], the voltage Voo can be modified appropriately according to the processor
speed Sp. Similar to [2], it is assumed that S, is proportional to the Vo, i.e.

Voo o« Sy (8)

The work in [1] assumes that the change of the processor speed S, due to the utilization
(to adopt processor computational requirements) can save more energy, keep the processor
work at the maximum speed (i.e., under the maximum supply voltage), and then bring
it into a power-down mode. If the processor utilization is stable or decreased after any
dynamic reconfiguration scenario, then the power will be stable or decreased. The full
processor speed is assumed equal to 1. Suppose that S, corresponds to processor utilization
U. We have

Voo x 8y =U 9)
Substituting Eq. (9) into Eq. (7) leads to

P = kU? (10)

Eq. (10) shows that energy consumption is quadratically dependent on processor
utilization U. This is interesting and will be used to generate low power reconfigurations
of embedded real-time systems.

Proposition 1 Let U,yp; and Uy denote the processor utilization after and before a re-
configuration scenario is applied, respectively. If Uy < Upey, then the processor speed
after the reconfiguration scenario can be adjusted to be no greater than that before. In this
case the power will be stable or minimized.

Proof: By Eq. (10), the energy consumption is quadratically dependent on U. If
Uapt < Usey, substituting it into Eq. (10) leads to P, = kUgft < kszef = Pyey. Then
the power will be stable or minimized.

5 Agent-based Architecture for Low Power Reconfigura-
tions of Embedded Systems

An agent-based architecture is defined for dynamic low power reconfigurations of an em-
bedded real-time system. When automatic or manual reconfigurations are applied at run-
time to add, remove or update tasks, the agent should check if the power consumption
is increased. In this case, it should propose useful functional (remove tasks) or temporal
(change their parameters) solutions for the minimization of energy consumption. Three
technical solutions are proposed by the agent: i) modification of periods (e.g., deadlines)
of tasks, ii) modification of their WCETS, and iii) removal of some tasks. In this case, the
users should decide a new low power configuration of the system by these solutions.

5.1 Modification of periods and deadlines

When a reconfiguration scenario is dynamically applied at run-time to add new tasks, the
processor utilization of the system will be certainly increased. If the new utilization U,z
is greater than 1, then the system is not feasible. The agent proposes as a first technical
solution to modify the periods and deadlines of tasks in order to decrease the processor
utilization U,s; to be lower not only than 1 but also Upes. For the reconfigured system,
we have



Uat = 3 ol (11)
=1 "

where 77, T3, ..., and T, are the modified periods for m tasks. It is assumed that
T =T)y=...=T,, =T

In order to minimize the energy consumption, based on Eq. (10), the processor uti-
lization should be minimized.

Uaft = Z F < Ubef (12)
i=1
where
C;
T >=L 13
Z s (13)

Since each period and deadline should be an integer, Eq. (13) becomes Eq. (14):

>0
T =[G (14

In Eq. (14), T’ is the modified period of each task. The processor utilization after
reconfiguration of the processor is as follows:

Uaft - Z F (15)
i=1

From Eq. (10), the new energy consumption is

P = kUgft (16)

Similarly, the initial energy consumption can be expressed as:
Pyey = kUp; (17)

5.2 Modification of WCETs

For the low power reconfiguration of embedded systems, the agent proposes as a sec-
ond technical solution to reduce the WCETSs of tasks in order to decrease the processor
utilization U, ;. Eq. (12) leads to the truth of the following result:

mo oy

Uaft = ZZI TZ (18)

where C7, CY, ..., and C], are the new WCETsS of tasks.

Suppose that C] = Cy = --- = C}, = C’. In order to make U,f; < Upef, we can get:
m_cn
Uapt = ; T < Ubey (19)
where
C' < be (20)
&7



Since each WCET should be an integer, Eq. (20) turns into Eq. (21):

o' = | Dt | (21)

In Eq. (21), C' is the modified WCET of each task. The actual utilization of the
processor is as follows:

m
1
v
Uapt = C XZﬁ (22)
=1
Eq. (16) can be used to calculate the total energy consumption.

5.3 Removal of Tasks

The third solution proposed by the agent allows the removal of tasks in order to minimize
the energy consumption after any reconfiguration scenario of an embedded system. Two
policies are proposed: the agent suggests removing tasks by their functional priorities or
according to their processor utilization. This solution is useful in many scenarios.

5.3.1 First Policy: Functional Priority Criterion.

By defining for each task 7; a static priority S;, the agent suggests removing tasks with
lower static priorities because their removal can be useful for a low power reconfiguration
of the system. Let List be the list of tasks of Sys in descending order of static priorities.
The most unimportant tasks should be removed to keep the new utilization of the system
Uayft lower than Up.p. Specifically, we have

k
C;
Uaft = Z f < Ubef (23)
Fy=1
where m — k is the number of removed tasks with £ < m.
The agent should look for the highest value of U, such that U,p; < Upey. The total
energy consumption can be calculated by Eq. (16).

5.3.2 Second Policy: Processor Utilization Criterion

It is similar to the first. Their difference is that the second policy does not arrange tasks
due to their static priorities, but due to their processor utilization. In this case, the
List is the list of tasks of Sys in ascending order of processor utilization of each task 7;.
If the system is not feasible or consumes more energy, the tasks with highest processor
utilizations should be removed to keep as many tasks as possible remaining in the system.

6 Experimental Studies

This section presents an experimental study applying low power reconfigurations of em-
bedded real-time systems. We present first of all the implementation of the agent-based
architecture, before showing the simulations and analysis that are made to evaluate the
benefits of our contributions.
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6.1 Implementation of the Reconfiguration Agent

It is presented that the agent’s implementation is to check dynamic (automatic or manual)
reconfiguration scenarios, and suggest useful solutions for the minimization of the energy
consumption. Each solution is generated as an input file from the agent to the well-known
model simulator Cheddar [17] to check its feasibility. This implementation is tested in our
research laboratory at Xidian University by assuming several cases of systems.

Egs. (1), (10), (14), and (21) can be used to calculate Upef, Py, 1", and C’, respec-
tively. According to Egs. (11) and (19), it can be calculated that the utilization U ;ft after
the modification of periods (and deadlines), and the utilization U, 3ft after the modifica-
tion of WCETSs, respectively. Ug’ft and U;lft correspond to the utilization after tasks are
removed by the two fixed policies, as shown in Eq. (23). We use Palft, Pantv P(f’ft, and
P(fft to indicate the power consumption after periods (and deadlines) modification, after
WCET modification, after tasks removal by static priorities, and after tasks removal by
utilizations, respectively. All of them can be calculated by Eq. (10).

The power reduction PR and power decrease PD’ of each technical solution in Algo-
rithm 1 are as follow:

PRycp =1— Phey (24)
PRy =1—(Ply)(for:i=1,2,3,4) (25)
PD'=PR.; — PRycs(for:i=1,2,34) (26)

In the first two technical solutions, the algorithm’s complexity is O(n), and in the third
one, it is O(n?).

6.2 Simulations

This section presents simulation results by applying low-power reconfigurations of an em-
bedded real-time system that is initially composed of 50 tasks and dynamically reconfig-
ured at run-time to add 30 new ones. We assume the following temporal characteristics
of the system under consideration:

e Initial System’s Tasks: All the following initial tasks of the system are in the
file “system.txzt” (F; defines the function. R;, C;, T;, and D; define the temporal
parameters of each task, as shown in Fig. 2).

e Added Tasks: All the added new tasks are described in the file “add.txt” (F;
defines the function. R;, C;, T;, and D; define the temporal parameters of each task,
as shown in Fig. 3).

e Static priorities: All the functional priorities of the system’s tasks are defined
in the file “priority.tzt” (F; and S; define function and static priority of each task,
respectively, as shown in Fig. 4).

Several simulations are performed to apply the proposed technical solutions for low
power reconfigurations of the system. The initial processor utilization Ups is 0.91224. If
only the task AA1 is added in the system, the processor utilization U,s; becomes 0.926874
which is less than 1. The system is still feasible where all deadlines are satisfied. Never-
theless, the energy consumption is increased (Upe < U, ft) which is not usually accepted.
By applying the first solution where periods and deadlines of tasks are modified to be 355,
the processor utilization becomes U,z = 0.909859. By Eqgs. (24) and (25), the power
reduction before and after the automatic reconfiguration is as follows:

11



Algorithm 1 Low-Power Reconfigurations
input “system.txt” file;
// the system initial configuration
input “add.txt” file;
// addition of new tasks
input “priority.txt” file;
// functional priorities of tasks
compute (Upef);
calculate_period T';
// solutionl to compute the new period of tasks
for (i = 1,i = size(sys) + size(add),i + +)
// to compute the new utilization when periods are modified
Ui - CZ‘/T/;
> U, st = Ui
endfor;
Evaluate_energy (Upef, U} 1t )
calculate_execution_time C';
// solution2 to compute the new WCET of tasks
for (i = 1,i = size(sys) + size(add),i + +)
// to compute the new utilization when execution times are modified
U;=C"|T;
> Us ot = Uss
endfor;
Evaluate_energy(Upe, Uth );

a
Sort all the tasks by a descending order based on their static priorities;

Loop1l remove_tasks_priority (Sysnew1);
// solution3 to remove possible tasks (first criterion)
for (1 = 1,i = size(Syspew1), i + +)
// to compute the new utilization when tasks are removed (first criterion)
> U ot = Uiss
endfor;
keep_minimal(U3, )i
EndLoopl
Evaluate_energy (Upes, U3, ft )
sort all the tasks by a ascending order based on their utilization;
Loop2 remove_tasks_utilization(Sysnew2);//solution 3 to remove possible tasks (second
criterion)
for (i = 1,1 = size(SYSnew2),? + +)//to compute the new utilization when tasks are
removed (second criterion)
> U;l = Ui
endfor;
keep_minimal(U2. ft) ;
Evaluate_energy (Upes, UL, ft )
EndLoop2
end;

12



Num B R C T D Num B R © T D
1 Al 0 4 200 200 26 Fl 0 4 450 450
2 A2 0 5 210 210 27 F2 0 5 460 460
3 A3 0 6 220 220 28 F3 0 6 470 470
4 A4 0 7 230 230 29 F4 0 7 480 480
o A5 0 8 240 240 30 F5 0 8 490 490
6 Bl 0 4 250 250 31 Gl 0 5 300 300
7 B2 0 5 260 260 32 G2 0 6 310 310
8 B3 0 6 270 270 o8] G3 0 7 320 320
9 B4 0 7 280 280 34 G4 0 8 330 330
10 B5 0 8 290 290 35 G5 0 9 340 340
11 Cl 0 4 300 300 36 H1 0 5 350 350
12 Cc2 0 5 310 310 37 H2 0 6 360 360
13 C3 0 6 320 320 38 H3 0 7 370 370
14 C4 0 7 330 330 39 H4 0 8 380 380
15 Ch 0 8 340 340 40 5 0 9 390 390
16 D1 0 4 350 350 41 11 0 5 400 400
17 D2 0 5 360 360 42 12 0 6 410 410
18 D3 0 6 370 370 43 13 0 7 420 420
19 D4 0 7 380 380 44 14 0 8 430 430
20 D5 0 8 390 390 45 15 0 9 440 440
21 El 0 4 400 400 46 J1 0 5 450 450
22 E2 0 5 410 410 47 J2 0 6 460 460
23 E3 0 6 420 420 48 J3 0 7 470 470
24 E4 0 7 430 430 49 J4 0 8 480 480
25 ED 0 8 440 440 50 J5 0 9 490 490

Figure 2: Initial System Tasks

Num F R © T D Num F R © T D
1 AAL 0 3 205 205 16 AD1 0 4 245 245
2 AA2 0 4 215 215 17 AD2 0 5 255 255
3 AA3 0 5 225 225 18 AD3 0 6 205 205
4 AA4 0 6 235 235 19 AD4 0 7 215 215
9 AAS 0 7 245 245 20 AD5 0 8 225 225
6 AB1 0 3 215 215 21 AEL 0 4 255 255
7 AB2 0 4 225 225 22 AE2 0 5 205 205
8 AB3 0 5 235 235 23 AE3 0 6 215 215
9 | A4 | 0 6 | 245 | 245 || 24 | AF4 [ 0 7| 225 | 225
10 AB5 0 7 255 255 25 AE5 0 8 235 235
11 ACL 0 3 225 225 26 AF1 0 4 205 205
12 AC2 0 4 235 235 27 AF2 0 5 215 215
13 AC3 0 5 245 245 28 AF3 0 6 225 225
14 AC4 0 6 255 255 29 AF4 0 7 235 235
15 ACH 0 7 205 205 30 AF5 0 8 245 245

Figure 3: Added Tasks
PRy; =1—0.91224% = 16.7819% (27)
PR.s =1~ 0.909859? = 17.2156% (28)

Fig. 5 shows a software package for Algorithm 1 to compute the new periods as well
as the new processor utilization. Due to Eq. (26), the decrease of the energy consumption
PD is as follows:

PD = PRuji — PRyes = 0.433749% (29)

Similarly, the second and third solutions are applied to decrease the energy consump-
tion of the system. By modifying the execution times, the energy consumption decreases
by 2.45583%. It decreases also in the third case by 3.77711% and by 3.37665% when we

remove tasks according to their static priorities and their utilizations, respectively.

13



Num F S Num F S Num F S Num F S
1 Al 1 21 El 41 41 11 80 61 AC1 40
2 A2 3 22 E2 43 42 12 78 62 AC2 38
3 A3 5 23 E3 45 43 13 76 63 AC3 36
4 A4 7 24 E4 47 44 14 74 64 AC4 34
5 A5 9 25 E5 49 45 15 72 65 AC5 32
6 Bl 11 26 F1 51 46 J1 70 66 AD1 30
7 B2 13 27 F2 53 47 J2 68 67 AD2 28
8 B3 15 28 F3 55 48 J3 66 68 AD3 26
9 B4 17 29 F4 57 49 J4 64 69 AD4 24
10 B5 19 30 F5 59 50 J5 62 70 AD5 22
11 Cl 21 31 Gl 61 51 AA1L 60 71 AE1 20
12 C2 23 32 G2 63 52 AA2 58 72 AE2 18
13 C3 25 33 G3 65 53 AA3 56 73 AE3 16
14 C4 27 34 G4 67 54 AA4 54 74 AE4 14
15 ChH 29 35 GH 69 55 AAS 52 75 AES 12
16 D1 31 36 H1 71 56 AB1 50 76 AF1 10
17 D2 33 37 H2 73 57 AB2 48 7 AF2 8

18 D3 35 38 H3 75 58 AB3 46 78 AF3 6

19 D4 37 39 H4 7 59 AB4 44 79 AF4 4

20 D5 39 40 H5 79 60 AB5S 42 30 AF5 2

Figure 4: Static Priorities

D:\Changeperiod. exe

ladd . txt
Please enter the Cheddar file name(*.xml)>:

Mumber of task before reconfigration is:58
Number of added tas is:=1
Total number of task after reconfigration is:51

Initial utilization is:B.91224

Utilization after added some tasks is:B.926874
SumlCET =323

Mew period is:355

litilization after reconfigured is:@.98%9859
Press any key to continue..._

Figure 5: Developed Software

Table. 6 shows the initial utilization Uy, the utilization U, s including the task AA1,
the utilization after the reconfiguration scenario U,e., the power reduction before the
reconfiguration scenario PRy.r, the power reduction after such scenario PR, f;, and the
energy consumption decrease PD. The parameters MP, MW, RP, and RU, correspond to
the modification of periods, the modification of WCETSs, the removal of tasks according to
static priorities, and the removal of tasks according to processor utilizations, respectively.

Table 7 shows the useful solutions for low power reconfigurations of the system when
the first 10 tasks are added. If all the 30 tasks are added, the solutions are shown in Table.
8.

All the experimental data of simulations on maintaining or decrease of the energy
consumption are shown in the Appendix of this present paper.

6.3 Analysis

We present some analysis that prove the advantages of the different proposed solutions.
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Method | Add C/R Ubefore Uafter Ureconfigure PRbefore PRafter PD
CP 1 1355]0.91224[0.926874 | 0.909859 | 16.7819% | 17. 2156% [ 0. 433749%
W 1 6 [0.9122410.926874 [ 0.898678 | 16.7819% | 19.2377% | 2.45583%
RP 1 2 [0.9122410.926874 [ 0.891297 | 16.7819% | 20.559% | 3.77711%
RU 1 1 10.91224 {0.926874 [ 0.893541 | 16.7819% | 20. 1585% | 3. 37665%

Figure 6: Low power reconfiguration after the addition of AA1

Method | Add C/R Ubefore Uafter Ureconfigure PRbefore PRafter PD
CP 10 [ 406 0.91224 | 1.12675 0.91133 16. 7819% | 16.9477% | 0. 165854%
Ccw 10 [ 4 [0.91224 [ 1.12675 | 0.754266 | 16.7819% | 43. 1083% | 26. 3264%
RP 10 [ 13 10.91224 [ 1.12675 [ 0.899266 | 16.7819% | 19.132% | 2.3501%
RU 10 [ 8 [0.91224 | 1.12675 0.900101 ] 16.7819% ] 18.9819% | 2. 19998%

Figure 7: Low power reconfiguration after the addition of the first ten tasks

Method | Add C/R Ubefore Uafter Ureconfigure PRbefore PRafter PD
Cp 30 [532]0.91224 [ 1.63352 | 0.911654 | 16.7819% | 16.8887% | 0. 106788%
CW 30 [ 3 10.91224[1.63352 | 0.829756 | 16.7819% | 31. 1505% | 14. 3686%
RP 30 | 41 10.91224[1.63352 ] 0.911745 ] 16. 7819% | 16.8721% | 0. 0902683%
RU 30 | 26 10.91224 ] 1.63352 | 0.900925 | 16.7819% | 18.8334% | 2. 05151%

Figure 8: Low power reconfiguration after the addition of the thirty new tasks

6.3.1 First Solution

Due to Egs. (14) and (16), the power minimization is proven to be dependent on the
WCETs. If all the 30 tasks are added, their WCETSs are equal to 165. We made several
simulations for Y C; = 3,4,5,...,165. The results are shown in Fig. 9 in which we
find a decrease of consumption between 0 and 0.45%. The energy reduction is piecewise
approximately linear depending on the > C; = 3,4,5,...,165.

045 T T T T T T T T

0.4 -

035 -

03 -

025 -

02r -

Energy decrease(%)

0.15

0.1 -

0.0a -

I:l | | | | | | | |
a 20 40 G0 gd 100 120 140 160 180

Sum WICET

Figure 9: Power save by change periods
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6.3.2 Second Solution
From Egs. (22) and (16), the power minimization is proven to be dependent on periods.
If all the 30 tasks are added, the value of 2 1/T; is equal to 0.131684. Simulations are

made for subsets of tasks with the range of Z 1/T; between 0 and 0.131684. The results
are shown in Fig. 10 where the minimization of the energy consumption is between 0
and 35%. This simulation result proves the benefits of the second solution more than
the first. Nevertheless, sometimes, the modification of periods is more simpler than the
minimization of WCET. It is unclear whether the second solution is definitely better than
the first.

35

Energy decrease(%)

| | 1 1 | 1
1] 0.0z 0.04 0.06 0.03 0.1 012 0.14
Sum 1/p

Figure 10: Power save by change WCETs

6.3.3 Third Solution

In the third solution where tasks are removed at run-time to minimize the energy con-
sumption after reconfiguration scenarios, several simulations are applied to evaluate the
benefits. In Fig. 11, the continuous line presents the first policy where the priority func-
tion is used as a criterion to remove tasks. In this case, the number of removed tasks is
equal to or greater than the added one: the tasks remaining in the system are less than
50. The dotted line corresponds to the removal of tasks due to their processor utilizations.
The number of removed tasks is smaller to that added. This second policy is more use-
ful than the first. Fig. 12 shows the minimization of the energy consumption when the
first (continuous line) and the second (dotted line) policies are applied. It present that
the energy consumption remains to be minimal when we apply the second solution where
WCETsS of tasks are modified.

7 Conclusion
The paper deals with low power and real-time dynamic reconfigurations of embedded

systems to be implemented by sets of tasks that should meet real-time constraints while
satisfying limitations in the capacity of batteries. A reconfiguration scenario means the
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Figure 12: Comparing power save between two remove strategies

addition, removal or update of tasks in order to save the system when faults occur or to im-
prove its performance. The energy consumption can often increase or real-time constraints
can often be violated when tasks are added. To allow a stable energy consumption before
and after the application of each reconfiguration scenario, an agent-based architecture is
defined where an intelligent software agent is proposed to check each dynamic reconfigu-
ration scenario and to suggest for users effective solutions in order to minimize the energy
consumption. It proposes to modify periods, reduce execution times of tasks or remove
some of them. A tool is developed and tested to support all these services. In our future
work, we plan to study low power and real-time reconfigurations of asynchronous tasks
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that can be loaded in a uniprocessor or can be distributed on different calculators.
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Add | NP ENP W ENW RP ERP RU ERU
1 3565 | 0.433749% | 6 [0.024558| 2 3. 77711% 1 3. 37665%
1 356 0. 3877% 6 12.70032%[ 2 3. 06776% 1 2. 66551%
1 357 [ 0.341833% | 6 ]2.92276%| 2 2. 41871% 1 2.01484%
1 358 | 0.296225% [ 6 3. 126% 2 1. 82261% 1 1.41725%
1 359 | 0.250866% | 6 [ 3.3124% | 2 1. 27323% 1_]0.866516%
1 355 | 0.433749% | 6 [2.70032%| 2 3. 8984% 1 3. 49825%
1 356 0. 3877% 6 12.92276%[ 2 3. 21574% 1 2. 81387%
1 357 1 0.341833% [ 6 3. 126% 2 2. 58863% 1 2. 18517%
1 358 | 0.296225% | 6 [ 3.3124% | 2 2. 01054% 1 1. 60564%
1 359 | 0.250866% | 6 [3.48401%| 2 1.47597% 1 1. 06975%
1 355 | 0.433749% | 6 [2.92276%| 2 4. 00884% 1 3. 60894%
1 356 0. 3877% 6 13.126 %[ 2 3.35102% 1 2. 94948%
1 357 1 0.341833% | 6 [3.3124 %] 2 2. 74452% 1 2. 34145%
1 358 | 0.296225% | 6 [3.48401%| 2 2. 18354% 1 1. 77908%
1 359 | 0.250866% | 6 [2.45583%| 2 0.260821% 1 5. 97047%
1 356 0. 3877% 6 13.3124 %[ 2 3. 47515% 1 3. 07392%
1 357 1 0.341833% | 6 [3.48401%| 2 2. 88804% 1 2. 48533%
1 358 | 0.296225% | 6 [2.45583%| 2 1. 14703% 1 ]0.739995%
1 359 | 0.250866% | 6 [2.70032%| 2 0. 549872% 1 ]0.141355%
1 360 | 0.205775% | 6 [2.92276%| 2 0.00391454% 1 5. 97047%
1 356 0. 3877% 6 |3.48401%[ 2 3. 58946% 1 3. 18851%
1 357 ] 0.341833% | 6 [2.45583%| 2 2. 02848% 1 1. 62364%
1 358 | 0.296225% | 6 [2.70032%| 2 1. 39349% 1 ]10.987071%
1 359 | 0.250866% | 6 [2.92276%| 2 0. 812806% 1 10.404927%
1 360 | 0.2056775% | 6 [3.126 % | 2 0.279723% 2 5. 97047%
1 356 0. 3877% 6 |2.45583%[ 2 2.90519% 1 2. 50252%
1 357 | 0.341833% | 6 [2.70032%| 2 2. 23279% 1 1. 82845%
1 358 | 0.296225% | 6 [2.92276%| 2 1. 61774% 1 1. 21186%
1 359 | 0.250866% | 6 [ 3.126 % | 2 1. 05299% 1 10.645703%
1 360 | 0.205775% | 6 [3.3124 %| 2 0. 532617% 1 ]0.124057%
2 361 | 0.160889% 5 [24.8906%] 2 ]0.0516027%| 2 5. 11393%
2 362 | 0.116286% 5 [24.7683%| 3 1. 82081% 2 4. 24864%
2 363 |10.0718445%| 5 [24.6355%| 3 0. 862135% 2 3. 30433%
2 364 | 0.0276625%| 5 [24.4906%| 4 3. 61288% 2 3. 18851%
2 366 | 0.43799% 5 [24.3321%| 4 2. 74584% 2 1. 77908%
2 367 | 0.393276% 5 |24.1579%| 4 1. 75428% 2 1. 06975%
o) 368 | 0. 348768% 5 [21.8572%| 4 2. 25422% 2 0. 89967%
3 369 | 0.304507% 5 [21.7317%| 4 1. 37328% 2 _10.0114068%
3 370 | 0.260486% 5 [21.6062%| 4 0. 516692% 3 4. 13039%
3 371 1 0.216712% 5 [21.4805%| 5 2.61749% 3 3. 4072%
3 372 | 0.173177% 5 [21.3439%| 5 1. 69485% 3 2. 48909%
3 373 | 0.12975% 5 [21.2072%] 5 0. 735447% 3 1. 75397%
3 374 10.0866383%| 5 [21.0704%| 6 3. 16001% 3 1. 53435%
o) 375 10.0437438%| 5 [20.9212%| 6 2. 15849% 3 10.645703%
3 376 10.00101179% 5 [20.7718%| 6 1. 11649% 3 10.404927%
4 378 | 0.398494% 5 [18.7468%| 6 2. 30667% 4 4. 44325%
4 379 | 0.355344% 5 [18.6183%| 6 1. 39706% 4 3. 74559%
4 380 | 0.31229% 5 [18.4786%| 6 0. 404288% 4 3. 74559%
4 381 | 0.269519% 5 [18.3497%| 7 2. 88304% 4 2. 87278%
4 382 | 0.226997% 5 [18.2208%| 7 1. 97667% 4 2. 14387%
4 383 | 0.184627% 5 [18.0807%| 7 1. 0189% 4 1. 40717%
4 384 | 0.142507% 5 [17.7875%| 8 2. 716524% 4 1. 18709%
4 385 | 0.100604% 5 [17.1528%| 8 1. 04091% 4 10.124057%
) 386 | 0.0588551%| 5 [15.1528%| 8 2.32615% 5 4. 44325%
2 387 10.0172675%1 5 {15.0207%] 8 1.47455% ) 3. 60284%

Figure 13: New Configuration of the System (1)
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Add | NP ENP W ENW RP ERP RU ERU
5 389 | 0.403409% 5 [14.8885%| 8 0. 531186% 5 3. 5787%
5 390 | 0.361387% 5 [14.7448%] 9 3. 2958% 5 2. 66158%
5 391 | 0.31967% 5 [14.5882%] 9 2.29514% 5 2.11504%
) 392 | 0.278127% 5 [14.3115%] 9 1. 16535% 5 0. 984%
5 393 | 0.236651% 5 [14.1544%| 9 0.117004% 5 10.866516%
8 393 | 0.236651% 5 [2.36775%| 10 1. 93608% 6 1. 48556%
8 393 | 0.236651% 5 [1.50543%| 10 1. 07145% 6 10.618565%
8 393 | 0.236651% 5 10.989784% 10 | 0.554457% 6 10.100137%
8 393 | 0.236651% 5 10.424127% 10 | 0.100887% 7 4. 15374%
8 393 | 0.236651% 5 D.06355059 11 1. 79859% 7 3. 59905%
8 393 | 0.236651% 5 [29.8667%| 11 1. 55274% 7 3. 59905%
9 402 | 0.326627% | 4 | 27.455% [ 12 | 0.431503% 8 3. 59905%
10 | 409 [0.0472873%| 4 |24.8839%[ 14 1. 79043% 9 3. 59905%
9 398 10.0327513%| 4 [ 28.534% | 12 4. 65897% 7 1. 93387%
9 400 | 0.408192% | 4 ]28.6681%[ 12 3. 99395% 7 1. 25743%
10 | 406 | 0.165854% [ 4 |26.3264%| 13 2.3501% 8 2. 19998%
11 | 409 10.0472769%| 4 | 23.613% | 13 4. 30022% 9 4. 28659%
11 | 410 0. 00819862% 4 |23.7297%| 14 3. 64363% 9 3. 62994%
11 | 412 ] 0.372759% | 4 |23.8368%| 14 3. 03822% 9 3. 02449%
13 | 419 ] 0.099431% [ 4 [18.3526%] 15 | 0.245458% | 10 | 1.97066%
13 | 421 10.0229552%| 4 |17.8384%| 16 1. 7212% 10 | 1.23317%
13 | 423 [ 0.378011% | 4 | 18.689% | 16 2.35947% 10 ] 0.122166%
14 | 428 [ 0.186799% | 4 |15.2771%| 17 | 0.477411% | 11 1. 407%
15 | 432 [0.0369698%| 4 | 12.559% [ 18 | 0.998388% | 12 | 2.80401%
15 | 434 [ 0.382948% [ 4 | 12.559% | 18 | 0.285673% | 12 [ 2.09914%
16 | 438 [ 0.233512% | 4 ]9.78752%[ 19 | 0.656958% | 13 | 3.44148%
17 | 443 10.0503317%( 4 [7.07455%] 20 | 0.121601% | 14 | 4.14048%
17 | 444 10.0141144%[ 4 [6.40539%| 21 1. 0259% 14 | 3.44148%
17 | 446 | 0.350992% [ 4 [6.56439%] 22 | 0.428304% | 14 | 3.44148%
18 | 451 | 0.16994% 4 13.79305%| 23 3. 19333% 15 | 4.14048%
18 | 455 10.0276849%| 4 |3.53416%| 24 2. 36% 15 | 2.85424%
18 | 457 ] 0.356342% [ 4 [2.84965%| 24 | 0.613311% | 15 | 2.09914%
19 | 460 [ 0.24979% 4 10.592701% 25 3. 41682% 16 | 4.14048%
20 | 466 [0.0406012%) 3 |34.7246%[ 26 | 0.441222% | 17 | 4.14048%
20 | 467 [0.00617653% 3 |34.3913%[ 27 3. 58928% 17 | 2.85424%
20 | 469 [ 0.326574% 3 [34.4864%| 27 2.96041% 17 | 2.85424%
21 | 473 [ 0. 188656% 3 [32.7618%|] 27 ]0.00847131% 18 | 4.14048%
22 | 478 10.0193238%[ 3 [30.6614%| 29 2. 73165% 19 | 4.14048%
22 | 480 [ 0.33225% 3 [30.7512%] 29 2. 15572% 19 | 4.14048%
23 | 486 [ 0.130837% 3 [28.7104%] 31 1.24117% 20 | 4.14048%
24 | 489 [0.0317946%] 3 ]26.9594%| 32 2. 49307% 20 | 1.32605%
24 | 491 [ 0.33772% 3 [26.9594%| 32 1. 69245% 20 | 1.32605%
25 | 499 [0.0758991%] 3 | 25.028% [ 34 1. 69504% 21 | 1.32605%
25 | 500 [0.0437319%) 3 ] 25.194% [ 34 1.41635% 21 | 1.32605%
25 | 501 [0.0117004%] 3 ]25.3747%| 34 1. 07588% 21 | 1.32605%
25 | 503 [ 0.310379% 3 [25.0413%] 35 3. 5417% 22 | 4.18913%
26 | 504 [ 0.277987% 3 [22.774% | 35 2. 01334% 22 | 2.05151%
27 | 509 [ 0.118177% 3 [20.5848%] 36 | 0.388643% | 23 | 2.05151%
27 | 512 |0.0237703%| 3 |20.8802%| 37 2. 95583% 23 | 1.37556%
27 | 514 [ 0.316133% 3 [20.9624%| 37 2. 44152% 23 | 1.37556%
28 | 519 | 0.159043% 3 18.757% | 38 | 0.341898% [ 24 [ 1.37556%
29 | 523 [0.0353605%] 3 ]16.3857%[ 39 1. 78102% 25 | 2.05151%
29 | 524 [0.00470877% 3 ]16.4708%[ 39 1. 26297% 25 | 2.05151%
29 | 526 [ 0.290449% 3 [16.5635%] 39 | 0.696987% | 25 | 2.05151%
30 | 532 [ 0.106788% 3 114.3686%] 41 10.0902683%] 26 1 2.05151%

Figure 14: New Configuration of the System (2)
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