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Abstract
Energy consumption has become one of the main design constraints in today’s
integrated circuits. Techniques for energy optimization, from circuit-level up to
system-level, have been intensively researched.
The advent of large-scale integration with deep sub-micron technologies has led
to both high power densities and high chip working temperatures. At the same time,
leakage power is becoming the dominant power consumption source of circuits, due
to continuously lowered threshold voltages, as technology scales. In this context,
temperature is an important parameter. One aspect, of particular interest for this
thesis, is the strong inter-dependency between leakage and temperature. Apart
from leakage power, temperature also has an important impact on circuit delay and,
implicitly, on the frequency, mainly through its influence on carrier mobility and
threshold voltage. For power-aware design techniques, temperature has become a
major factor to be considered. In this thesis, we address the issue of system-level
energy optimization for real-time embedded systems taking temperature aspects
into consideration.
We have investigated two problems in this thesis: (1) Energy optimization
via temperature-aware dynamic voltage/frequency scaling (DVFS). (2) Energy
optimization through temperature-aware idle time (or slack) distribution (ITD).
For the above two problems, we have proposed off-line techniques where only
static slack is considered. To further improve energy efficiency, we have also
proposed on-line techniques, which make use of both static and dynamic slack.
Experimental results have demonstrated that considerable improvement of the
energy efficiency can be achieved by applying our temperature-aware optimization
techniques. Another contribution of this thesis is an analytical temperature analysis
approach which is both accurate and sufficiently fast to be used inside an energy
optimization loop.
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Chapter 1

Introduction
1.1

Embedded Systems

Embedded systems are information processing systems that are embedded into a
larger product and usually are not visible to users [1]. Embedded systems have a
wide range of application areas and are one of the most rapidly growing segments
of the computer industry [2]. New products appear with an explosive speed and,
nowadays, embedded systems are used everywhere, e.g. in automotive systems,
medical equipments, consumer electronics and tele-communication devices.
Unlike general purpose computer systems, such as personal computers (PC),
embedded systems are designed for dedicated functionalities. A common characteristic of embedded systems is that real-time response is usually required. This means
that delivering results within certain time constraints is important for a correct
functionality of the system.
The design of embedded systems is challenging since the implementation has not
only to produce correct functionalities but also to meet diverse competing constraints,
e.g. physical size, cost, performance, reliability, flexibility, and testability [3]. The
constraints can be addressed in different levels of abstraction: from circuits level up
to system level. In this thesis, we focus on several aspects related to the system-level
design of embedded systems [4].

1.2

Energy Issues

Energy consumption is one of the main design constraints in today’s integrated circuits. For battery-operated devices, e.g. mobile consumer electronics, the available
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energy is of a fixed amount; the rate of power consumption determines the lifetime
of the battery or the time between two recharges of the battery. The ever increasing
computation complexity, which doubles every two years [5], results in elevated
power and energy consumptions. However, the battery technology only improves
around 3–7% per year [5], lagging far behind the increase of the required energy
consumption.
Energy optimization techniques, from circuit level up to system level, are needed
in order to close the gap between energy consumption and battery capacity. Extensive research has been performed on energy optimization for embedded systems. In
this thesis, we focus on the system-level energy optimization techniques.

1.3

Dynamic Voltage/Frequency Scaling (DVFS)

At system level, dynamic voltage/frequency scaling (DVFS) is one of the preferred
approaches for reducing the overall energy consumption [6], [7]. This technique
exploits the available slack time in real-time applications to achieve energy efficiency
by reducing the supply voltage and frequency such that the execution of tasks is
stretched within their deadline.
There are two types of slacks.
• Static slack, which is due to the fact that, when executing at the highest (nominal) voltage level, tasks finish before their deadlines even when executing
their worst case number of cycles (WNC).
• Dynamic slack, due to the fact that most of the time tasks execute less than
their WNC.
Off-line DVFS techniques, such as those in [8] and [9], can only exploit static slack,
while on-line approaches, e.g. [10], [11], [12] and [13] are able to further reduce
energy consumption by exploiting the dynamic slack due to the variation of the
workload generated by the tasks.

1.4

Temperature Issues

Junction temperature is one of the most important CMOS parameters [14]. Temperature has a strong impact on system reliability. Excessive high working temperature
can lead to permanent faults due to electro-migration and other process failure,
while frequent temperature variations can result in transient faults, e.g. transient
voltage fluctuations [15].
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Of most interest, in this thesis, is the strong influence of temperature on leakage
current and circuit delay. The impact of temperature on circuit delay and, implicitly,
on frequency, is mainly through its influence on carrier mobility and threshold
voltage [16]. With high working temperature the carrier mobility decreases, which
degrades the circuits’ performance. Leakage current, which consists of various
components among which the sub-threshold leakage current dominates, is strongly
dependent on temperature due to the temperature’s strong impact on sub-threshold
leakage. Sub-threshold leakage is caused by the weak inversion conduction of
transistors [17] and increases rapidly with temperature.
Technology scaling leads to high power densities in current circuits, which have
resulted in a high working temperature. On the other hand, technology scaling
continuously lowers threshold voltages in order to maintain the improvement of
performance, leading to an exponential increase in sub-threshold current [17]. As
a result, leakage energy is becoming the dominant energy consumption source of
circuits [18]. Due to the strong inter-dependency between leakage current and
temperature [19], growing temperature can lead to an increase in leakage current
and, consequently, energy, which, again, produces higher temperatures. For poweraware techniques, temperature has therefore become an important parameter to be
taken into consideration.

1.5
1.5.1

Temperature Considerations in DVFS
Leakage/Temperature Dependency

Traditionally, the dependency of leakage on temperature is ignored in DVFS, due
to the fact that leakage energy used to represent only a small percentage of the
total energy consumption. To perform voltage selection for energy optimization,
at design time an empirical assumed working temperature of the chip is used for
leakage energy estimation. For example, the actual working temperature of the chip
is assumed to be 70◦ C. However, as pointed out in the previous section that leakage
is becoming the dominant power consumption as technology scales, ignoring the
leakage/temperature dependency in DVFS can lead to very inaccurate leakage
energy estimation and, hence, sub-optimal energy consumption.

1.5.2

Frequency/Temperature Dependency

As mentioned in Section 1.4 that temperature has also an important impact on the frequency of circuits. At the same time, frequency also depends on the supply voltage.
In order to provide performance, the frequency is usually set to the maximum value
allowed by the current supply voltage. However, traditionally, when calculating this
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maximum allowed frequency for a given supply voltage V , it is implicitly assumed
that this is the frequency f corresponding to the maximum temperature Tmax at
which the chip is allowed to run. While this is a safe assumption, it is far from
efficient. If we are aware that the chip is running at a temperature T < Tmax , the
frequency could be fixed at f ′ > f and, thus, performance is increased for the same
energy consumption. Or, maybe more important, the same frequency f could be
achieved with a supply voltage V ′ < V and, thus, further energy is saved.
With the strong impact of temperature on both leakage and frequency, temperature is an important aspect to be considered for DVFS. In this thesis we investigate
the issue of DVFS techniques taking the temperature aspect into consideration.

1.6

Idle Time Distribution (ITD)

As mentioned in Section 1.3, DVFS reduces energy consumption by exploiting
slack. However, very often, not all available slack should or can be exploited and
certain amount of slack may still exist after DVFS. An obvious situation is when
the lowest supply voltage is such that, even if selected, a certain slack interval
is left. Another reason is the existence of a critical voltage [20]. To achieve the
optimal energy efficiency, DVFS would not execute a task at a voltage lower than
the critical one, since, otherwise, the additional static energy consumed due to the
longer execution time is larger than the energy saving due to the lowered voltage.
During the available slack interval, the processor remains idle and can be switched
to a low power state. Due to the strong inter-dependence between leakage power and
temperature, different distributions of idle time will lead to different temperature
distributions and, consequentially, energy consumption. In this thesis, we take the
temperature aspect into consideration and address the issue of optimizing energy
consumption through efficient distribution of both static and dynamic slack.

1.7
1.7.1

Related Work
Temperature Dependent Leakage Analysis

As leakage current is strongly dependent on temperature [19], temperature-aware
leakage models are needed to correctly estimate leakage power consumption. Liao
et al. [19] proposed a temperature-aware leakage model which describes the exponential dependency of leakage current on temperature. In [21], the authors proposed
to piece-wise linear approximating of the exponential leakage model with less than
1% error. A leakage model which describes leakage current as a quadratic function
of temperature was proposed in [22]. Huang et al. [23] performed a comprehensive
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study of different temperature-aware leakage models, where exponential, quadratic,
piece-wise linear, and linear leakage models were compared, and the trade-off
between the complexity and the accuracy of the models was discussed.

1.7.2

Architecture-Level Thermal Modeling

Temperature-aware system-level design methods rely on the availability of temperature modeling and analysis approaches. Most temperature modeling tools are
based on the duality between heat transfer and electrical phenomena [24]. There
are two types of thermal analysis: (1) static temperature analysis and (2) dynamic
temperature analysis. With static temperature analysis a temperature value, at which
the circuit is supposed to function in steady state, is computed. With dynamic
temperature analysis a temperature profile, which describes the temperature behaviour of the circuit as a function of time, is calculated. There has been research on
architecture-level thermal analysis, e.g., Hotspot [25] and ISAC [26]. The basic idea
of Hotspot is to build an equivalent circuit of thermal resistances and capacitances
capturing both the architecture blocks and the elements of the thermal package.
HotSpot can be used both for static analysis and dynamic analysis. ISAC, proposed
in [26], is similar to Hotspot, and it speeds up the thermal analysis through dynamic
adaptation of the resolution.
The thermal analysis used in Chapter 3 is based on Hotspot. For our purposes,
the architecture is modeled at core level. Thus, from the architecture point of view,
the actual blocks whose temperature is analyzed are the processors on which the
tasks are executed. When provided with the physical/thermal parameters (size and
placement of blocks, thermal capacitances and resistances, parameters of packaging
elements) and the power profile capturing the power dissipation of the core, HotSpot
produces the steady state temperature or the temperature profile of the processor.
However, the temperature analysis does not support the case in which power dissipation is dependent on the temperature, which, obviously, is the situation with
leakage. In Chapter 3, we propose modifications of Hotspot to overcome the above
problem for static and dynamic temperature analysis, respectively.
The computation complexity of the architecture-level temperature analysis
approaches like the two mentioned above is large. There has been research on
establishing fast system-level temperature analysis techniques which are sufficiently
efficient to be used inside an optimization loop of temperature-aware system-level
design techniques, e.g. [27], [28], [29], and [30]. They also build on the duality
between heat transfer and electrical phenomena and are based on very restrictive
assumptions in order to simplify the model. In [27] the authors assumed that (1) no
cooling layer is present, (2) there is no interdependency between leakage current
and temperature, and (3) the whole application executes at a constant voltage. The
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models in [28] and [29] consider variable voltage levels but maintain the first two
limitations above. The most general analytical model is proposed in [30] which
considers cooling layers as well as the dependency between leakage and temperature.
However, this approach is limited to the case of a unique voltage level throughout
the application. In Chapter 4 we will introduce a fast and accurate temperature
analysis technique which eliminates all three limitations mentioned above and can
be efficiently used inside the optimization loop of temperature-aware system-level
design techniques.

1.7.3

Thermal Sensing and Tracking

Many temperature-aware system-level design approaches are proposed in which
decisions are taken on-line, based on the actual chip temperature information. In
such cases, thermal sensors [31] are used together with techniques for collecting
and analyzing their values with adequate accuracy. For example, the techniques for
dynamic OS-level workload scheduling aiming at avoiding thermal hot spots and
large temperature variations [32] are based on run time temperature sensor readings.
In Chapter 3 and Chapter 4, in addition to off-line approaches, we also propose
on-line DVFS and ITD approaches which rely on temperature sensing and tracking
techniques.
Several approaches have been proposed in literature to improve the accuracy of
temperature measurement and estimation. For example, in [33] and [34], the authors
proposed techniques to determine the optimal locations and allocations of thermal
sensors with the goal of accurate hot spot detection as well as full chip thermal
characterization. In [35], [36], and [37], the authors addressed the issue of how
to process/analyze readings from sparse and noisy thermal sensors to accurately
estimate temperatures where various estimation schemes such as spectral methods
and Kalman filters are utilized.

1.7.4

Temperature-Aware System-Level Design

Several approaches to system-level temperature-aware design have been discussed
in literature.
Temperature management is utilized to control the temperature behavior of
processors for improving system reliability [15]. In [38], the authors proposed a
technique for temperature management by scaling the processor speed and, in [39],
the authors addressed the issue of scheduling and mapping of a set of tasks with realtime constraints on multi-processors for peak temperature minimization. Techniques
for task sequencing combined with DVFS to reduce the peak working temperature
of the processor were proposed in [28]. Several approaches aiming at reducing
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temperature variations or temperature gradients across the chip, e.g. in [40], were
proposed.
A considerable amount of work has been published on performance optimization
under thermal and real-time constraints. For example, Zhang et al. [41] proposed
voltage assignment techniques to optimize the performance of a set of periodic
tasks working on a DVFS enabled processor under thermal constraints. In [42],
the authors proposed approaches to optimize throughput by task sequencing under
thermal constraints. An on-line speed adaptation technique for homogeneous multiprocessors with the target of maximizing the total throughput was proposed by Rao
et al. in [43].
As discussed in Section 1.4, temperature is an important issue to be considered
for power-aware system-level design. Since DVFS techniques are supposed to
reduce energy consumption by adapting voltage levels, leakage/temperature and
frequency/temperature dependencies are important aspects to be taken into consideration at voltage selection. However, very few of the proposed DVFS techniques
have considered the leakage/temperature and frequency/temperature dependencies.
The DVFS approach proposed by Liu in [21] is a static DVFS scheme aiming
at reducing peak temperature. An on-line DVFS approach with consideration of
both leakage/temperature and frequency/temperature dependencies was proposed
in [44] where the throughput is maximized within the constraint of a peak working
temperature. The authors in [45] proposed an on-line DVFS approach which is
based on a design time optimization procedure performed considering various start
time temperatures and workloads. At run-time, frequency settings are based on
actual temperatures received from sensors. The approach, however, ignores the
leakage/temperature dependency and assumes (as in off-line DVFS techniques) that
the number of cycles executed by a given task is fixed and known at design time.
In Chapter 3, we propose off-line and on-line DVFS techniques which take both
leakage/temperature and frequency/temperature dependencies into considerations.
As mentioned in Section 1.6, in this thesis,we address, the issue of optimizing
leakage energy consumption through distribution of idle time. The only work, to our
knowledge, previously addressing this issue is [46] and [22]. In [46], the authors
proposed an approach to distribute idle time for applications consisting of one single
task executing at a constant given supply voltage. Thus, their approach cannot
optimize the distribution of idle time among multiple tasks which also execute at
different voltages. The same limitation also holds for [22], where a pattern based
ITD for leakage energy optimization considering one single task was proposed.
The pattern based approach generates uniform idle time distribution over the whole
application and, thus, is not appropriate for ITD among multi-task applications
where tasks have different amounts of energy consumption and execute at different
voltage levels.
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1.8

Contributions

In this thesis, we make the following main contributions:
1. We propose a temperature simulation method, based on Hotspot, which
considers the leakage/temperature dependency.
2. We propose an off-line temperature-aware DVFS approach for energy optimization, which takes both leakage/temperature and frequency/temperature
dependencies into consideration.
3. We propose, based on our off-line temperature-aware DVFS approach, an
on-line temperature-aware DVFS technique which can exploit both static
and dynamic slack. This approach is look up table (LUT) based and is
composed of two phases: (1) During the off-line phase, look up tables (LUT)
are generated for each task. (2) At runtime, voltage/frequency settings are
decided by checking the corresponding task’s LUT according to temperature
sensor readings.
4. We propose a fast and accurate analytical temperature model which eliminates all the three limitations mentioned in Section 1.7.2, by considering
the following aspects: a) the interdependence between leakage power consumption and temperature; b) multiple thermal cooling layers of the chip; c)
non-smooth power consumption generated due to multiple discrete supply
voltage levels of the processor. Our model can be efficiently used for both
static and dynamic temperature analysis.
5. We propose an off-line ITD approach to optimize leakage energy consumption
for a set of periodic tasks. It distributes static slack globally among tasks
which are executed at different discrete voltage levels. This off-line ITD
is based on an iterative heuristic using a convex optimization which can be
solved in polynomial time.
6. We propose, based on the off-line ITD approach, an on-line ITD technique
where both static and dynamic slack are distributed. This approach is look
up table (LUT) based and is composed of two phases: (1) the off-line phase
prepares a LUT for each task; (2) at runtime, when a task is finished, the idle
time length following the finished task is decided by checking the task’s LUT.
7. For systems with DVFS features, the proposed ITD approaches can be combined with DVFS techniques, in which case additional energy reduction can
be achieved.
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Part of the content of this thesis has been presented in the following papers:
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”On-Line Temperature-Aware Idle
Time Distribution for Leakage Energy Optimization”, the 6th International
Symposium on Electronic Design, Test and Applications (DELTA11), Jan.15–
17, 2011 [47].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”Temperature-Aware Idle Time
Distribution for Energy Optimization with Dynamic Voltage Scaling”, the
10th Swedish System-on-Chip Conference (SSOCC10), May 3–4, 2010 [48].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”Temperature-Aware Idle Time
Distribution for Energy Optimization with Dynamic Voltage Scaling”, Design
Automation and Test in Europe (DATE 2010), Mar. 8–12, 2010 [49].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”On-line Thermal Aware Dynamic
Voltage Scaling for Energy Optimization with Frequency/Temperature Dependency Consideration”, Design Automation Conference (DAC 2009), Jul.
26–31, 2009 [50].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”Temperature-Aware Voltage Selection for Energy Optimization”, The 9th Swedish System-on-Chip Conference
(SSOCC09), May 4–5, 2009 [51].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”An Energy Efficient Technique
for Temperature-Aware Voltage Selection”, Technical Reports in Computer
and Information Science, ISSN 1654-7233; Linköping University Electronic
Press, 2009 [52].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”Temperature-Aware Task Mapping
for Energy Optimization with Dynamic Voltage Scaling”, IEEE Workshop
on Design and Diagnostics of Electronic Circuits and Systems (DDECS’08),
Apr. 16–18, 2008 [53].
• M. Bao, A. Andrei, P. Eles, and Z. Peng, ”Temperature-Aware Voltage Selection for Energy Optimization”, Design Automation and Test in Europe
(DATE 2008), Mar. 10–14, 2008 [54].

1.9

Thesis Organization

The rest of this thesis is organized as follows. Preliminaries are presented in
Chapter 2. In Chapter 3 we present the temperature-aware DVFS approaches. We
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first present the modified thermal model used in our DVFS techniques. Then we
describe the off-line and on-line DVFS approach. In Chapter 4 we present the
temperature-aware ITD methods. We start with introducing our analytical systemlevel thermal model. Based on the proposed thermal model, we then discuss our
off-line and on-line ITD approaches. Finally, conclusions are discussed in Chapter 5.
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Chapter 2

Preliminaries
2.1

Power and Delay Models

Digital CMOS circuits have two major sources of power dissipation: (1) dynamic
power P dyn , which is dissipated whenever computations are carried out (switching
of logic gates) and (2) leakage power P leak , which is consumed whenever the
circuit is powered, even if no computation is performed. For dynamic power we use
the following equation [55]:
P dyn = Cef f · f · V 2

(2.1)

where Cef f , V , and f denote the effective charged capacitance, supply voltage,
and frequency, respectively.
The leakage power is expressed as follows [19]:
P leak = Isr · T 2 · e

β·V +γ
T

·V

(2.2)

where Isr is the leakage current at a reference temperature, T is the current temperature, and β and γ are technology dependent coefficients. In Chapter 4, we will use a
piece-wise linear approximation of this model, as proposed, for example, in [21].
According to it, the working temperature range [Ta , Tmax ], where Ta and Tmax
are the ambient and the maximal working temperature of the chip, is divided into
several sub-ranges. The leakage power inside each sub-range [Ti , Ti+1 ] is modeled
by a linear function:
Pi = Mi · T + Bi
(2.3)
where Mi and Bi are constants characteristic to each interval.
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The maximum frequency of the processor at a given reference temperature Tref
is calculated as follows [55]:
f=

1
((1 + K1 ) · V − vth1 )α
=
d
K6 · Ld · V

(2.4)

where Ld is the logic depth. K1 , K6 , and vth1 are technology dependent coefficients.
α reflects the velocity saturation imposed by the used technology (commonly, 1.4
< α < 2). The scaling of frequency with temperature is given by Eq. (2.5) [19]:
f∝

(V − (vth1 + k · (T − Tref )))ξ
V · Tµ

(2.5)

Tref and T are the reference temperature and current temperature, while k, ξ, and
µ are empirical technology dependent constants.

2.2

Application Model

The application is captured as a task graph G(Π, Γ). A node τi ∈ Π represents a
computational task τi , while an edge e ∈ Γ indicates the data dependency between
two tasks. Each task τi is characterized by the following six-tuple:
< W N Ci , BN Ci , EN Ci , dli , Cef fi >
where W N Ci , BN Ci , and EN Ci are task τi ’s worse case, best case, and expected
number of clock cycles to be executed. The expected number of clock cycles
EN Ci is the arithmetic mean value of thePprobability density function of the actual
W NC
executed cycles AN Ci , i.e. EN Ci = j=BNiCi (j · pi (j)), where pi (j) is the
probability that a number j of clock cycles are executed by task τi . We assume
that the probability density functions of the execution cycles of different tasks
are independent. Further, dli and Cef fi represent the deadline and the effective
switched capacitance.

2.3

Architecture Model

The application is mapped and scheduled on a processor which has two power states:
active and idle. In the active state the processor can operate at several discrete supply
voltage levels. When the processor does not execute any task, it can be put to the idle
state, consuming a very small amount of leakage power. We assume this leakage
power Pidle to be constant due to its small amount. Switching the processor between
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the idle and active state as well as between different voltage levels incurs both time
and energy overheads. The processor has internal temperature sensors that can be
accessed during execution.

2.4

Dynamic Voltage/Frequency Scaling

Our temperature-aware DVFS approach proposed in this thesis is based on the
DVFS approach presented in [7]. Given an architecture and a mapped and scheduled
application as described above, the DVFS algorithm in [7] calculates the appropriate
supply voltages for each task, such that the total energy consumption is minimized.
Another input to the algorithm is the dynamic power profile of the application, which
is captured by the average switched capacitance of each task. This information will
be used for calculating the dynamic energy consumed by the task at a certain supply
voltage level, according to Eq. (2.1). Leakage energy, during the optimization
process, is calculated based on Eq. (2.2). However, the dependence of leakage on
temperature has been ignored in this voltage scaling algorithm [7]. To perform
voltage selection, designers need to introduce an assumed temperature which is used
at energy optimization. This, as discussed in Chapter 1.5.1, leads to suboptimal
results.
Another limitation of this DVFS approach is, as mentioned at Chapter 1.5.2,
that the dependency of the frequency on temperature is ignored. Thus, the produced
solutions are excessively conservative. Finally, this DVFS approach is a static
technique, assuming that tasks always execute their WNC and, thus, cannot exploit
the dynamic slack.
In Chapter 3, we will take both leakage/temperature and frequency/temperature
dependencies into consideration, and develop DVFS techniques considering both
static and dynamic slack.
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Chapter 3

Temperature-Aware Dynamic
Voltage/Frequency Scaling
3.1
3.1.1

Motivational Example
Leakage/Temperature Dependency

Let us consider the following example. A periodic application which contains only
one task τ is to be executed on a DVFS-enabled processor. The number of clock
cycles to be executed in the worst case (WNC) is 2.3×106 , and the average switched
capacitance (in F) is 5×10−9 . The deadline of task τ is equal to its period, which is
0.035s. The processor has 8 discrete voltage levels from 0.5V to 1.2V, with a step
of 0.1V.
For the above example, we need to assign a voltage level to execute task τ such
that the total energy consumed is minimized. The execution time of task τ at each
supply voltage level is shown by the curve marked with triangles in Fig. 3.1. The
horizontal dashed line indicates the deadline. As can be seen from Fig. 3.1, in
order for the deadline to be satisfied, we can choose voltage levels in the interval
0.6V–1.2V. The total energy consumption of task τ working at each voltage level is
dependent on the temperature, as leakage is strongly dependent on temperature. We
have computed the total energy consumption of task τ working at each voltage level
considering two different working temperature values of the task τ . As shown in
Fig. 3.1, the line marked with squares shows the total energy consumption of task τ
executed at the temperature of 45◦ C for each supply voltage level, while the line

“lic˙thesis” — 2010/11/16 — 11:04 — page 16 — #36

16

Temperature-Aware Dynamic Voltage/Frequency Scaling

marked with dots shows the total energy consumption when task τ is executed at
the temperature of 90◦ C.
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Figure 3.1: Leakage/Temperature Dependency Influence in DVFS

We can observe that the optimal supply voltage levels (marked with dashedline circles) are different for the two working temperatures. If we blindly assume
the task to be working at 45◦ C while in reality it is working at 90◦ C, we would
choose to execute the task at 0.6V with an energy consumption of 0.034J. This will
lead to an energy loss of 13% compared to the real optimal energy consumption
(0.029J) achieved at 0.8V, at a working temperature of 90◦ C. Thus, to minimize
the energy consumption with DVFS, temperature consideration and, implicitly, the
consideration of the leakage/temperature dependency is of huge importance.

3.1.2

Frequency/Temperature Dependency

In this section, we will use an example to describe the importance of considering
the frequency/temperature dependency for DVFS. Let us consider an application
consisting of three tasks as shown in Fig.3.2. The number of clock cycles to be
executed in the worst case (WNC) for τ1 , τ2 , and τ3 is 2.85×106 , 1.0×106 , and
4.30×106 , respectively, and their average switched capacitance (in F) is 1.0×10−9 ,
0.9×10−10 , and 1.5×10−8 , respectively. The application has a global deadline of
0.0128s. We assume that the three tasks are executed on a processor which has
9 discrete voltage levels from 1.0V to 1.8V with a step of 0.1V. The chip size is
7×7mm2 with a maximum allowable working temperature of Tmax = 125◦ C.
For the above example, we perform energy minimization using a temperatureaware DVFS method which ignores the frequency/temperature dependency. When
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τ1

τ2

τ3

Figure 3.2: Motivational Example

calculating the maximum allowed frequency for a certain supply voltage, the maximum allowed working temperature for the chip, Tmax = 125◦ C, is considered. In
Table 3.1 we show the actual voltages and frequencies for each task, as calculated by
the DVFS algorithm and the consumed energy. We also show the peak temperature
for each task when executed with the calculated voltage and frequency, obtained
with dynamic thermal analysis. As can be observed, this peak temperature is far
below the Tmax of the chip.
Table 3.1: DVFS without Frequency/Temperature Dependency

Task
τ1
τ2
τ3

Peak Temp(◦ C)
79.9
78.1
81.2

Voltage(V)
1.7
1.7
1.7

Freq(MHz)
638
638
638

Energy(J)
0.059
0.020
0.264

Total(J)

0.343

From Eq. (2.4) and Eq. (2.5), it is obvious that, by taking into consideration the
actual temperature at frequency calculation, there is a large margin for reducing the
supply voltage without compromising on performance. We have performed a DVFS
based energy optimization, similar to the one above, but with the difference that
frequencies corresponding to the different voltage settings are calculated by taking
into consideration the peak temperature at which the task actually runs. Table 3.2
shows the results. We can see that an energy reduction of 25% has been obtained.
Table 3.2: DVFS with Frequency/Temperature Dependency

Task
τ1
τ2
τ3

3.1.3

Peak Temp(◦ C)
69.9
69.0
70.1

Voltage(V)
1.7
1.6
1.5

Freq(MHz)
726
661
593

Energy(J)
0.049
0.015
0.194

Total(J)

0.258

On-line DVFS vs. Off-line DVFS

The DVFS approach used in Section 3.1.2 is an off-line, static one which assumes
that tasks always execute their WNC and, thus, can only exploit the static slack.
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In reality, however, there are huge variations in the number of cycles executed by
a task, from one activation to the other, which leads to a considerable amount of
dynamic slack. Imagine an activation scenario for which each of the three tasks in
Fig. 3.2 executes a number of cycles equal to 60% of their WNC. If we use the
above off-line DVFS approach and run at the voltages and frequencies calculated as
in Table 3.2, the total energy consumption would be 0.149J. However, much more
can be done by also exploiting the dynamic slack. This implies that, at run-time,
whenever a task terminates, the voltage level and the frequency for the next task
are calculated by taking into consideration the current time and the current chip
temperature. Table 3.3 shows the voltage and frequency levels determined in this
way as well as the corresponding energy consumption. The total energy consumed
is 0.133J, which means a reduction of 10% compared to the off-line DVFS approach.
Table 3.3: Dynamic DVFS

Task
τ1
τ2
τ3

Peak Temp(◦ C)
52.5
50.4
51.4

Voltage(V)
1.5
1.2
1.5

Freq(MHz)
620
417
582

Energy(J)
0.018
0.004
0.111

Total(J)

0.133

The examples presented in this section demonstrate that (1) considering frequency/temperature as well as leakage/temperature dependency at DVFS can lead to
substantial energy savings and (2) an on-line temperature-aware approach is needed
in order to make use of the dynamic slack created due to variable number of clock
cycles executed at different activations.

3.2

Temperature Analysis

Temperature analysis in our proposed DVFS technique is based on HotSpot [25].
As mentioned in Chapter 1.7.2, the temperature analysis by Hotpsot does not
consider the dependency of leakage on temperature. In the following two sections,
we describe our solutions to overcome the above problem for static and dynamic
temperature analysis respectively.

3.2.1

Static Temperature Analysis

In the case of static temperature analysis, some solutions have been proposed
in [56], [57] and [58]. A similar solution is used by us and is outlined in Fig. 3.3.
As mentioned in Chapter 1.7.2, corresponding to an input power profile of the
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Figure 3.3: Static Thermal Analysis Considering Leakage/Temperature Dependency

processor, HotSpot will produce a steady state temperature at which the core is
supposed to work. However, to input the leakage component of the power profile,
the working temperature in steady state has to be known. In order to overcome this
cyclic dependency, the process is started with an ”assumed” temperature and then
continued iteratively until the produced temperature converges. At the obtained
steady state temperature, the dissipated heat is in balance with the heat removal
capacity of the package. However, it can happen that such a balance is not achieved,
due to insufficient heat removal, and the temperature is increasing, potentially, to
infinite. In such a case, the iterations in Fig. 3.3 will not converge. This phenomenon,
called thermal runaway, is detected and indicates that the design is incorrect from
the thermal point of view. Detecting thermal runaway is an important part of a
thermal-aware design process.

3.2.2

Dynamic Temperature Analysis

Static analysis assumes that, eventually, the chip will function at one constant
temperature. This, however, is usually not necessarily the case in reality. In the
context of a variable power profile, the chip will not reach a constant steady state
temperature but a steady state in which temperature is varying according to a
certain pattern. In order to obtain the steady state temperature profile, we need
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Temperature

to use dynamic thermal analysis. For dynamic analysis, HotSpot is calculating
temperatures at successive time steps [25]. At each step a new temperature is
calculated for each block by solving the equations describing the thermal model,
based on a fourth-order Runge-Kutta method. The power consumption during the
time interval between two steps is extracted from the power profile for the respective
block. However, leakage power is a function of the temperature and, thus, cannot
be delivered as an input to the analysis.
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Figure 3.4: Dynamic Thermal Analysis Considering Leakage/Temperature Dependency

In order to solve the above problem we have extended the thermal analysis
such that the power consumption during a time step is calculated as the sum of two
components: (1) the dynamic power extracted from the input power profile and
(2) the leakage power calculated at the temperature level of the previous step. The
process is illustrated in Fig. 3.4. Temperature analysis is repeated for successive
periods of the application. In order to detect convergence, temperature values at
corresponding time steps of these successive periods are compared.
For both static and dynamic analysis, convergence is reached efficiently unless
thermal runaway occurs. Since dynamic thermal analysis itself is much more time
consuming than static analysis, obtaining a steady state temperature profile is much
slower than calculating a constant steady state temperature.
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3.3

Static Temperature-Aware DVFS (SDVFS)

3.3.1

SDVFS with Leakage/Temperature Dependency
(T-SDVFS)

In Fig. 3.5 we show the overall flow of our static temperature-aware DVFS approach
taking leakage/temperature dependency into consideration. Given is a scheduled and
mapped task graph, and the average switched capacitance for each task. A so called
Scheduled and mapped
task graph; average switched
capacitance for each task
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Figure 3.5: SDVFS with Leakage/Temperature Dependency

”assumed” temperature, at which each task is supposed to run, is also fixed as input.
The voltage selection algorithm (outlined in Chapter 2.4 and [7]) will determine, for
each task τi , the voltage level Vi such that energy consumption is minimized. Based
on the determined voltage Vi (and the switched capacitances known for each task)
the dynamic power profiles are calculated and the thermal analysis is performed as
discussed in Section 3.2. Depending on what the designer selects, a unique temperature (produced by static temperature analysis, see Section 3.2.1) or a dynamic
temperature profile (produced by dynamic temperature analysis, see Section 3.2.2)
is determined for each task in the steady state, and the corresponding actual energy
consumption Enew is computed. The new temperature/temperature-profile obtained
from simulation in the current iteration is, then, used again for voltage selection
in the next iteration and the process is repeated until the temperature/temperatureprofile converges. Convergence means that the actual temperature values used at
voltage selection correspond to the temperature at which the chip will function
when running with the calculated voltages. It is also important to notice that during
thermal analysis, potential thermal runaway is detected.
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Fig. 3.6 shows a typical temperature convergence curve for the process. The
squares marked with circles indicate the temperature produced after each iteration.
As a basic technique, this new temperature (in the case of dynamic analysis, this new
temperature profile) is used as input to the voltage selection in the next iteration. The
squares represent successive temperatures in the inner iteration loop for temperature
analysis (Fig. 3.3). As convergence criterion, a maximal temperature difference
of 0.2◦ has been used. Based on our experiments (Section 3.5), up to 90% of the
cases reach convergence after less than five iterations (both for static and dynamic
temperature analysis).
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Figure 3.6: Typical Temperature Convergence Curve

Since the voltage levels available for selection are discrete and limited, our iteration approach is not guaranteed to reach a convergence. There are situations in which
the temperature oscillates and the temperature updating technique described above
leads to an infinite loop. This has happened for around 2.5% of our experiments.
To overcome this problem, oscillations are detected and are solved by changing the
temperature update rule: instead of using the just produced temperature for the next
iteration, a middle value between the new temperature and the one produced in the
previous iteration is used (in the case of dynamic temperature analysis, the points
on the temperature profile are recalculated accordingly). By using this technique,
all infinite loops occurring in our experiments have been solved.

3.3.2

SDVFS with Both Leakage/Temperature and
Frequency/Temperature Dependencies (SDVFS-LF)

Our static DVFS approach which also considers the frequency/temperature dependency is based on the above iterative technique. The successive iterations lead, after
convergence, to a temperature profile which corresponds to the one at which the
chip will work. For each task τi the above voltage/frequency selection algorithm
calculates a certain supply voltage Vi such that energy consumption is minimized
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and deadlines are satisfied. To take frequency/temperature dependency into consideration, when calculating the frequency setting for τi , we now consider the thermal
profile of the task and determine the maximum temperature at which that task runs.
At voltage/frequency selection, the frequency is calculated based on Eq. (2.4) and
Eq. (2.5) (instead of being fixed, in a conservative way, considering the worst case
temperature Tmax for which the chip is designed).

3.4

Dynamic Temperature-Aware DVFS (DDVFS)

The above static approach determines start times for tasks and their voltage/frequency levels assuming that they execute their WNC. By this, only static slack is
considered for energy minimization 1 . In order to exploit the dynamic slack, at the
termination of each task and before starting the next one, voltage and frequency
settings have to be determined based on the values of the current time and temperature. In principle, calculating the appropriate voltage/frequency settings implies the
execution of the temperature-aware DVFS algorithm from Section 3.3. Running
this algorithm on-line, after each task execution, implies a huge time and energy
overhead which can be even higher than the execution time and energy consumption
of the actual application.

3.4.1

Off-line and On-line Phases

To overcome the above problem, we have divided our dynamic DVFS approach
into two phases. In the first phase, performed off-line, voltage/frequency settings
for all tasks are pre-computed, based on possible start times of the tasks and the
possible temperatures at that start time. The resulting voltage/frequency settings are
stored in look-up tables (LUTs), one for each task. In Fig. 3.7 we show two such
tables. They contain voltage and frequency settings for combinations of possible
start time ts and start temperature T s of a task. For example, the line in LUT2
with start time 1.3ms and start temperature 55◦ C stores the voltage and frequency
setting for the situation when τ2 starts in the time interval (1.2ms, 1.3ms] and the
start temperature is in the interval (45◦ C, 55◦ C]. In Section 3.4.2 we will present
the generation procedure of the LUTs.
The second phase is performed on-line and is illustrated in Fig. 3.7. Each time
a task terminates and a new voltage/frequency level has to be fixed for the next
task, the on-line scheme looks up the appropriate setting from the LUT, depending
on the actual time and temperature reading. If there is no exact entry in the LUT
1 It should be mentioned that, as opposed to the dynamic one, the static approach can be used even in
the case that no temperature sensors are available on the chip.
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Figure 3.7: On-Line Phase

corresponding to the actual time/temperature, the entry corresponding to the immediately higher time/temperature is selected. For example, in Fig. 3.7, τ1 finishes at
time 1.25ms with a temperature 49◦ C. To determine the appropriate voltage and
frequency for τ2 , LUT2 is accessed based on these time and temperature values.
There is no exact entry for 1.25ms and 49◦ C, so the entry corresponding to start
time 1.3ms and start temperature 55◦ C is chosen. This on-line phase indicated with
VS in Fig. 3.7 is of very low time complexity O(1) and, thus, very efficient.

3.4.2

LUT Generation

Given a set of tasks (τ1 , τ2 , . . . , τn ) (as described in Chapter 2.2 and Chapter 2.3)
which are executed sequentially in the order, τ1 , τ2 ,. . . , τn , on a DVFS enabled
processor, our goal is to generate a LUT for each task τi , such that the energy
consumption during execution is minimized. It is important to notice that the
voltage levels and frequencies are calculated such that the energy consumption is
optimal when the tasks execute their expected number of cycles ENC (which, in
reality, happens with a much higher probability than e.g. the WNC). Nevertheless,
voltages and frequencies are fixed such that, even in the worst case (tasks execute
their WNC), deadlines are satisfied.
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Figure 3.8: LUT Generation

The LUT generation algorithm is presented in Fig. 3.8. The outermost loop
iterates over the set of tasks and successively constructs the table LUTi for each task
τi . The next loop generates the entries of LUTi corresponding to the various start
temperatures T si of τi . Finally, the innermost loop iterates, for each possible start
temperature, over all considered start times of task τi , tsi . The algorithm starts by
computing the earliest and latest possible start times for each task. The earliest start
time of task τi , ESTi , is calculated based on the situation that all tasks execute with
their best case number of cycles, BN C, at the highest voltage setting and lowest
temperature (the ambient temperature). The latest start time LSTi is calculated as
the latest start time of τi that still allows to satisfy the deadlines for future tasks in
the current iteration, τj , j ≥ i, when executed with the worst case number of cycles,
W N C, at the highest voltage and the maximum temperature Tmax allowed for the
chip.
Considering the intended granularity of the LUT, the time and temperature
quanta △ti and △Ti are determined. Thus, for task τi , the number of time entries
(the number of different start times considered) will be ⌈(LSTi − ESTi )/ △ ti ⌉,
while, for each possible start time, the number of temperature entries is ⌈(T sm
i −
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Ta )/ △ Ti ⌉, where T sm
i is the maximum possible temperature at the start time of
τi . In Sections 3.4.3 and 3.4.4 we will further elaborate on the granularity and size
of the LUTs.
When calculating the actual LUT entries for a task τi , the calculation of the
voltage and frequency setting is performed by running the SDVFS algorithm outlined
in Section 3.3, for all tasks τj , j ≥ i, considering tsi and T si as start time and
starting temperature, respectively, for τi .

3.4.3

Temperature Bounds and Granularity

As discussed before, the number of entries generated in LUTi along the temperature
dimension is ⌈(T sm
i − Ta )/ △ Ti ⌉. The basic idea is that the lowest possible
temperature is the temperature of the ambient, while T sm
i is the highest possible
temperature, in the worst case, at the start time of task τi . But what is the value
m
of T sm
i ? One solution is to consider for T si the maximum temperature Tmax
at which the chip is allowed to work. While this assumption is safe, it leads to
unnecessarily large tables since, during the execution of most of the tasks, the chip
will never reach temperatures close to Tmax . In order to avoid unnecessarily large
tables, we need a safe but tighter upper bound on the temperature T sm
i . In order
to achieve this goal, our LUT generation algorithm in Fig. 3.8 is executed several
times in successive iterations before the final LUT tables are obtained.
We start by considering that for the first task the maximal starting temperature is
the ambient temperature ( T sm
1 = Ta ). The two inner loops in Fig. 3.8 will generate
LUT1 . As part of the SDVFS procedure executed during generation of LUT1 (see
Section 3.3 and Fig. 3.5), we obtain the possible temperature profiles of τ1 and, thus,
also the peak temperature T1peak reached during execution of this task. The worst
peak
case starting temperature of task τ2 is T sm
. Considering this value for
2 = T1
m
T s2 , table LUT2 is generated and the procedure is continued for all tasks τi . After
the algorithm in Fig. 3.8 has been executed once, we have all LUT tables, based
on the assumption that the maximal possible temperature at the start of τ1 is equal
to Ta . This, however, is not the case, since the application is executed periodically
and τ1 is started again after the last task τn . Thus, in fact, the maximal starting
temperature of τ1 is, in the worst case, equal to the worst case peak temperature
of τn . Therefore, we repeat the LUT generation algorithm, this time considering
peak
that T sm
. This will lead to a higher T1peak than in the previous iteration
1 = Tn
peak
and, thus, a new larger T sm
. Thus, new lines will be generated in the
2 = T1
LUTs. The procedure is continued iteratively, until, for a certain task, the peak
temperature over two successive iterations does not change, which means that no
new entries into the LUT tables will be generated. Our experiments have shown
that convergence is reached after no more than 5 iterations. This procedure also
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allows to detect if there exists a possibility for the design to reach, in the worst case,
a thermal runaway situation (in which case the iterations do not converge) or if the
maximum allowed temperature can be violated (the process convergence but there
are peak temperatures which are beyond Tmax ).
The above technique leads to a tightening of the range of temperatures in
the LUT. There are two more questions to be answered regarding the number
of temperature entries: (1) What should be the granularity of the temperature
investigation and (2) how to reduce the number of entries if only a limited amount
of memory is available at run-time?
It is obvious that a finer granularity and larger number of entries will, potentially, produce better energy savings at the cost, however, of increased memory
consumption. With regard to the granularity △Ti , our experiments have shown
that values around 15◦ C are appropriate, in the sense that finer granularities will
only marginally improve energy efficiency. If, due to memory limitations, we only
can afford a certain number N Ti of temperature entries to be stored for a task τi ,
we have to decide which lines of LUTi to preserve and which to eliminate. One
straightforward approach would be to maintain an even distribution of the selected
N Ti lines over the range [Ta , T sm
i ]. However, start temperatures of tasks, during
execution, do not spread evenly over this range. Thus, it is more efficient to have the
N Ti lines more dense around the temperature values that are more likely to happen,
and sparse towards the extremes. This means that less pessimistic voltage/frequency
settings will be used for the most likely cases, while cases that are much less likely
to happen are handled in a more pessimistic way. Thus, after the LUT tables have
been generated, in order to select the appropriate N Ti lines along the temperature
dimension for each task τi , we run a temperature analysis session in which all tasks
are executed for their expected number of cycles EN C. From this analysis, we can
observe which is the most likely starting temperature for each task and we select
the N Ti lines among those close to this most likely temperature.

3.4.4

LUT Granularity Along the Time Dimension

A straightforward approach would be to allocate the same number of entries, along
the time dimension, to each task (N ti is the same for all tasks τi , i = 1..N ).
However, the start time interval sizes LSTi − ESTi can differ very much between
tasks, which should be taken into consideration when deciding on the number of
time entries. Therefore, given a total number of entries along the time dimension
N Lt , we determine the number of time entries in each LUTi , as shown in Eq. (3.1)2 :
2 Let us mention that, while the start time intervals’ sizes, LST − EST , are very different from
i
i
task to task, this is much less the case with the size of the temperature interval, T sm
i − Ta . Therefore,
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&

(LSTi − ESTi )
N ti = N Lt · N
P
(LSTi − ESTi )

'

(3.1)

i=1

3.4.5

Accounting for Analysis Accuracy and Ambient
Temperature

The solutions produced by our techniques presented in section 3.4 are safe. By this
we mean that:
1. It is guaranteed that deadlines are satisfied;
2. If, at run time, a certain frequency setting is selected for a task τi , it is
guaranteed that the temperature during execution of τi will not exceed the
limit allowed for the chip to run at the selected frequency.
There are two aspects which have to be discussed with respect to the second of
the two statements above. First is the issue of ambient temperature. If a task τi
is starting its execution at a certain temperature T , the temperature profile during
task execution depends on the actual ambient temperature. Thus, a safe frequency
selection has to also take into consideration the current ambient temperature. Two
possible solutions can be considered:
1. Generate the voltage/frequency settings considering the highest ambient
temperature under which the system is supposed to function. This is a safe
but pessimistic solution with, potentially, smaller energy savings.
2. Generate alternative voltage/frequency settings for a set of ambient temperatures in the range assumed for the system to function. During run time, using
sensors for the ambient temperature, the system will switch to those tables
corresponding to that ambient temperature that is immediately higher than the
actual measured one. This solution requires additional memory for storing a
larger amount of tables but could lead to better energy efficiency.
The second aspect to be considered is the accuracy of the temperature analysis.
The fact that a certain frequency setting is safe, with regard to the peak temperature
reached during execution of a task, is based on the temperature analysis performed as
part of the DVFS procedure. Thus, the results can be safe only to the extent to which
this analysis provides safe temperatures. Of course, system-level thermal analysis
the number of entries along the temperature dimension (N Ti , see section 3.4.3) has been kept identical
for all tasks in our experiments.
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tools are not provably accurate. Nevertheless, relative precisions are reported for
the various analysis tools and we are using this information in order to account
for the inaccuracy of the thermal analysis. More precisely, given a certain relative
precision of the temperature analysis tool that we use, we account for this precision
in a conservative way when determining the peak temperatures used for frequency
calculation.
In section 3.5, we will evaluate the impact of both ambient temperature and
potential analysis inaccuracy on the energy optimization results.

3.5

Experimental Results

In this section, we perform experiments aiming at evaluating our DVFS approaches
presented in Section 3.3 and Section 3.4.

3.5.1

Static DVFS Approach

Leakage/Temperature Dependency.
The first set of experiments is performed to compare the SDVFS approach with the
consideration of leakage/temperature dependency (denoted T-SDVFS) as illustrated
in Fig. 3.5, and a SDVFS approach that ignores the dependency (denoted as NTSDVFS). NT-SDVFS is realized by running one single iteration of the process in
Fig. 3.5. The assumed temperature is used for voltage selection which produces the
voltage levels; temperature analysis gives the real temperature at which the chip
will run using the obtained voltages, based on which the final energy consumption
is computed.
We have generated 150 test applications which are running at temperatures
in the range 40◦ C to 125◦ C. The number of tasks in each application is in the
range [5, 100]. The W N C of the tasks is in the range [106 , 107 ] cycles. 9 voltage
levels in the interval [0.6V, 1.4V] were considered for dynamic supply voltage
selection. The temperature model related coefficients are the same as in [19]. The
chip working temperature is in the range [Ta , Tmax ] where Ta and Tmax are the
ambient temperature and maximal allowable chip working temperature respectively.
It is assumed that Tmax = 125◦ C and Ta = 40◦ C. Leakage power is computed by
Eq. (2.2) with parameters from [59]. The amount of leakage power (calculated at
70◦ C) is, on average, 40-60% of the total power. The frequency corresponding to a
supply voltage is computed by Eq. (2.4) using parameters from [55].
For each generated test application we perform the following steps:
1. Apply our T-SDVFS algorithm illustrated in Fig. 3.5 and obtain the optimized,
temperature-aware, energy consumption Eta .
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2. For the same application and setting, we run the NT-SDVFS approach resulting in energy consumption Enta .
3. The energy reduction by using our T-SDVFS approach is computed as follows.
G=

(Enta − Eta )
× 100%
Enta

It is expected that the energy Eta produced by the temperature-aware approach is
smaller than Enta . Obviously, Enta depends on the assumed temperature provided
by the designer. If the designer’s guess is correct (equal to the temperature at which
the chip functions with the selected voltages), a situation which is very unlikely, then
Enta = Eta . As further away the designer’s guess is, as larger Enta is compared to
Eta . Fig. 3.9 shows the average energy reduction G as a function of how far the
temperature guess is from the actual temperature at which the application runs. As
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Figure 3.9: Energy Improvement with T-SDVFS Approach

can be seen, considerable amount of energy savings are achieved by our thermalaware SDVFS approach. In the context in which it is practically impossible to
predict at which temperature the circuit will function, since the actual voltages are
not known before voltage selection, a thermal-aware approach is a safe solution if
energy losses are to be avoided.
It is interesting to observe that, when temperatures are underestimated, the
energy losses are slightly smaller. The explanation is the following: when temperatures are overestimated, the temperature-unaware approach assumes that leakage
currents are very high (due to the high assumed temperature). Thus, the voltage
selection algorithm will tend to select high supply voltages so that tasks are terminated early and slack time is used to put the circuit into low leakage modes. Since,
in reality, the circuit will work at lower temperature and leakage currents will be
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considerably smaller (due to the exponential dependency of leakage on temperature,
which at high temperature values leads to larger errors than at low temperatures), the
temperature-aware approach will produce smaller supply voltages, which explains
the energy differences at overestimated temperature. In the case of temperature
underestimations, the temperature-unaware DVFS approach will produce lower
voltages (which extend the execution time in the limits of available slack) and,
by this, find solutions that are close to those produced by the temperature-aware
approach.
We have also applied our temperature-aware voltage selection T-SDVFS on a
real-life examples: an MPEG2 decoder which consists of 34 tasks and is described
in more detail in [60]. Fig. 3.10 shows the energy reduction G as a function of
how far the temperature guess is from the actual temperature at which the MPEG2
decoder runs. As can be observed, the trend is similar to the one produced for the
generated applications.
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Figure 3.10: Energy Improvement for The MPEG2 Decoder

Frequency/Temperature Dependency.
A second set of experiments is performed to evaluate our temperature-aware DVFS
approach SDVFS-LF, which takes both leakage/temperature and frequency/temperature dependency into consideration as described in Section 3.3.2.
150 test applications were generated and 9 discrete voltage levels in the range
[1.0V, 1.8V] were used for dynamic voltage and frequency selection. The frequency
for the SDVFS-LF approach is determined by Eq. (2.4) and Eq. (2.5). For Eq. (2.5),
we use the coefficients µ = 1.19, ξ = 1.2, and k = −1.0V/◦ C according to [19]
and [61]. For each application, we perform both T-SDVFS and SDVFS-LF, and the
corresponding energy consumptions are denoted by E1ta and E2ta respectively.
We compute the energy reduction obtained from using SDVFS-LF compared to T-
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SDVFS as follows:

E1ta − E2ta
× 100%
E1ta

As shown in Table 3.4, the energy consumption can be reduced by 22% on
average over all test applications. For our real-life example: the MPEG2 decoder,
the corresponding energy reduction is 21%.
Table 3.4: Energy Reduction from Using SDVFS-LF Comparing with T-SDVFS

Generated Applications
MPEG2 Decoder

3.5.2

Energy Reduction
22%
21%

Dynamic DVFS Approach

In this section, we evaluate our on-line temperature-aware dynamic DVFS (DDVFS)
approach described in Section 3.4. 150 applications were generated and each
generated application consists of 2 to 50 tasks. The W N C of the tasks is in the
range [106 , 107 ] cycles. The test applications are executed on a processor which
can run at 9 different supply voltage levels in the range [1.0V, 1.8V]. It is important
to mention that in all our experiments, we have accounted for the time and energy
overhead produced by the on-line component of our dynamic approach. Similarly,
we have also taken into consideration the energy overhead due to the memory
accesses. This overhead has been calculated based on the energy values given
in [62] and [63].
Frequency/Temperature Dependency.
We have first performed experiments to explore the benefits of considering the frequency/temperature dependency with dynamic DVFS. Table 3.5 shows the energy
reduction obtained by taking the frequency/temperature dependency into consideration with DDVFS compared to the similar approach but ignoring the dependency.
The energy consumption is reduced by 17% on average, for our generated applications. In the case of our real life example, the MPEG2 decoder, the energy
consumption reduction is 18.6%.
Table 3.5: Energy Improvement by DDVFS with Frequency/Temperature Dependency

Generated Applications
MPEG2 Decoder

Energy Reduction
17.3%
18.6%
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DDVFS vs. SDVFS.
This set of experiments is aimed at comparing the energy consumption between the
static DVFS approach, presented in Section 3.3, and the dynamic one, presented in
Section 3.4 (both considering the two pairs of dependencies: leakage/temperature
and frequency/temperature). As the ratio BN C/W N C has a strong influence on the
potential efficiency of a dynamic approach, we run the experiments considering three
different ratios: 20%, 50%, and 70%. We also assume that the workload distribution
of each task conforms to a normal distribution N (EN C, σ 2 ), where EN C is the
mean value, and σ is the standard deviation. For our energy evaluations we have
generated actual numbers of executed clock cycles for each task considering standard
deviations of (W N C − BN C)/3, (W N C − BN C)/5, (W N C − BN C)/10, and
(W N C − BN C)/100.
Fig.3.11 shows the energy savings with the dynamic approach DDVFS relative
to the static one SDVFS. As can be observed, the efficiency of the dynamic approach,
compared to the static one, increases as the ratio between BN C and W N C becomes
smaller. The energy savings are also larger, compared to the static approach, when
the standard deviation σ is smaller (more of the actual executed number of clock
cycles are clustering around the EN C). Remember that our DDVFS algorithm is
targeted towards optimizing the energy consumption for the case when tasks execute
the expected number of cycles EN C.
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Figure 3.11: Dynamic vs. Static Approach
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We also apply our dynamic approach to the MPEG2 decoder mentioned in
Section 3.5.1. The energy consumption with the dynamic approach is 39% smaller
than the one using the static DVFS approach.
Computation Time of the Off-line Phase of DDVFS.
For the above test applications, the computation time needed for LUT generation in
the off-line phase is shown in Fig. 3.12. The computation time is illustrated as a
function of the number of tasks in the application. For large size application, e.g. an
application containing 50 tasks, the needed time for generating all the LUT tables
off-line is around 400 minutes.
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Figure 3.12: Computation Time: Off-line Phase

LUT Sizes.
The next set of experiments are aimed at exploring the impact of the LUT sizes
on the efficiency of the DDVFS approach. In particular, we are interested in the
impact of the number of entries along the temperature dimension. The number
of entries along the time dimension has been kept constant for these experiments
and is distributed according to the discussion in section 3.4.4. First we run, for all
applications, our dynamic DVFS approach considering a granularity △T = 10◦ .
We evaluate the average energy reduction with the obtained LUTs, compared to the
static approach. Then we impose a certain limitation on the number of entries along
the temperature dimension and we construct the corresponding LUTs as discussed
in Section 3.4.3. We again evaluate the energy consumption considering these
reduced LUTs.
The diagram in Fig. 3.13 shows the average results for different number of entries
under two different standard deviations of the actual number of clock cycles executed
by tasks. Having one single temperature entry will produce energy reductions
compared to the static case which are 37% smaller (for σ = (W N C − BM C)/3)
than with an unreduced LUT. However, with 2 entries, the results are already very
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close to those obtained with an unreduced LUT and with 3 entries they are, in
practice, identical. This is good news, since it shows that significant energy savings
can be obtained with relatively small memory overhead. It should be mentioned that
all other experiments presented in this section have been performed with 2 entries
along the temperature dimension.
40.00%

30.00%

(WNC-BNC)/3
(WNC-BNC)/10

20.00%

10.00%

0.00%
1

2

3
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Entry Number
Figure 3.13: Impact of Temperature Line Number

Accounting for Ambient Temperature and Thermal Analysis Accuracy.
We have also performed experiments to explore the impact of ambient temperature
and temperature analysis accuracy. For all experiments above, we have assumed
that Ta is 40◦ C and is known at design time. In order to evaluate the impact of the
ambient temperature, we considered all the generated applications and constructed
LUTs for values of Ta in the range [-10◦ C, 40◦ C]. For each (application, LUTs)
pair corresponding to a certain Ta we have evaluated the energy consumption
considering that the Ta is identical with the one assumed at LUT generation. Then
we run the simulations for the same (application, LUTs) pair, but considering that
Ta deviates with 10◦ , 20◦ , . . . , 50◦ from the value assumed at design time. The
results are shown in Fig.3.14. We can see that if Ta is different by, for example, 20◦
from the one assumed at design time, the energy consumption increases by only 7%
on average. This shows that, if the predicted range of ambient temperature is, for
example, 40◦ , generating two sets of LUTs (granularity of 20◦ ) will lead to energy
losses, on average, less than 7%.
All the above experiments have been performed considering that the temperature
modeling and analysis is accurate. We have repeated the experiments considering
a relative accuracy of 85%. When calculating frequency settings we accounted,
in a conservative way, for this degree of accuracy. In Table 3.6 we compare the
energy efficiency achieved with simulation accuracy 85% and the one with 100%
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Figure 3.14: Impact of The Ambient Temperature
Table 3.6: Energy Improvement Degradation by Simulation Accuracy

Generated Applications
MPEG2 Decoder

100%
17.3%
18.6%

85%
16.7%
18.1%

Degradation
3.5%
2.8%

simulation accuracy for both our generated examples and the MPEG2 decoder. As
shown in Table 3.6, the degradation due to considering for the 15% inaccuracy is
less than 3.5%.
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Temperature-Aware Idle Time
Distribution
4.1
4.1.1

Motivational Example
Static Idle Time Distribution

Let us consider a periodic application consisting of 7 tasks which share a global
deadline of 96.85ms. The worst case workload, W N C (in clock cycles), and
average switched capacitance, Cef f , for each task are shown in Table 4.1. The
tasks run on a processor with a fixed supply voltage and frequency level of 0.6V
and 132MHZ respectively. The corresponding execution times teW are also shown
in Table 4.1.
Table 4.1: Motivational Example: Application Parameters

τ1
τ2
τ3
τ4
τ5
τ6
τ7

WNC
8.26e+06
1.20e+07
2.32e+07
2.25e+07
1.46e+07
2.15e+07
8.26e+06

Cef f (f)
5.0e-10
5.0e-10
9.0e-8
1.7e-7
1.8e-7
1.9e-7
5.0e-10

teW (ms)
6.22
9.07
18.76
17.46
16.94
16.18
6.22

Based on the performance of this processor, there exists 6ms static slack, ts,
in each execution period of this application. Fig. 4.1 shows two different ways of
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distributing ts. The first distribution (1st ITD), as shown in Fig. 4.1a, places the
Deadline
Static Slack: 6ms (Period)

1
0.0

2
6.2

3
15.3

4

5

34.0

6

51.5
st

68.4

7
84.6

Time(ms)
90.8

96.8

(a) 1 ITD
Idle for:
1.16ms

1
0.0

2
6.2

3
15.3

Idle for:
2.26ms

Idle for:
2.58ms

4

5

34.0 35.2

(b) 2

52.7 54.9
nd

6
71.9

74.4

7
90.6

Time(ms)
96.8

ITD

Figure 4.1: Motivational Example: Static Idle Time Distribution

whole ts after the last task, while the second distribution (2nd ITD), in Fig. 4.1b,
divides the static slack ts into 3 segments of idle slots and places the 3 idle slots
after execution of task τ3 , τ4 and τ5 , respectively.
For simplicity, in this example, we ignore both energy and time overhead due to
switching between the active and idle mode. The two different ITDs will lead to
different temperature and leakage power profiles. The average working temperature
T w of each task, as well as the leakage energy consumption, are shown in Table
leak
4.2, where E leak is the leakage consumption of each task. Etot
is the total leakage
leak
energy consumption of the whole application. Comparing Etot for the 1st and 2nd
ITD, we can observe that around 10% reduction of leakage energy consumption can
be achieved.
Table 4.2: Static ITD: Leakage Energy Comparison

τ1
τ2
τ3
τ4
τ5
τ6
τ7
leak
Etot

1st ITD
T w(◦ C) E leak (J)
101
0.81
102
1.20
108
2.73
119
3.08
125
3.32
129
3.39
122
1.24
15.77

2nd ITD
T w(◦ C) E leak (J)
110
0.96
107
1.30
108
2.73
113
2.78
115
2.79
117
2.68
117
1.05
14.29
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The leakage energy reduction is due to the modified working temperature of
the chip which has a strong impact on the leakage power. It is also important to
mention that the table reflects the steady state (not the start-up mode), for which
energy minimization is targeted. This means that the starting temperature for τ1 is
identical to the temperature at the end of the previous period.

4.1.2

Dynamic Idle Time Distribution

The ITD approach outlined in the previous section is an off-line static one which
assumes that tasks execute their WNC and, thus, it only distributes the static slack.
However, in reality, most of the time, there are huge variations in the number of
cycles executed by a task, from one activation to the other, which leads to a large
amount of dynamic slack.
For the task set introduced in the previous section, let us imagine the activation
scenario shown in Table 4.3, where the columns AN C and teA contain the actual
executed workload (in clock cycles) and the corresponding actual execution time
of each task, respectively. tdi represents the dynamic slack generated due to the
actual number of cycles executed by task τi (it is the difference between the teW
and teA of the task). For this activation scenario, tasks τ3 , τ4 , τ5 and τ6 execute
Table 4.3: Motivational Example: An Activation Scenario

τ1
τ2
τ3
τ4
τ5
τ6
τ7

AN C
5.95e+05
5.20e+05
2.49e+07
2.32e+07
2.25e+07
2.15e+07
2.60e+06

teW (ms)
6.22
9.07
18.76
17.46
16.94
16.18
6.22

teA (ms)
0.45
0.40
18.76
17.46
16.94
16.18
1.96

tdi (ms)
5.77
8.67
0.0
0.0
0.0
0.0
4.26

their worst case workload, while τ1 , τ2 and τ7 execute less than their worst case
workload
P7 and, thus, generate dynamic slack. The total amount of dynamic slack is
td = i=1 tdi = 18.7ms.
Fig. 4.2a illustrates the distribution of idle time slots during the above on-line
activation scenario if we use the off-line ITD approach which distributes static slack
as illustrated in Fig. 4.1b. In this case, the dynamic slack tdi is placed where it is
generated (tdi is placed after τi terminates). Table 4.4 shows the corresponding
working temperature and leakage energy consumption of each task as well as
the total leakage energy consumption, which is 7.98J. However, leakage energy
can be reduced by distributing the dynamic slack more wisely. For example, at
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(a) 1 ITD: Execution Scenario with Only Static ITD
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(b) 2st ITD: Execution Scenario with Both Static and Dynamic ITD
Figure 4.2: Motivational Example: Idle Time Distribution

run-time, whenever a task terminates, the idle time slot length following this task
is calculated by taking into consideration the current time and the current chip
temperature. Fig. 4.2b shows the ITD determined in this way. The corresponding
total leakage energy consumed, as shown in Table 4.4, is 7.32J which means a
leakage energy reduction of 8%. This leakage reduction is due to the further
lowered working temperature of the energy hungry tasks τ4 , τ5 and τ6 , which is
achieved by ITD considering both static and dynamic slack.
Table 4.4: Dynamic ITD: Leakage Energy Comparison

τ1
τ2
τ3
τ4
τ5
τ6
τ7
leak
Etot

1st ITD
T w(◦ C) E leak (J)
89
0.05
78
0.03
79
1.67
91
1.92
97
2.04
99
2.02
102
0.25
7.98

2nd ITD
T w(◦ C) E leak (J)
83
0.04
83
0.04
84
1.80
87
1.78
90
1.80
91
1.73
84
0.13
7.32

The above examples have demonstrated that leakage energy can be reduced
through both static and dynamic idle time distribution.
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Problem Formulation

We consider a set of periodic tasks (τ1 , τ2 , . . . , τn ) executed in the order τ1 , τ2 , . . . ,
τn . For each task τi , as described in Chapter 2.2, the five-tuple:
< W N Ci , BN C, EN C, dli , Cef fi >
is given. The supply voltage Vi at which the task τi is executed is fixed, e.g. by our
DVFS technique proposed in Chapter 3. Corresponding to the supply voltage Vi
that task τi is executed at, the worst case execution time teW
i , best case execution
E
1
time teB
i , and expected execution time tei can be directly calculated .
For each iteration of the application, the total static slack ts is constant and
computed by Eq. (4.1):
n
X
ts = dln −
teW
(4.1)
i
i=1

where
n represents the deadline of the last task τn in the execution order, and
Pn dlW
te
i=1 i is the sum of the worst case execution time of all tasks. The total
dynamic slack for each execution iteration is varying due to execution time variation
of tasks. For one iteration, td is calculated as follows:
td =

n
X
i=1

teW
i

−

n
X

teA
i

i=1

A
where teA
i represents the actual execution time of task τi in this iteration. tei
E
conforms to a distribution with expected execution time tei as the arithmetic mean
value of the probability density function P b(teA
i ) as follows:

teE
i =

Z

teW
i
teB
i

A
A
P b(teA
i ) · tei d(tei )

The total available slack ttot for one iteration is equal to the sum of the static
slack ts and dynamic slack td as shown in Eq. (4.2).
ttot = ts + td

(4.2)

During ttot the processor can be switched to idle mode consuming the power Pidle .
The time and energy overhead for switching the processor to and from the idle state
1 The frequency level corresponding to the supply voltage V is computed at the highest allowable
i
working temperature of the processor Tmax .
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are to and Eo respectively. Idle slots can be placed after the execution of any task.
The length
Pn of an idle slot i after task τi is denoted as ti , and the sum of all idle
slots j=1 ti should be equal to the total available idle time ttot . Note that the time
overhead to is included in the slot length ti .
We will, formulate the following two ITD problems.
• ITD with only static slack: static idle time distribution (SITD)
• ITD with both static and dynamic slack: static and dynamic idle time distribution (DITD)

4.2.1

ITD with Only Static Slack: SITD

Let us consider the scenario in which each task τi is always executed with the worst
W
case workload: teA
i = tei . In this scenario, for each iteration, the available slack
is constant and known: ttot = ts where ts is computed by Eq. (4.1).
For one iteration, the total energy consumption of the task set can be expressed
as follows:
E tot =

n
X
i=1

Eidyn +

n
X
i=1

Eileak +

n
X

(Eo · xi ) + E I

i=1

Pn

Pn
leak
where i=1 Eidyn and
are the total dynamic and leakage energy conPn i=1 Ei
sumption of all tasks. i=1 (Eo ·xi ) is the total energy overhead when the processor
is switched to/from idle state, where xi is a binary variable indicating whether task
τi is followed (xi = 1) or not (xi = 0) by an idle slot. E I is the total energy
consumption during the idle time ttot .
The dynamic energy consumption of each task Eidyn , is further computed as:
Eidyn = Pidyn (Vi ) · teW
i
where Vi is the supply voltage the task τi is executed at, and Pidyn (Vi ) computes
the dynamic power according to Eq. (2.1). teW
i represents the worst case execution
time of task τi . As the supply voltage Vi and teW
i are constants, the total dynamic
Pn
energy i=1 Eidyn is hence constant and independent from the distribution of idle
time.
The total energy consumption during idle time E I is computed as:
E I = Pidle · ttot .
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where Pidle is the power consumption of the processor in the low power mode and
ttot = ts. Similar to Eidyn , E I is also fixed and independent from ITD, as ts is
constant with given supply voltages.
The leakage energy consumption of each task Eileak is a function of both
temperature and supply voltage as expressed in Eq. (4.3):
Eileak

=

Z

teW
i
0

Pileak (Vi , Ti (t)) dt

(4.3)

where Ti (t) describes the temperature of the processor during execution of task
τi . Pileak (Vi , Ti (t)) calculates leakage power according to Eq. (2.2). With given
supply voltages Vi , Ti (t) is influenced by the distribution of idle time slots, so the
leakage energy consumption Eileak is determined by the distribution of idle time
slots.
We need to distribute the static slack ts to minimize the total leakage energy
consumption of the application and the energy overheads due to switching as
follows.
n
n
X
X
(Eo · xi )
E=
Eileak +
i=1

i=1

With given supply voltages Vi , and a fixed distribution of idle time slots, the
same power pattern is periodically executed on the processor. As the task set
is executed for a large number of iterations, the processor temperature is, thus,
able to converge to a steady state dynamic temperature curve (SSDTC). Once the
processor has reached the steady state, the SSDTC will repeat periodically. Our
Problem Formulation 1 Static Idle Time Distribution
E

=

n
X

Esleak
+
i

ts

=

n
X

(Eo · xi )

(4.4)

i=1

i=1

subject to :

n
X

ti

(4.5)

i=1

dli

≥

i−1
X
j=1

ti +

i
X

teW
j (∀i, 1 ≤ i ≤ n)

(4.6)

j=1

SITD problem can be formulated by Eq. (4.4)–Eq. (4.6). Given is a set of periodic
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tasks (τ1 , τ2 , . . . , τn ) as defined earlier in this section. The tasks are mapped and
scheduled on the platform as described in Chapter 2.3. The idle time slot length
ti following each task τi and, implicitly, xi (the binary variable which represents
whether task τi is followed by an idle time slot or not) are to be determined such
that the objective function Eq. (4.4) is minimized with the two constraints Eq. (4.5)
and Eq. (4.6) to be satisfied. Esleak
in Eq. (4.4) represents the steady state leakage
i
energy consumption. The constraint in Eq. (4.5) requires that the sum of all idle
slots lengths should be equal with the total available static slack ts where ts is
calculated by Eq. (4.1). The constraint in Eq. (4.6) guarantees that the deadline of
each task is satisfied.

4.2.2

ITD with Both Static and Dynamic Slack: DITD

The above problem formulation ignores the execution time variations of tasks at
run-time and, implicitly, ignores the dynamic slack. To deal with execution time
variation and perform dynamic slack distribution, the idle slot length ti following
the termination of a task τi should be determined, at run-time, based on the actual
time and processor temperature.
Our problem formulation for DITD is shown by Eq. (4.7)–Eq. (4.9). Given is
Problem Formulation 2 Dynamic Idle Time Distribution
Minimize :
E

=

n
X

Ejleak +

j=i+1

subject to :
n
X
tj

=

dlj

≥

(Eo · xj )

(4.7)

j=i

dln − tfi −

j=i

n
X

n
X

teE
j

(4.8)

j=i+1

tfi +

j−1
X
k=i

tk +

j
X

teW
k

(4.9)

k=i+1

(∀j, i + 1 ≤ j ≤ n)

a set of periodic tasks (τ1 , τ2 , . . . , τn ) as defined earlier in this section. The tasks
are mapped and scheduled on the platform as described in Chapter 2.3. When task
τi terminates at time tfi , the idle time slot ti following
Pn task τi ’s termination is determined such that Eq. (4.7) is minimized, where j=i+1 Ejleak is the total leakage
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energy consumption of the remaining tasks τj , (i < j ≤ n), to be executed within
the current iteration. The leakage energy consumption Ejleak of each remaining task
τj is estimated corresponding to the case when the expected workload is executed.
Ejleak is calculated according to Eq. (4.3) with the difference that the expected
W
execution time teE
j is used instead of tej as the upper limit for the integral. The
constraint in Eq. (4.8) requires that the sum of all idle slots lengths should be equal
with the total available slack where tfi is the time the current task τi terminates. The
total available slack is computed with the assumption that all the future tasks τi+1
to τn are executed with their expected workload teE
j (∀j, i < j ≤ n). The deadline
of each task is guaranteed by the constraint in Eq. (4.9), where dlj represents the
deadline of task τj . Note that, the worst case execution time teW
k is used in Eq. (4.9)
in order to guarantee the deadline of each task in the worst case.

4.3

Temperature Analysis

To solve the problem of ITD, we need to perform dynamic temperature analysis. In
the previous chapter, the thermal analysis are based on Hotspot. However, using
Hotspot for dynamic temperature analysis is not efficient due to its extremely long
execution time. In this section, we propose an analytical thermal analysis approach
which is fast and accurate enough to be used in our ITD optimization loop.

4.3.1

Temperature Model

Thermal Circuit.
In order to analyze the thermal behavior, we build an equivalent RC thermal circuit
based on the physical parameters of the die and the package [24]. Due to the fact
that the application period, tp , can safely be considered significantly smaller than
the RC time of the heat sink, which, usually, is in the order of minutes [64], the
heat sink temperature stays constant after the state corresponding to the SSDTC is
reached. For SSDTC estimation, we, hence, can ignore the thermal capacitance (not
the thermal resistance!) of the heat sink and build the 2-RC thermal circuit shown
in Fig. 4.3a. B1 and B2 represent the temperature node for the die and the heat
spreader respectively. P (t) stands for the processor power consumption as a function
of time. We obtain the values of R1 , R2 , C1 and C2 from an RC network similar
to the one constructed in Hotspot [25]. R1 is calculated as the sum of the thermal
resistance of the die and the thermal interface material (TIM), and C1 as the sum
of the thermal capacitance of the die and the TIM. R2 is the equivalent thermal
resistance from the heat spreader to the ground through the heat sink, and C2 is the
equivalent thermal capacitance of the heat spreader layer.
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(a) 2-RC Thermal Circuit
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(b) 1-RC Thermal Circuit

Figure 4.3: Thermal Circuit

When the application period tp is significantly smaller than the RC time of
the heat spreader in the 2-RC thermal circuit, the heat spreader temperature stays
constant after SSDTC is reached. In this case, we can simplify the 2-RC to an 1-RC
thermal circuit (Fig. 4.3b).
Temperature Equations.
For the 2-RC thermal circuit in Fig. 4.3a, we can describe the temperatures of B1
and B2 as follows:
dT die
dt
dT sp
C2 ·
dt

C1 ·

+
+

T die − T sp
= P (t)
R1
T sp
T die − T sp
=
R2
R1

(4.10)
(4.11)

where T die and T sp represent the temperatures at B1 and B2 respectively. The
power consumption, P (t), is the sum of the dynamic and leakage power, which are
dependent on the supply voltage V and T die .
If, within a time interval, the power consumption P stays constant, the temperature at the beginning and end of the time interval can be expressed as follows, by
solving Eq. (4.10) and Eq. (4.11):
Tedie

=

a1 · Tbdie + b1 · Tbsp + c1

(4.12)

Tesp

=

a2 · Tbdie + b2 · Tbsp + c2

(4.13)

Tbdie and Tbsp are the temperatures of B1 and B2 at the beginning of the time interval,
while Tedie and Tesp are the temperatures at the end of the time interval. a1 , a2 , b1 ,
b2 , c1 and c2 are constant coefficients determined by R1 , R2 , C1 , C2 and P .
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SSDTC Estimation

As an input to the SSDTC calculation we have the voltage levels, calculated by a
DVFS algorithm, and a given idle time distribution, as illustrated in Fig. 4.4a.
Vs0 Vs1Vs2Vs3
Vs
Vs4 5Vs6
Pidle
t2

t1

t0

Vs8
t3

Tdie6

Tdie7
Tdie3
Tdie5
Tdie2
Tdie4
Tdie1
Tdie8
Tdie0
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t1
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Vsm-2 Vsm-1
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tn-1
Tdiem-3

Deadline
tn Time

Tdiem-2
Tdiem-1

tn-1

Tdiem
tn Time

Figure 4.4: Temperature Analysis

When the processor is working in the active state, the leakage power consumption varies with the working temperature of the processor. In Fig. 4.4a, we divide
the execution interval of each active state step into several sub-intervals. The total
number of sub-intervals is denoted as m. Each sub-interval is short enough such that
the temperature variation is small and the leakage power can be treated as constant
inside the sub-interval.
Pi is the power consumption for each sub-interval i (1 ≤ i ≤ m). When
the processor is in the active state during the ith sub-interval, Pi is computed by
die
Eq. (4.14), where V si−1 and Ti−1
are the supply voltage and processor temperature
th
at the start of the i sub-interval. P dyn (V si−1 ) represents the dynamic power
die
consumption while P leak (Ti−1
, V si−1 ) represents the leakage power consumption
based on the piece-wise linear leakage model discussed in Section 2.1.
Pi

=

die
Pidyn (V si−1 ) + Pileak (Ti−1
, V si−1 )

(4.14)

When the processor is in idle state during the ith sub-interval, the power consumption Pi = Pidle .
As shown in Fig. 4.4b, we construct the SSDTC by calculating the temperature
die
values T0die to Tm
. The relationship between the start and end temperature of
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each sub-interval can be described by applying Eq. (4.12) and Eq. (4.13) to all
sub-intervals. Thus, we can establish a linear system with 2m equations as shown
in Eq. (4.15)–Eq. (4.18), where Tidie and Tisp are the temperature of the processor
and heat spreader at the beginning of the i + 1th sub-interval. Due to periodicity,
when dynamic steady state is reached, the processor and heat spreader temperature
at the beginning of the period should be equal to the temperature values at the end
of the previous period (Eq. (4.19)). Solving the linear system Eq. (4.15)–Eq. (4.19),
die
we get the values for T0die to Tm
and, hence, obtain the corresponding SSDTC. As
this system is a tridiagonal linear system, it can be solved efficiently, e.g. through
LU decomposition with only O(m) operations [65]. It should be mentioned that, in
fact, two SSDTCs can be obtained, one reflecting the temperature of the chip, and
the other based on that of the heat spreader.
T1die
T1sp
die
Tm
sp
Tm
T0die

4.3.3

=
a11 · T0die + b11 · T0sp + c11
=
a12 · T0die + b12 · T0sp + c12
.........
sp
die
=
am1 · Tm−1
+ bm1 · Tm−1
+ cm1
=
=

die
am2 · Tm−1
+ bm2
sp
die
sp
T m ; T 0 = Tm

·

sp
Tm−1

+ cm2

(4.15)
(4.16)
(4.17)
(4.18)
(4.19)

Transient Temperature Curve (TTC) Estimation

The temperature (SSDTC) calculated in the previous section corresponds to the
dynamic steady state reached after a sufficient number of iterations have been
executed. The same technique can be used to calculate any transient temperature
curve (TTC), corresponding to an arbitrary time interval, as long as the length of the
time interval is significantly smaller than the RC time of the heat sink (which is in
the order of minutes). Under this assumption, as discussed earlier in this section, the
thermal model in Fig. 4.3 can be used. The only difference relative to the SSDTC
calculation is that Eq. (4.19) is no longer valid:
die
sp
T0die 6= Tm
; T0sp 6= Tm

To estimate the transient temperature curve (TTC), the temperature of T0die and T0sp
die
are given as input. The temperature values: T1die ,T2die , . . . , Tm
and T1sp , T2sp , . . . ,
sp
Tm are calculated by solving equations Eq. (4.15)–Eq. (4.18).
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ITD with Only Static Slack (SITD)

In this section, we discuss our solutions to the SITD problem, as formulated in
Section 4.2.1, which only considers static slack. We first introduce our approach
ignoring the overheads Eo and to in Section 4.4.1. This approach will, then, be used
in Section 4.4.2 where a general SITD technique with overheads consideration is
presented.

4.4.1

SITD without Overhead (SITDNOH)

Since, in this section, we ignore the overheads
(Eo = to = 0), it results from
Pn
Eq. (4.4) that the cost to be minimized is i=1 Esleak
, which is the total leakage
i
energy consumed during task execution.
Assuming that the execution interval of task τi is divided into qi − 1 subintervals, the leakage energy consumption of τi is the sum of the leakage energy of
all sub-intervals:
Esleak
=
i

qX
i −1
j=1

(Pijleak (Vij ,

die
Tijdie + Ti(j+1)

2

sub
) · tij
)

(4.20)

die
where Tijdie , Ti(j+1)
and tsub
ij represent the processor SSDTC temperatures at the
th
beginning and end of the j sub-interval and the length of this sub-interval, respectively. The model in Eq. (2.2) is used to compute the leakage power, Pijleak , in each
sub-interval.
Let us first assume that the chip (as well as the heat spreader) temperature at the
termination of each task is known and is independent of the starting temperature
of the task. Under this assumption, we can formulate our SITDNOH problem as
shown in Eq. (4.21)–Eq. (4.33), where
Pn the objective function to be minimized is the
total leakage energy for all tasks i=1 Esleak
. The optimization variables to be
i
calculated are the idle slot lengths ti , (∀i, 1 ≤ i ≤ n). Eq. (4.23) requires
Pnthe sum
of all idle slots lengths to be equal to the total available idle time: dln − i=1 teW
i .
Eq. (4.24) guarantees that the deadline of each task is satisfied. The processor
sp
die
and heat spreader temperatures at the end of task τi , Tiq
and Tiq
, are considered
i
i
known and assigned by Eq. (4.25) and Eq. (4.26), respectively, where T gidie and
die
T gisp are given constants. Tijdie and Ti(j+1)
are the processor temperature at the
th
beginning and end of j sub-interval in the execution of task τi , and are given by
Eq. (4.27) similar to Eq. (4.15) and Eq. (4.17) in Section 4.3.2. Eq. (4.28) describes
sp
die
the same relationship for the heat spreader temperature. T(i+1)1
and T(i+1)1
are the
processor and heat spreader temperatures at the start of task τi+1 , and are dependent
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Formulation 1 SITD with No Overheads Consideration
Minimize:
n
X
=
Esleak
i
i=1

Subject to:
ti ≥
n
X
ti =
i=1

dli

≥

qX
n
die
i −1
X
Tijdie + Ti(j+1)
leak
(
(tsub
(Vij ,
)))
ij · Pij
2
i=1 j=1

0 (1 ≤ i ≤ n)
n
X
dln −
teW
i

=
=

die
Ti(j+1)

=

sp
Ti(j+1)

=

(4.22)
(4.23)

i=1

i−1
X

tj +

j=1

die
Tiq
i
sp
Tiq
i

(4.21)

i
X

teW
j (1 ≤ i ≤ n)

(4.24)

j=1

T gidie (1 ≤ i ≤ n)
T gisp (1 ≤ i ≤ n)

(4.25)
(4.26)

a1ij · Tijdie + b1ij · Tijsp + c1ij
a2ij ·

Tijdie

+ b2ij ·

Tijsp

(4.27)

+ c2ij

(4.28)

(1 ≤ i ≤ n; 1 ≤ j ≤ qi − 2)
die
T(i+1)1
sp
T(i+1)1
die
T11
sp
T11
T Is

≥

die
T Is + (Tiq
− T Is) · e
i

=

sp
Tiq
i

≥
=
=

i )
( Rg ·C
−t

1

(1 ≤ i ≤ n − 1)

die
T Is + (Tnq
− T Is) · e
n
sp
Tnqn
Pidle · Rg

(1 ≤ i ≤ n − 1) (4.29)
(4.30)

n
( R−t
g ·C1

)

(4.31)
(4.32)
(4.33)
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on the finishing temperature of the previous task τi and the idle slot ti placed after
τi . If we assume that idle slots ti are significantly shorter than the RC time of the
heat spreader, then we can describe the processor temperature behavior during the
idle slot i by Eq. (4.29) and Eq. (4.31), based on the 1-RC thermal circuit described
in Section 4.3.1. T Is is the steady state temperature that the processor would
reach if Pidle would be consumed for a sufficiently long time and is calculated
according to Eq. (4.33). Rg is the sum of the two thermal resistances R1 and R2
in Fig. 4.3b. Under the same assumption as above, the heat spreader temperature
stays constant during the idle slot as shown in Eq. (4.30) and Eq. (4.32)2 . Eq. (4.29)
and Eq. (4.30) calculate the processor and heat spreader temperature at the end
of the idle slot following task τi and, implicitly, the starting temperature of τi+1 .
Eq. (4.31) and Eq. (4.32) compute the temperature at the start of task τ1 , taking
into consideration that this task starts after the idle period following task τn (the
task set is executed periodically). The presented formulation is a convex non-linear
problem, and can be solved efficiently in polynomial time [66].
SITDNOH Approach.
The above formulation is based on the particular assumption that the temperature at
the end of a task τi is known and fixed. However, in reality, this is not the case, and
sp
die
the temperature Tiq
and Tiq
(Eq. (4.25) and Eq. (4.26)) at the termination of a task
i
i
depend on the starting temperature of the task and, implicitly, on the distribution of
the idle time. This makes the above formulation become a non-convex programming
problem which is very time consuming to solve. In order to solve the problem
efficiently we have developed an iterative heuristic outlined in Fig. 4.5.
The heuristic starts with an arbitrary initial ITD, for example, that the entire
idle time ttot is placed after the last task τn . Assuming this ITD and the given
voltage levels, steady state dynamic temperature analysis is performed, as described
in
4.3.2. Given the obtained SSDTC, the total leakage energy consumption
PSection
n
leak
E
corresponding to the assumed ITD is calculated. From the SSDTC
i=1 i
sp
die
we can also extract the final temperature Tiq
and Tiq
for each task τi . Assuming
i
i
sp
die
this Tiq
and
T
as
the
final
temperature
in
Eq.
(4.25)
and Eq. (4.26), we can
iqi
i
calculate the idle time ti using the convex optimization formulated from Eq. (4.21)
to Eq. (4.33).
From the new ITD resulted after the optimization, we calculate a new SSDTC
sp
die
which provides new temperatures Tiq
and Tiq
at the end of each task τi . The new
i
Pin
leak
total leakage energy consumption i=1 Ei , corresponding to the updated ITD,
is also calculated. The process is continued assuming the new end temperatures in
Eq. (4.25) and Eq. (4.26) and the convex optimization produces a new ITD.
2 Idle

periods are supposed to be short. If, exceptionally, they are not significantly shorter than the
heat spreader RC time, we use the 2-RC circuit to model the temperature during the idle period in
Eq. (4.29) and Eq. (4.32). This will not affect the convexity of the formulation.
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Final Idle Time
Distribution

Tasks with their assigned
voltage V; total idle time ttot

N
Initial idle time distribution

Update Tdieiqi and Tspiqi
Eq. (25) and Eq. (26)

SSDTC Analysis (Section V)
& Energy Calculation

Y

Static Slack Only Idle Time Distribution
(Convex Optimization Eq.(21)-Eq.(33))
SSDTC Analysis (Section V)
& Energy Calculation

N

Y

Reduced Energy ?

N
Tdieiqi Converges?

Figure 4.5: SITDNOH Heuristic

die
The iterations outlined above stop when the temperature Tiq
converges (i.e.
i
new

old

die
die
|Tiq
− Tiq
| < ε, 1 ≤ i ≤ n). However, it can happen that, after a certain
i
i
point, additional iterations do not significantly improve the ITD. Therefore, even if
convergence has not yet been reached, the optimization is stopped if no significant
old
new
old
< ε′ . Our experiments
energy reduction has been achieved: (Etot
− Etot
)/Etot
have shown that maximum 5 iterations are needed with ε = 0.5◦ and ε′ = 0.001.

4.4.2

SITD with Overhead (SITDOH)

The approach presented in Section 4.4.1 is based on the assumption that time and
energy overheads for switching the processor to and from the idle state, to and
Eo , are zero, which is not the case in reality. If we consider the hypothetical case
that the end temperature of each task is known, the problem can be formulated
similar to Eq. (4.21)–Eq. (4.33), with the main difference that the total energy to
be minimized is given in Eq. (4.4). Based on this formulation, we could solve the
SITDOH problem for the real case, when the end temperatures are not supposed
to be known, similarly with the approach described in Fig. 4.5. However, the
formulation with the objective function Eq. (4.4), due to the binary variable xi ,
is a mixed integer convex programing problem which is very time consuming to
solve. We, hence, propose an SITDOH heuristic based on the SITDNOH approach
presented in Section 4.4.1.
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Our SITDOH heuristic comprises two steps. In the first step an optimization of
the idle time distribution is performed by eliminating idle intervals whose lengths
are smaller than a certain threshold limit. In the second step, the ITD is further
refined in order to improve energy efficiency.
A lower bound tmin on the length ti of an idle slot can be determined by
considering the following two bounds:
• No idle slot is allowed to be shorter than to , the total time needed to switch
to/from the idle state.
• The energy overhead due to switching should be compensated by the gain
due to putting the processor into the idle state. The energy gain for an idle
interval ti is computed as:
Z ti
Eg =
Pileak (Vi , Ti (t)) dt − Pidle · ti
(4.34)
0

where Ti (t) is the processor temperature as a function of time during the idle
time interval [0, ti ]. Vi is the supply voltage for task τi . Pileak (Vi , Ti (t))
is the leakage power consumption in the active state during the idle time
interval of [0, ti ]. Thus, in order for the overhead to be compensated, we need
Eo < Eg . As Pileak depends on the temperature, the threshold length of an
idle slot is not a given constant. Nevertheless, this length will be always larger
leak
leak
than Eo /(Pmax
− Pidle ), where Pmax
= Pileak (Vi , Tmax ) is the leakage
i
i
power at the maximum temperature Tmax at which the processor is allowed
to run.
In conclusion, for the first step of the SITDOH heuristic, illustrated in Fig. 4.6a, we
leak
consider: tmin = max(to , Eo /(Pmax
− Pidle )).
i
The basic idea of the first step is that no idle slot is allowed to be shorter than
tmin . Thus, after running SITDNOH, the obtained ITD is checked slot by slot. If
a slot length ti is smaller than tmin , this slot will be removed. In order to achieve
this, the particular constraint in Eq. (4.22), corresponding to slot i, is changed from
ti ≥ 0 to ti = 0. After all slots have been visited and Eq. (4.22) updated, SITDNOH
is performed again. The obtained ITD is such that all slots which in the previous
iteration have been found shorter than tmin have disappeared and the corresponding
idle time has been redistributed among other tasks. The process is repeated until no
slot shorter than tmin has been identified.
After step1, we still can be left with slots that are too short to be energy efficient.
There are two reasons for this:
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SITDNOH (Fig. 5)
All ti > tmin

Step 1

Y

Find the shortest idle slot i
set ti = 0 in Eq.(22)

N
Step 2

i := 1

SITDNOH (Fig. 5)

Accept
new
ITD

min

ti>t

Y
N

SSDTC Analysis (Section V)
& Energy Calculation

N
Set ti =0 in Eq.(22)

Y

Y
Reduced Energy?

i ++

N
i≤n
End
(a) Step1

(b) Step2
Figure 4.6: SITDOH Heuristic

1. Due to the fact that the processor is running at a temperature lower than the
maximum allowed Tmax , it can happen that the real tmin is smaller than the
one considered in step1.
2. Even if Eo < Eg , which means that an energy reduction due to the idle slot
is obtained, energy efficiency can, possibly, be improved by eliminating the
slot and distributing the corresponding idle time among other slots.
In the second step (Fig. 4.6b), we start from the shortest idle slot and consider
to eliminate it (by setting the corresponding constraint ti = 0 in Eq. (4.22)). If the
ITD obtained after applying SITDNOH is more energy efficient, the new ITD is
accepted. The process is continued as long as, by eliminating a slot, the total energy
consumption is reduced.

4.5

ITD with Dynamic and Static Slack (DITD)

The above SITD approach determines idle time settings assuming that tasks always
execute their WNC. However, due to execution time variations, large amounts of
dynamic slack are created at run-time. In order to exploit the dynamic slack, the slot
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length ti has to be determined at run-time based on the values of the current time
and temperature after termination of task τi . In principle, calculating the appropriate
ti implies the execution of a temperature-aware ITD algorithm similar to the one
described in Section 4.4.2 (with the optimization objective function and constraints
shown by Eq. (4.7) to Eq. (4.9)). Running this algorithm on-line, after execution of
each task, implies a time and energy overhead which is not acceptable.
To overcome the above problem, we have divided our DITD approach into an
off-line and an on-line phase. In the off-line phase, idle time settings for all tasks are
pre-computed, based on possible finishing times and finishing temperatures of the
task. The results are stored in look-up tables (LUTs), one for each task. In Fig. 4.7,
we show two such tables. They contain idle time settings for combinations of
possible termination times tfi and finishing temperatures T fidie of a task τi .
Active Mode: Task Execution

Access LUT

Low Power Mode

LUT2

LUT1
t

f

1(ms)

1.0

Tf

die
1

t

t1 (ms)

65

0.5

80

0.7

f
2

(ms)

...

Tf die2 t2 (ms)
...

...

60

0.8

80

1.2

55

0.4

70

0.6

90

0.8

95

0.0

Deadline

2.0

1.5

1.8

90

0.9

65

0.4

75

0.5

85

0.6

95

0.0

1
0

4.5.1

2.5

2.9

2
1

3

4
5
3
2
Figure 4.7: DITD On-line Phase

… …

Time

On-line Phase

The on-line phase is illustrated in Fig. 4.7. Each time a task τi terminates, the length
of the idle time slot ti following the termination of τi has to be fixed; the on-line
scheme chooses the appropriate setting from the lookup table LUTi , depending
on the actual time and temperature sensor reading. If there is no exact entry in
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LUTi , corresponding to the actual time/temperature, the entry corresponding to the
immediately higher time and closest temperature value is selected. For example,
in Fig. 4.7, τ1 finishes at time 1.35ms with a temperature 78◦ C. To determine the
appropriate idle time slot length t1 , LUT1 is accessed. As there is no exact entry
with tf1 = 1.35ms and T f1die = 78◦ C, the entry corresponding to termination time
1.5ms (1.5ms is immediately higher than 1.35ms) and temperature 70◦ C (as it is the
closest one to T f die = 78◦ C) is chosen. Hence, the processor will be switched to
the idle state for 0.5ms before the next task, τ2 , starts. This on-line phase is of very
low, constant time complexity O(1) and, thus, very efficient.
We should notice that, according to our temperature model presented in Section 4.3, the state of the system is defined by both the die and the heat spreader
temperatures. In our LUTs, however, we only consider the die temperature for
taking the decision on the idle slack. This is due to the following reasons:
1. It is both impractical and potentially expensive to obtain, at run-time, temperature readings from the heat spreader.
2. The variations of the heat spreader temperature are small compared to those of
the chip. This is due to the fact that the heat capacitance of the heat spreader
is much larger than that of the chip.
3. Considering also the heat spreader temperature as an additional dimension in
the LUTs would dramatically increase the size of the tables without significant
contribution to energy efficiency.
Thus, when generating the LUTs, we will consider that, at the termination of a task
τi , the heat spreader has a certain expected temperature T fisp . In Section 4.5.5 we
will show how T fisp is calculated.

4.5.2

Off-line Phase

In the off-line phase, one LUT table is generated for each task. The LUT table
generation algorithm is illustrated in Fig. 4.8. The outermost loop iterates over
the set of tasks and successively constructs the table LUTi for each task τi . The
next loop generates LUTi entries corresponding to the various possible finishing
temperatures T fidie of τi . Finally, the innermost loop iterates, for each possible
finishing temperature, over all considered termination times tfi of task τi .
The algorithm starts by computing the earliest EF Ti and latest possible finishing
times LF Ti , as well as the lowest T fil and highest possible finishing temperature
T fih for each task τi . With a given finishing time tfi and finishing temperature
T fidie of task τi , the innermost loop performs the slack distribution step DITDOH,
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For all task i , i = {1...n},
calculate [EFTi , LFTi ] and interval [Tf li, Tf hi ]
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Figure 4.8: DITD Off-line Phase
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iteratively. We describe the DITDOH algorithm in detail in Section 4.5.3. For
successive iterations, the finishing temperature T fidie and time tfi will be increased
with the time and temperature quanta △ti and △Ti , respectively. The calculation
of the parameters EF Ti , LF Ti , T fil and T fih as well as the determination of the
granularities and number of entries along the time and temperature dimensions are
presented in Section 4.5.4 and Section 4.5.5, respectively.

4.5.3

DITDOH Algorithm

When calculating the actual LUT entries for a task τi , the ITD algorithm DITDOH
is performed to determine the idle slot length ti following the termination of τi ,
with the given termination time and temperature, based on the problem formulation
described in Section 4.2.2. DITDOH is similar to SITDOH outlined in Section 4.4.2.
However, unlike the formulation used in SITDOH (Eq. (4.21)–Eq. (4.33)) which
is based on SSDTC estimation, the formulation used for DITDOH is based on the
estimation of a transient temperature curve (TTC) described in Section 4.3.3. Since
we do not rely on the fact that successive iterations of the application are identical
and that tasks execute always with their worst case number of cycles, we do not
calculate an SSDTC corresponding to the dynamic steady state. But, instead, we
estimate a TTC.
The formulation used for DITDOH is shown in Eq. 4.35–Eq. (4.49). As mentioned in Section 4.2.2, the energy is optimized for the case that the future tasks τi+1
to τn execute their expected time teE which, in reality, happens with a much higher
probability than, e.g., the teW (nevertheless, idle time slots are distributed such that,
even in the worst case, deadlines are satisfied). The objective function, Eq. (4.35),
to be minimized is the total leakage energy of further tasks to be executed in the
current iteration: τk , (∀k, i < k ≤ n). Eq. (4.35) is similar to Eq. 4.21 with two
differences:
1. It refers only to the remaining tasks τi+1 , . . . , τn .
2. The execution interval of a task τk , which is divided into qk − 1 subintervals,
E
is not corresponding to the worst case teW
k , but to the expected case tek .
The optimization variables to be calculated are the idle slot lengths tk , (∀k, i ≤
k ≤ n). Eq. (4.37) requires that the sum of all idle slot lengths should be equal to
the total available idle time, where tfi is the current task’s finishing time. The total
available idle time is calculated based on the assumption that all future tasks are
executed with their expected workload.
Eq. (4.38) guarantees the deadline of task τi+1 —the next task to be executed
after the termination of the current task τi in the worst case (task τi+1 executed
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Formulation 2 DITD with No Overheads Consideration
Minimize:
n
X
Ekleak =

k=i+1

Subject to:
tj
n
X
tk

≥
=

k=i

n
X

(

k=i+1

qX
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·
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Pkj
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die
die
Tkj
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2

j=1

0 (i ≤ j ≤ n)
n
X
dln − tfi −
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j

))) (4.35)

(4.36)
(4.37)

k=i+1

≥
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≥

tfi
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dlj

≥

tfi +

dli+1

+ ti +
j−1
X

teW
i+1

tk + teW
i+1 +

k=i

j
X

=
=
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(i + 1 ≤ k ≤ n; 1 ≤ j ≤ qk − 2)
die
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sp
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=

die
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(4.47)
(4.48)
(4.49)
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with teW
i+1 ). In order to guarantee that all future tasks meet their deadlines in the
worst case, Eq. (4.39) requires that τi+1 finishes before LF Ti+1 , in the worst case.
The latest finishing time LF Ti+1 (see Section 4.5.4) is the latest termination time
of task τi+1 that still allows future tasks, following τi+1 , to satisfy their deadline
even if their worst case workloads are executed. Thus Eq. (4.38) and Eq. (4.39)
guarantee not only that the deadline of τi+1 is satisfied in the worst case but also
that τi+1 finishes in time for all the remaining tasks to be able to meet their deadline
in the worst case. Eq. (4.40) enforces the deadline of the remaining tasks τj ,
(∀j, i + 2 ≤ j ≤ n), considering that they execute their expected workload. This
means that the idle time ti following task τi is determined such that it guarantees
deadlines to be satisfied in the worst case but is optimized for the situation that tasks
execute their expected workloads.
Similar to Eq. (4.25) and Eq. (4.26), Eq. (4.41) and Eq. (4.42) specify the
die
processor and heat spreader temperatures at the finishing of task τk : Tkq
and
k
sp
Tkqk . Eq. (4.43) computes the processor temperature at the beginning of task τi+1
similar to Eq. (4.31), where T fidie is the chip temperature at the termination of
the current task τi . Similarly, Eq. (4.44) computes the heat spreader temperature
at the beginning of task τi+1 , where T fisp is, as described in Section 4.5.1, the
expected heat spreader temperature at the termination of task τi . T fisp is precalculated as will be explained in Section 4.5.5. Eq. (4.45)–Eq. (4.48) compute the
TTC of processor/heat spreader based on our TTC estimation method described
die
die
in Section 4.3.3, where Tkj
and Tk(j+1)
are the processor temperature at the
beginning and end of the j th sub-interval during the execution of task τk . The
above formulation is a convex non-linear problem and can be solved efficiently in
polynomial time [66].
Coming back to the DITD off-line phase in Fig. 4.8, the DITDOH algorithm
is invoked for each line in the LUTi corresponding to a task τi . This invocation
will result in the calculation of the slack length ti corresponding to the current
value of termination time tfi and temperature T fidie . DITDOH performs exactly
like SITDOH (Fig. 4.6), with the exception that for solving SITDNOH (Fig. 4.5),
instead of Eq. (4.21)–Eq. (4.33), the formulation in Eq. (4.35)–Eq. (4.49) is used.

4.5.4

Time Bounds and Granularity

In the first step of the algorithm in Fig. 4.8, the EF Ti and LF Ti for each task are
calculated. The earliest finishing time EF Ti is calculated based on the situation that
all tasks execute their best case execution time teB
i . The latest finishing time LF Ti
is calculated as the latest termination time of τi that still allows all tasks τj , j > i to
satisfy their deadlines when they execute their worst case execution time teW
i . With
the time interval [EF Ti , LF Ti ] for task τi , a straightforward approach to determine

“lic˙thesis” — 2010/11/16 — 11:04 — page 61 — #81

4.5 ITD with Dynamic and Static Slack (DITD)

61

the number of entries along the time dimension would be to allocate the same
number of entries for each task. However, the time interval sizes LF Ti − EF Ti
can differ very much among tasks, which should be taken into consideration when
deciding on the number of time entries N ti . Therefore, given a total number of
entries along the time dimension N Lt , we determine the number of time entries in
each LUTi , as follows:
&
'
(LF Ti − EF Ti )
N ti = N Lt · P
n
(LF Ti − EF Ti )
i=1

4.5.5

Temperature Bounds and Granularity

The granularity △Ti along the temperature dimension is the same for all task τi
and has been determined experimentally. Our experiments have shown that values
around 15◦ are appropriate, in the sense that finer granularities will only marginally
improve energy efficiency.
To determine the number of entries along the temperature dimension, we need
to calculate the temperature interval [T fil , T fih ] at the termination of each task.
In fact, it is not needed to determine the bounds of the temperature interval exactly3 . A good estimation, such that, at run-time, temperature readings outside the
determined interval will happen rarely, is sufficient. If the temperature readings
exceed the upper/lower bound of the interval, the idle time setting corresponding
to the highest/lowest temperature value available in the LUT will be used. One
alternative would be to simply assume that all tasks have a finishing temperature
interval [Ta , Tmax ], where Ta is the ambient temperature and Tmax is the maximum
temperature at which the chip is allowed to work. This would lead to huge amounts
of wasted memory space (for storing LUT tables) as well as wasted computation
time in the off-line phase. We have developed an estimation technique for the temperature interval [T fil , T fih ], which balances computation complexity and accuracy
of the results.
In order to estimate the temperature bounds T fil and T fih , we define two runtime scenarios:
• Worst case execution scenario: in which the actual execution time of each
W
task τi is always equal to its worst case execution time: teA
i = tei .
3 This

is different from the situation in Chapter 3 (Section 3.4.3). The LUTs generated there have to
guarantee that frequencies are assigned in a safe way.
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• Best case execution scenario: in which the actual execution time of each task
B
τi is always equal to its best case execution time: teA
i = tei .

In both scenarios, the processor will execute the corresponding periodic power
pattern repeatedly and the processor temperature will eventually reach the corresponding steady state dynamic temperature curve (denoted as SSDT C w for the
worst case scenario and SSDT C b for the best case scenario, respectively). From
the corresponding SSDTC, we can obtain, for each task τi , its finishing temperature. We use the finishing temperature of task τi corresponding to the worst case
execution scenario, T fiw , as the upper bound of the finishing temperature of task
τi : T fih = T fiw ; the finishing temperature of task τi corresponding to the best case
execution scenario, T fib , will be used as the lower bound: T fil = T fib .
In order to obtain the SSDT C w we first perform the SITDOH heuristic (Fig. 4.6).
Then, the temperature analysis (Section 4.3) produces the temperature curve for
the worst case scenario with the corresponding idle time distribution generated by
SITDOH. The SSDT C b curve is obtained in a similar way, by replacing teW
i with
teB
in
the
constraint
in
Eq.
(4.23).
i
With the upper and lower bounds T fil and T fih obtained for each task, the
number of the entries along the temperature dimension, for task τi , is:
 h

T fi − T fil
N Ti =
△Ti
where △Ti is the granularity along the temperature dimension. The considered
temperature values in LUTi are then determined as follows:
T fidie = ki · △Ti + T fil
where the integer ki is in the interval: 0 ≤ ki ≤ N Ti .
As mentioned in Section 4.5.1, when generating the LUTs, we consider that, at
the termination of a task τi , the heat spreader has a certain expected temperature
T fisp . In order to obtain these temperatures, we perform the same procedure as
outlined above but, in this case, considering the expected execution time of each task:
E
exp
teA
i = T ei . We obtain the temperature curve SSDT Csp corresponding to the
heat spreader (see Section 4.3.2), from which we extract the expected temperature
of the heat spreader, T fisp , at the termination of each task τi .

“lic˙thesis” — 2010/11/16 — 11:04 — page 63 — #83

4.6 Experimental Results

4.6
4.6.1

63

Experimental Results
Evaluation of The Thermal Model

Experimental Setup.
We have evaluated our thermal model considering platforms with parameter settings
based on values from [67], [68] and [69]. We consider die areas of 6×6, 8×8 and
10×10mm2 . The heat spreader area is five times the die area, and the heat sink area
is between 1.3 and 1.4 times the area of the heat spreader. The thickness of the die
and heat spreader are 0.5mm and 2mm respectively. The thickness of the heat sink
is between 10mm and 20mm. The coefficients corresponding to the power model
(see Chapter 2) are based on [55] and [59]. For the temperature calculation we have
considered a piecewise linear leakage model with 3 segments (see Chapter 2), as
recommended in [21].
Accuracy.
We first performed a set of experiments to evaluate the accuracy of our temperature
analysis approach proposed in Section 4.3. We randomly generated 500 periodic
voltage patterns corresponding to applications with periods in the range between
5ms and 100ms. For each application, considering the coefficients and platform
parameters outlined above, we have computed the SSDTC using the approach proposed in Section 4.3.2 and by using Hotspot simulation. For each pair of temperature
curves obtained, we calculated the maximum deviation as the largest temperature
difference between any corresponding pairs of points (in absolute value), as well as
the average deviation. Fig. 4.9 illustrates the results for different application periods.
For applications with a period of 50ms, for example, there is no single case with a
maximum deviation larger than 2.1◦ C, and the average deviation is 0.8◦ C. Over all
500 applications, the average and maximum deviation are 0.8◦ C and 3.8◦ C respectively. We can observe that the deviation increases with the increasing period of the
application. This is due to the fact that, with larger periods, accuracy can be slightly
affected by neglecting the thermal capacitance of the heat sink (see Section 4.3).
Computation Time.
We have compared the corresponding computation time of our SSDTC generation
approach with the time needed by Hotspot. Fig. 4.9 illustrates the average speedup
as the ratio of the two execution times. The speedup is between 3000 for periods of
5ms and 20 for 100ms periods. An increasing period leads to a larger linear system
that has to be solved for SSDTC estimation (Section 4.3.2), which explains the
shape of the speedup curve in Fig. 4.9.
The accuracy and speedup of our approach are also dependent on the length of
the sub-interval considered for the temperature analysis (Section 4.3.2 and Fig. 4.4).
For the experiments throughout Section 4.6, the length of the sub-interval is 2ms.
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Figure 4.9: SSDTC Estimation with Our Approach vs. Hotspot

This is based on the observation that reducing the length beyond this limit does not
improve the accuracy significantly.

4.6.2

Evaluation of ITD Heuristics

We have used both generated test applications as well as a real life example in
our experiments to evaluate our DITD approach presented in Section 4.5. This,
implicitly, also evaluates the SITD approach (Section 4.4) since:
• For small dynamic slack ratio, the dynamic approach converges towards the
static one.
• The DITD approach is based on the SITD for calculation of each entry in the
LUTs.
Experimental Setup.
We have randomly generated 100 test applications consisting of 30 to 100 tasks. The
workload in the worst case (WNC) for each task is generated randomly in the range
[106 , 5.0×106 ] clock cycles, while the workload in the best case is generated in the
range [105 , 5.0×105 ] clock cycles. To generate the expected workload EN Ci of
each task, the following steps are performed:
1. The value of the expected total dynamic idle time, tE
d , is given as an input:
tE
is
the
total
dynamic
slack
when
all
tasks
execute
their workload in the
d
Pn
W
E
expected case: tE
=
(te
−
te
).
i
i
d
i=1

2. tE
d is divided into a number nsub of sub-intervals with equal length (tsub ).
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3. The nsub sub-intervals are allocated among all tasks based on a uniform
distribution; as result, each task is allocated a number p of sub-intervals.
4. The expected workload EN Ci of task τi is, thus, determined as: EN Ci =
W N Ci − p · tsub · fi , where fi is the processor frequency when task τi is
executed.
In order to evaluate our DITD technique, we have considered a straightforward
approach (SFA) for comparison. This SFA scenario corresponds to the natural
execution procedure for the case when no idle time distribution is performed.
Following this approach, tasks are executed according to a static schedule generated
based on the worst case execution time. According to this schedule, the static slack
is placed at the end of the application, after the last task. At run-time, when the
tasks execute less than their WNC and the generated dynamic slack is large enough,
the processor is put in idle mode. More exactly, the SFA works as follows:
st
W
st
1. The start time of each task tst
i is determined off-line by: ti = tei−1 + ti−1 .
f
2. At runtime, whenever a task τi terminates, we compute the gap tg = tst
i+1 −ti ,
where tfi is the termination time of the current task.

3. If tg = 0, the next task τi+1 starts immediately after the termination of task τi .
When tg > 0, if the following two conditions are both satisfied, the processor
will be switched to idle state during tg (otherwise the processor will stay in
the same active state with the voltage level at which task τi is executed): (a)
tg > to , where to is the time overhead due to power state switching; (b) the
energy gain Eg is positive: Eg = E a − (Pidle · tg + Eo ) > 0, where E a is the
leakage energy consumption of the processor during tg if the processor stays
in the active state. E a is estimated as P leak · tg , where P leak is the leakage
power consumption calculated at the temperature when task τi terminates.
Pidle · tg + Eo is the energy consumption if the processor is switched to idle
state during tg , where Eo is the energy overhead due to switching, and Pidle
is the processor power consumption in idle state.
We have applied both the DITD and SFA approaches on the same test applications. We assume, for each task τi , that the actual number of executed workload
at run-time conforms to the beta distribution [65]. When we simulate the execution of the test applications, the actual number of executed clock cycles of a task
is generated using a random number generator according to the beta distribution
Beta(α1i , α2i ). The parameters α1i and α2i are determined based on (1) the expected workload EN Ci and (2) a given standard deviation σi of the executed clock
cycles of task τi . The Hotspot system [25] is used to simulate the sensor readings
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which track the temperature behaviour of the platform during the execution of a test
application.
In our experiments, the granularity along the time and temperature dimensions
for the LUT tables is set to 1.5–2.0ms and 15◦ –20◦ , respectively. It is important
to mention that in all our experiments we have accounted for the time and energy
overhead imposed by the on-line phase of our DITD. Similarly, we have also taken
into consideration the energy overhead due to the memory access. This overhead has
been calculated based on the energy values given in [62] and [63]. The energy and
time overheads due to power state switching are set to Eo = 0.5mJ and to = 0.4ms,
respectively, according to [20].
After applying both the DITD and SFA approaches on a test application, we
compute the corresponding leakage energy reduction due to our DITD approach
compared to the SFA: I = (E SF A − E DIT D )/E SF A × 100%, where E SF A and
E DIT D are the consumed leakage energy corresponding to the SFA and DITD
approach, respectively.
Leakage Energy Reduction vs. Slack Time Ratios.
We first performed experiments considering different combinations of static (rs )
and dynamic
Pn idle time ratio (rd ). The static idle time ratio is computed as: rs =
(dln − i=1 teW
i )/dln , where dln is the deadline of the last task in execution
E
order. The dynamic idle time ratio is calculated as: rd = tE
d /dl, where td is the
total dynamic slack when all tasks execute their workload in the expected case,
as described earlier in this section. Fig. 4.10 shows the averaged leakage energy
reduction I over all test applications. The energy reduction achieved by DITD
grows with the available amount of static and dynamic slack. With rs = 0.2 and
rd = 0.2, for example, leakage energy can be reduced with 20% by applying our
DIT D approach.

20
15
10
5
0

Dynamic Slack Ratio (rd)
Figure 4.10: Leakage Energy Reduction with Low Switching Overheads
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In order to explore the influence of the energy and time overheads on the
potential leakage reduction, we have repeated the previous experiments in a context
where energy and time overheads are set to higher values: Eo = 1.0mJ and
to = 0.8ms. Fig. 4.11 shows the corresponding averaged leakage energy reduction
I. The results show a similar trend as in Fig. 4.10. Comparing the results in Fig. 4.10
and Fig. 4.11, we can observe that the leakage reduction achieved with the higher
overhead settings is larger. The leakage reduction approaches 40% with rs = 0.2
and rd = 0.2. The reason is the following: with large switching overhead, it is

Dynamic Slack Ratio (rd)
Figure 4.11: Leakage Energy Reduction with High Switching Overheads

more likely that the generated slots are too small for switching power state to be
energy efficient. Thus, using the SFA approach, the processor will keep in the active
power state. With the DITD approach, however, the slack time will be redistributed
such that large slack slots are generated and, even with large overhead, power state
switches can be performed.
The DITD approach proposed in Section 4.5 achieves leakage energy reduction
due to two main features: (1) it is temperature aware, which means that idle time
is distributed such that the temperature is controlled in order to minimize leakage;
(2) it redistributes slack such that the number of idle slots which are too short to
switch power state, is minimized. A comparison between Fig. 4.10 and Fig. 4.11
illustrates the second feature of our ITD technique. However, the following question
still remains open: How much does the temperature awareness of our approach
contribute to the energy reduction? In order to answer this question we have repeated
the above experiments considering a hypothetical scenario with zero switching
overhead: Eo = 0mJ and to = 0ms. The results are shown in Fig. 4.12. Under such
a scenario, the processor can be switched to the low power state for the duration
of the total idle time (regardless the length of the individual idle slots). Thus, the
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Dynamic Slack Ratio (rd)
Figure 4.12: Leakage Energy Reduction with No Switching Overheads

Leakage Reduction I%

energy gains obtained with DITD compared to SFA, as illustrated in Fig. 4.12, are
exclusively due to the temperature awareness of the DITD approach.
From Fig. 4.10, Fig. 4.11, and Fig. 4.12 one can also observe the efficiency
of the ITD approach with only static slack (SITD, Section 4.4). The cases where
rd = 0 (no dynamic slack) are, in fact, corresponding to those situations when only
static slack is distributed. Obviously, in the cases that both rs = 0 and rd = 0,
there is no slack to distribute and, thus, the energy reduction is zero.
Leakage Energy Reduction vs. Standard Deviation.
As mentioned that, for our experiments we have generated workloads for each
task τi according to a beta distribution Beta(α1i , α2i ), where α1i and α2i are
determined based on the expected workload EN Ci and standard deviation σi
of the executed workload. For the above experiments, the standard deviation
40
30
20
10
0
0.2(WNC-BNC

0.15(WNC-BNC)

0.1(WNC-BNC)

0.05(WNC-BNC)

Standard Deviation
Figure 4.13: Leakage Energy Reduction with Different Standard Deviations

σi for each task is considered to be: σi = 0.1 × (W N Ci − BN Ci ). As the
standard deviation has an influence on the potential leakage reduction, we have
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Computation Time (Min.)

repeated the above experiments, considering three different settings of σi , namely,
0.2×(W N Ci −BN Ci ), 0.15×(W N Ci −BN Ci ), and 0.05×(W N Ci −BN Ci ).
Fig. 4.13 shows the leakage reduction I% by applying our DITD approach relative
to the SFA, with different standard deviation settings. We have considered test
applications having static and dynamic ratios of: rs = 0.2 and rd = 0.2. As can be
observed, the efficiency of the DITD approach increases as the standard deviation
decreases. This is due to the fact that our DITD algorithm is targeted towards
optimizing the energy consumption for the case that tasks execute the expected
number of cycles EN C. When the standard deviation is smaller, more of the actual
executed number of clock cycles are clustering around the ENC, and, therefore, our
DITD approach can achieve better leakage reduction.
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Figure 4.14: Computation Time

Computation Time.
We have also evaluated the computation time for the off-line phase of our DITD
approach. The results are shown in Fig. 4.14.
MPEG2 Decoder.
We have applied our DITD approach to a real-life application, namely an MPEG2
decoder, which consists of 34 tasks. Details regarding the application are described
in [60]. We have considered a platform with the size of the chip, heat spreader, and
heat sink of 8×8mm2 , 18×18mm2 , and 22×22mm2 , respectively. The thickness of
the chip, heat spreader, and the heat sink is 0.5mm, 2mm, and 15mm, respectively.
The execution time distribution of the tasks has been obtained from simulations on
the MPARM platform [70]. We considered the following two overheads settings:
(1) Eo = 0.5mJ, to = 0.4ms, (2) and Eo = 1.0mJ, to = 0.8ms. The leakage energy
reduction by applying our DITD approach relative to the SFA approach is 32.5%
and 40.8%, respectively.
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Chapter 5

Conclusions
In this thesis, we have addressed the two following problems: (1) Energy optimization via temperature-aware dynamic voltage/frequency scaling (DVFS), (2) Energy
optimization through temperature-aware idle time distribution (ITD).
In Chapter 3 we have proposed temperature-aware DVFS techniques where
both leakage/temperature and frequency/temperature dependencies are taken into
consideration. We first proposed an off-line temperature-aware DVFS approach
which only considers static slack. Based on this off-line DVFS approach, we
proposed an on-line temperature-aware DVFS technique which is able to exploit
both static and dynamic slack. The on-line DVFS approach consists of two parts:
an off-line temperature-aware optimization step and an on-line voltage/frequency
setting based on temperature sensor readings. Experiments have demonstrated that
significant energy improvements can be achieved using the proposed temperatureaware DVFS techniques.
In Chapter 4, we have addressed the problem of temperature-aware ITD. We
started with proposing a static temperature-aware ITD approach for leakage energy
optimization where only static slack is considered. We then proposed a dynamic
approach considering both static and dynamic idle time, which consists of an offline and an on-line step. The experiments have demonstrated that considerable
energy reduction can be achieved by our temperature-aware ITD approaches. In
order to efficiently perform temperature analysis inside our optimization loop, we
have also proposed a fast and accurate system-level temperature analysis approach.
Experiments show that our temperature analysis method achieves good accuracy
with fast speed.
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