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Abstract

Real-time embedded systems usually work in harsh environments with variable ambient temperature. As temperature has a significant impact
on the processor reliability, thermal management is mandatory in many such systems, where it is critical to keep the processor temperature
below some specified threshold. To achieve this goal, however, the system performance may adversely be affected. Our favorite performance
objective in this paper is the minimization of the fraction of jobs which miss their deadline, regarding the thermal constraint. We propose a
quasi-static approach based on dynamic voltage scaling: it first generates a number of thermally feasible speed schedules; one schedule for
each range of ambient temperatures; then, at runtime, the appropriate speed schedule is selected according to the ambient temperature. An
online algorithm is also proposed to decide when the switching between the schedules occurs. The latter algorithm brings the processor
temperature below specific values, so the newly selected speed schedule starts to work at the new scheduling without violating the
temperature constraint. The efficiencies of the proposed methods are investigated by simulation experiments.

Keywords: Dynamic Voltage Scaling (DVS), Real-Time Systems, Thermal Constrained Scheduling, Variable Ambient Temperature.

1. Introduction

Evolutions in the semi-conductor technology and feature size
have led to increasing power density in modern
microprocessors. As an effect, overheating has become a
major problem in many computing systems because of its
significant impacts on the system reliability, performance,
and power consumption [1]. This problem gets more serious
in embedded systems, especially those working in harsh
environments with highly variable temperature. Employing
cooling devices (like heat sink or fan) inside the systems is
restricted due to the energy, cost and size limitations [2].
High temperature can lead to degraded reliability and
performance [1]. Recent studies [3] show that overheating is
the cause of more than 50% of electronic failures. Timing
errors are the other impact of temperature violation [4].
Accordingly, temperature management becomes more
prominent in the design of real-time embedded systems. The

management can be performed at the design time through
advanced packaging and cooling solutions, and at run-time,
through various dynamic thermal management (DTM)
techniques [5].

Several hardware and software DTM techniques have been
proposed to control the system power consumption and/or
reliability. Hardware-based techniques such as clock-gating
[6], fetch-gating [7] and dynamic voltage scaling (DVS) [8]
are employed to reduce power consumption. Besides, other
system-level techniques such as temperature-aware
scheduling [9, 10, 11, 12] and task migration [13] try to
distribute and balance the power to better guarantee the
temperature constraints.

In real-time systems, however, temperature-aware
scheduling is more challenging. Dynamic power
management (DPM) and DVS are usual techniques in such
systems to reach the performance goals without violating the
thermal constraints [14]. DPM-based methods [15, 16] use
idle times to reduce temperature by putting the processor into
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idle modes. As another approach, DVS is used as a major
approach to control the thermal behavior of the systems to
avoid processor overheating through dynamic speed scaling
[10, 11] (named as speed scheduling). However, this
approach may impose some undesired performance
degradation, especially in real-time systems where each job
has a time constraint (deadline) that its violation negatively
impacts the overall system performance. From the thermal
perspective, the ambient temperature may change, resulting
in situations where some adaptations in the schedule are
required to allow the system to continue its operation with an
appropriate performance.

In this paper, we focus on a firm real-time (FRT) system
containing a DVS-enabled processor and variable ambient
temperature. In a FRT system, jobs violating their deadline
are of no value and should be thrown away of the system.
The goal of this paper is to minimize the system deadline
miss ratio while the it is protected against overheating.

We present a temperature-aware speed scheduling
algorithm to determine the speed level of the processor for
each job, aiming at minimizing the number of missed jobs.
The variability of temperature in unpredictable physical
environments is taken into account by proposing a quasi-
static scheduling method. In the scheme, an offline algorithm
is proposed to find a set of speed schedules for different
ranges of ambient temperature. At runtime, whenever an
ambient temperature change occurs, the online part of the
method chooses another schedule which is more appropriate
for the new condition. Another online algorithm is also
proposed to handle transitions between the schedules, when
the ambient temperature changes in the middle of the current
schedule (unlike at the schedule boundaries).

In summary, the major contributions of this paper are as
follows: (1) We propose an optimal speed scheduling
algorithm for a set of FRT jobs which minimizes the number
of jobs that miss their deadline while satisfying an specified
temperature constraint in one hyper-period; (2) based on this
optimal algorithm, we propose a heuristic method for finding
a speed schedule that satisfies the thermal constraint in the
steady-state and exhibits small number of missed jobs; (3) a
quasi-static method is also proposed to appropriately adapt
the system with the environment temperature variations
through proposing a low overhead algorithm for runtime
switching between different speed schedules.

The remainder of this paper is structured as follows.
There is a brief survey on the recent thermal management
techniques with a concentration on real-time systems in
Section 2. Section 3 provides the system model, some
required basic information, and the problem definition.
Offline phase of our scheme is presented in Section 4. Based
on this scheme, Section 5 presents the quasi-static method for
speed scheduling in a FRT system with variable ambient
temperature. Experimental results are presented in Section 6
and finally the paper is concluded in Section 7.

2. Related Work

Different DVS and DPM techniques have been proposed as
solutions to dynamic thermal management (DTM) [17].
DTM techniques are generally divided into two categories:
reactive and proactive. The reactive techniques are triggered
when the temperature exceeds a specified threshold; while,

according to proactive techniques, system responds to
thermal emergencies before they occur.

Brooks et al. [7] have evaluated the benefits of several
reactive hardware-based DTM techniques such as fetch-
gating that stall fetching instruction and use the instruction
fetch window to feed the pipeline. These hardware-based
techniques change the architecture to reduce power
dissipation and chip temperature.

DVS has been applied in many real-time systems with the
aim of reactive or proactive scheduling for thermal
management [11, 18, 5, 12, 19]. Wang and Bettati [11, 18, 5]
have proposed reactive two-speed schedule for hard real-time
periodic tasks under thermal constraint. They have
considered a processor with two speed levels which runs at
the highest speed until the temperature reaches to its
maximum acceptable value. At this time, the processor enters
to the equilibrium mode and run with equilibrium speed.
Working with this speed, the temperature never exceeds the
specified threshold. Since modern processors support several
speed levels, this approach would be more efficient if it
employs more levels of speed.

Another reactive speed scheduling for a hard real-time
system is presented in [20] with the aim of minimizing peak
temperature. It is called m-oscillating algorithm. This
algorithm first considers two-speed schedule and then
divides each high and low interval evenly into m sections,
and run the processor with the low and high speeds
alternatively. Also, it is shown that the m-oscillation scheme
is very effective in reducing the peak temperature than
reactive two-speed scheme.

On the other hand, proactive methods are usually offline
[12, 19]. In [12], a proactive speed scheduling has been
developed for real-time tasks under thermal and timing
constraint. To obtain a feasible speed schedule, two
approaches are proposed in the paper; timing-optimization
and thermal-optimization. The first approach aims to
minimize the delay in completing tasks without violating
thermal constraints and the second approach aims to
minimize the temperature at the beginning of the period.
Also, Wang et al. [19] have presented a proactive energy-
efficient speed scheduling for periodic real-time tasks which
minimizes energy consumption under thermal and timing
constraints. Note that both [12] and [19] assume that the
processor supports continuous range of speeds, but as an
extension they present an approximation solution for discrete
speed levels too.

Some methods address thermal-aware design problem as
a performance optimization problem under temperature
limits. Zhang and Chatha [17] have solved this problem to
minimize total execution time under thermal constraints.
They have assumed a periodic sequence of jobs, and discrete
levels of processor speed. The goal is to assign a speed level
to a job, and select the processor sleep times such that the
total execution time of all the jobs is minimized under the
temperature constraint [17]. To solve this problem, they have
presented a pseudo-polynomial optimal algorithm based on
dynamic programming approach. We apply this approach
and extend their idea to solve our problem.

In the context of real-time systems, there have been a few
works that use DPM to consider real-time constraints under
thermal limitations. Thiele et al. [15] present a DTM policy
for a single speed processor that at any time choose the mode
of processor (active or idle) such that the jobs meet their
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deadlines and the peak temperature is minimized. In this
approach, the execution times of jobs are delayed by
distributing the idle times between the executions. Another
DPM approach is presented in [16], where the processor is
periodically put in the idle mode for a specific duration to
prevent thermal violation. At higher environment
temperature, their method increases the idle intervals.
However, in order to meet all the deadlines, they select a
lower real-time performance mode, in which the total
number of jobs that should be run is less than the previous
mode.

There are also other studies about schedulability analysis
of real-time periodic tasks under temperature constraint.
Quan et al. [21] have shown that a schedule which satisfies
the thermal constraint within the first hyper-period, is not
necessarily feasible in the steady state. Also, they have
addressed the temperature/leakage relation in the feasibility
analysis. These studies are important since they emphasize
on the conditions of steady state schedulability. We will
apply their technique to show the temperature feasibility of
our schedule in the steady state.

In [17], Zhang and Chatha guarantee the temperature
feasibility of periodic job sets by forcing the temperature at
the end of one complete execution of the job set to be equal
or less than beginning of the period.

In [22], Quan et al. first study the problem to guarantee
both the timing and the temperature constraints for a periodic
hard real-time task set, scheduled according to the EDF
policy. Then, they propose a speed scheduling algorithm
under thermal constraints based on a schedulability analysis.
Their algorithm is developed according to an optimal energy-
saving scheduling algorithm [22]. They assume that there is
an energy-aware speed scheduling, and then, update it based
on the temperature constraint.

In what follows, we develop a method for proactive speed
scheduling of periodic FRT systems under the maximum
temperature constraint to minimize the missed jobs. Then in
Section 5, we apply the derived speed schedules in a quasi-
static approach for the case of variable ambient temperature.

3. System Model and Problem Definition

In this section, we explain the processor model including its
thermal behavior, the job model, and some necessary
definitions and lemmas including the problem definition.

3.1. Processor Model

The processor has K active speed modes sy, 1 < k <K (and
equivalently, K voltage levels vy) and one sleep mode Sgjeep-
The processor can dynamically switch between the modes,
namely it has the DVS capability. For this processor, we
assume that the power consumption in an active mode sy,
1 <k <Kis a convex function of the speed, i.e. P(sy) = s*,
a>1, where the processor speed is proportional to the
respective voltage level, namely s o« vy [18]. In this paper,
similar to [6, 14], we assume «a = 3.

The thermal model of the processor is introduced based
on the lumped RC thermal model of Skadron et al. [20], i.e.
based on the existing duality between heat transfer and
electricity transfer in RC circuits. Let P(t) and T(t) ,
respectively, denote the power consumption and temperature

of the processor at time t. Assuming a fixed ambient
temperature T, , then the dynamic behavior of the
temperature is given by:

dT(t)

RC T

+T(t) —RP(D) = amb> (1)
where R and C are respectively the thermal resistance (J/°C)
and capacitance (W/°C). According to this model, if the
processor works in mode sy during time period [t,, t] with an
initial temperature T(t,) at time ty, the final temperature at
time t is given by:

TV = To + (T(t) — To)e %) ()]

where b = é, Ts is the steady-state temperature, and is
calculated as Ty = Py R + Tmp and P, is power consumption
in mode si. To protect the processor from overheating, a
threshold is defined for the temperature, denoted by Tpax-
Due to the reliability purposes, the processor temperature
should not violate T,,y.

3.2. Job Model

We consider independent periodic FRT tasks, which are
scheduled based on an arbitrary non-preemptive scheduling
policy. The least common multiplier of all the task periods is
the hyper-period, denoted by H. It contains the set of n
jobs] ={J;,]2,,Jn}, Where n is calculated as the sum of the
number of instances of all the periodic tasks in the hyper-
period. These jobs are exactly repeated in the next hyper-
periods. Each job J; is represented as (rj, ¢;, D;), where r; and
D; are the job release-time and relative deadline, respectively.
c;, is the execution time of J; at the maximum speed si.

3.3. Thermally Feasible Speed Schedule and
Problem Definition

In the considered system, a speed schedule S within interval
[0, H] determines one speed mode for each job. Assigning
zero as the speed of a job in a speed schedule means that this
job will not be executed at all, and consequently, it will miss
its deadline. This situation occurs if some jobs are to be
thrown away due to the temperature constraints in the
system. More formally, S is defined as a set of (J;, si), where
the pair determines the speed mode s, for job J;.

In this paper, we consider thermally feasible speed
scheduling of a set of periodic FRT jobs according to the
following definitions:

Definition 1. A speed schedule S is said to be locally
thermally feasible (LTF) if for a given initial
temperature Tj,;; as the temperature at start of the hyper-
period, the processor temperature never exceeds Ty,,, along
with that hyper-period.

Definition 2. A speed schedule S is said to be thermally
feasible in the steady state (TFSS) [21] if when the system
which is working under this speed schedule reaches to steady
state, it never violates the temperature constraint Ty,,4. To
determine whether a speed schedule is TFSS or not, Quan et
al. [21] has proposed necessary and sufficient conditions as
follows:

Lemma 1 (Sufficient Condition). If under a LTF speed
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schedule S, temperature Ty at the end of the first hyper-
period is less than or equal to the initial temperature T, of the
hyper-period, i.e. Ty < Ty, then it is also globally feasible
(namely, it is TFSS).

Proof: See [21].

Lemma 2 (Necessary and Sufficient Condition). A speed
schedule S is TFSS if and only if for all time instants
tm € [0, H], the following condition holds:

T(tm) < Tax — (Tgr) €72 (3)
Proof: See [21].

Based on above descriptions, our speed scheduling
problem is defined as follows:
Problem 1. Given an ambient temperature T,,, an initial
temperature T, and a threshold temperature Ty,,y, the
problem is to find a TFSS speed schedule for a set of FRT
jobs ] in a hyper-period of length H which are scheduled by a
non-preemptive scheduling policy on a DVS-enabled
processor, that has the minimum number of missed jobs.

4. Speed Scheduling Under Thermal
Constraint

Our approach to solve Problem 1 consists of two steps. In the
first step, we solve the problem for the first hyper-period.
More precisely, for each number of missed jobs, a speed
schedule will be found (if it exists) that is LTF in the first
hyper-period and has some desired properties. The result of
the first step is a set of LTF schedules. In the second step, a
speed schedule that has the least number of misses
and is TFSS will be selected from this set as the target
schedule.

Section 6.1 describes an optimal algorithm for the first
step, employing a dynamic programming (DP) technique. By
optimality, we mean that if for a given ordered set of jobs
and a minimum number of missed jobs m there exists a LTF
schedule, then this algorithm will certainly find it. Note that
such speed schedule may not be unique and our algorithm
doesn’t find all of them. The second step, which is specified
in Section 6.2, utilizes the results to derive an appropriate
solution for Probleml.

4.1. Optimal Speed Scheduling for the First
Hyper-Period

We present an optimal speed scheduling algorithm based on
dynamic programming (DP) approach to find LTF schedules
for the first hyper-period. This algorithm, which is called
minimum final temperature (MFT) only considers the first
hyper-period and for each number of missed jobs in the first
hyper-period, finds a thermally feasible speed schedule that
has minimum temperature at the end of that hyper-period.
The reason that we are interested in low final temperature is
that if a speed schedule has a quite low final temperature, it
is more likely to satisfy sufficient condition of being TFSS
(Lemma 1) which is the aim of the final algorithm.

MFT is inspired from Zhang [17] where a dynamic
programming algorithm is introduced for scheduling non-
preemptive non-real-time jobs. We will extend their idea to
support jobs with timing constraints.

In order to optimally solve the described problem, we
propose a dynamic programming algorithm with a
3-dimension table. As defined in Section 3, the processor can
operate in either sleep mode or any of K active modes. We
integrate sleep mode in our solution by considering sleep
jobs between active jobs. Thus, we haven = 2n jobs in the
job set J={J1,]2,.,J2n}. Wheniis odd, J; refers to actual
job J41)/2 and when iis even, it refers to a sleep job. For
sleep jobs, we consider K' executing mode, {d,..,dg},
determining the length of sleep job. The length of sleep jobs
specify the sleep time of processor. Speed scheduling for
sleep jobs is equivalent to selecting one of these K' modes.
Note that actual jobs are the only jobs subjected to deadline
misses.

In our dynamic programming approach, we define
T(i,Z, m) as minimum final temperature where i jobs are
executed in exactly Z € {1,2,..,H} time units such that
m € {0,1,2,...,n} jobs of i jobs are missed. In other words
i —m jobs are executed in exactly Z time units. We specify a
recursive relation to find T(i,Z, m). To this aim, we should
consider two situations: i is even, and i is odd.

Ifiis odd, then there exist two cases: the last job (J;) is
missed or it is executed. In the first case, it is assumed that
the last job J; is missed and there is a solution which gives us
a temperature below Ty, With m —1 misses ending to
time Z. We denote this temperature value by Ty,;ss. According
to second case, there are K choices for selecting the speed
level for job J; . However, for each speed level that can be
selected for execution of this job, we should verify that the
deadline of the job is after Z and the job is released
before Z — c;,, where ¢y is the execution time of J; in speed
mode sy. It gives us a set of temperature values (named
as Teye) With at most K elements. For each element of the set
(which is related to one of speed levels, s), we know the
minimum possible temperature to execute i — 1 jobs with m
misses in Z— ¢y unit of time, which is determined in
stepi— 1. We can also easily calculate the temperature rise
(or fall) due to execution ofith job, J;, in cj unit of time
(with speed si). Then the final temperature is obtained by
adding up these two values. Based on these statements, we
define the following recursive relation for T(i, Z, m) where i is
odd.

Texe = {T(i — 1, Z = ci, m) + AT(sy)|
i SZ - Z < Dy, TG = 1,Z — ¢, m) # oo,k € [LK]}
Tiniss = {TG(-1,Zm-1) | < Z}
T(i,Z, m) = Min {t|t € (Texe U Tmiss)» t < Tmax} 4)

In the above formulation, AT(sy) shows temperature rise
(or fall) due to execution of job J; in speed mode si. If no
feasible solution with available speed mode exists which
ends in Z time unit, then we set T(i, Z, m) = «. We also define
Sizm as a speed schedule which results in T(i, Z, m).

Ifiis even, Ty 1S considered as an empty set, because
when we want to schedule sleep jobs, we do not change the
number of misses so far. Consequently, to attain T(i, Z, m) for
sleep jobs, we have:

Texe = {T(—1,Z—d;,m) + AT(d))|
T(i—1,Z—d,m) #x,l€[1,K}
T(i,Z,m) = Min {t|t € Tpye, t < Tpnax} (5)
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/¥ initialization */
1. forZ=0toH
2. T(0,Z,0) = Tinies

3. fori=1ton'

4 forZ=0toH

5. if(Texe == 0)

6 T(i,Z,0) = o

7 else

8 T(i,Z,0) =min {t € Ty}

/* filling the table */

9. fori=1ton'

10. forZ=0t0o H

11. form=1ton

12. T(i,Z, m)=min {t€T U Tpiss}

Figure 1. Construction of table T

The recursive formula (4) and (5) provide a basis for
construction of a 3-dimension table where every cell (i, Z, m)
corresponds to the minimum final temperature when
execution of i jobs is considered in Z time unit and m jobs of
i jobs are missed. Figure 1 shows the incremental
construction of the 3-dimention table. As initial values,
first T(i, Z,0) is filled fori = 1to 2n according to (4), where
for each value of i, Z varies from 1 to H. Then the other cells
are calculated row by row.

Note that for those cells which have not any value, or are
not schedulable, T(i, Z,0) = . Also a frequency table which
is named F with the same size of temperature table T is
constructed to track the speed mode for each job. Each cell in
the frequency table is filled with the speed mode that leads to
the respective temperature at the same cell in the T table.
Therefore, the relative speed schedule for each number of
miss can be achieved by tracking back in the F table from
n'tol.

After filling all cells of table T, for each m, T(n',H, m)
indicates the minimum final temperature that can be achieved
by missing m jobs under temperature constraint. Using
frequency table F, we can find the final speed schedule
Su’ nm+> Which is ended to the cell T(n’,H, m*) in temperature
table. This speed schedule determines the LTF speed
schedule with minimum missed jobs where,

m* = arg Mingemen{T (0, H,m) < Tpnay) (6)

Proof of optimality: Based on the recursive relation (4),
each job can be executed or missed. Suppose it is executed
with one of the K levels of speed modes si. According to
thermal equation (2), the lower initial temperature leads to
lower final temperature at the end of the execution.
Therefore, T(i,Z,m) is minimum when we have minimum
temperature at the initial point T(i — 1, Z- ¢, m). This value is
the minimum temperature when i — 1 jobs are executed in
Z-cj, time unit such that m jobs of i jobs are missed. So
T(i, Z, m) which is the sum of T(i — 1, Z- ¢, m) and AT(sy), is
also minimum. If the job is missed the initial point is equal to
T(i—1,Z, m — 1) which is also minimum. Finally each of

them (execution or miss) that leads to minimum temperature
will be selected as the optimal solution.

4.2. Speed Schedule for Steady State

For each number of misses, the MFT algorithm presents a
LTF speed schedule with minimum final temperature. As
mentioned, a LTF speed schedule is not necessarily TFSS.
Therefore it is needed to check the derived LTF schedules in
order to find one that is TFSS and has minimum number of
missed jobs. The algorithm to achieve a TFSS speed
schedule (named as TFSS_SS) is summarized in figure 2 Let
Sy um- be the LTF speed schedule with m* minimum
number of missed jobs. As described in subsection 3.3,
Lemma 2 provides the necessary and sufficient condition to
predict if a speed schedule which is feasible in the first
hyper-period, is also feasible in steady state or not.

Input: J: Job set, T,mp: ambient temperature,

Tinax: temperature threshold, Tj,;,: initial temperature.
Output: TFSS speed schedule.

TFSS_SS (]' Tinit' Tamb' TMax)

1. MFT({, Tinit> Tamp> Tmax); //both temperature table and
frequency table (TandF) are constructed

2. chk = false;

3. while (chk = false)

4. §'=S, yme //itis derived from F table

5. chk = check_feasibility (§*); // based on Lemma 2
check S*is feasible in the steady state or not

6. if (chk is true )

7. break;

8. else

Im*=m*+1;
10. returnS*

Figure 2. TFSS SS algorithm

Based on Lemma 2, if speed schedule S,y - is feasible
in the steady state the final solution has been found and the
procedure is terminated. Otherwise we should check the
feasibility for the speed schedule with m* + 1 number of
missed jobs. This procedure is repeated until the TFSS speed
schedule is found. It should be noted that the optimality in
the first hyper-period doesn’t necessarily lead to the optimal
solution in the steady state. But Lemma 3 shows the situation
where our MFT algorithm presents the optimal solution in
the steady state.

Lemma 3. Let S*,/ g+ be the TFSS speed schedule with
minimum number of missed jobs, m* (optimal solution in the
steady state). Define Qs . . 8S the initial temperature of a
hyper period in the steady state under schedule S* sy p-. If
MEFT algorithm is run with initial temperature Qs o then
it certainly finds a LTF speed schedule with m* number of
missed jobs which is also TFSS.

Proof: Note that in the steady state the temperature at the end
and beginning of hyper-period is equal. Therefore
for S* v ym+» Ty (final temperature) is equal to Qs /o

Due to optimality of MFT algorithm for the first hyper-
period, if we run MFT with Tj,; = Qs /o it will certainly
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find a LTF speed schedule with m* missed jobs and
minimum final temperature, named Q*. Since we know that
there exists a TFSS speed schedule ( S*, ) with m*
missed jobs and final temperature Qs- , ., therefore Q" <
Qs /e Thus we have a LTF speed schedule with m*
missed jobs, where Tj,;; = Qs e and Ty = Q* < Qs /s
which satisfies the conditions of Lemma 1. Then, it is also
TFSS speed schedule.

To verify Lemma 3, for a specified job set, we have
obtained the optimal speed schedule, S*, in the steady state
through an exhaustive search on all possible speed schedules.
Setting Tn;; With Qg+ (hyper period initial temperature of S*
in steady state) in our MFT algorithm, the optimal result was
obtained, which is as expected on the basis of lemma 3.

5. Quasi-Static Scheduling for Variable
Ambient Temperature

In this section a quasi-static approach is used to manage
variable ambient temperature. Thermal behavior of a speed
schedule is dependent on the ambient temperature; therefore
the ambient temperature variation might make a speed
schedule invalid due to temperature constraint violation. To
deal with such situation, we need to know maximum ambient
temperature in which a speed schedule is valid. In fact, for a
given range of ambient temperature [T/f, TM3X] a list of
TFSS speed schedules is derived based on TFSS_SS, each of
which are valid for the specified sub-interval of ambient
temperature. The above mentioned declared list of speed
schedules is obtained offline using a pseudo-polynomial
algorithm, but an online algorithm is also required to
properly handle transition between speed schedules. To this
aim, we present a heuristic algorithm with low complexity
which is based on DP approach that is presented in Section 6.
Both offline and online phases of our approach are covered
during this.

5.1. Offline Speed Scheduling

We define ambient temperature threshold, denoted by
ATT(S), for a speed schedule S, as the maximum ambient
temperature in which S is valid, i.e. the temperature threshold
Tmax 18 not violated in steady state under S for all ambient
temperatures bellow ATT(S). To this aim, first we propose a
method for calculating ATT(S) for a given speed schedule.
Then, we use this method beside TFSS SS to generate a set
of speed schedules such that for each ambient temperature,
there is one TFSS speed schedule. This set is saved offline
and is used at run time.

To calculate ATT(S), we first need to compute the peak
temperature of S in steady state as a function of ambient
temperature. Suppose that the system is in steady state,
therefore based on (2) we can derive the temperature at the
end of job J; in the steady state as:

T = (21:1 (TSi(l - e‘bti)) e_bpl;i](zi‘ﬂ“tk)) + Toe™Pt @)

where

Tsi = PR + Ty, (8)

and t, is the execution time according to the speed
determined by speed schedule S for jobk, andt=2§=1ti.
Note that in (8), P, is the amount of power consumed by job J;
when it is executed under selected speed schedule. On the
other hand, in the steady state the temperature at the
beginning and end of hyper-period is the same so we
have T,y =T,, which with replacement in (7), the initial
temperature of hyper-period in steady state is obtained by:

b Lﬂ(ﬂc":iﬂ )

Z:l=1 Si( —e_bti) e_ [71
Ty = (T 1 (re_Zzy:'lti) )

Replacing (8) in (9), T, in steady state can be written as a
linear function of T,mp:

b nTTil(Zﬂ;i+1 tk)

3 (R + Ty (1 — ™)) e

To = -
(1 - e‘bz?ﬂt‘)

=a+f Tomp

(10)

Applying relations (8) and (10) to (7), we can write the
temperature at the end of job J; as:
Ty = o + BiTamb (1)

For an ambient temperature Ty, , we define Tyeux =
max (T}) as peak temperature of speed schedule S in steady

state. Assume that for one jsuch as j*, we have Tyeac = Ty
By replacing Tj» with Ty, in(11) which means the peak

Input: [T, TMAY]: range of ambient temperature
variations, | = {J1,/,, ..., Jn}: ajob set, Tpax:
temperature threshold, Tj,;,: initial temperature

Output: SchSet/* a set of TFSS speed schedules for each

specified sub-interval of ambient temperature */

14 — Tmin
L. Ty = Tamb

2. S = TFSS_SSU, Tinit: Toy Trmax)

3. T™ , = ATT(S);

4. SchSet = (TF ., T™ ,,S)}

5.while (T, < TR

6. TP ,=Tm,

7. S=TFSS_SSU, Tinit Tonp» Trmax)

8. m = ATT(S)

9.  SchSet = SchSet U {(T} ,, T ., S)}
10. returnSchSet

Figure 3. High level description of offline algorithm based
on TFSS SS to create a set of TFSS speed schedules for
different ambient temperatures

temperature be equal to maximum threshold temperature, and
solving the equation for T,n, , we can finally
calculate ATT(S) as ATT(S) = (Tpeak — @;)/B;-

Our proposed algorithm to create the set of speed
schedules for different ambient temperatures is summarized
in figure 3. In this algorithm, TM? and TM3X are minimum
and maximum possible ambient temperatures. We start
by TMII then a TFSS speed schedule is derived according to
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TFSS_SS for this ambient temperature (Line 2). After that,
the maximum ambient temperature Ty, in which the
selected speed schedule is valid is calculated (Line 3). Now
the algorithm is repeated for T, to find another TFSS speed
schedule. This process will be repeated until Ty, = Tang.

5.2. Online Speed Schedule Switching

At runtime, whenever T,,, exceeds the ATT(S) of the current
schedule, a speed schedule switching event is triggered.
According to the offline table created by the above
algorithm, the appropriate speed schedule is selected to be
replaced with the current one. Note that in this study it is
assumed that the ambient temperature variation occurs
at the steady state, because the variation of ambient
temperature occurs in a large interval than the system
temperature.

It should be considered that if the ambient temperature
variation occurred within hyper-period (i.e. not exactly at the
end of hyper-period) such that a speed schedule switching is
required, then continuing with the current schedule until the
end of hyper-period may cause the temperature at the end of
current hyper period reaches a value that is not acceptable for
the new speed schedule, resulting in violation of Ty, for
some hyper-periods until the system reaches steady state.
Therefore for each speed schedule S we need to know the
maximum feasible initial temperature, MFIT(S), in which S
could be applied without temperature constraint violation. A
maximum feasible initial temperature is defined as:

MFIT(S) = max {T | running S with initial temperature T does
not violate Tpax)-

According to (7), it is straightforward to obtain MFIT(S)
of a given speed schedule S.

We propose an online heuristic algorithm in order to

bring the processor temperature below MFIT(S) such that
newly selected speed schedule can start to work without
violating temperature constraint. To this aim, we solve the
following problem:
Problem 2. Given a set of FRT jobs ] in a specified time
interval which are scheduled by a non-preemptive scheduling
policy, an ambient temperature T,,p, initial temperature Tj,jq,
a maximum allowable temperature T,,,4, and a desired final
temperature T; find a thermally feasible speed schedule S for
that interval which has minimum missed jobs and satisfies
the following condition:
Thina1(S) < T¢ (12)
where T, (S) is the temperature at the end of time interval
with speed schedule S .

Let S;, be the speed schedule for the first i jobs that
produces minimum final temperature where exactly m jobs
of i jobs are missed during a hyper-period. We denote the
final temperature produced by S; ,, as T(i, m).

If there is not any feasible solution for T(i, m), then we
define it as co. We propose the following recursive formula
to calculate T(i, m):

Texe = {T( — 1, m) + AT(sy)|
r; < ctj_q,cti_g + ¢x < D;, T — 1, m) # %,k € [1,K]}
Tmiss = {TA—1m—-1)| 1; < ctj_4}
T, m) = Min {t|t € Texe U Tmisss t < Trmax}

(13)

where ct; is the completion time of the ith job. It is important
to note that this formula does not produce an optimal result.
However, it is a heuristic approach to calculate a result that
satisfies the desired requirements with a rather low time and
space complexity.

Every cell T(i,m) has an entry of the minimum final
temperature when i jobs are executed and m jobs of i jobs
are missed. For each cell in the table we save the completion
time of the last job and the speed mode that leads to the
respective temperature. So, in addition to temperature table a
frequency table is also constructed with the same dimension.

The table is filled as follow: First all the cells on the
diameter are set as Ty, 1.€.:

Input: SchSet: set of TFSS speed schedules for different
interval of ambient temperatures; Tg,,,-: current
temperature of the system; T,;,,;: new ambient
temperature; [T, TMAX ] range of ambient
temperature variations, J: a job set,

Tinax temperature threshold,

1. finT? ., T ,,S) from SchSet such that T}, <

amb —
Tamb = g:nb-
2. T = MFIT(S)
3. S'=SS_Sw(/,Tamp »TeursTr )
4. Employ S’ until the end of current hyper-period, then
employ S.

Figure 4. High level description of online speed schedule
switching method

T(,1) = Tinit (14)

The first column of the table, T(i,0) that denotes i jobs
are executed without any miss is filled according to formula
(13), then the other cells will be filled row by row.

At last, the frequency table presents several speed
schedules; one for each number of jobs misses. We choose
the speed schedule as a final solution that has a minimum
number of miss and the final temperature at the end of hyper
period be less than or equal to T;. That is, we find Sy -
where
m* = arg Miny, {m |T(n’,m) < T¢} (15)

Then, the system is run under the found speed schedule
for a specified interval, and then the offline computed speed
schedule that is TFSS can be safely utilized. We refer to this
algorithm as SS_Sw which gets a job set, the current system
and ambient temperature and final temperature that should be
reach at the end of current hyper-period, as input. Figure 4
summarizes our online speed schedule switching method.
Steps presented in figure 4 are used when the speed schedule
switching event is triggered in the middle of a hyper-period.
Otherwise, there is no need to use SS_Sw and the current
speed schedule is simply replaced with the appropriate speed
schedule selected from the offline computed table (derived
by method described in figure 3).
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6. Evaluation

In this section, the effectiveness of the proposed algorithm
MEFT, and quasi-static scheduling will be evaluated using a
number of experiments. We compare our algorithm with the
following scheduling algorithms:

e  Non-preemptive EDF (NP-EDF) that runs the tasks
with maximum speed and brings the CPU to sleep
mode if there is no workload. When executing one
task violates the temperature threshold, it is not
executed at all.

e  Reactive two-speed scheduling [12, 13], in which the
processor runs with the maximum processor speed
while there are jobs to execute and the temperature is
below the threshold. If the temperature reaches to the
threshold, the processor works at the equilibrium
speed such that the temperature never exceeds the
threshold. Note that the equilibrium speed is not
necessarily one of the available speed modes.
Therefore we use the nearest available speed mode of
the processor.

In our experiments, we consider a FRT system, where if
one job violates either its temperature or timing constraint,
will not be executed at all and thrown away from the system.

It is considered that the processor has four speed modes,
{0.5, 0.66, 0.83, 1} besides one sleep mode which consumes
no energy. The thermal capacitance is chosen as 140.3 ]/°C
based on the Hotspot simulator and the thermal resistance is
set to 0.7° C/W [17]. Also, the maximum temperature
constraint and the ambient temperature are set as 100°C and
45°C, respectively.

Each experiment is repeated 30 times, each of them is
called a run, and the target measures are evaluated based on
their average values over these runs. It is worth to mention
that MFT algorithm needs the non-preemptive schedule of
the jobs in a job set. So the first step of each experiment is to

generate such schedule, regardless of temperature
constraints. We have employed non-preemptive EDF in this
phase.

There are three sets of experiments with various system
utilization, various initial temperatures and variable ambient
temperature. The target measure is the ratio of missed jobs to
the total jobs in the steady state.

6.1. Scenario 1: Various System Utilizations

In the first scenario, our proposed algorithms are evaluated
according to the miss ratio in the steady state. We assume a
fixed ambient temperature similar to [11] and perform our
experiment for different system utilization. The initial
temperature is set to ambient temperature. System utilization
u is varied from 0.2 to 1 (with steps of 0.2). For each
utilization u, 30 task sets are generated. Task periods and
utilizations are randomly generated according to uniform
distribution. After that the execution time of the task can be
calculated.

Figure 5 shows miss ratio of three speed scheduling
algorithms in the steady state. As it has been illustrated, MFT
works better than the others. Trend of the curves agrees with
the fact that in lower utilizations, the processor will remain
idle most of the times which decreases the temperature.
Thus, reactive two-speed algorithm is the same as MFT in
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utilizations below 0.6 and in higher utilizations we will see

rise in the curves.

Since the NP-EDF has no temperature consideration, it is
not surprising that the miss ratio of this algorithm is
significantly higher than the others.
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Figure 5. Miss ratio of the algorithms in the steady state
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Figure 6. Effect of initial temperature on miss ratio
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Figure 7. Temperature profile of the MFT in the first
two hyper-periods when T,;, = 45 (red line shows the
initial temperature at the start of consecutive hyper-
periods)
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hyper-periods when T,;; =95 (red line shows the initial
temperature at the start of consecutive hyperperiods)

6.2. Scenario 2: Various Initial Temperature

In the second scenario we evaluate the effect of initial
temperature on the miss ratio of jobs. We consider a set of
task sets, with utilization 0.8. The initial temperature is
varied from 45°C to 95°C with step 10°C. As it is shown in
figure 6, increasing the initial temperature generally leads to
decrease in miss ratio of speed schedules and therefore, get a
better performance.

To justify results in figure 6, we consider one job set
from the aforementioned job sets which is scheduled based
on MFT algorithm with two different initial temperatures.
Figure 7 illustrates the temperature behavior in the two first
hyper-periods when T;,;; = 45 and figure 8 shows the same
result when Tj,;; = 95. Based on these figures, for a specified
number of misses, the speed schedule that is achieved with
Tinie = 95°C is TFSS, because it is more conservative since
the temperature is near to the temperature threshold. In
contrast, for the same number of misses, the speed schedule
which is obtained by Tj,;; = 45°C violates the temperature
constraint in the second hyper-period. In fact a low initial
temperature leads to high value of peak temperature in the
first hyper-period. In contrast, with the higher initial
temperature, the scheduling algorithm selects speed levels
leading to smooth temperature variation in the first
hyper-period which can help in achieving a TFSS speed
schedule.

It seems that the initial temperature Ty = Ty, generates
the schedule with minimum number of missed jobs, but it
may not always be true. Based on the job set, for high value
of Ty (close to Tphax), the processor may need to be idle or
execute in a low speed at the beginning of hyper-period in
order to prevent thermal violation. This fact may cause some
jobs miss their deadline, which could be avoided if T, had a
lower value.

6.3. Scenario 3: Variable Ambient Temperature

In this scenario the quasi-static scheduling algorithm is
evaluated which is designed for the variable ambient
temperature. We consider the ambient temperature variation
occurs at the steady state and assume that the ambient
temperature varies with an incremental pattern. We set T/in
and T3¢ as 40°C and 60°C, respectively. In this experiment

the rate of ambient temperature changes is almost every 1200
time units. Figure 9 shows the thermal profile of one job set
with utilization 1, and initial temperature 40°C, under
ambient temperature variation.

Note that, increasing ambient temperature leads to
increasing steady state temperature and therefore, changes
the thermal behavior of current speed schedule. In figure 9
we start with the speed schedule that is determined for T™II.
As it is seen, the speed schedule is valid for several ambient
temperatures until time 5000 where the respective schedule is
not valid for such ambient temperature because if the system
continues this speed schedule, the temperature constraint is
certainly violated. Therefore the algorithm selects another
speed schedule which is valid for the new situation. This
process will be repeated while the ambient temperature
varies.
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Figure 9. Temperature profile of system under ambient
temperature variation

7. Conclusion

In this paper, we have presented a proactive speed scheduling
for periodic FRT systems under the maximum temperature
constraint to minimize the jobs missing their deadlines. To
obtain a thermally feasible speed schedule for the periodic
system, two steps are accomplished. For the first step, we
proposed a temperature-aware algorithm, MFT which are
based on the dynamic programming approach, to achieve
speed schedules that are thermally feasible in the first hyper-
period.

At the second step, the speed schedule that has a
minimum number of missed jobs and is thermally feasible in
the steady state is selected as a final solution. We also
present a quasi-static approach for variable ambient
temperature where a number of speed schedules, each for a
range of ambient temperatures, are generated offline. At
runtime with the temperature variation, the appropriate speed
schedule is selected to be used by the system.

The experimental results demonstrate that our proposed
algorithm effectively reduce the miss ratio measure in high
utilizations comparing to reactive two-speed and NP-EDF
scheduling algorithms.
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