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Abstract The rapid growth of energy requirements in large data-center has moti-
vated several research projects focusing on the reduction of power consumption.
Several techniques have been studied to tackle this problem, and most of them re-
quire simple power models to estimate the energy consumption starting from known
system parameters. It has been proven that the CPU is the component of a server that
is most responsible for its total power consumption: for this reason several power
models focusing on this resource has been developed. However, only a few ac-
counts for standard CPU features like dynamic frequency scaling and hyperthread-
ing, which can have a significant impact on the estimation accuracy. In this paper,
we present the results from a set of experiments focusing on these CPU features,
and we propose a simple power model able to provide accurate power estimates by
taking them into account.

1 Introduction

Power consumption reduction in datacenter is one of the mostimportant research
topics that is being addressed in different ways and with different techniques by
many scientists both from the industry and the academia. However, most of the pro-
posals require a suitable power model that can estimate the energy consumption
starting from simple system parameters, like the utilization of its resources, and
the time required to complete the considered tasks. Especially when the considered
techniques are based on results that exhibit non-linear behavior, the accuracy of the
power consumption model is of paramount importance to correctly identify the op-
timal system configurations that can achieve the target performance with the lowest
possible energy budget. In different works, such as [9] and [17], the instantaneous
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power consumption of a server was observed to have a linear relation with the CPU
utilization. Such works present also a non-linear estimation, which however requires
the computation of a coefficient that must be extrapolated from a large set of mea-
surements collected from the analyzed system. Both models consider the CPU as
the main index of the server activity. Since the CPU is involved in managing any
server components, there is a strong correlation between the utilization of CPU and
the utilization of all other resources. For such reason, theCPU utilization alone is
representative of the server activity and thus of the entirepower consumption.

The typical use of analytic expressions for the power computation is the inclu-
sion of energy characterization in models of the system defined using suitable for-
malisms, such as queuing networks, Petri nets, and so on. Quite often the system
models are designed to evaluate techniques or policies for energy saving aiming to
analyze the benefits obtained on a single server. In most of the cases, the system
models can provide estimates not only for the utilization, but also for other con-
figuration settings such as the number of cores used and the frequency at which
the system is running. Thus, taking into account widespreadcommercial power re-
duction techniques, like dynamic and voltage frequency scaling (DVFS) and hyper-
threading, we can provide a more detailed power consumptionexpressions that can
compute more accurate estimates.

In this paper we will focus on multicore CPUs that exploit hyperthreading, i.e.,
each physical core can execute two or more threads simultaneously. This number
of thread is usually referred to asSimultaneous MultiThreading (SMT) level. The
operating system (OS) can thus concurrently execute as manythreads as the product
of the number of cores and the SMT level. Moreover, the OS can control the so
called clock governor by setting the maximum and minimum frequency that the
DVSF mechanism can use. Initially, we will present a set of experiments designed
to assess the impact on the power consumption of the number ofcores used, of the
level of SMT exploited and of the maximum clock frequency set. Then, we will
show how the models presented in [9] may be affected by large relative errors if
the above described features are not considered correctly.We finally propose a new
power consumption model that can effectively take into account the considered CPU
settings to provide more accurate energy estimations.

The paper is organized as follows. The main related work of the literature is
described in Section 2. In Section 3, we describe the setup ofthe performed experi-
ments. Section 4 presents and analyses the experimental results. Section 5 proposes
various power models of increasing complexity able to capture the impact of hyper-
threading and dynamic frequency scaling. The conclusion ofthe paper is provided
in Section 6.

2 Related Work

As data-centers continue to consume an ever-greater share of the world’s electricity,
estimated to be 91 billion kilowatt-hours of electricity in2013 only [13], a huge



Modeling power consumption in multicore CPUs 3

amount of researches are dedicated to improve the energy efficiency and develop
effective energy-preserving strategies. These researches has produced a wide spec-
trum of techniques that exploit, albeit in different ways, two basic mechanisms: the
dynamic scaling of components performances (Dynamic SpeedScaling) and the dy-
namic hibernation of components (Dynamic Resource Sleeping), see e.g.[2], [12],
[16].

In the first studies that applied power control techniques onspecific components
of data-centers [9], the power consumption of a whole serverwas assumed propor-
tional to the CPU utilization. The evidence of such a behavior was investigated and
confirmed in further studies, see e.g. [17]. Recently, in order to provide more accu-
rate estimates, authors started to isolate also the contribution of other components
to the whole energy consumption [7]. Some of these newer works focus on CPU,
see e.g., [11], other focus on memory, e.g. [10],while others on disks, [6].

To the best of our knowledge, only a few works propose power models taking
into account hyperthreading and dynamic voltage and frequency scaling (DVFS)
and none considers both of them together. For instance, [15]proposes an operating
system facility to profile the power requirement of server requests, but without con-
sidering hyperthreading nor DVFS. Instead, [19] provides adetailed hyperthread-
aware model to profile the power consumption of individual application, but ignore
the DVFS impact. Such effect may be significant, as shown in [3] where the authors
combine CPU indexes with instantaneous voltage demand information to improve
the DVFS setting and achieve an average speedup of 7.3% over Windows Vista
default DVFS algorithm.

In the literature, energy consumption behavior in data-centers has been modeled
using different evaluation formalisms or metric models. Petri Nets are used in works
like [8] where the authors, using a non-Markovian Stochastic Reward Networks
modeling approach, investigate power-performance efficiency. Queueing theory has
been widely applied for investigating optimal power allocation and load distribution
in clouds, like e.g.[5]. In works like e.g.: [14] or [1], queueing theory is exploited
for proposing tools to manage energy efficiency in datacenters. However, the ef-
fectiveness of such model may be hindered without a proper estimate of the power
consumption of an individual server.

3 Experimental setup

We perform the power evaluation experiments on two different servers. The first
calledServer1 is a PC with an i3-2120 CPU@3.3GHz. with two CPU cores and
6 GB of RAM, an hard disk drive and an integrated graphic card.Server2 is a PC
with an i7-3770 CPU@3.4GHz with four cores and 16 GB including two hard disk
drives and a solid state disk with a dedicated GeForce GTX 560graphic card. Both
machines have an SMT level of two, meaning, for instance, that the i3-2120 CPU
architecture provides two cores to the user, but is capable to concurrently run a total
of four threads.
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In all experiments the servers run CPU-bound applications,in particular in-
stances of the Sunflow benchmark from the daCapo [4] suite. Itrenders a set of im-
ages using ray tracing, splitting the load into several concurrent threads. The number
of threads used by the benchmark is set equal to the maximum number of threads
that the server is capable to run concurrently. The server OSis Linux Ubuntu, but
with different version: Ubuntu 12.04 forServer1, 14.04 forServer2. In both versions
the maximum CPU frequency can be directly set editing the “scaling max freq” file.
Moreover, it is possible to manually turn on and off each available threads editing
the “online” file in “/sys/devices/system/cpu”. It is also allowed to separately set the
maximum frequency at which each thread run and switching offthe multithreading
on a specific CPU core.

The power consumption during each experiment is periodically measured by the
the Yokogawa WT210 digital power meter [18] directly attached to the analysed
server. The CPU utilization is monitored by theio stat command which period-
ically produces CPU statistics calculated as the average among all threads. Finally,
the CPU frequency is monitored by inspecting the “/proc/cpuinfo” file.

4 DVFS and Hyperthreading

In this Section we analyse the power consumption of a CPU-bound application tak-
ing in consideration two main technologies integrated in the CPUs: DVFS and hy-
perthreading. We expect a significant effect of such technologies on the power con-
sumption. In fact, in a CMOS circuit the dynamic power [2] canbe computed as
Pdyn(U) = α ·V 2 f r, whereα is a positive constant. Thus, changing the clock fre-
quency f r or the voltageV will clearly have an energetic impact. Furthermore, in
hyperthreading, emulating an additional CPU core by concurrently executing two
hardware threads should consume less power than using two physical cores. How-
ever, in both cases such effects are not captured by considering the CPU utilization
only.

To investigate such phenomena, we measure through the powermeter the server
power consumption of the Sunflow benchmark fixing in each execution both the
maximum CPU frequency and the number of threads used. We perform a full fac-
torial experiment on the machineServer1 with a maximum CPU frequency ranging
on the set{1600,2500,3300} MHz. By selecting as maximum 1600MHz. the fre-
quency scaling is disabled; with 2500MHz., during the execution of the benchmark,
the CPU frequency may span from 1600 and 2500MHz., and so on. The number
of concurrent threads ranges from 1 to 4. For each configuration 20 executions have
been performed.

The histograms in Fig. 1(a) show the resulting power consumption with 95%
confidence intervals. As expected, the power linearly increases with respect to the
maximum CPU clock frequency. Such increment grows according to the number
of parallel threads used; for instance, using four of them the increment from 1600
to 3300 MHz is slightly more than 50% (40 to 63 Watt). Instead,the power does
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not increases linearly according to the number of threads used, but it follows a step
behavior with a gap of nearly 10W from the second to third configurations. Indeed,
the configurations with 1 or 2 threads involve just a single CPU core, while in the
remaining ones both CPU cores work together, thus consumingmore power.

An analogous set of experiments was performed on theServer2 machine with
a maximum CPU frequency ranging on the set{1600,2500,3401} MHz. and the
number of parallel threads ranging from 1 to 8. As shown in Fig. 1(b), a similar
behavior is obtained. In this case, a further gap is present using two or four CPU
cores.

(a) (b)

Fig. 1 CPU-bound application power varying CPU frequency with several CPU cores and hyper-
threading : (a) dual-core; (b) quad-core CPU.In the legend,a configuration with a numberx of
threads running ony CPU cores is denoted by the labelx− y.

5 Power modeling

The first power model proposed in [9] for the estimate of warehouse-sized data-
center consumption was the following:

P(UCPU) = PIdle +UCPU · (PMax −PIdle) (1)

whereUCPU is the CPU utilization,PIdle is the power consumed when no user appli-
cations are running andPMax is the maximum power consumption when the server
is 100% utilized. In the same work also a more accurate non-linear estimate was
proposed:

P(UCPU) = PIdle +(2UCPU − (UCPU)
r) · (PMax −PIdle) (2)

with r experimentally computed by data collected from the analyzed system.
We compute the values of the parametersPMax, PIdle andr by a fitting procedure

from the collected experiments. The fitting procedure was performed by the DEPS
Evolutionary Algorithm, a variant of the DEPSO algorithm proposed in [20], for
non-linear optimization. It integrates together the Differential Evolution and Particle
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Swarm Optimization techniques. To prevent over-fitting, weuse half of the collected
measurements to perform the fitting, thus computing the value of the parameters.
The remaining half is used to validate the obtained model andcompute the resulting
mean absolute percentage error (MAPE)1.

The straightforward application of such models to estimatethe power consump-
tion of the experiments in Section 4 provides results with a very low MAPE. Indeed,
during all the experiments the CPU utilization is nearly 100%, thus according to
Eq. 1 the energetic power consumption should be maximum, even if the server is
not fully exploited since only a fraction of the available computational power (i.e.
CPU frequency or number of threads and cores) is used.

As a first solution to avoid such problem, we weight the CPU utilization with the
fraction of used threads:

U(Cth) =UCPU
Cth

Tth
(3)

whereCth is the number of used threads andTth is the total number of threads that
the CPU is capable to run concurrently. Using Eq. 3 to computethe models of Eq.
1 and 2 of the dual cores CPU, the values of MAPE obtained are 13.756% and
13.754%, respectively, as shown in Tab 1.

We can improve the results considering also the CPU frequency, thus defining
the value ofUCPU as either one of the two following expressions:

U( f r,Cth) =UCPU
Cth
Tth

f r
f rMax

(a) , U( f r,Ccr) =UCPU
Ccr
Tcr

f r
f rMax

(b) (4)

whereCth (Ccr) is the number of used thread (cores),Tth (Tcr) is the total number
of threads (cores). Moreover,f r and f rMax are the average and maximum CPU
frequency, respectively. We will callO = {Cth,Ccr, f r} the operative parameters
which may be set by software applications. InsteadM = {Tth,Tcr, f rMax} is the set
of machine parameters which are fixed and depend on the HW characteristics of the
server.

We performed the aforementioned fitting procedure between the power values
collected in the experiments and the model of Eq. 1 (called Linear) and Eq. 2 (Not
linear), for both the expressions in Eq. 4. Fig. 2 shows a comparison plot between the
experimental and the estimated power consumption fitted using U( f r,Ccr), which
achieves the best accuracy between the two expressions in Eq. 4. Both the linear
and not linear models achieve nearly the same accuracy, in particular the linear
model has a MAPE of 4.12% and 4.712% for the dual-core and quad-core CPU,
respectively.

Our proposal to further improve the results is introducing the scaling factor:

∆(O,M) =

(

Cth

Tth
αlog +

Ccr

Tcr
αcr

)(

f r
f rMax

)η
(5)

whereαth, αcr andη are coefficients evaluated by the fitting procedure.

1 The mean absolute percentage error is defined as:MAPE = 1
N ∑

∣

∣

∣

At−Ft
At

∣

∣

∣
, whereAt is the actual

value andFt is the estimated one.
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(a) (b)

Fig. 2 Comparison of simple linear and non linear models with experimental results:(a) dual-core;
(b) quad-core CPU.

We define the maximum power consumptionPMax(O,M), dependent on the cur-
rent operative conditions and the server features, as:

PMax(O,M) = PIdle +∆(O,M) · (PMax −Pidle) (6)

Finally, we define the power valueP(O,M) as:

P(O,M) = PIdle +(PMax(O,M)−PIdle)UCPU (7)

Substituting Eq. 6 in Eq. 7 we obtain:

P(O,M) = Pidle +∆(O,M) · (PMax −PIdle)UCPU (8)

As before, we perform a fitting procedure with the DEPS Algorithm to compute
the coefficientsαth, αcr, PIdle andPMax. The values obtained are shown in Table 1.
The comparison plot between the resulting estimate and the experiment results is
shown in Fig. 3. The accuracy is further improved with a MAPE of 1.14% for the
dual core and 2.99% for the quad core.

(a) (b)

Fig. 3 Comparison of proposed model with experimental results: (a) dual-core; (b) quad-core
CPU.
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Table 1 Fitted parameters.

Cores Power Model U Def. PIdle PMax αth αcr η r error
4 Eq. 1 Eq. 3 32.99 52.884 — — — — 13.756%
4 Eq. 2 Eq. 3 32.99 52.931 — — — 0.934 13.754%
4 Eq. 1 Eq. 4(b) 28 61.363 — — — — 4.12 %
4 Eq. 2 Eq. 4(b) 28 62.855 — — — 0.938 4.273%
4 Eq. 8 — 30.256 67.143 0.277 0.71 1.533 — 1.14%
8 Eq. 1 Eq. 3 65.147 92.761 — — — — 9.943%
8 Eq. 2 Eq. 3 64.804 92.675 — — — 1.045 9.928%
8 Eq. 1 Eq. 4(b) 60.905 105.293 — — — — 4.712 %
8 Eq. 2 Eq. 4(b) 65.225 11.216 — — — 0.731 4.456%
8 Eq. 8 — 63.708 115.514 0.364 0.723 2.101 — 2.99%

6 Conclusion

In this work we have considered the power consumption of CPUswith multiple
cores, hyperthreading and dynamic frequency scaling. The next step will be includ-
ing different types of resources such as disks, memory, and network: even if their
contribution to the power budget of a server is much smaller than the CPU it is
still important to include them for having a complete picture of the energy con-
sumption of a server. The Graphic Processing Unit (GPU) can require even more
energy than the CPU: this device however is needed only for very specific tasks
like video-transcoding, and currently it is only marginally used in most of servers
in a data-center. Finally, the impact of virtualization should be considered, since the
“trap-and-execute” technique employed by most of the virtual machine managers
correlates the virtualized resources and the utilization of the CPU on the hosts, lead-
ing to different energy foot-prints.
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