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Abstract

Reward-based scheduling of real-time systems of periodic, preemptable, and independent tasks with manda-
tory and optional parts in homogeneous multiprocessors with energy considerations is a problem that has
not been analyzed before. The problem is NP-hard. In this paper, a restricted migration schedule is adopted
in which different jobs of the same task may execute in different processors and at different power modes
but no migration is allowed after the job has started its execution. An objective function to maximize the
performance of the system considering the execution of optional parts, the benefits of slowing down the
processor, and a penalty for changing the operation frequency is introduced together with a set of constraints
that guarantee the real-time performance of the system. Different algorithms are proposed to find a feasible
schedule maximizing the objective function and are compared using synthetic systems of tasks generated
following guidelines proposed in previous papers.

Keywords: scheduling; integer programming; heuristics; combinatorial optimization

1. Introduction

In the past years, computer-based systems have been incorporated in everyday life. Previously,
embedded systems understood as computer systems, often with real-time computing constraints,
that form part of a larger system (Heath, 2002), were restricted to critical areas related to military
applications, avionics, and sophisticated industrial controllers. Nowadays, they have become key
components in different areas such as cars, home appliances, and entertainment, among others. The
reduction in the costs of hardware, the availability of wireless links, the generalization of mobile
smartphones, and Internet have pushed the limit creating new opportunities and applications. They
exhibit dynamic behavior characterized by a set of dynamic parameters. Among them, the anytime
algorithms represent a class of applications in which the tasks improve their response quality
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when they are executed for longer periods of time (Aydin et al., 2001). Some examples of this are:
finding the roots of a function with the Newton—Raphson method, image and speech processing
in multimedia applications, navigation systems, medical decision making, information gathering,
or real-time heuristic search. The tasks implementing the algorithms have two parts. A mandatory
part that has to be completed to achieve the minimum expected quality and an optional part that
improves the quality of the result. Optional parts have associated a reward for their execution. If
such applications have time constraints, they constitute a special scheduling problem as they have to
be executed maximizing the reward associated to the execution of the optional parts while satisfying
all the mandatory deadlines.

As mentioned before, there are several examples of mandatory/optional parts. For example, in
control engineering the determination of the roots of the transfer function is of major importance
as they are related to the stability of the system and the quality of the controlled output. Often the
working conditions are time dependent so an adaptive control algorithm should be implemented
(Astrom and Wittenmark, 1994). This implies the computation of the roots of the system online.
The precision with which the roots are determined is an important issue, a minimum speed is
necessary (mandatory computation) but if possible to increment it (optional part) the quality of
the output will also improve. The reward associated to the optional execution is set by the designer
of the application. In this way, if several tasks have mandatory and optional parts, the rewards are
coherent from the designer point of view (Aydin et al., 2001).

In real-time computing, the correctness of the system depends not only on the logical result
of the computation but also on the time at which the results are produced (Stankovic, 1988). A
task should provide a correct answer before a certain instant named deadline. There are many
ways to order the execution of different tasks in a monoprocessor system to guarantee the time
restrictions. In Liu and Layland (1973), it is proved that Rate Monotonic is optimal among fixed
priorities scheduling policies and Earliest Deadline First is optimal for dynamic priorities. However,
scheduling for multiprocessors or multicore processors platforms is still an open issue as there is no
optimal polynomial solution (Fisher, 2007).

Computer systems and specially embedded systems face a major challenge with energy con-
sumption as the processor consumes most of the energy producing serious pollution and waste of
resources in the natural environment (Zhang et al., 2014).

The power demand of processors is the sum of the dynamic and static power: P = P, + P, =
CfV?+ P,. The first one is produced by the switching of transistors and it is proportional to the
frequency and the voltage. The second one is proportional to the leakage current and the amount
of transistors in the processor.

Most modern processors can manage both frequency and voltage levels for controlling the energy
consumed. However, reducing the operating frequency increases the time needed to execute a task
imposing a trade-off between the schedulability and the energy consumption.

In embedded systems, the set of tasks to schedule and their parameters is known so two possible
approaches are possible, online or offline. Offline scheduling is more predictable and secure for
critical systems. In this paper, we propose an offline scheduling mechanism. As far as we know, there
is no previous work on mandatory/optional energy-aware scheduling analysis for homogeneous
multicore real-time systems. The main contribution of this work is to provide a solution to this
problem. The paper presents an integer linear programming (ILP) model and several heuristic
algorithms that are evaluated on instances generated following traditional guidelines in the literature.
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The approach proposed in this paper allows a dynamic configuration of the system based on certain
external parameters. For example, a system running on solar panels may privilege the execution of
optional parts over the reduction in power mode during daylight and privilege a reduction of energy
consumption reducing the optional execution rewards when no light is present.

The rest of the paper is organized in the following way. In Section 2 previous work is analyzed.
In Section 3 the model of the system is presented. Sections 4 and 5 present the ILP model and the
different heuristic algorithms, respectively. In Section 6 the experimental evaluation is described
and the results are explained. Finally in Section 7 conclusions are drawn.

2. Previous work

In what follows, papers related to the mandatory/optional reward and homogeneous multicore
multitask scheduling are discussed. The papers are grouped under different headings, in line with
the (combined) aspects of interest here.

2.1. Mandatory/optional reward-based scheduling

“Anytime algorithms” have been in use for many years for traditional iterative-refinement appli-
cations. Initially, the idea of using this kind of algorithms was related to the minimization of the
weighted sum of errors (Liu et al., 1991; Shih and Liu, 1995).

In Chung et al. (1990), a mandatory first schedule is proposed leaving different alternatives for
scheduling the optional parts. The optional parts are scheduled in the background so no reshuffling
of the slack time is performed. In Aydin et al. (2001), the different schemes are compared and it is
shown that the best results are obtained when the background slack is allocated to the optional parts
contributing the most to the total reward at that moment. The method is called Best Incremental
Return and it is used as a yardstick. In the same paper, the authors present an offline reward-
based method. They use linear programming maximizing techniques and because of this the reward
functions need to be continuously differentiable. They also impose several constraints like executing
the same amount of optional parts for each job of the tasks and this results in a rather rigid approach.
In the paper, the authors mention a generalization of the objective function for the multiprocessor
case but they do not mention anything about the task or job processor allocation method or the
way in which tasks are scheduled in each processor. None of the previous papers consider the power
demand in the analysis or the possibility of reducing the operational voltage/frequency to prolong
the lifetime of the system.

In Aydin et al. (2004), the authors introduced a static offline solution to compute the optimal
speed at the task level, assuming worst-case workload for each arrival. They also proposed a
dynamic reclaiming algorithm for tasks that complete their execution without using their worst-
case workload and an online, adaptive and speculative speed adjustment mechanism. The authors
proved that the power-aware scheduling problem is equivalent to solving an instance of the reward-
based scheduling problem when the reward functions are concave. The analysis is presented for the
case of uniprocessor systems.

In contrast to Aydin et al. (2001, 2004) and Chung et al. (1990), in this paper the
mandatory/optional scheduling is introduced for a homogeneous multiprocessor platform with
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energy-aware management and the only requirement for the reward functions is their computability
at each instant.

2.2. Multiprocessor scheduling

Multiprocessor scheduling is an open issue as there is no optimal online algorithm and most
feasibility tests are just sufficient conditions. In Hong and Leung (1988), it is proved that no optimal
online multiprocessor scheduling algorithm for arbitrary jobs exists unless all jobs have the same
relative deadline. Furthermore, in Dertouzos (1989) it is proved that even if the execution times are
known precisely there is still no change. Finally, in Fisher (2007) it is proved that there is no optimal
online algorithm for sporadic task sets with constraints or arbitrary deadlines.

In Andersson and Jonsson (2000), the authors compare the performance of systems with global
and partitioned schedulers and show that the global one offers better results. In Andersson and
Jonsson (2003), it is shown that for aperiodic task sets where future arrivals are unknown, no
algorithm for tasks without migration capabilities can have a capacity bound greater than 0.50.

In Baruah and Carpenter (2003), the authors show that the feasibility analysis of priority-driven
scheduling of periodic and sporadic task systems upon homogeneous multiprocessors is intractable
(NP-hard in the strong sense), if each job may be assigned exactly one priority and it has to execute
upon only a single processor.

In Zhang et al. (2014), a heuristic algorithm based on the particle swarm is proposed for the
scheduling of real-time tasks in heterogeneous multiprocessors systems considering energy con-
straints. Although the solution the authors proposed is interesting, they do not consider a manda-
tory/optional reward model for the tasks.

In Zhang and Guo (2014), the authors introduce a power-aware scheduling algorithm for real-
time sporadic tasks. The algorithm is proposed for uniprocessor systems and schedules the tasks
instances as they become active. If an instance finishes before its worst-case execution time, the
algorithm dynamically reduces the power mode of the processor. This is different from our proposal
in three important aspects: (i) it is for uniprocessor system while ours is for multiprocessor system,
(i) the model used is for sporadic task while our model is for periodic tasks, (iii) on demand schedule
while our proposal is for an offline schedule computation.

In Kumar and Palani (2012), the authors proposed a genetic algorithm for scheduling tasks in
multiprocessors systems with dynamic voltage scaling. The algorithm, however, does not contem-
plate real-time restrictions and focuses on optimizing the schedule length of the periodic task model
subject to a minimum energy consumption.

In Rizvandi et al. (2011), the authors introduced an algorithm to determine the frequencies at
which tasks should be executed to minimize the energy consumption. In order to do this, when a task
finishes the difference between the actual and the worst-case execution times is used to slow down
the processors. The multiprocessor scheduling is done with the Longest Processor Time First. This
work, however, is different from our proposal because it is oriented to high-performance computing
systems (HPC), tasks have only mandatory parts and the scheduler is dynamic.

In Albers et al. (2015), the authors propose two algorithms to schedule tasks in multiprocessors
systems optimizing the energy consumption. The first algorithm uses a strongly combinatorial
algorithm that relies on repeated maximum flow computations. The second algorithm works online
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and is based on two previous strategies: Optimal Available and Average Rate. The general idea is
that each time a new job arrives, a new optimal schedule is computed using the offline algorithm
based on the actual load. Although this work proposes a solution to the schedule of tasks with
energy considerations in multiprocessors environments with time constraints, the task model is
substantially different from the one proposed in our paper.

In Han et al. (2010), the authors introduce an online scheduling algorithm to schedule tasks
with time constraints in variable speed processors. The algorithm improves previous solutions but
is restricted to one processor and does not consider the task model with mandatory/optional parts.
In Chan et al. (2011), the authors present an algorithm to solve the trade-off between energy
consumption and throughput for the single-processor scheduling problem. To solve the problem,
they introduce a value that represents a reward associated to the task for executing it. Tasks with
low values are eventually dropped if the deadline cannot be met. This approach is different from
the problem proposed in our paper as all tasks should finish by their deadlines in a multiprocessor
environment and the reward comes from executing optional parts.

In Lam et al. (2008), the authors introduce an online algorithm to schedule tasks on multipro-
cessors systems without tasks migrations and considering energy consumption. The algorithm is
quite simple and it uses a simple round-robin scheduling policy for distributing the jobs among
the processors. The model differs since we admit job migrations and maximize the computation of
optional parts.

3. System model

Given a set of real-time tasks with mandatory/optional parts to be run on a multicore hardware
platform with power demand control, the best optional parts should be executed guarantecing
mandatory deadlines and minimizing energy consumption.

The time is assumed to be discrete and is noted 4 = 1, 2, ... Instant / and slot / are equivalent
terms. Events are synchronized with the start of the slot. Although it is possible to analyze the
problem considering time continuous, embedded systems usually operate with a discrete time base,
slot, or timer tick. The duration of the slot is a designed parameter that depends on different aspects
and it is not analyzed in this paper.

There is a set of tasks S = {1, 75, .. ., 7,}. Tasks are independent, periodic, and preemptive. Each
task is described by a tuple (m;, o;, P, D, r;). m; is the worst-case execution time of the mandatory
part. o; is the execution time of the optional part. P, is the period of the task, which is assumed
equal to the relative deadline P, = D;. The execution of the optional part produces a reward or
benefit that is represented by r; : {1, ..., 0;} — R. This reward is computed for each slot and has
no restrictions on the class of function. The least common multiple (Icm) of the periods defines a
window in which the system repeats itself. For this reason, it is enough to provide a schedule for
the first H = [lem{VP;}. As stated in Section 1, each task, 7; € S, is a stream of jobs or instances

,oil, ,o,-z, ces Pl ,o,~H / P". H/P; states for each task the amount of instances to be executed in the
hyperperiod. Since a restricted-migration schedule is proposed, it is necessary to describe the set of
jobs in the system. In the hyperperiod H there are V' = "7 H/P, jobs to be scheduled and they are
describedinV = {Vie S,p/ v=1,..., H/P}. Ajob p; becomes active at a} = (v — 1) P, and should
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Fig. 1. Block diagram for AMD turion™X2 dual-core mobile processor.

finish its execution at ¢} < d} = a! + D;. At this point, it is useful to introduce for every p; € V, the
set of instants at which they are active, H = {h : a] < h < a] + D; — 1}. A feasible system is one in
which Vp/ € V ¢} < d/.

There is also a set of homogeneous processors or cores, I1 = {7, n,, ..., 7w,,}. Each core counts
with at least one independent cache memory level, L1. For example, the AMD Turion™x2 Dual-
Core Mobile Multiprocessor has two independent cores and each one has L.1 and L2 cache mem-
ories. Figure 1 presents the block diagram. Each core may work at different power modes. In
most cases there are two to eight different options from sleep mode, where the power demand is
minimum, to maximum frequency operation. The power modes for each processor are notated
F=A{fo, f1,---, fr}, where F indicates the amount of frequency levels. Lower power-demand
modes provide a benefit as the system saves energy and the batteries’ life is enlarged.

The objective is to find an optimal schedule for maximizing the reward from the execution of
optional parts with as little power demand as possible, while satisfying all mandatory deadlines.
The allocation is made at job level. In other words, a job that starts its execution in a certain core
finishes its execution in the same core. It is also assumed that a power mode is selected on a per job
basis. Under this assumption, a task may run its first job in core A at power mode X and the second
job in core B at power mode Y and in each case the amount of optional work may be different.

The problem stated in this way is NP-hard in the strong sense. This can be shown as it generalizes
two NP-hard problems. If the instance does not have optional parts and has equal task periods, it
is the well-known bin-packing problem (Garey and Johnson, 1979).

Furthermore, let us consider a 0-1 knapsack instance of n items, maximum weight W, each item
with weight w;, and value v;. The instance can be transformed to an instance of our problem with one
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Fig. 2. Execution at full power without optional. 7, blue, 7, green, 7, red, 7, black, r5 cyan, 7, gray, empty slots in white.

processor and #n tasks described by a tuple (0, w;, W, W, r;) with r;(x) = 0if x < w; and r;(w;) = v,
fori =1, ..., n. Since the 0-1 knapsack problem is known to be NP-hard (Karp, 1972), we conclude
that our problem is also NP-hard.

3.1. Example

In this section a simple example is introduced to illustrate different feasible schedules and clar-
ify ideas. In Table 1, a mandatory/optional system composed of six periodic, independent, and
preemptive tasks with constant rewards for each optional slot executed (linear reward function) is
presented. The system runs on a two core processor with independent cache memories. Each core
has two power modes: half power (execution times are doubled) and full power. We assume that ex-
ecuting at half-power mode has a gain of two while executing at full power is just zero but changing
the power mode will cost one unit overall. With this setting, if task one executes its mandatory part
and the two optional system will receive a reward of 6, but if it executes only its mandatory part at
half-power mode it will need two slots contributing with a reward of 3 to the system.

Figure 2 shows a possible temporal evolution of the mandatory parts of each task. This is a
feasible schedule but it is not the best one as there are empty slots, no optional parts are executed
and no energy is saved.

The example shows the trade-off between the energy saving and the reward obtained from the
optional parts. In Fig. 3, energy saving is privileged while in Fig. 4 the improved quality of some jobs
is chosen. Between both extremes, several combinations may be possible. For tuning the problem
the designer may include weights so he/she can bias the search of a solution.

© 2016 The Authors.
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Fig. 3. Execution at half-power mode without optional parts. 7, blue, 7, green, t, red, t, black, 5 cyan, 7 gray.
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Fig. 4. Execution at full-power mode with optional parts. T, blue, 7, green, t, red, , black, 75 cyan, 7, gray.

Some real embedded systems may work on different modes depending on the actual situation of
the system. For example, if a system operates based on solar panels during daylight and batteries
during night hours, the two schedules are convenient for the two different situations. In the case
of daylight, full advantage of the optional parts execution is obtained and during night the system
operates with a reduced power mode but still meeting all mandatory deadlines. So the designer
may obtain different schedules just by varying the weights accordingly to what is expected in each
situation.

4. TILP formulation

Like many combinatorial problems, the general model of the system can be tackled with an ILP
approach. The optimization problem involves the definition of an objective function and the asso-
ciated constraints. The ILP solution identifies for each slot in the hyperperiod of the system and for
each processor which job of each task and at what frequency has to execute.
For all tasks 7, € S, jobs p;/ € V, processors 7; € I, frequency levels f € F, and slots /1 =
1,..., H, the following binary variables are considered:
i =

1 if job p; of 7; runs in 7; at frequency f
0 otherwise

it _ 1 ifat slo‘t k 7; runs 7; at frequency f
! 0 otherwise
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IS = 1 ifat slo‘t k 7 ; runs at frequency f
0 otherwise
ki 1 if atslot k 7; changes frequency
0 otherwise

ul);d _J1 ifjob ,0,‘ of 7; runs d optional slots at frequency f,d =0, ..., 0{
0 otherwise.

For each task t;, the execution of d optional slots at frequency f produces a reward r*,f d, for

de{0,. a,f '} The operation at different frequencies produces different rewards and these are
modeled by c¢y. The cost of changing the operational frequency is modeled by c¢. Using these
definitions, the obJectlve function of the problem may be written as:

()fi
max o Z Z er‘luﬂd

pleV feF d=1
H H
TIPS DB DEl B (1)
feF k=l jell jell k=1

The objective function (1) maximizes the reward of the system from the execution of optional
parts and the reduction of the frequency of operation in each processor. There are two main terms
in the function. The first one computes the reward provided by the execution of the optional parts
of the different jobs in the system. This term has a general tuning parameter «, which is used to
weight the importance of the term.

The second one accounts the reward obtained by the frequencies at which the processors run.
If the processor works with lower frequencies, the reward is higher because there is less energy
demand. But changing the voltage/frequency combination is not something trivial and some time
is required before the system can run properly with the new pair. For this reason, the second term
of the objective function considers not only the reward of running at each frequency but also that
changing the frequency may have a negative impact on the general behavior of the system. For this
term, the tuning parameter is 8. When energy consumption is more important than the reward
obtained from executing optional parts, « is smaller than 8.

The maximization is subject to the following restrictions:

Yy il =1 Vol €V )

Jell feF

S5 < mf + o)yl VojeVivjelIlvfer <
keH)

oS =ml >yl Vo €ViVfeF @
Jel kel Jjen
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3NN <1 Vielik=1,....,.H ®)
i€S feF

Oi/

ull ="yl Vol e V;Vf e F (6)
d=0 jel

of
S S S =Yl o ev "

feF keHy feF jen feF d=1

Yo d =1 Viell;Vk=1,...,H @®)

feF

g =3 " x VielVfeFk=1,....H ©9)
ieS

g > g NN Viel;VfeFik=1,....H (10)

feF ieS

F2 = N il =N fe s Vielik=1,...,H—1 (11)
feF feF

F = N f il = 3" it Viellk=1,...,H -1 (12)
feF feF

Constraint (2) guarantees that each job is executed in just one processor at a unique frequency.
Constraint (3) guarantees that no more than m;f + Oif slots are executed at frequency f and constraint
(4) guarantees the execution of at least m! slots for each job of each task. Constraint (5) imposes
the restriction of only one task for each slot in each processor. .

Constraint (6) guarantees that for d =0, ..., ol-f exactly one of the variables uf{/ takes value 1
when job p} executes at frequency f and takes value 0 when job p; executes at some other frequency.
Constraint (7) makes one the variable uﬁl‘vf for d equal to the amount of optional slots that were
executed for instance p;.

If one job is executing in processor 7; in slot k at frequency f then constraints (8) and (9) impose
a value of 1 to g°// and constraint (10) forces an empty slot to keep the same frequency of the last
busy one.

When there is a frequency change in slot & in processor 7;, constraints (11) and (12) impose a
value of 1 on variable z¥/.

Solution performance depends on several factors, with model size (number of constraints and
integer variables) being a key point. In this case, variables and constraints are related to the number
of tasks, processors, frequency levels, and the hyperperiod. In particular, the hyperperiod is critical
as it is the largest and it can easily reach very high values. To avoid this, the designer should try
to match the tasks’ periods to obtain harmonic relations between them. This is possible as usually
embedded systems tasks are related to the physical world and periods are set based on control or
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information-processing requirements. In these cases, it may be better to shorten a period to avoid a
large hyperperiod even if the system becomes more stringent.

Successful techniques to solve ILP models are based on an intelligent enumeration of the feasible
set of solutions like, for example, Branch and Cut algorithms. The basic idea is to guide the search by
looking for upper and lower bounds of the optimum value discarding those sets of possible solutions
in which the upper bound is lower than the lower bound. The value of the objective function in any
feasible solution is a lower bound for the optimum. On the other hand, the upper bound used is
found by solving a subproblem without the integrality constraints, which is a linear relaxation of
the problem. If the upper bound of a set of solutions is equal or lower than the best lower bound,
it is possible to discard the region. The success of the method depends on the quality of the bounds
found in the process.

The model was solved using the standard Branch and Cut approach provided by the CPLEX
(CPLEX Optimizer for z/0OS) library (IBM, 2011). The time needed to find the optimum can
be long even for middle size problems. In general, the upper bound is good but it is not easy to
find feasible solutions with good lower bounds, especially when there are many frequency levels
available. However, integer programming can be an effective and useful tool in generating high-
quality heuristics, as discussed in the next section.

5. Heuristics

As we mentioned before, solving the proposed model by ILP tools is not computationally suitable
due to the inherent problem complexity and its large number of variables and constraints. Hence, a
heuristic solution approach is a practical method for the problem solution.

This paper proposes a two-stage heuristic approach. In the first phase, the main idea is to obtain
feasible assignments of jobs to processors (mandatory parts meet their deadlines) by working at
nominal frequency. Once a successful assignment has been found, a reduced version of the general
problem is solved for each processor. Each problem considers only jobs assigned to the processor
in the first phase, including mandatory and optional parts and the possibility to change the power
mode.

Next we describe in detail the phases of the algorithm.

5.1. Two-phase approach

Data: S, I1, F
Result: Feasible schedule
Phase one:
Data: S = {(m;, P,) : 1, € S}, T1
Result: Partition of Vin V,, ..., V, , where V), is the set of jobs allocated to processor i
Phase two:
For each processori=1,...,m
Data: V, S, F
Result: Feasible schedule to processor i.
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5.1.1. Phase one

The first stage refers to the construction of an initial assignment of jobs to processors. They are
allocated to processors with two different approaches: an exact method of integer programming;
and greedy heuristics following certain priority orders.

e HILP
The frequency levels are one of the factors that influence the performance of the proposed ILP
model. However, if there is no solution at the nominal or maximum frequency, then there is no
solution at any other frequency level. Based on this, we decided to restrict the number of frequency
levels to the nominal one first. The performance of the algorithm improves substantially. The main
idea is to achieve a feasible assignment of mandatory parts but, since in the second phase optional
parts will be considered, it would seem profitable that such initial assignment allows processing
as much as possible rewarding optional parts. This method is called HILP.

e Greedy heuristics
The basic idea of a greedy allocation procedure is to assign available processor time sequentially
to a job by following a priority order list. During each step, a job is chosen from the list and it is
assigned to a processor. The algorithm finishes when all jobs are assigned or it is found that it is
not possible to schedule the system according to the present scheme.

In case that there are mandatory and optional parts, the procedure should ensure that mandatory
parts meet their deadlines. This goal is usually achieved giving lower priorities to optional parts.
Then, if there are mandatory parts ready to be run, they are assigned to one processor. Taking into
account that the final obtained allocation of mandatory parts does not depend on if we consider or
not optional parts, we decide to discard the optional parts from the priority order list.

In order to introduce the general idea, let us consider the following definitions and notation.
Let L(j, h) be the list of jobs that have been allocated to processor 7; up to slot # and L(j, h) the
ordered list of jobs still executing at slot /2 in processor ;. In other words, L(j, h) contains the jobs
that have not finished their execution at slot / yet.

Definition 5.1. 4 job p) € L(j, h) is critical at slot h if it has to execute nonstop until the end to finish
before its deadline, or what is the same if the amount of mandatory slots still to be executed is equal to
a;+ D, —h.

Definition 5.2. A processor m; is critical at slot h if it has a critical job.

Definition 5.3. 4 processor 7; at slot h with more than one critical job is collapsed and makes the
schedule not feasible.

Definition 5.4. At slot h, job p} not allocated to any processor is named urgent if h = a} + D; — m,.
Definition 5.5. The charge of processor 7t; at slot h is:

. m; — m; (h)
COm=2, G3p
preL(j.h) !

1

where mj (h) is the amount of slots already executed by job p} at instant h.
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The basic scheme of the algorithm is as follows. Jobs are listed according to their priority and
the release time and a critical jobs list is kept updated in order to ensure the schedule of urgent
jobs. With this information for each slot in the hyperperiod (4 =1, ..., H) jobs are distributed to
processors and the order of execution is set. There are several possible situations. In all cases, the
purpose is to keep the processors’ charge as even as possible. First, it is necessary to check if any
processor 7, has a critical job p; . In that case, processor 7 ; continues executing p; until completion.
If at this stage any processor is co-lapsed the job allocation is not feasible and the assignment
process is discarded. Second, if there are urgent jobs they should be allocated to processors that
are not critical at that instant with the lowest charge. If there are more urgent jobs than available
processors to handle them the schedule is unfeasible and the allocation is discarded. Third, if a job
becomes active at instant /4 and has a higher priority than any of the current jobs executing in any
of the processors, it preempts the job executing in the processor with the lowest charge. Finally,
if a processor is idle, the highest priority job on the list is allocated to it. See Algorithm 1 for
details.

In Fisher (2007) it is proved that for multiprocessors with restricted migrations of jobs there
is no optimal (in the strong sense) priority assignment for dynamic scheduling tasks. For this
reason, the way in which tasks and jobs are ordered for their allocation and later scheduling
is an open issue. Usual priority orders are the earliest deadline first (Liu and Layland, 1973)
and deadline (Audsley et al., 1991) or rate monotonic (Liu and Layland, 1973). In this paper,
six different priority orders are considered, which are used for the allocation of jobs to pro-
cessors in the cases that whenever no critical jobs are pending execution. If a critical job ap-
pears, the priority order is altered to schedule it instead. The priority orders considered are the
following:

Decreasing mandatory utilization (H1): With this priority order the jobs with a higher manda-
tory utilization factor are allocated first. The rationale behind this consists in giving priority
to those tasks that demand more processor bandwidth and leaving those that demand less for
later.

Increasing mandatory execution time (H2): In this case, the order also includes the mandatory
part too. Jobs with short execution times are scheduled first so jobs with longer execution times can
be accommodated later.

Decreasing total utilization (H3): In contrast to the previous cases, the mandatory plus optional
processor bandwidth demand is used to order the jobs. The rationale is, like in the first case, that
allocating the high demand jobs to the processors first will facilitate the assignment of the low
demand ones later.

Decreasing mandatory execution time ( H4): Like in the third case, the mandatory execution times
are used to order the allocation. However, instead of allocating the small jobs first, the big ones are
allocated first. Like in the previous case, the idea is that allocating the big jobs first facilitates the
allocation of small ones later.

Increasing periods (H5): Used in monoprocessor systems, the rate monotonic priority order is
one of the most used in real-time systems.

Earliest deadline first (H6): Like in the previous case, the use of this priority disci-
pline is common in real-time systems and it is optimal in the case of monoprocessor
systems.

© 2016 The Authors.
International Transactions in Operational Research © 2016 International Federation of Operational Research Societies



186 1. Méndez-Diaz et al. / Intl. Trans. in Op. Res. 24 (2017) 173—198

Algorithm 1: Pseudocode for the first stage

Data: S.I1

Result: Jobs allocation to processors

Tasks are ordered according to some priority discipline. H « lcm for all
the periods;

h«—1;

while h < H € no processors are collapsed do

forall the 7; critical processor with py critical do
push p} at the head of the pending jobs list for 7;:
L(j,h) < pyL(j.h = 1)\ p;
end
forall the p} urgent job do
assign p} to the non critical processor with the lowest charge m;:
L5 h) — pi L(G, h = 1);
L(j, h) — piL(j,h = 1);
my(h—1) «0;

end
if there are more urgent jobs than non-critical processors then
| Stop. It is not possible to schedule the system.

end
forall the p} such that h = a] and is not still allocated do
if there is a non-critical processor executing a job with lower
priority than py, m; then

allocate p; a m;:

L(j,h) < pyL(j,h = 1);
mY(h —1) « 0;
end

nd
orall the processor m; such that L(j, k) is empty do
if there is a job not allocated with h > a} then

choose the highest priority pj and assign p; to m;:

=0

L(j,h) < pi;
mY(h —1) <« 0;
end
end
forall the processor such that L(j, h) is not empty do

execute a slot of the first pending job py:
my(h) — m¥(h—1)+1;
if my(h) =m; then
| L(j.h) «— LG, h = 1)\ pfs

end

end
h—h+1;
end
if h < H then
| It is not possible to schedule the system.
end
else 16
‘ Return for each processor m; L(j, H);
end
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5.1.2. Phase two

When this initial stage is finished, there is a feasible allocation of jobs to processors, the slack
or empty slots available within each processor is computed, and in the second stage the empty
slots are used for maximizing the reward of the system by choosing a different power mode or
executing optional parts. This second step is done with the ILP model for each processor but with
the jobs already allocated. Although each of these subproblems are a reduced version of the general
problem (i.e., just one processor and a subset of jobs), the ILP algorithm still takes time to find
feasible solutions. Therefore, a sequential procedure is performed based on the fact that a solution
with f frequency levels is also a solution for the case with f + 1 levels. Starting with one level of
frequency, the ILP model is solved within a CPU time limit, considering the solution for f frequency
levels as an initial lower bound for the model with f + 1 frequency levels.

6. Experimental evaluation

In this section, several experiments are presented to evaluate the model and the methods proposed
before. The ILP and heuristics approaches are used to solve three different sets of synthetic problems
generated from Aydin et al. (2001), Bini and Buttazzo (2005), and Gai et al. (2003). For the first two
sets, 100 systems with different utilization factors and combinations of mandatory and optional
parts were generated. For all the cases, two homogeneous processors were considered with four
power modes or frequencies available for each one. The reward for executing at different frequencies
were 0, 1, 2, and 3 for 100%, 75%, 50%, and 25% of the nominal speed, respectively. The cost for
changing the power mode was set equal to 8. The experiments are divided in two parts. In the first
one, we evaluate the ability of the algorithms to find a solution, the time required to do that, and the
solution qualities. In the second part, we evaluate the influence of the @ and 8 parameters in the kind
of obtained schedule. To do that, the relation between them was changed and the characteristics of
the solutions are analyzed.

All the algorithms were coded in C++ using CPLEX 12.4 optimizer with the default configuration
for the Branch and Cut algorithm. The experiments were run on an Intel 17 of 3.4 GHz and 16 GB
of RAM.

6.1. Algorithms performance

To evaluate the performance of different algorithms introduced before, we used the upper bound of
the optimum value provided by the ILP solver. This value is used as a reference for the optimum to
measure the quality of the solution found with the algorithms proposed. The gap is defined as the
relative distance to it.

As was explained in Section 4, to reach the optimal solution, the ILP model with all the power
modes available may take a long time even for middle size problems. In order to reduce this, we have
programmed the ILP solver to incorporate different frequency levels one at a time. Each step was
limited to 600 seconds so in the worst case the solver runs for 2400 seconds. However, in the first
level the optimal solution was always found in just a few seconds and the total time used was closer
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Table 2
Results for eight task first set

Method Average gap o Gap Average time o Time % Solved
ILP 2.88 2.63 1138.20 504.26 100

H1 3.91 4.78 113.18 54.1 99

H2 3.86 5.03 102.72 47.8 100

H3 3.93 5.01 114.22 55.33 100

H4 3.52 4.5 110.93 56.10 90

HS5 4.81 6.57 95.63 48.75 100

H6 3.88 4.76 113.70 55.16 99
HILP 1.98 1.89 116.10 68.4 100
Table 3

Results for 50 task first set

Method Average gap o Gap Average time o Time % Solved
H1 1.83 1.75 246.20 26.87 100

H2 1.19 1.73 218.86 32.59 100

H3 1.80 1.73 245.00 27.46 100

H4 1.87 1.75 24597 26.11 95

HS5 1.66 1.84 236.71 31.44 100

H6 1.85 1.68 244.34 26.38 100
HILP 0.23 0.72 335.92 138.12 100

to 1800 seconds. In the case of the heuristics, the second stage that uses the ILP solver to obtain
the optional/frequencies allocation were run for 40 seconds in each step. Since four power modes
were considered, the total time dedicated to solve the ILP model in these cases was limited to 160
seconds for each processor.

First set: These problems were generated following the model presented in Bini and Buttazzo
(2005). Each system has eight tasks and the total utilization factor was between 0.41 and 1.98.
Reward values for the optional slots were also randomly generated. Table 2 presents the results
obtained for this case. The first column refers to the method used, the second and third present
the average gap and average standard deviation, the next two reports the average time required to
achieve that gap and the average standard deviation, and the last column the percentage of instances
solved.

The HILP approach provides the best solution with a gap below 2% in less than two minutes of
computations. All the greedy heuristics provide gaps below 5% with average computation times of
107 seconds. The ILP solution is the second best but demands a long time to reach that value. It is
also important to remark the fact that most of the algorithms find a solution for all the cases and
only H4 has a poor performance in this aspect as it fails to find a solution in 10% of the problems.

We notice that the percentage of systems solved with the heuristics methods is quite significant.
So it is worth considering the use of the simplified method for this kind of problems, which produces
good results but almost 10 times faster.

In Table 3, we have also experienced with larger instances (50 tasks), looking for identifying if
the behavior of the algorithms follows the same pattern. It is worth mentioning that ILP could not
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Fig. 5. Friedman test for 50 task first set.

obtain solutions within a reasonable time. Then, ILP was not considered for these instances and the
gap is calculated as the relative distance to the best solution found by any of the applied methods
for the respective instance.

Notice that HILP remains being the best option providing in most of the cases the best solution,
although the computational time increased slightly compared to the other procedures. Furthermore,
procedure H4 is still the one that fails to find solutions in more instances.

A comparison among the algorithms based on the average gap or average time could be influenced
by a few very good or very bad results. Therefore, a more detailed analysis to observe if the differences
are statistically significant is made by applying a nonparametric Friedman test (Friedman, 1937)
with p value 0.05 and the null hypothesis that says that all the algorithms are equal.

For each algorithm, the mean ranking is computed. Given an instance, the ranking rank, of the
observed result for algorithm £ is calculated, assigning to the best of them the ranking 1, and to the
worst the ranking 7. Then, an average measure is obtained from the rankings of each method for
all the instances. Clearly, the lower the ranking, the better the associated algorithm.

Figure 5 shows the mean ranking of the methods with the confidence intervals. According to the
Friedman test, two algorithms are significantly different in statistical terms if their intervals in the
corresponding axis do not overlap. As it is shown, HILP gets the best ranking and the test finds
significant performance differences with regard to all other algorithms, followed by H2. Moreover,
the plot suggests that there are not significant difference among the other algorithms.

In order to confirm the conclusions about the performance of HILP, we also apply Wilcoxon
signed rank test (Wilcoxon, 1945) for detecting performance differences between the best ranked
algorithm (HILP) and the remainder with 0.05 as the significance factor. We tested HILP with
each other. The null hypothesis is u; = g p, Where p; is the average gap obtained by each of
the first six methods. The alternate hypothesis used is, i; > pz;p. Table 4 exhibits the values of
Wilcoxon statistic. Whenever the p-value is greater than the critical value of Wilcoxon statistic for
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Table 4
Wilcoxon test for 50 task first set

HILP
Sum pos rank Sum neg rank p-Value
HI 2850 0 0
H2 1968 310 0
H3 2797.5 52.5 0
H4 2850 0 0
H5 2927.5 153.5 0
Ho6 2831.5 18.5 0
Table 5
Results for 20 task second set
Method Average gap o Gap Average time o Time % Solved
ILP 3.45 2.85 1222.67 649.56 100
H1 2.37 1.82 148.51 79.15 100
H2 2.44 1.66 152.90 73.79 95
H3 2.46 1.82 147.61 80.39 100
H4 2.38 1.79 154.06 76.21 84
HS5 2.63 1.99 147.33 76.11 100
H6 2.46 1.92 145.31 78.49 100
HILP 2.09 1.78 149.71 79.95 100

the chosen significance level, we should reject the null hypothesis and infer that u; is greater than
Wy rp, Which means that heuristic HILP outperforms heuristic i. From Table 4, we can see that,
HILP outperforms the remaining procedures, which confirms the conclusions drawn earlier.

Second set: In this case, two sets (one with 20 tasks and one with 50 tasks) were generated
for each system with utilization factors in the range of 0.44-2.354. Tasks periods were generated
following the suggestions presented in Gai et al. (2003), where the authors described the general
relations among tasks in embedded systems like the ones used to control the power train in cars. In
Table 5 the results are shown for 20 task instances, where the percentage average gap, average
standard deviation gap, average time used to find the solution, average standard deviation time, and
the percentage of instances solved are presented.

Like in the previous set of problems, HILP is the method that has the lowest gap, gets to that point
in less than three minutes, and solves all the problems. The ILP solution has the highest gap and
longest resolution time but solves all the instances. Heuristics are in-between but it is remarkable
the poor performance of H4, which only solves 84% of the instances.

Table 6 reports the results for instances with 50 tasks. It can be seen that H/LP is the unique
procedure capable to solve all the instances and obtains the best solution in most of the cases.
Moreover, the low performance of H4 is accentuated since it could only solve 34% of the instances.

As we did in the previous case to confirm the conclusions, Friedman and Wilcoxon tests were
applied. We discard H4 from the comparison due to its low performance in the number of solved
mstances.
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Table 6
Results for 50 task second set
Method Average gap o Gap Average time o Time % Solved
HI 0.92 1.13 348.56 280.50 81
H2 1.70 2.12 333.51 265.55 92
H3 0.88 1.07 367.76 278.77 79
H4 0.40 0.57 496.37 252.55 34
H5 1.25 1.40 314.90 269.04 98
H6 1.02 1.19 308.06 275.06 99
HILP 0.10 0.40 308.86 274.34 100
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Fig. 6. Friedman test for 50 task second set.

Table 7
Wilcoxon test for 50 task second set
HILP
Sum pos rank Sum neg rank p-Value
H1 2517 258 0
H2 3666 250 0
H3 2285 271 0
HS5 3434 221 0
Ho6 3748 168 0

Figure 6 shows the Friedman mean rank plot, which confirms H/LP has the best performance
and it cannot be inferred significant difference among the other algorithms.

Table 7 shows the p values of Wilcoxon test when comparing H L P with each of the algorithms.
All of them are below 0.05, which makes evident that H1LP outperforms all the algorithms.
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Table 8
Third set of problems
Task P, m; + o, 1) 17(0) 12 (0)
1 20 10 15(1—¢e™) 7In(20t + 1) St
2 30 18 20(1 —e™) 101n(507 + 1) Tt
3 40 5 4(1—e™) 2In(10t + 1) 2t
4 60 2 10(1 — e S5In(5t+1) 4¢
5 60 2 10(1 — e™%%) 5In(25t+ 1) 4¢
6 80 12 5(1—e) 3In(30t + 1) 2t
7 90 18 17(1 —e™) 8In(8r+1) 6t
8 120 15 (1l —e™) 41n(6r + 1) 3t
9 240 28 8(1—e™) 4In(9t + 1) 3t
10 270 60 12(1 — 70 6In(12¢+ 1) St
11 2160 300 5(1—e™) 3In(15t + 1) 2t
Table 9
Third set with exponential reward function
1)
0 25 40 60 80
Method Gap Time Gap Time Gap Time Gap Time Gap Time
ILP 49.28 1385.72 32.04 1891.34 29.01 1902.53 51.93 2045.19 3.58 1927.14
H1 1.05 162.64 1.17 102.39 14.81 165.42 29.89 203.95 NS
H2 1.05 162.57 1.96 129.23 16.30 170.04 NS NS
H3 1.02 163.09 15.43 123.22 16.63 168.50 29.89 203.30 NS
H4 1.02 162.86 NS NS NS NS
HS5 1.02 162.84 15.46 123.56 29.66 167.41 29.16 204.14 NS
H6 1.02 162.81 2.31 124.03 14.41 137.79 31.30 206.71 NS
HILP 0.74 145.38 1.16 203.08 22.58 261.93 32.52 473.73 3.58 399.93

Third set: In Aydin et al. (2001), the authors introduce a set of problems to evaluate their method
for scheduling optional parts. The system proposed has 11 tasks. Each task has a total execution
time that includes both the time required by the mandatory and optional parts and the evaluation is
made considering different combinations of mandatory and optional parts. The experiments were
done for 0%, 25%, 40%, 60%, and 80% of the demand as mandatory and the rest of the demand
as optional. Each task has three reward functions, all of them are concave. In Table 8§ the system is
presented.

As the total utilization factor for this problem is 2.24 it is not possible to obtain a schedule for
large mandatory proportions of jobs. Tables 9—11 present the results for the cases of 0%, 25%, 40%,
60%, and 80% of mandatory charge for the three reward functions. For each one the gap and time
needed with each of the methods are shown.

From the results it is clear that H4 is not capable of solving the problem with mandatory charge.
Heuristics H1 and H3 can solve the schedule except for the case of 80% mandatory part and H2 is
not able to solve it in the cases of 60% and 80%. Only ILP and HILP are capable of solving all the
instances. Like in the previous set of problems, the HILP algorithm is the one that produces the best
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Table 10
Third set with logarithmic reward function
17(0)
0 25 40 60 80
Method Gap Time Gap Time Gap Time Gap Time Gap Time
ILP 45.87 2163.44 40.91 1951.99 34.42 1920.11 21.87 1934.83 0.00 217.76
Hl1 3.58 223.96 23.52 164.48 25.49 204.43 26.03 240.95 NS
H2 3.58 224.01 20.46 201.90 25.76 226.10 NS NS
H3 3.58 224.11 23.59 213.43 25.88 240.86 26.03 240.98 NS
H4 3.58 224.8 NS NS NS NS
H5 3.58 224.47 23.53 163.91 25.17 201.99 23.75 241.01 NS
H6 3.58 22497 19.86 163.98 25.59 204.95 25.59 240.83 NS
HILP 9.59 473.71 24.12 284.21 34.42 363.34 21.87 407.94 0.03 616.116
Table 11
Third set with linear reward function
1)
0 25 40 60 80
Method Gap Time Gap Time Gap Time Gap Time Gap Time
ILP 21.72 2409.23 17.65 1960.86 17.64 1979.44 8.63 1984.42 0.00 238.72
Hl1 20,55 241.47 22.03 240.74 28.28 236.23 18.39 224.42 NS
H2 20.55 242.4 20.67 246.22 22.16 242.05 NS NS
H3 20.55 242.96 25.88 229.65 25.66 241.54 18.39 225.22 NS
H4 20.55 242.78 NS NS NS NS
H5 20.55 242.55 23.50 241.72 25.34 240.03 14.01 243.82 NS
H6 20.55 242.86 27.69 241.49 28.73 241.42 19.64 232.64 NS
HILP 19.30 735.88 17.65 664.42 17.64 500.93 8.63 403.83 0.00 613.06

results considering the gap, the time needed to achieve that gap, and the number of problems solved.
This behavior is even more evident when the reward function is linear. In the case of exponential and
logarithmic functions, for some problems, the greedy heuristics show a slightly higher performance.

The overall evaluation shows that ILP is not convenient for finding a feasible schedule for
the mandatory/optional reward based on energy considerations. Although a solution is always
found in the end, it requires a long time. Greedy heuristics fail to find a feasible allocation when the
mandatory utilization is high. The H 7L P method provides solutions to all the cases with better gaps.
This approach, although not polynomial, resulted in a very good alternative as the time demanded
was rather small. In general, the greedy heuristics proposed do not guarantee that a feasible schedule
will be found in every case and they do not show remarkable different performances among them,
but clearly H4 is the worst option.

6.2. Sensibility of the schedule to a and

In this section, the sensitivity of the schedule to the set of « and 8 parameters is evaluated. The
selection of these values influences the kind of schedule that is obtained as it is going to be shown.
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Fig. 8. Second set of problems.

In fact, these parameters determine if the schedule is oriented to save energy by reducing the
power mode/frequency of the processor, to improve the quality of the tasks by executing more
optional parts, or to a trade-off solution in which optional parts are executed while reducing the
energy demand. The experiment was done with the HILP method as it is the one that produces the
best results. Figures 7-9 show for the three different sets of problems, respectively, three different
relations =48, «=48, and «=p/4. For each case, the average rewards obtained from the execution
of optional parts and that obtained from the execution at lower frequencies are presented in the left
while in the right the average number of slots executed at the different power modes/frequencies
is presented. For the last set of problems, the overall average was made for the different reward
functions and combinations of mandatory and optional parts.
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Fig. 9. Third set of problems.

The results show an accurate matching between the expected schedule orientation (optional or
energy-aware) and the selection of values for « and B. This shows how different schedules of a
system can be obtained for different scenarios. For example, a system working with solar panels
during daylight and batteries in the night can have two different schedules that are adjusted to
the needs of each situation by changing the relation between these parameters. When the energy
consumption has major importance, fewer optional tasks are scheduled and greater number of slots
are used at frequencies with lower power consumption in the solutions obtained by the algorithm.
On the other hand, when the power consumption is not significant, the scheduler takes advantage
of the optional tasks and the processors work at greater frequencies.

The decision about the weight for prioritizing one objective from the other is made by the user.
An efficient frontier curve could help the decision maker to examine the trade-off between the two
objectives. The idea is that the user analyzes if substantial improvement in energy consumption
implies a degradation in reward of execution of optional tasks. In other words, if a large gain in
processing optional tasks can be achieved with an acceptable energy consumption. To illustrate the
point, we consider one instance with 20 tasks from the second set and plot the solutions achieved by
executing HILP-independent optimizations, by varying each time weights o, 8 € [0, 1], + 8 =1
in steps of 0.05. The results are presented in Table 12 and Fig. 10.

A first evaluation shows that all solutions are nondominated, that is none solution is better on
both objectives than other solutions. The heuristic is capable of providing a set of possible scheduling
with diverse function values.

For this instance, if we consider the greatest energy savings (4800) and the greatest benefit by
running electives (7072), we can see that the variability of savings ranges up to 53% and 57%,
respectively. Moreover, improvement in one of the two objectives is accompanied by a loss of the
same order of percentage in the other. That is, significant energy savings cannot be achieved without
sacrificing optional processing tasks and vice versa.

This type of analysis can help the scheduler to make his decision in choosing one of the solutions.
For example, a good compromise between both functions could be the solutions (6268, 2880) or
(6037, 2967).
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Table 12
Solutions by varying weights «, 8 in steps of 0.05

Reward by Reward by No. of No. of No. of No. of
optional frequency slots slots slots slots
tasks reduction F1 F2 F3 F4
1 7072 0 1916 4 0 0
2 7072 1708 108 1812 0 0
3 7066.5 1747 117 1803 0 0
4 7060 1804 76 1844 0 0
5 7040.5 1836 44 1876 0 0
6 7020.5 1854 42 1878 0 0
7 7007 1897 7 1913 0 0
8 6958.5 1920 0 1920 0 0
9 6727 2274 6 1514 400 0
10 6356 2780 60 900 960 0
11 6334.5 2856 8 952 960 0
12 6268 2880 0 960 960 0
13 6037 2967 4 809 1107 0
14 5526.5 3504 0 320 1600 0
15 5256 3840 0 0 1920 0
16 4894 3984 0 0 1760 160
17 4556 4240 0 0 1614 306
18 4390 4290 0 0 1543 377
19 3414.5 4329 0 0 1407 513
20 3322.5 4448 0 0 1280 640
21 0 4800 0 0 960 960
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Fig. 10. Energy consumption and reward of optional tasks trade-off curve.
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7. Conclusions

In this paper, the scheduling of energy-aware reward-based mandatory/optional tasks with time
constraints in homogeneous multicore systems is shown to be an NP-hard problem in the strong
sense as it is a combination of two problems already proved to be NP-hard (scheduling of restricted
migration jobs in multiprocessors systems on one side and mandatory/optional reward-based
scheduling with arbitrary reward functions on the other). Seven different algorithms have been
introduced and evaluated using three sets of problems taken from the literature on real-time systems.
The experiments show that a pure ILP approach requires a long time compared with an oriented ILP
search like the one proposed in the HILP method. The heuristics introduced show good performance
with a clear advantage for those using rate monotonic and earliest deadline first for ordering the
jobs while distributing them among the processors.

The model proposed has two tuning parameters that can be used to orient the schedule according
to certain conditions. As it was shown in the experiments, variations in the relation between these
parameters produce different results improving the quality of the response (more optional parts
executed), reducing the energy consumption (lower execution frequencies), or optimizing both in a
trade-off.
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