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Abstract—Several solutions are considered to reduce energy
consumption of computers. Among them, Dynamic Voltage and
Frequency Scaling (DVFS) emerged as an effective way to
enhance energy efficiency by adapting processor frequency to
workloads.
We propose FoREST, a new DVFS controller designed to
efficiently exploit the recent technologies introduced in processors. FoREST is a runtime DVFS controller able to estimate the
energy savings it can achieve from power gains, evaluated offline
using power probes embedded in modern CPUs, and speedups
measured at runtime for the current workload. It does not use
any performance model but rather directly measures the effect
of frequency transitions on energy. Using such methodology,
FoREST can achieve energy savings on the whole system under
user-defined slowdown constraints.
In our experiments, FoREST is able to achieve more than
39% CPU energy savings compared to the default Linux DVFS
controller, with a slowdown below 5%, as requested by the user.

I. I NTRODUCTION
Energy is now considered as one of the major research topics for computer science. Indeed, several concerns regarding
energy consumption have recently been raised and, among
other ecological or technical issues, the growing cost of energy
is now a strong motivation for reducing energy consumption
in computer science.
In computers, energy is consumed by several distinct hardware components such as processors, memory, and fans among
others. However, one can often observe that processors consume a major part of the total power [1]. Then, if a target must
be designated for energy optimization, the CPU is probably
one of the most interesting component.
Recent processors are well equipped regarding energy saving as they integrate several energy-friendly technologies. One
of them, Dynamic Voltage and Frequency Scaling (DVFS)
allows the user to control the chip frequency and input voltage
in order to reduce power consumption. DVFS is integrated
as SpeedStep on Intel processors [2], or as Cool’n’Quiet on
AMD processors [3]. Moreover, software support for DVFS is
common among all major operating systems. As an example,
Linux comes with cpufreq that allows the user to set the
desired frequency at any time. As a consequence, several
automatic DVFS controllers emerged such as the ondemand
policy on Linux. DVFS is then a common technology that can
be exploited to reduce the power consumption of processors.

DVFS control may seem easy at first sight but is, in fact,
a complex operation. Indeed, reducing CPU frequency has
a strong impact on performance that users may not tolerate.
Moreover, even if reducing CPU frequency decreases power
consumption, the resulting slowdown may in fact lead to an
increased energy consumption since energy depends on both
power and execution time. Such situation can often be observed in practice although several existing DVFS controllers
ignore it. Thus, DVFS control is hard and requires precise
strategies to achieve significant energy savings.
Several DVFS controllers were proposed in the past, demonstrating significant energy gains [4], [5], [6], [7], [8]. However
processors recently evolved and several important changes
were performed by manufacturers such as the introduction
of multicore processors, also known as chip multi-processors
(CMP), or the addition of embedded energy probes, providing
new opportunities for enhancing DVFS control. We propose in
this paper a new DVFS controller, called FoREST (FREquency
Scaling Tool), specifically designed for recent processors. In
order to determine the frequency to apply, FoREST directly
evaluates the impact of a frequency transition on energy,
decomposed in two distinct aspects: execution time and power
consumption. Although execution time can be measured with
an extremely high precision, power probes often suffer from
low sampling rates. Thus, based on the assumption that
ratios of power consumption for different frequencies are
program-independent, FoREST estimates power gains from a
short offline profiling and measures at runtime speedups or
slowdowns achieved when transitioning frequency. On top of
that, FoREST was designed with multicore processors in mind
and, unlike many existing DVFS systems, it does not use
any performance model that could be soon outdated. Thus,
FoREST represents a major evolution of DVFS controllers,
adapting advanced DVFS control to the real world.
FoREST has been implemented for recent Intel x86 64
processors on the Linux operating system. It is distributed as
open-source software at http://code.google.com/p/forest-dvfs.
The main contributions are:
• We introduce FoREST, a new DVFS runtime controller
independent from any performance model, suited to
multicore processors, and whose maximal slowdown is
chosen by the user. Unlike many existing DVFS systems,
FoREST does not consider the slowdown provided by the

user as a target slowdown but as a constraint to enforce.
We present a novel approach to enhance DVFS control
thanks to energy probes recently introduced in processors.
• The energy savings achieved by FoREST are compared
to those of the default Linux controller, Granola [9], a
commercial DVFS controller, and beta-adaptive [4].
The paper is organized as follows. Section II presents some
existing DVFS tools. Section III describes the power estimation used in FoREST. Section IV presents the general method
that can be decomposed in an offline phase, presented in
Section V, a runtime evaluation step, described in Section VI,
and a runtime execution step, as detailed in Section VII.
FoREST is compared to other existing DVFS controllers in
Section VIII before concluding in Section IX.
•

II. R ELATED W ORKS
Many DVFS controllers were proposed in the past. Some of
them focus on reducing the energy consumption of a specific
program during its execution [10], [11], while others consider
the processor workload and do not require any programspecific knowledge [5], [6], [10], [11], [12]. The latter predict
the impact of frequency transition, usually on performance,
to decide on the frequency to apply. They exploit models
correlating hardware counters to CPU intensity and then
CPU intensity to the sensitivity of the workload to frequency
transitions.
Closer to our work, Semeraro et al. proposed to periodically
reduce the CPU frequency until an impact on execution time
is suspected from hardware observation [13]. The proposed
mechanism is not able to control its impact on slowdown
as opposed to more recent solutions. Hsu et al. proposed
beta-adaptive [4], a runtime DVFS controller that periodically
evaluates the impact of frequencies on performance to deduce
the best frequency to use under performance constraints. It
shares several features with FoREST as it directly evaluates
the impact of a frequency transition on Instruction Per Second
rates (IPS) and reacts accordingly.
In general, the existing dynamic DVFS controllers suffer
from several limitations. First, several existing controllers
exploit a complex model to estimate the impact of a frequency
transition on energy. Such models heavily depend on the
targeted hardware and may be quickly outdated. For instance,
a recent study shows that memory bandwidth is impacted
by frequency transitions since the SandyBridge generation
of Intel x86 CPUs [7]. Such subtle evolution, even within
a micro-architecture, leads most of the existing models to
fail. Moreover, all the presented systems are ignoring energy
when selecting the frequency to apply. Indeed, most of them
assume energy gains when reducing frequency while ensuring
a relatively small slowdown. Such hypothesis is wrong on
modern processors where energy consumption may increase
when decreasing the frequency, depending on programs CPU
usage [6]. Finally, multicore support is unclear for several
systems and, in some cases, the method cannot fit current
multicore processors where frequency has to be applied simultaneously to several cores. The following sections describe

how FoREST addresses the presented issues by considering
the impact of both power and execution time when choosing
a frequency.
III. P OWER R ATIOS
Power consumption of current processors can be decomposed as the sum of static and dynamic power [14]. The first
one is mainly architecture-dependent whereas the second one
depends on the workload. Based on such decomposition and
using a common hypothesis, we demonstrate that power ratios
are approximately program independent, allowing FoREST to
estimate power consumption of any workload from a simple
offline profiling.
A. Power ratios computation
The dynamic power can be expressed as follows [15]:
Pdynamic ' A × C × V 2 × f

(1)

where A is the percentage of active gates, C is the total
capacitance load, V is the supply voltage, and f is the
processor frequency. Note that the power depends on the
machine characteristics (V , f and C) and the program (A).
As in other previous work [14], [16], [17], we assume that
Pdynamic is proportional to Pstatic , in other words, Pstatic =
k × Pdynamic and power consumption can be expressed as
P = (k + 1) × Pdynamic .
Let P1 and P2 be the power consumption of a given program
at two different frequencies f1 and f2 . It is possible to compute
the power ratio between P1 and P2 as shown in formula 2:
P1

=

(k1 + 1) × (A × C1 × V12 × f1 )

P2
P1
P2

=

(k2 + 1) × (A × C2 × V22 × f2 )
k1 + 1 C1 × V12 × f1
×
k2 + 1 C2 × V22 × f2

=

(2)

The activity (A) is assumed to not be affected by frequency
transitions and then, for the same program, A remains unchanged for all frequencies. The assumption is discussed in
paragraph III-B. Moreover, Piguet et al. showed that k is in fact
program independent [16]. Thus, ratios of power consumption
induced by a single program running at two frequencies are
program independent. It is then possible to evaluate such
power ratio for a given program and reuse the information
for any program.
FoREST exploits such hypothesis to estimate the power
gains achieved by any frequency compared to another one
from power measurements performed offline. As the ratios
are program-independent, the offline measurements can be
transposed to any program.
B. Discussion
1) Frequency-independence of A: In the previous paragraph, A is assumed to be independent from the frequency.
It is in fact an approximation as subtle variations can appear
depending on the frequency. For instance, a memory-intensive
program can saturate some resources such as store queues at
high frequencies only, leading different activities to occur on

the processor depending on the frequency. We assume such
variations to be negligible and consider the average number
of active gates to be stable for a given program, independently
from the frequency.
2) Program-independence: In order to verify the program
independence of power consumption ratios, the NAS Parallel
Benchmarks 3.0 suite and SPEC CPU 2006 were run using
every processor frequency while measuring power consumption, resulting in 688 different runs. Then, for any pair of
frequencies, we computed the power ratio induced by each
program. Finally, we computed the standard deviation of
the power ratios involving the same frequencies but while
different programs were running on the same number of cores.
The standard deviation expresses the average error of the
hypothesis for the evaluated programs.
Results show a maximal standard deviation of 0.02 % for
power ratios whereas power itself has a standard deviation of
more than 4.5 W for different programs using the same frequency. Thus, even if power consumption obviously depends
on the program itself, considering ratios of power consumption
for different frequencies as being program-independent is a
realistic hypothesis.
IV. OVERVIEW
FoREST aims at applying the frequencies minimizing the
energy consumption with respect to a slowdown constraint S.
To do so, it performs three main operations: an offline analysis,
an evaluation phase, and an execution phase. Its algorithm is
made of the following steps:
1) Compute the power ratios, denoted pri , of every frequency fi over the power consumption of the maximum
frequency fmax during an offline analysis.
2) Evaluate the speedup si of each frequency fi compared
to fmax .
3) Repeat steps 4 to 8 for all 0 ≤ S ∗ ≤ S.
4) Build on each core the frequency couples (f1 , f2 ) such
that s1 < S ∗ < s2 .
5) Keep only the couples built on all the processor cores.
6) Compute on each core the times (t1 , t2 ) for each frequency in (f1 , f2 ) such that: t1 × s1 + t2 × s2 = S ∗ .
7) Select a couple ((f1 , t1 ), (f2 , t2 )) for the whole processor.
8) Compute the energy gain induced by the chosen couple
using si , pri , and ti .
9) Pick the frequency couple and its associated slowdown
S ∗ providing the greatest energy saving.
10) Apply the frequency couple.
Step 1 is performed offline while steps 2-9 are part of the
evaluation phase, and step 10 is the main task of the execution
phase. The details for each step are presented in the next
sections.
V. O FFLINE P OWER M EASUREMENT
The offline analysis aims at determining the impact of frequencies on power consumption. As explained in Section III,
power ratios are considered as being program-independent.

Frequency
IPS (×109 )
Speedup of f4 (ti /t4 )
Power gain vs. f4 (Pi /P4 )
Energy gain vs. f4 (ei /e4 )

f1
1.7
1.8
0.4
0.72

f2
2.0
1.5
0.6
0.9

f3
2.5
1.2
0.7
0.84

f4
3
1
1
1

Fig. 1.
Sample measurement results from offline profiling and online
evaluation for one processor core. ti , Pi , and ei represent respectively the
execution time, power consumption, and energy consumption at frequency fi

Thus, FoREST runs a small benchmark program made of
a sequence of additions while measuring power consumption using the probes embedded within the processor. Then,
considering the maximal frequency as a reference, FoREST
divides the power consumption measured at any frequency
by that of the reference frequency. The same operation is
repeated for any number of active cores, in order to take into
account variations of Pstatic for different number of active
cores. The offline profiling lasts for a couple of minutes and
only needs to be performed once, typically during program
installation. Such offline power measurement, combined with
runtime performance measurements, allows FoREST to select
a frequency considering not only the induced execution time
but also the energy savings.
VI. F REQUENCY E VALUATION
In order to determine which frequency to use, FoREST
combines power and execution time gains expected from
every frequency. Power gains are computed for any possible
workload during the offline profiling but the impact of a
frequency transition on execution time remains to be determined. As opposed to power, execution time gains heavily
depend on the workload, and more specifically on its CPU
boundness [18]. FoREST must then evaluate the speedups
induced by frequency transitions at runtime.
A. Runtime IPS profiling
To measure the speedup achieved for the current workload
depending on the frequency, FoREST applies each frequency
during short periods of time while measuring the number
of instructions executed per second (IPS). Although it is
not perfectly representative of execution time, IPS can be
considered as a precise-enough metric for evaluating speedups:
doubling IPS for instance generally translates into a 2×
speedup. Thus, FoREST measures the IPS of the running
workload during periods of 100 µs for several frequencies.
The measurement is performed synchronously on all the cores
sharing the same frequency setting, allowing FoREST to work
on recent multicore processors. Then, every measured IPS is
divided with the one achieved by the maximal frequency in
order to deduce speedups of every frequency compared to the
highest frequency. As detailed later, the evaluated frequencies
include those close to the one previously chosen plus the
highest frequency. Sample IPS measurements for one core
are presented in Figure 1, associated to the corresponding
speedup over the highest frequency. Thanks to the runtime

IPS evaluation, FoREST is then aware of the speedup induced
by any frequency.
FoREST assumes the IPS to remain constant during the
whole evaluation, which may not be correct, leading to incorrect frequency selection. As for many dynamic systems, such
mispredictions are tolerated, considering that a new evaluation
will be performed soon after the incorrect one.
Once IPS evaluation is performed, power gains and
speedups of various frequencies compared to the highest one
are known. It is then possible to predict the potential energy
gains induced by the different frequencies.
B. Energy Gains
Power gains and speedups can be multiplied to obtain
energy gains compared to an arbitrarily chosen frequency, the
maximal one in our case as illustrated in Figure 1. Using
such energy gains, it is then immediately possible to estimate
the energy savings that can be expected from the evaluated
frequencies.
C. Best Frequency Pair
Applying a unique frequency may not provide enough
flexibility. Indeed, in some cases, all the frequencies lead to
a slowdown greater than what the user tolerates. Thus, even
if it is profitable to reduce frequency, it may be possible that
none suits the slowdown constraint. Therefore, in many cases,
there is no unique frequency providing maximal energy gains
under the slowdown constraint.
When two frequencies are applied, the achieved IPS is
proportional to the one achieved by every frequency. It is then
possible to emulate any frequency by combining two frequencies during variable amounts of time [4], [5]. For example, it
is possible to achieve 0.46 IPS using two frequencies able to
perform respectively 0.4 IPS and 0.5 IPS. FoREST exploits
this property and actually selects a couple of frequencies
for every core to achieve any desired IPS within the limits
imposed by the user.
For a specified slowdown, FoREST determines the best
frequency couple to use in three successive steps, as detailed
below.
First, the cores may run various workloads that react differently to frequency transition. Every core has then a different
target IPS, computed as the maximal IPS observed on the core
among the evaluated frequencies, minus the desired slowdown.
Notice that the maximal frequency is always evaluated. The
target IPS represents the objective IPS for a given processor
core. To achieve such IPS, all the couples made of a frequency
resulting in lower IPS and another one leading to higher IPS
can be used. However, some frequency pairs may surround
the target IPS on some cores but not on others and must
be ignored. The goal of the first step is then to eliminate
frequency couples that cannot be used on all the cores sharing
the same frequency setting.
Second, FoREST computes the execution times associated
to each frequency in couples obtained at the first step. The
execution times depends on the target IPS to achieve on

each core. Thus, the cores associate different durations to the
frequencies in pairs but, as the frequency is shared among
different cores, FoREST has to chose only one duration for
each frequency in every couple used on all the cores. We
assume that the IPS cannot decrease when the frequency
increases. Then, for every couple, FoREST selects among the
cores the pair of durations that maximizes the execution time
of the highest frequency, enforcing the slowdown constraint.
At the end of the second step, all the possible frequency pairs
are then associated to one unique pair of execution times
enforcing the slowdown requirements on all the cores.
Finally, FoREST has to choose one frequency pair. To do so,
it computes the energy gain achieved by every couple and only
selects the one providing maximal energy savings. However,
in recent multicore processors, a frequency is necessarily
set simultaneously on all the cores. FoREST considers this
limitation and computes the energy gains achieved by the
couples on each individual processor core. Then, the overall
processor energy gain for a given couple is computed as the
average gain over all the cores sharing the same frequency
setting. By doing so, FoREST assumes that all the cores
equally participate to the total energy consumption. Then,
once energy gains are known for all the considered frequency
couples, FoREST picks the one achieving maximal energy
savings. All the couples were forged to achieve a particular
target slowdown, the chosen couple is then guaranteed to
respect the user-defined slowdown constraint.
Once the best couple is found, each frequency can be set
for the associated duration, computed in the second step, in
order to achieve the desired slowdown.
D. Ideal Slowdown
The last remaining element FoREST must compute is the
best slowdown. Indeed, if the user specifies a tolerated slowdown, it is not necessarily the slowdown providing maximal
energy gains. FoREST has the ability to generate a frequency
pair ensuring the chosen slowdown, and can estimate the associated energy savings. Thus, it evaluates several slowdowns
from 0 % to the maximum tolerated, by steps of 1 %. As a
result, FoREST computes for several slowdowns a frequency
pair and an associated energy gain to finally pick the frequency
couple maximizing energy savings.
The ability to detect the ideal slowdown is a major improvement over existing work. Indeed, existing runtime controllers
usually do not consider power when predicting the frequency
to use. In such conditions, it is impossible to determine if a
slowdown is profitable for energy.
E. Scope Matters
Although DVFS has a scope limited to the CPU, total
system consumption cannot be ignored. In fact, saving energy
at the processor level is not of any help if the system energy
increases. Such case can happen if the energy saved on the
processor is much lower than what the rest of the system
consumes because of the slowdown induced by a reduced

frequency. Thus, in order to perform efficiently, FoREST has
to consider system power consumption.
Currently, it is often impossible to obtain reliable system
power consumption. Thus, FoREST approximates it to an
arbitrary constant value of 50 W for desktop computers. It does
not lead to major changes in the algorithm: the approximate
system power consumption is simply added to the measured
CPU power when computing power gains. Such approximation
can be replaced by the actual power consumption when it
is available, increasing the efficiency of the decisions taken
by FoREST. As a result, FoREST considers energy gains at
the system level rather than at the processor level, trying to
optimize the system energy. It is an additional improvement of
FoREST over existing controllers that often focus on processor
energy consumption.
F. Performance and Energy Modes
Depending on the context and the computer, users have
different requirements regarding energy and performance. For
instance, users playing games or encoding videos may desire the highest achievable performance, while users working
on battery-powered laptops are ready to huge performance
sacrifices to save energy. Thus, different user profiles exist,
requiring different approaches depending on the user needs.
The main issue with existing implementations in operating
systems is the usual confusion between power and energy, as
energy-saving modes often consist in systematically applying
the lowest frequency. Such approach fails with many programs
for which frequency reduction induces such high slowdowns
that the power gain is insufficient to achieve energy savings.
On the other hand, FoREST automatically detects the optimal
slowdown to induce under user-defined constraints. Thus,
users requiring high performance can specify a small tolerated
slowdown such as 5 %, while those concerned by energy can
set a higher tolerated slowdown such as 50 % or 100 %. Thanks
to such parameterizable maximal slowdown, FoREST can then
adapt to several scenarios and ensure energy savings at the
system scale according to the user needs.
G. Discussion
1) Multicore Processors: FoREST considers shared frequency domains of multicore processors at every stage. First,
it is only replicated once per group of cores sharing the same
frequency transition. Then, during the frequency evaluation,
IPS is measured synchronously on all the cores of a group.
Finally, the selected frequency couple is specifically forged
to enforce the desired slowdown on every core. FoREST is
then specific in its ability to work on the recent multicore
processors. Moreover, no major operation in FoREST depends
on the number of cores on the processor, thus, FoREST is
expected to scale well with the number of cores.
2) Frequency Transition Overhead: As any other DVFS
controller, FoREST has to take care of the frequency transition
latency. Indeed, it can take a significant amount of time to
switch the frequency on exiting processors which may lead to
incorrect measurements when the frequency transition latency

is close to the duration of the IPS evaluation. Thus, in order to
increase the measurement precision, FoREST starts measuring
the IPS only after having waited for the frequency to change.
FoREST is then aware of the frequency transition overhead
and takes it into account when running.
VII. S EQUENCE E XECUTION
When the evaluation step finishes, a frequency couple is
built and each frequency in the couple is associated to a
duration. The actual frequency transitions are performed by
FoREST in no specific order. Although executing the frequency sequence induces no measurable overhead, evaluating
a frequency has a cost. In fact, most of the overhead of
FoREST comes from the time spent in evaluating inefficient
frequencies. In order to limit this inconvenience, FoREST
employs two main techniques.
First, FoREST modulates the duration of the whole frequency couple depending on workload stability. FoREST
defines the main frequency mainF req of a couple c as the one
executed for the longest duration. If mainF req remains the
same over two consecutive sequence executions, the system
workload is assumed as stable and FoREST doubles the
duration of c until it reaches a maximum of 100 ms. As soon
as mainF req changes, the duration of c is reset to 1 ms. Thus,
when the workload is unstable, FoREST triggers evaluations
more frequently, quickly reacting to workload instabilities.
However, when the workload is stable, the evaluation rate
is reduced in order to limit the induced overhead. Couple
durations are chosen to be greater than the average frequency
transition latency on current processors as well as small
enough to reach negligible overhead on our experimental
platform. Determining more precise events to achieve better
workload phase detection is possible thanks to hardware
counters for instance, but is left for future work.
Second, FoREST limits the duration of evaluation steps by
restricting the set of evaluated frequencies to those likely to
be chosen in the near future. To do so, FoREST only evaluates
the frequencies in the neighborhood of mainF req. In our
implementation, FoREST evaluates the frequency immediately
higher and immediately lower than mainF req. Additionally,
the highest frequency is always evaluated as it serves as a
reference for computing slowdowns and energy gains. Evaluating only a subset of the frequencies can greatly reduce
the overhead of the evaluation phase as it prevents inefficient
frequencies to be set, even for a short profiling.
As any dynamic system, runtime DVFS could provoke
massive overheads on the system if it is applied without
considering performance. In our experiments, we measured
an execution time overhead of 0.51 % and a 0.98 % energy
overhead when FoREST is working. Such low overhead is
only reached because of the two described adaptive techniques
implemented in FoREST.
VIII. E XPERIMENTS
FoREST is implemented for x86 64 processors on Linux,
allowing us to evaluate its main features on a real environment.
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The energy savings achieved by FoREST and the associated
slowdowns are measured on our experimental platform in
order to check its ability to reduce energy consumption and
guarantee the requested maximal slowdown.
The experiments were run on an Intel Core i5 2380P quadcore processor, running Linux 3.5.3. The sixteen processor
frequencies range between 1.6 GHz and 3.1 GHz, plus a turbo
mode. The benchmark programs consist in the NAS OpenMP
parallel programs 3.0 running the C class datasets. Additionally, we considered two industrial programs: RTM, the main
kernels extracted out of a proprietary program from TOTAL1
used to perform reverse time migration, and Polaris, a
molecular dynamics program from CEA2 . Measurements were
performed using energy probes embedded in the processor and
using a Yokogawa WT210 power meter plugged to the computer’s electrical socket in order to measure both processor and
overall system energy consumption. Results are the median
value of 5 executions, normalized relatively to ondemand,
the default Linux DVFS control policy.

The benchmark programs were first run on the experimental
platform using different DVFS controllers. The first one is
Granola, a commercial DVFS controller designed by MiserWare Inc.; the second one is beta-adaptive [4]; and the last
one is FoREST. Granola uses its default configuration while
beta-adaptive and FoREST are allowed to provoke at most
5 % slowdown. Notice beta-adaptive suffers from a major
limitation here: as many other DVFS controllers, it is not
designed to support multicore processors where all the cores
have to use the same frequency, which is the case for all recent
Intel x86 multicore processors. The energy savings achieved
both at processor and system levels for every DVFS controller
are presented in Figure 2. In the figure, values higher than
0 are energy savings compared to an execution when using
ondemand. Conversely, values below 0 represent additional
energy consumption.
Among all the evaluated programs, some contain large
memory intense phases. In such case, it is possible to decrease
CPU frequency without impacting the execution time. Such
programs are then perfect targets for DVFS controllers, that
can achieve major energy savings. Conversely, some programs
are CPU intense and reducing CPU frequency often increases
their energy consumption. Therefore, no significant energy
savings can be expected for such programs.
Granola was able to achieve light energy savings in many
cases but did not significantly outperforms ondemand. In
fact, from the words of Granola’s authors, Granola is not
designed to outperform ondemand but rather to save as much
energy as possible without harming performance. On the other
hand, beta adaptive is able to save more energy in general, at
the cost of an increased execution time. However, FoREST
clearly outperforms all the DVFS controllers with memorybound programs while maintaining a decent consumption with
other programs. Indeed, more than 15 % energy is saved for
is, lu, mg, and sp at the processor level. It illustrates the
1 TOTAL
2 CEA

is a France-based oil and gas company
is a French government-funded technological research organization
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B. Performance degradation
FoREST directly measures the impact of frequency transitions on IPS to guarantee a maximal slowdown afterwards.
In order to determine if it actually enforces the requested
maximal slowdown, we measured the execution time of all the
benchmark programs when using ondemand, Granola, betaadaptive, and FoREST. The execution times are normalized
over that of ondemand in Figure 4.
FoREST is able to enforce the maximal requested slowdown as it never provokes slowdowns significantly above
the 5 % limit. Granola leads to execution times similar to
what ondemand achieves. Compared to ondemand, betaadaptive and FoREST increase programs execution time but
the resulting slowdown is within the range tolerated by the
user. When considering both slowdowns and energy savings,
the presented results indicate that FoREST takes relevant
decisions as it can trade slowdown for energy all the while
not exceeding the requested slowdown threshold.
FoREST has the ability to automatically determine what
slowdown must be applied at anytime in order to save as much
energy as possible. As opposed to many other mechanisms, it
does not systematically choose the maximal tolerated slowdown. This ability is reflected in Figure 4 as the measured
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bt

ability of FoREST to detect even short memory phase in
programs and to exploit them to save energy.
For CPU-intense programs, FoREST sometimes achieves
slight energy over consumption. One can notice a similar
behavior for the beta-adaptive method. In fact, it is mostly due
to the adaptive method chosen by FoREST and beta-adaptive.
Both systems evaluate the impact of a frequency transition on
performance and, in the case of FoREST, on energy consumption. It implies periodic evaluation of frequencies, including
inefficient ones. Such evaluation on CPU intense program
immediately leads to an increased energy consumption, whose
importance depends on how frequently and for how long the
evaluations are performed. Additionally, dynamic systems may
pick incorrect frequencies for short durations before correcting
their mistake at the next evaluation, increasing in some rare
cases their overhead.
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Fig. 5. Execution time normalized to that achieved by ondemand. 100 %
slowdown allowed for FoREST and beta-adaptive.

slowdown is often lower than what the user tolerates. Interestingly, beta-adaptive is designed to always provoke the maximal
slowdown configured by the user but its poor sensitivity to
program phases and its inability to efficiently support existing
multi-core processors allow it to provoke slowdowns below the
maximum, avoiding large energy over consumption in some
cases.
C. Energy saving mode
For some users, energy consumption is a major concern and
execution time does not matter. For instance, when working
on battery-powered devices, autonomy becomes a critical
criterion for the user. For that purpose, we configured FoREST
to ensure a maximal slowdown of 100 % and run again the
experiments. The resulting energy savings and execution times
are presented respectively in Figure 3 and Figure 5. During
the experiments, we compared FoREST to ondemand, the
powersave Linux DVFS policy that systematically sets the
lowest frequency, Granola using its ”low power” mode, and
beta-adaptive, also targeting a 100 % slowdown.
When considering such extreme allowed slowdowns, both
processor-level and system-level energy consumption matters.
It is illustrated by the large savings achieved by powersave

and Granola at the processor scale and the corresponding
major energy losses at the system scale for many programs.
Thus, FoREST does not necessarily induce the best energy
savings at the processor level but it often performs best on the
overall system. In fact, FoREST benefits from its ability to
target system-wide energy savings rather than focusing on the
processor scale. It is then able to perform significant system
energy savings on memory intense programs while avoiding
major energy losses on CPU intense programs. The few cases
where FoREST is not able to reach the maximal savings are
generally due to short program phases for which FoREST may
react too late. We plan to enhance further FoREST for such
programs by considering hardware counter hints about phase
transitions but this is left for future work.
IX. C ONCLUSION
FoREST is a new runtime DVFS controller suited to recent
technologies. It determines potential energy gains from two
phases: an offline phase exploiting energy probes embedded
in processors, and runtime speedup measurements for the
most interesting frequencies. FoREST is then able to reduce
energy consumption for the whole system under a maximum
slowdown constraint configured by the user. Moreover, FoREST inherently supports multicore processors, extending the
previously proposed DVFS controllers to allow efficient and
controlled energy savings on recent processor technologies.
A major extension of this work is related to distributed
systems. Indeed, a slowdown on one node may degrade the
energy consumption on all the other nodes when they are
synchronized. With that issue in mind, we plan to extend
FoREST to support distributed computers. More generally, we
show in this paper that major energy savings can be achieved
for the processor and system, extending this work to a larger
scale could ensure even greater energy savings for a whole
cluster.
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