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Abstract In this paper, we study temperature-constrained real-time systems, where
real-time guarantees must be met without exceeding safe temperature levels within
the processor. We give a short review on temperature issues in processors and describe
how speed control can be used to trade off task delays against processor temperature.
In this paper, we describe how traditional worst-case execution scenarios do not apply
in temperature-constrained situations. We develop a delay computation methodology
that can be used in combination with a simple reactive speed control technique, and
show how this simple reactive scheme can decrease the delay of tasks compared with
any constant-speed scheme.

Keywords Speed control · Temperature · Real-time

1 Introduction

In recent years, power density in processors has increased exponentially (Skadron
et al. 2003b). Processors are prone to overheating caused by the large energy
consumption. It is generally assumed that over 50% of electronic failures are
temperature-related, as the circuit reliability is highly dependent on the operating
temperature (Yeh and Chu 2002). Temperature therefore is becoming one of the
major concerns in system design. A variety of techniques are being investigated
for thermal control at design time, for example through appropriate packaging, and
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at run time, through various forms of dynamic thermal management (DTM) (e.g.,
Brooks and Martonosi 2001).

It is expected that packaging-based thermal control solutions (for example im-
provements in airflow,) or active heat dissipation will become increasingly less ef-
fective, due to high peak power of upcoming processors and the extremely high
power density in emerging systems-in-package technologies (Association 2005). In
addition, many high-performance embedded devices have specific packaging require-
ments and generally operate in environments that make the use of appropriate pack-
aging and of active dissipation based schemes impossible.

A number of dynamic thermal management approaches to control the temperature
at run time have been proposed, ranging from clock throttling and clock gating in the
Pentium 4 Series processors (Rotem et al. 2004a; Skadron et al. 2003a) to dynamic
voltage scaling in a variety of modern processors, to various forms of in-chip load
balancing, such as “local gating” (Skadron et al. 2003a) or the selective idling of one
of the cores in the Pentium Core Duo architecture (Gochman et al. 2006).

There is an extensive literature on power management for processors both in
general-purpose and embedded applications. However, the majority of this liter-
ature focuses on power management for the purpose of saving energy, not for
maintaining safe temperature levels (Pillai and Shin 2001; Aydin et al. 2001;
Qadi et al. 2003; Liu and Mok 2003; Saewong and Rajkumar 2003; Quan et al. 2003;
Zhang and Chanson 2005). While energy and temperature are closely related, power
control mechanisms for energy and temperature are quite different. It has been shown
that many energy-saving techniques do not work well in reducing peak temperature
(Skadron et al. 2003a; Bansal et al. 2004; Bansal and Pruhs 2005). This is due to
the fact that energy-aware techniques focus on dealing with the average power con-
sumption while temperature-aware ones focus on handling peak power consumption
(Bansal and Pruhs 2005).

Both in research and practice, dynamic speed scaling1 is one of the major tech-
niques for power management. By dynamically changing the speed of the proces-
sor, speed scaling can control the power in the processor to save energy or reduce
temperature. Many current microprocessors for general-purpose or embedded ap-
plications allow for various forms of dynamic speed scaling (Bansal et al. 2004;
Bansal and Pruhs 2005) for power management.

In this paper, we study temperature-constrained real-time systems. In this kind of
systems, we have two major constraints: delay constraints for jobs and temperature
constraints for the processor. Dynamic speed scaling allows for a trade-off between
these two performance metrics: To meet the delay constraints (or deadlines), we run
the processor at a higher speed; To maintain the safe temperature levels, we run the
process at a lower speed.

The work on dynamic speed scaling techniques to control temperature in real-time
systems was initiated in Bansal et al. (2004) and further investigated in Bansal and
Pruhs (2005). Both Bansal et al. (2004) and Bansal and Pruhs (2005) focus on online
algorithms in real-time systems, where the scheduler learns about a task only at its

1At the risk of overly generalizing, we use the term “dynamic speed scaling” to subsume dynamic voltage
scaling and dynamic frequency scaling.



Real-Time Syst (2008) 39: 73–95 75

release time. In contrast, in our work we assume a periodic-task model. We distin-
guish between proactive and reactive-speed scaling schemes. Whenever the temper-
ature model is known, the scheduler could in principle use a proactive speed-scaling
approach, where—similarly to a non-work-conserving scheduler—resources are pre-
served for future use. In this paper, we limit ourselves to reactive schemes, and pro-
pose a simple reactive-speed scaling technique for the processor, which will be dis-
cussed in Sect. 2. We focus on reactive schemes primarily because several current
Pentium and IBM Power-PC processors support Dynamic Thermal Management in
form of alerts, which can be easily integrated into the ACPI power control framework
(Sanchez et al. 1997; Rotem et al. 2004b).

One of the keys to perform design-time schedulability tests in real-time systems
is critical-instance analysis. Due to the additional temperature constraint, the critical
instance analysis will be different from the traditional one, and we will address this in
Sect. 4. In Sect. 5, we describe a methodology to perform schedulability analysis for
an identical-periodic-task model in real-time systems with reactive-speed scaling. We
measure its performance in Sect. 6. Finally, we conclude our work with final remarks
and give an outlook on future work in Sect. 7.

2 Models

2.1 Thermal model

A wide range of increasingly sophisticated thermal models for integrated circuits
have been proposed in the last few years. Some are comparatively simple, chip-wide
models, such as developed by Dhodapkar et al. (2000) in TEMPEST. Other models,
such as used in hotspot (Skadron et al. 2003a), describe the thermal behavior at the
granularity of architecture-level blocks or below, and so more accurately capture the
effects of hotspots.

In this paper we will be using the popular and very simple chip-wide RC thermal
model (Sergent and Krum 1998) previously used in Bansal et al. (2004), Bansal and
Pruhs (2005), Dhodapkar et al. (2000), Cohen et al. (2003). While this model does
not capture fine-granularity thermal effects, the authors in Skadron et al. (2003a) for
example agree that it is appropriate for the investigation of chip-level techniques,
such as speed-scaling. In addition, existing processors typically have well-defined
hotspots, and accurate placement of sensors alleviates the need for fine-granularity
temperature modeling. The Intel Core Duo processor family, for example, has a
highly accurate digital thermometer placed at the single hotspot of each die, in addi-
tion to a single legacy thermal diode for both cores (Gochman et al. 2006).

We define s(t) as the processor speed (frequency) at time t . Then the input power
P(t) at time t is usually represented as

P(t) = κsα(t), (1)

for some constant κ and α > 1. Usually, it is assumed that α = 3 (Bansal et al. 2004;
Bansal and Pruhs 2005).
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We assume that the ambient has a fixed temperature, and that temperature is scaled
so that the ambient temperature is zero. We define T (t) as the temperature at time t .
We adopt Fourier’s Law as shown in the following formula (Bansal et al. 2004; Bansal
and Pruhs 2005; Cohen et al. 2003):

T ′(t) = P(t)

Cth
− T (t)

RthCth
, (2)

where Rth is the thermal resistance and Cth is the thermal capacitance of the chip.
Applying (1) into (2), we have

T ′(t) = asα(t) − bT (t), (3)

where a and b are positive constants and defined as follows:

a = κ

Cth
, b = 1

RthCth
. (4)

We assume that the temperature at time t0 is T0, i.e., T (t0) = T0. Equation (3) is a
classic linear differential equation, which can be solved as

T (t) =
∫ t

t0

asα(τ )e−b(t−τ)dτ + T0e
−b(t−t0). (5)

We observe that we can always appropriately scale the speed to control the tempera-
ture:

• If we want to keep the temperature constant at a value TC during a time interval
[t0, t1], then for any t ∈ [t0, t1], we set

s(t) =
(

bTC

a

) 1
α

. (6)

• If, on the other hand, we keep the speed constant at s(t) = sC during the same
interval, then the temperature develops as follows:

T (t) = asα
C

b
+

(
T (t0) − asα

C

b

)
e−b(t−t0). (7)

This relation between processor speed and temperature is the basis for any speed
scaling scheme.

More accurate thermal models can be derived from this simple one by more closely
modeling the power dissipation such as the use of active dissipation devices, or by
adding a stochastic component to the input power to model environmental influences
other than CPU speed. The authors of Ferreira et al. (2007), for example, extend the
thermal model described above to handle thermal effects of dish activity in addition to
active dissipation through CPU and case fans. Deterministic extensions to the basic
thermal model (e.g., constant dissipation or active dissipation mechanisms that are
triggered by temperature thresholds can be easily integrated into the RC model, or
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simple extensions of it. Stochastic influences, such as thermal interference in multi-
core systems can be either approximated using the RC model, or may need stochastic
service models, such as Wang et al. (2004). For sake of simplicity in this paper we
focus on the simple RC model, with the understanding that more general models can
be handled through appropriate extension of this work.

2.2 Speed scaling

The goal of temperature control is to maintain the processor temperature within a safe
operating range, and not exceed what we call the highest-temperature threshold TH .
Temperature control must ensure that

T (t) ≤ TH . (8)

Also, the processor speed is limited by some maximum speed sH , i.e.,

0 ≤ s(t) ≤ sH . (9)

Constant-speed scaling A simple speed-scaling technique would consist in having
the processor run at some constant speed such that the temperature never exceeds the
threshold TH . In other words, we set s(t) = sC , where sC is constant. By Fourier’s
Law as expressed in (2), the temperature will first increase at the rate T ′(t) = asα

C −
bT (t) > 0 until T ′(t) = asα

C − bT (t) = 0. At this point, some maximal temperature
TM (not necessarily TH ) is reached, and the temperature will remain constant from

then on. For a given maximal temperature TM , we have sC = ( b
a
TM)

1
α . In our system,

we have to ensure that the temperature stays within a safe range, that is, TM ≤ TH

always holds. This bounds sC as follows: sC ≤ ( b
a
TH )

1
α . If we pick TM = TH , then

we define the equilibrium speed sE such that

sE =
(

b

a
TH

) 1
α

. (10)

We also assume that sE ≤ sH (otherwise the processor will never run fast enough to
hit TH , and temperature is not an issue any more). The speed sE is the maximum
speed for constant-speed scaling that maintains the temperature within the safe oper-
ating range.

Reactive-speed scaling The primary disadvantage of constant-speed scaling is that
the scheme does not take advantage of the power dissipation during idle times. A bet-
ter scheme would make use of periods where the processor is “cool”, typically after
idle periods, to dynamically scale the speed and temporarily execute tasks at speeds
higher than the speed sC in the constant-speed scaling. As a result, dynamic speed
scaling would be used to improve the overall processor utilization. Any dynamic
speed scaling algorithm would have to (a) be supported by existing power control
frameworks, such as ACPI and (b) lead to tractable design-time analysis. We there-
fore use the following reactive speed scaling technique:
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The processor will run at maximum speed sH when there is backlogged work-
load and the temperature is below the threshold TH . Otherwise, the processor
speed is scaled as follows: Whenever the backlogged workload is empty, the
processor idles (runs at the zero speed); Whenever the temperature hits TH , the
processor will run at the equilibrium speed sE , which is defined in (10).

If we define W(t) as the backlogged workload at time t , the speed scaling scheme
described before can be expressed using the following formula:

s(t) =

⎧⎪⎨
⎪⎩

sH , (W(t) > 0) ∧ (T (t) < TH ),

sE, (W(t) > 0) ∧ (T (t) = TH ),

0, W(t) = 0.

(11)

It is easy to show that in any case the temperature never exceeds the threshold
TH . By running the processor at maximum speed, we aim to improve the processor
utilization compared with constant-speed scaling. The reactive-speed scaling is very
simple: whenever the temperature reaches the threshold, an event is triggered by the
thermal monitor, and the system throttles the processor speed.

In this paper, we will analyze the effectiveness of reactive-speed scaling and use
constant-speed scaling as the baseline for performance comparison.

2.3 Task model and scheduler

We consider a set of periodic tasks {�i : i = 1,2, . . . , n}, where task �i = (Pi,Ci)

has a minimum interval Pi between jobs and each job requires Ci processor cycles
to complete in the worst case. Figure 1 shows an example of a single periodic task
system that uses reactive-speed scaling.

In order to perform design-time schedulability tests, we need to determine the
worst-case delay (also called the worst-case response time) for jobs in tasks. This
requires us to first identify the worst-case arrival pattern, also called the critical in-
stance. Due to the additional temperature constraint, the analysis of the critical in-
stance is different from the traditional case. In the following section, we describe
how processor temperature affects the critical instance in general, and how the criti-
cal instance can be determined for the case of reactive-speed scaling.

Fig. 1 Illustration of a periodic
task with reactive-speed scaling
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Fig. 2 Temperature effect

3 Important lemmas

The difficulty for delay analysis in a system with reactive-speed scaling lies in the
speed of the processor not being constant. Moreover the changes in processing speed
are triggered by the thermal behavior, which follows (7). As a result, as we will show,
simple busy-period analysis does not work.

The following two lemmas show how the change of temperature, job arrival, and
job execution will affect the temperature at a later time or the delay of a later job.

Lemma 1 In a system under reactive-speed scaling, given a instance t , we consider
a job with a release time tr and a completion time tf such that tr < t and tf < t .
We assume that the processor is idle during [tf , t]. If we take either of the following
actions as shown in Fig. 2:

• Action A: Increase the temperature at time t0 (t0 ≤ tr ) such that the job has the
same release time tr but a new completion time t∗f satisfying t∗f < t ;

• Action B: Increase the processor cycles for this job such that the job has the same
release time tr but a new completion time t∗f satisfying t∗f < t ;

• Action C: Delay the job to have a new release time t∗r and a new completion time
t∗r satisfying tr < t∗r < t and tf < t∗f < t ,

then we have Tt ≤ T ∗
t , where Tt and T ∗

t are the temperatures at time t in the original
and the modified scenarios respectively.

Proof For Actions A and B, it is not hard to prove that tf ≤ t∗f and T (tf ) ≤ T ∗(t∗f )

when we increase the temperature at time tr from Tr to T ∗
r in Action A or we increase

the processor cycles of this job from C to C∗ in Action B. Therefore, Tt ≤ T ∗
t . We

skip the details here.
For Action C we delay the job to have release time t∗r and completion time t∗f

such that tr < t∗r < t and tf < t∗f < t . We assume a fixed temperature T (tr ) at tr .
Considering when the temperature will hit TH , we find four cases:
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Case 1: The temperature will hit TH neither during [t∗r , t∗f ] for the job-delayed
scenario nor during [tr , tf ] for the original scenario. For the job-delayed scenario,
we have2

T (t∗r ) = T (tr )e
−b(t∗r −tr ), (12)

T (t∗f ) = asα
H

b
(1 − e

−b(t∗f −t∗r )
) + T (t∗r )e

−b(t∗f −t∗r )
, (13)

T ∗
t = T (t∗f )e

−b(t−t∗f )
. (14)

Hence,

T ∗
t = asα

H

b
(1 − e

−b(t∗f −t∗r )
)e

−b(t−t∗f ) + T (tr )e
−b(t−tr ). (15)

Similarly, for the original scenario, we have

Tt = asα
H

b
(1 − e−b(tf −tr ))e−b(t−tf ) + T (tr )e

−b(t−tr ). (16)

Now we are ready to compare T ∗
t and Tt . In this case, t∗f − t∗r = tf − tr = C

sH
be-

cause the temperature will neither hit TH during the job execution in both scenarios.
Furthermore since tr ≤ t∗r , we have tf ≤ t∗f . Therefore, with all of these conditions,
by (15) and (16), we conclude that Tt ≤ T ∗

t for this case.

Case 2: The temperature will hit TH at t∗H during [t∗r , t∗f ] for the job-delayed sce-
nario and also hit TH in [tr , tf ] for the original scenario. For the job-delayed sce-
nario, we have

T (t∗r ) = T (tr )e
−b(t∗r −tr ), (17)

T (t∗H ) = asα
H

b
(1 − e−b(t∗H −t∗r )) + T (t∗r )e−b(t∗H −t∗r ) (18)

= TH , (19)

T (t∗f ) = TH , (20)

T ∗
t = T (t∗f )e

−b(t−t∗f )
. (21)

Hence,

t∗H = −1

b
ln

TH − asα
H

b

T (tr )ebtr − asα
H

b
ebt∗r

. (22)

Since C = sH (t∗H − t∗r ) + sE(t∗f − t∗H ) is fixed, we have

t∗f = C

sE
+ sH

sE
t∗r −

(
sH

sE
− 1

)
t∗H . (23)

2In the following, the temperature calculation is based on (7).
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By (21), (22), and (23), we have

T ∗
t = TH e

−b(t− C
sE

− sH
sE

t∗r )
(

TH − asα
H

b

T (tr )ebtr − asα
H

b
ebt∗r

) sH
sE

−1

. (24)

Similarly, for the original scenario, we have

Tt = TH e
−b(t− C

sE
− sH

sE
tr )

(
TH − asα

H

b

T (tr )ebtr − asα
H

b
ebtr

) sH
sE

−1

. (25)

Since tr ≤ t∗r , by (24) and (25), we conclude that Tt ≤ T ∗
t for this case.

Case 3: The temperature will not hit TH during [t∗r , t∗f ] for the job-delayed scenario
but hit TH in [tr , tf ] for the original scenario. In this case, we introduce a transition
scenario that the job is executed during [t∗∗

r , t∗∗
f ], where tr ≤ t∗∗

r ≤ t∗r , tf ≤ t∗∗
f ≤ t∗f ,

and the temperature hits TH just at t∗∗
f . The existence of this scenario is obvious. We

define T ∗∗
t as the temperature at t in this transition scenario.

Since the temperature will hit TH at the boundary t∗∗
f in the transition scenario, we

can treat it as the scenario that the temperature will hit TH either during the execution
time or after the execution time. Therefore, we can apply the temperature analysis in
either Case 1 or Case 2 to this scenario.

• First, we compare the original scenario with the transition scenario. We apply the
temperature analysis in Case 2 to both scenarios. Following the result of Case 2,
we have

Tt ≤ T ∗∗
t . (26)

• Second, we compare the transition scenario with the job-delayed scenario. We ap-
ply the temperature analysis in Case 1 to both scenarios. Following the result of
Case 1, we have

T ∗∗
t ≤ T ∗

t . (27)

Therefore, by (26) and (27), we conclude that Tt ≤ T ∗
t for this case.

Case 4: The temperature will hit TH during [t∗r , t∗f ] for the job-delayed scenario
but not hit TH during [tr , tf ] for the original scenario. Since tr ≤ t∗r , by (17), we
have Tr ≥ T ∗

r . It is impossible to hit TH during [t∗r , t∗f ] and not hit TH during [tr , tf ].
This case will never happen.

In all possible cases, we conclude that Tt ≤ T ∗
t . �

Lemma 2 In a system under reactive-speed scaling, we consider two jobs Jk’s (k =
1,2), each of which has a release time tk,r and the completion time tk,f . We assume
t1,f < t2,f . If we take either of the following actions as shown in Fig. 3, each of which
does not delay the release time t2r of Job J2:

• Action A: Increase the temperature at t0 (t0 ≤ t2,r ) such that Job J2 has a new
completion time t∗2,f ;
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Fig. 3 Delay effect

Fig. 4 8 cases for delaying job

• Action B: Increase the processor cycles of Job J1 such that Job Jk (k = 1,2) has a
new completion time t∗k,f ;

• Action C: Delay Job J1 such that Job J1 has a new release time t∗1,r and a new
completion time t∗1,f , and Job J2 has a new completion time t∗2,f satisfying t1,r ≤
t∗1,r and t∗1,f ≤ t∗2,f ,

then t2,f ≤ t∗2,f , i.e., the completion time of Job J2 (or the delay of Job J2) after the
action does not decrease.

Proof For the first two actions (increasing the temperature at t0 or the processor cy-
cles of Job J1), we can follow a similar analysis as in the proof of Lemma 1. In the
following, we will focus on the last action, i.e., delaying Job J1.

We consider 8 cases as shown in Fig. 4. We define t
(i)
k,r and t

(i)
k,f as the release

time and completion time for Job Jk , k = 1,2 in Case i, i = 1,2, . . . ,8. Define
d

(i)
2 as the delay of Job J2 in Case i, i = 1,2, . . . ,8. We find that the original case

and the job-delayed case will be Cases i and Cases j in Fig. 4 respectively, where
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1 ≤ i < j ≤ 8. If we can prove that t
(i)
2,f ≤ t

(i+1)
2,f for i = 1,2, . . . ,7, then t

(i)
2,f ≤ t

(j)

2,f

for 1 ≤ i < j ≤ 8.

Case 1 vs. Case 2: By Lemma 1, the temperature at time t2,r will increase. It is not
hard to prove that the delay of Job J2 will increase after the job delaying. Therefore
we have t

(1)
2,f ≤ t

(2)
2,f .

Case 4 vs. Case 5: Define Ck as the processor cycles for Jobs Jk , k = 1,2. If the
processor does not hit TH during the execution of Jobs J1 and J2 for Case i, i = 4,5,
then

t
(i)
2,f − t

(i)
1,r = C1 + C2

sH
. (28)

Otherwise

t
(i)
2,f − t

(i)
1,r = C1 + C2

sE
− 1

b

(
sH

sE
− 1

)
ln

(
sH
sE

)α − T
(i)
2,f

TH(
sH
sE

)α − 1
, (29)

where T
(i)
2,f = T (t

(i)
2,f ). We have the following combination scenarios:

• The processor does not hit TH for both Cases 4 and 5, then by (28), we have

t
(4)
2,f − t

(4)
1,r = t

(5)
2,f − t

(5)
1,r . (30)

Since t
(4)
1,r > t

(5)
1,r , then t

(4)
2,f < t

(5)
2,f .

• The processor hits TH for both Cases 4 and 5, then by (29), we have

(t
(5)
2,f − t

(4)
2,f ) − (t

(5)
1,r − t

(4)
1,r ) = −1

b

(
sH

sE
− 1

)
ln

(
sH
sE

)α − T
(5)
2,f

TH(
sH
sE

)α − T
(4)
2,f

TH

. (31)

Define ε = t
(5)
1,r − t

(4)
1,r and T0 = T

(4)
2,f , then T

(5)
2,f = T0e

−bε . Hence

t
(5)
2,f − t

(4)
2,f = ε − 1

b

(
sH

sE
− 1

)
ln

(
sH
sE

)α − T0
TH

e−bε

(
sH
sE

)α − T0
TH

, (32)

≥ ε − ε

sH
sE

− 1
TH

T0

(
sH
sE

)α − 1
, (33)

≥ 0. (34)

Therefore, t
(4)
2,f ≤ t

(5)
2,f .

• The processor hits TH for Case 4, but not for Case 5, then we introduce a transition
Case 4.5, where the processor hits TH at the completion time of Job J2. By the
previous analysis, we have t

(4)
2,f ≤ t

(4.5)
2,f and t

(4.5)
2,f < t

(5)
2,f . Therefore, t

(4)
2,f < t

(5)
2,f .
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• The processor hits TH for Case 5, but not for Case 4. Since the temperature at t
(4)
1,r

for Case 4 is higher than the one at t
(5)
1,r for Case 5, It is impossible to hit TH for

Case 5 but not for Case 4. This scenario will never happen.

Case 7 vs. Case 8: The temperature at time t2,r the execution processor cycles dur-
ing the execution of the two aggregated jobs will not change for both cases. Therefore,
we have t

(1)
2,f = t

(2)
2,f .

Case 2 vs. Case 3: Since Case 3 is a special case of Case 1 or 2, we follow the same
proof as shown in Case 1 vs. Case 2. Therefore we have t

(2)
2,f ≤ t

(3)
2,f .

Case 3 vs. Case 4: Since Case 3 is a special case of Case 4 or 5, we follow the same
proof as shown in Case 4 vs. Case 5. Therefore we have t

(3)
2,f ≤ t

(4)
2,f .

Case 5 vs. Case 6: Since Case 6 is a special case of Case 4 or 5, we follow the same
proof as shown in Case 4 vs. Case 5. Therefore we have t

(5)
2,f ≤ t

(6)
2,f .

Case 6 vs. Case 7: Since Case 6 is a special case of Case 7 or 8, we follow the same
proof as shown in Case 7 vs. Case 8. Therefore we have t

(6)
2,f = t

(7)
2,f .

Therefore, in any case, we have t
(i)
2,f ≤ t

(i+1)
2,f . Hence t

(i)
2,f ≤ t

(j)

2,f for 1 ≤ i < j ≤ 8,
i.e., the completion time of Job J2 (or the delay of Job J2) after the action does not
decrease.

In the proof above, although we assume there are no other jobs between J1 and
J2, the lemma still holds for any number of jobs. In the multiple-job case, we split the
interval into multiple sub-intervals such that each sub-interval includes only two jobs.
For each sub-interval, by Lemma 1, any of three actions will increase the temperature
at the end of the sub-interval. Iteratively, by Lemma 2, the delay of the last job will
be longer. �

Here we summarize the three actions defined in the above two lemmas as follows:

• Action A: Increase the temperature at some instances;
• Action B: Increase the processor cycles of some jobs;
• Action C: Delay some jobs to a later time.

By the lemmas, with either of the above three actions, we can increase the temperature
at a later time and the delay of the later job.

The above two lemmas together with the three actions are important to our de-
lay analysis under reactive-speed scaling, which will be our focus in the next three
sections.

4 Critical instance

A critical instance of a task �i is an instance which is such that the job in �i released
at the instance has the maximum response time of all jobs in �i (Liu 2000). In a fully
preemptable system with reactive-speed scaling, we notice that there are two factors
that affect the critical instance:
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• How many high-priority jobs will preempt this job? This is same as in the tradi-
tional critical-instance analysis.

• What is the temperature at this instance? With any speed scaling, once the temper-
ature hits the threshold, the speed will drop to no higher than the equilibrium one.
Therefore, the response time of a job is affected by the temperature at its arrival.
The higher the temperature at this instance, the longer the response time.

Therefore, our goal in the critical-instance analysis is to obtain the worst-case pre-
emption from the high-priority tasks and the maximal temperature at this instance.
In the following, we will base on traditional critical-instance analysis to derive the
critical instance in the temperature-constrained case.

In traditional critical-instance analysis in systems without blocking, the critical
instance of a task �i occurs when one of its job, say Ji,c, is released at the same time
ri,c with a job of every higher-priority task. In a temperature-constrained system, we
must consider not only the worst-case preemption by the high-priority tasks, but also
the worst-case temperature at this instance, which is caused by the jobs of all tasks
before this instance.

We consider the maximum busy interval � beginning with the critical instance for
all tasks in a traditional real-time system without blocking. Based on this maximum
busy interval �, we can obtain the critical instance in our temperature-constrained
real-time system as described in the following theorem:

Theorem 1 Assume that the tasks in a task system are phased so that the last job of
each task during the busy interval � is completed a sufficiently-small time interval
ε before the completion time of the last job of the next lower-priority task during
the busy interval �. The release time of the first job of each task during � will be a
critical instance when the temperature at the beginning of � is maximized.

The time interval of length ε is used to preempt the low-priority tasks as late as
possible. The execution time for this short part of the job can be neglected. Figure 5
shows an example of a critical instance for a three-task system in both the traditional
and a temperature-constrained real-time system.

Proof In the sketch of the proof, we make use of Lemmas 1 and 2. If we delay
a task such that its last job during the busy interval � is completed a sufficiently-
small ε time unit before the completion time of the last job of its next higher-priority
during the busy interval �, then we will not change the worst-case preemption by
the high-priority tasks. However, with the delayed task, more jobs should be pushed
forward before the critical instance of each task. Then by Lemmas 1 and 2, the initial
temperature will be raised. The release time of the first job of each task during � will
be a critical instance when the temperature at the beginning of � is maximized. �

5 Identical-periodic tasks

In this paper, we consider a set of identical-period tasks {�i : i = 1,2, . . . , n}, where
�i = (P,Ci). We adopt a fixed-priority scheduling scheme, and �i is assigned prior-
ity i (the smaller the index, the higher the priority).
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Fig. 5 Illustration of a critical instance

In order to perform the schedulability test, we first consider the critical instance for
each task. Figure 6 shows an example of the critical instance for Task �2 in a three-
task-identical-period system. By Theorem 1, the jobs of lower-priority tasks arrive
first during a busy interval. We can form a single-task system, which has a periodic
task with period P and processor cycles C = ∑n

i=1 Ci for each job.

5.1 Temperature computation

First, we compute the temperature at the release time of each job of the new single-
task system. We assume the temperature will hit TH sometime (otherwise, the case at
hand is not interesting).

As shown in Fig. 7, we consider a job Jk with a release time tk,r and completion
time tk,f . The temperature will hit TH at time tk,H . First we obtain the instance
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Fig. 6 Illustration of identical periodic tasks

Fig. 7 Illustration of a periodic task under reactive-speed scaling

formulas for tk,r , tk,H , and tk,f :3

tk,r = kP, (35)

tk,H = 1

b
ln

asα
H

b
− Tk,r

asα
H

b
− Tk,H

+ tk,r , (36)

tk,f = sH

sE

(
tk,r + C

sH

)
−

(
sH

sE
− 1

)
tk,H . (37)

Then we obtain the temperature at each instance as follows:

Tk,r = Tk−1,f e−b(tk,r−tk−1,f ), (38)

Tk,H = TH , (39)

Tk,f = TH . (40)

3In the following equation, for simplicity, we denote Tx,y = T (tx,y).
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Based on the above formulas, we define four time intervals

πk,rH = tk,H − tk,r = 1

b
ln

asα
H

b
− Tk,r

asα
H

b
− TH

, (41)

πk,Hf = tk,f − tk,H = sH

sE

(
C

sH
− πk,rH

)
, (42)

πk,rf = tk,f − tk,r = C

sE
+

(
1 − sH

sE

)
πk,rH , (43)

πk−1,f r = tk,r − tk−1,f =
(

P − C

sE

)
+ 1

b

(
sH

sE
− 1

)
ln

asα
H

b
− Tk−1,r

asα
H

b
− TH

. (44)

By (38), (44), and TH = asα
E

b
, we have

Tk,r

TH

=
(

( sH
sE

)α − Tk−1,r

TH

( sH
sE

)α − 1

)1− sH
sE

exp

(
−b

(
P − C

sE

))
. (45)

Then,

Tk−1,r

Tk,r

=
(

( sH
sE

)α − Tk−2,r

TH

( sH
sE

)α − Tk−1,r

TH

)1− sH
sE

. (46)

It is easy to show that if Tk−2,r ≤ Tk−1,r , then Tk−1,r ≤ Tk,r . Also we know T (2, r) ≥
T (1, r) ≥ T (0, r) = 0. Therefore, by induction, Tk,r is increasing in terms of k.

Next, we want to obtain limk→∞ Tk,r by (45), which is the maximum of all Tk,r ’s.
As k → ∞, we have the fix point T ∗ = limk→∞ Tk,r by the following equation

T ∗

TH

=
(

( sH
sE

)α − T ∗
TH

( sH
sE

)α − 1

)1− sH
sE

exp

(
−b

(
P − 1

sE

n∑
i=1

Ci

))
. (47)

Figure 8 shows the relationship between T ∗
TH

and P , where T ∗ is obtained as the fixed

point by (47): As P increases, T ∗
TH

decreases.
Now, we go back to the original identical-period task set. We want to obtain the

temperature at the critical instance of each original task. Recall that T ∗ is the maxi-
mum temperature at the beginning of a busy period, which can be used to solve this
problem as shown in the following lemma:

Lemma 3 Let T ∗
i denote the temperature at the critical instance of task �i , then

T ∗
i

TH

can be expressed by the following formula:

T ∗
i

TH

= min

{
1,

(
sH

sE

)α

+
(

T ∗

TH

−
(

sH

sE

)α)
e
− b

sH

∑
j>i Cj

}
. (48)
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Fig. 8 α = 3, a = b = 1,

sH
sE

= 1.5,
C
sH
P

= 0.5

Proof At the critical instance ri,c , the jobs of lower-priority task will be aligned back-
to-back before ri,c . Considering when the temperature hit TH , we have two cases:

• If the temperature does not hit TH at ri,c , i.e., T ∗
i < TH , then by (7), we have

T ∗
i = asα

H

b
+

(
T ∗ − asα

H

b

)
e
− b

sH

∑
j>i Cj . (49)

By (10), we have

T ∗
i

TH

=
(

sH

sE

)α

+
(

T ∗

TH

−
(

sH

sE

)α)
e
− b

sH

∑
j>i Cj . (50)

Furthermore, together with T ∗
i < TH , we have

(
sH

sE

)α

+
(

T ∗

TH

−
(

sH

sE

)α)
e
− b

sH

∑
j>i Cj < 1. (51)

Hence

T ∗

TH

<

(
sH

sE

)α

+
(

1 −
(

sH

sE

)α)
e

b
sH

∑
j>i Cj . (52)

• If the temperature hit TH before ri,c, then we have T ∗
i = TH .

This proves the lemma. �

5.2 Delay computation

Now we are ready to compute the worst-case delay (or response time) for each task.
We consider the response time di,c for the instance Ji,c. If T ∗

i = TH , we have

di,c = 1

sE

∑
j≤i

Cj . (53)
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Otherwise

di,c = lim
k→∞πk,rf − 1

sH

∑
j>i

Cj . (54)

By (38), we have

lim
k→∞πk,rf = P − lim

k→∞(tk,r − tk−1,f ) (55)

= P + 1

b
lim

k→∞ ln
Tk,r

TH

(56)

= P + 1

b
ln

T ∗

TH

. (57)

The above analysis gives rise to the following theorem, which bounds the worst-case
delay:

Theorem 2 The worst-case delay dRSS
i experienced by a job in task �i under

reactive-speed scaling can be bounded as follows:

• If T ∗
TH

< ( sH
sE

)α + (1 − ( sH
sE

)α)e
b

sH

∑
j>i Cj , then

dRSS
i ≤ P + 1

b
ln

T ∗

TH

− 1

sH

∑
j>i

Cj ; (58)

• Otherwise

dRSS
i ≤ 1

sE

∑
j≤i

Cj . (59)

In comparison, for the constant-speed scaling technique, it is easy to show that the
worst-case delay dSSS

i experienced by a job in task �i can be bounded as

dSSS
i ≤ 1

sE

∑
j≤i

Cj . (60)

Corollary 1 If the deadline of task Di = δP , where 0 < δ ≤ 1, then under reactive-
speed scaling we have the worst-case delay d for any job in all n tasks bounded as
follows:

dRSS ≤ P + 1

b
ln

T ∗

TH

, (61)

when 1
sE

∑n
i=1 Ci ≤ P .
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Proof Since task �n will experience the maximum delay, we have dRSS = dRSS
n . Then

by Theorem 2, we have

dRSS ≤
{

P + 1
b

ln T ∗
TH

, T ∗
TH

< 1
1
sE

∑
i≤n Ci,

T ∗
TH

= 1
(62)

By (47), T ∗
TH

< 1 means 1
sE

∑
i≤n Ci < P and T ∗

TH
= 1 means 1

sE

∑
i≤n Ci = P . Then

the corollary is proved. �

5.3 Utilization computation

Furthermore, if we define the processor utilization as U = ∑n
i=1

Ci
sH

P
, then we have

the following corollary:

Corollary 2 If the deadline of task Di = δP , where 0 < δ ≤ 1, then the maximum
schedulable utilization URSS for the tasks under reactive-speed scaling can be ex-
pressed as

URSS = sE

sH
ξ, (63)

where

ξ = min

{
1, δ +

(
sH

sE
− 1

)
1

bP
ln

(
( sH

sE
)α − e−b(1−δ)P

( sH
sE

)α − 1

)}
. (64)

Proof By Corollary 1, we have two constraints:

• 1
sE

∑n
i=1 Ci ≤ P . Hence by the definition of utilization we have

U ≤ sE

sH
, (65)

• dRSS ≤ Di . Hence we have P + 1
b

ln T ∗
TH

≤ δP , i.e.,

T ∗

TH

≤ e−b(1−δ)P . (66)

By the formula of T ∗
TH

defined in (47), the above inequality can be written as

1

sE

n∑
i=1

Ci ≤ δP + 1

b

(
sH

sE
− 1

)
ln

(
( sH

sE
)α − e−b(1−δ)P

( sH
sE

)α − 1

)
. (67)

Therefore,

U ≤ sE

sH
δ + sE

sH

(
sH

sE
− 1

)
1

bP
ln

(
( sH

sE
)α − e−b(1−δ)P

( sH
sE

)α − 1

)
. (68)
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By (65) and (68), if we define ξ as (64), the corollary is proved. �

It is easy to show that under constant-speed scaling we have

1

sE

n∑
i=1

Ci ≤ δP . (69)

The maximum schedulable utilization USSS for the tasks under constant-speed scaling
can be expressed as

USSS = sE

sH
δ. (70)

Therefore, as δ < 1 and T ∗ < TH , the maximum schedulable utilization for the
tasks under reactive-speed scaling is larger than the one under constant-speed scaling.

6 Performance evaluation

In this section, we compare the performance of reactive-speed scaling with that of
constant-speed scaling based on the theoretical results from Sect. 5. We use the max-
imum schedulable utilization (MSU) as the performance metric.

In our evaluation, we set α = 3 and a = b = 1. By Corollary 2, we know that
the MSU depends on δ, P , and sE

sH
. In the following, we fix two of these parameters

and measure how the MSU is affected by the other parameters. In each setting, we
measure both constant-speed scaling and reactive-speed scaling. Figure 9 shows all
the performance results. We notice that in all cases reactive-speed scaling achieves a
higher MSU than constant-speed scaling. In the following, we explain the details of
our results for each setting.

MSU vs. deadline ratio δ: We measure how the deadline constraint affects the MSU.
We set P = 0.1 and sE

sH
= 0.8. We vary δ from 0 to 1. When δ is smaller, URSS is

much higher than USSS. This is because smaller δ’s give rise to more idle time, which
results in lower temperature at the beginning of the next busy period. Therefore the
processor can run at the full speed for a longer duration under reactive-speed scaling,
i.e., the processor can achieve higher MSU. When δ = 1, reactive-speed scaling is no
better than constant-speed scaling.

MSU vs. period P : We measure how the value of period affects the MSU. We set
δ = 0.3 and sE

sH
= 0.8. We vary P from 0 to 2. When P is smaller, URSS is higher than

USSS. With smaller P , the workload will be smooth (not bursty), and the processor
will tend to not heat up as much as for more bursty workload.

MSU vs. speed ratio sE
sH

: We measure how the ratio between the equilibrium and
maximum speed affects the MSU. We set P = 0.1 and δ = 0.3. We vary sE

sH
from 0

to 1. The MSU is not monotonically changing with the speed ratio sE
sH

under reactive-
speed scaling. For low speed ratios the maximum speed causes the processor to heat
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Fig. 9 Evaluation of maximum
schedulable utilization

up very quickly, and so has little benefit. On the other hand, when sH = sE , there is
no benefit in using dynamic speed scaling.

7 Conclusion and future work

It is a well-known problem that increased per-node computation capabilities come
at the cost of power, and power dissipation is particularly critical in dense packag-
ing environments encountered in many critical systems. In this paper we describe a
model for temperature-aware computation in real-time systems that is based on speed
scaling. We describe a simple reactive speed-scaling scheme, which could easily be
implemented using the thermal management facilities on many currently available
microprocessors. We show how schedulability analysis schemes for traditional envi-
ronments can be extended to account for speed scaling.

The current work needs to be extended in a number of directions, primar-
ily schedulability analysis for more general task sets and proactive speed scaling
schemes. What is the critical-instance test for arbitrary-period task sets? Since the
critical instance depends both on the interference by higher-priority tasks and the
temperature at the critical instant, we must describe the location of busy intervals
before the critical instant so as to maximize the response time. In Wang and Bettati
(2006), for example, we approximate task arrivals using so called arrival-bounding



94 Real-Time Syst (2008) 39: 73–95

function and apply techniques borrowed from network calculus (Boudec and Thiran
2001) to upper-bound the thermal effect of workload before the critical instant.

Proactive speed scaling schemes come in a variety of ways. For example, the max-
imum speed can be defined per task, with low-priority tasks being assigned low maxi-
mum speeds. At this point we need to better understand the criteria needed to allocate
speeds to tasks.

Acknowledgements This work is being funded by the University of Michigan under a Reckham Faculty
Research Grant and the National Science Foundation under Grant CNS-0509483.

References

Association SI (2005) International technology roadmap for semiconductors. http://public.itrs.net
Aydin H, Melhem R, Mossé D, Alvarez PM (2001) Dynamic and aggressive scheduling techniques for

power-aware real-time systems. In: Proceedings of IEEE real-time systems symposium, London,
UK, December 2001

Bansal N, Pruhs K (2005) Speed scaling to manage temperature. In: Proceedings of symposium on theo-
retical aspects of computer science, Stuttgart, Germany, February 2005

Bansal N, Kimbrel T, Pruhs K (2004) Dynamic speed scaling to manage energy and temperature. In:
Proceedings of IEEE symposium on foundations of computer science, Rome, Italy, October 2004

Boudec JYL, Thiran P (2001) Network calculus: A theory of deterministic queuing systems for the Inter-
net. Springer, New York

Brooks D, Martonosi M (2001) Dynamic thermal management for high-performance microprocessors. In:
Proceedings of international symposium on high-performance computer architecture, Nuevo Leone,
Mexico, January 2001

Cohen A, Finkelstein L, Mendelson A, Ronen R, Rudoy D (2003) On estimating optimal performance of
cpu dynamic thermal management. Comput Architecture Lett 2(1):6

Dhodapkar A, Lim C, Cai G, Daasch W (2000) Tempest: A thermal enabled multi-model
power/performance estimator. In: Proceedings of workshop on power-aware computer systems, Cam-
bridge, MA, November 2000

Ferreira A, Mosse D, Oh J (2007) Thermal faults modeling using a rc model with an application to web
farms. In: Proceedings of the 19th euromicro conference on real-time systems (ECRTS 07), Pisa,
Italy

Gochman S, Mendelson A, Naveh A, Rotem E (2006) Introduction to intel core duo processor architecture.
Intel Technol J 10(2):89–97

Liu J (2000) Real-time systems. Prentice Hall, New Jersey
Liu Y, Mok AK (2003) An integrated approach for applying dynamic voltage scaling to hard real-time

systems. In: Proceedings of IEEE real-time and embedded technology and applications symposium,
Washington, DC, May 2003

Pillai P, Shin KG (2001) Real-time dynamic voltage scaling for low-power embedded operating systems.
In: Proceedings of ACM symposium on operating systems principles, Banff, Alberta, Canada, Octo-
ber 2001

Qadi A, Goddard S, Farritor S (2003) A dynamic voltage scaling algorithm for sporadic tasks. In: Proceed-
ings of IEEE real-time systems symposium, Cancun, Mexico, December 2003

Quan G, Niu L, Hu XS, Mochocki B (2003) Fixed priority scheduling for reducing overall energy on
variable voltage processors. In: Proceedings of IEEE real-time systems symposium, Cancun, Mexico,
December 2003

Rotem E, Naveh A, Moffie M, Mendelson A (2004a) Analysis of thermal monitor features of the intel
pentium m processor. In: Workshop on temperature-aware computer systems, Munich, Germany,
June 2004

Rotem E, Naveh A, Moffie M, Mendelson A (2004b) Analysis of thermal monitor features of the intel
pentium m processor. In: Workshop on temperature-aware computer systems, Munich, Germany,
June 2004

Saewong S, Rajkumar R (2003) Practical voltage-scaling for fixed-priority rt-systems. In: Proceedings of
IEEE real-time and embedded technology and applications symposium, Washington, DC, May 2003



Real-Time Syst (2008) 39: 73–95 95

Sanchez H, Kuttanna B, Olson T, Alexander M, Gerosa G, Philip R, Alvarez J (1997) Thermal manage-
ment system for high performance powerpc microprocessors. In: Proceedings of IEEE international
computer conference, San Jose, CA, February 1997

Sergent JE, Krum A (1998) Thermal management handbook. McGraw-Hill, New York
Skadron K, Stan M, Huang W, Velusamy S, Sankaranarayanan K, Tarjan D (2003a) Temperature-aware

microarchitecture: Extended discussion and results. Technical Report CS-2003-08, Dept. of Com-
puter Science, University of Virginia, April 2003

Skadron K, Stan MR, Huang W, Velusamy S, Tarjan D (2003b) Temperature-aware computer systems:
Opportunities and challenges. IEEE Micro 23(6):52–61

Wang S, Bettati R (2006) Delay analysis in temperature-constrained hard real-time systems with general
task arrivals. In: IEEE real-time systems symposium, Rio de Janeiro, Brazil, December 2006

Wang S, Nathuji R, Bettati R, Zhao W (2004) Providing statistical delay guarantees in wireless networks.
In: IEEE international conference on distributed computing systems

Yeh LT, Chu RC (2002) Thermal management of microelectronic equipment: Heat transfer theory, analysis
methods, and design practices. ASME Press, New York

Zhang F, Chanson ST (2005) Power-aware processor scheduling under average delay constraints. In: Pro-
ceedings of IEEE real-time and embedded technology and applications symposium, San Francisco,
CA, March 2005

Shengquan Wang received his B.S. degree in Mathematics from Anhui Normal
University, China, in 1995, and his M.S. degree in Applied Mathematics from the
Shanghai Jiao Tong University, China. He also received M.S. degree in Mathe-
matics in 2000 and Ph.D. in Computer Science from Texas A&M University. He
is currently Assistant Professor in the Department of Computer and Information
Science at the University of Michigan-Dearborn. His research interests are in real-
time computing and communication, security in networks and distributed systems,
and wireless networks.

Riccardo Bettati received his Diploma in Informatics from the Swiss Federal In-
stitute of Technology (ETH), Zurich, Switzerland, in 1988 and his Ph.D. from the
University of Illinois at Urbana-Champaign in 1994. From 1993 to 1995, he held
a postdoctoral position at the International Computer Science Institute in Berke-
ley and at the University of California at Berkeley. He is currently Professor in
the Department of Computer Science at Texas A&M University. His research in-
terests are in traffic analysis and privacy, real-time distributed systems, real-time
communication, and network support for resilient distributed applications.


	Reactive speed control in temperature-constrained real-time systems
	Abstract
	Introduction
	Models
	Thermal model
	Speed scaling
	Constant-speed scaling
	Reactive-speed scaling

	Task model and scheduler

	Important lemmas
	Case 1:
	Case 2:
	Case 3:
	Case 4:
	Case 1 vs. Case 2:
	Case 4 vs. Case 5:
	Case 7 vs. Case 8:
	Case 2 vs. Case 3:
	Case 3 vs. Case 4:
	Case 5 vs. Case 6:
	Case 6 vs. Case 7:

	Critical instance
	Identical-periodic tasks
	Temperature computation
	Delay computation
	Utilization computation

	Performance evaluation
	MSU vs. deadline ratio delta:
	MSU vs. period P:
	MSU vs. speed ratio sEsH:

	Conclusion and future work
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


