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Abstract—CPUs typically operate at a voltage which is higher than what is strictly required, using voltage margins to account for
process variability and anticipate any combination of adverse operating conditions. However, these worst-case scenarios occur rarely, if
ever, thus the operating voltage is overly pessimistic resulting in excessive power dissipation which leads to decreased performance
under power capping. In this paper, we investigate the impact of reducing voltage margins beyond the nominal level on the efficiency of
CPU power capping mechanisms, for three commercial systems, two Applied Micro ARMv8 micro-servers (X-Gene2 and X-Gene3)
and an Intel x86-64 (Xeon E3). We show that CPU power capping at reduced voltage margins compared with Intel’s RAPL and
Dynamic Frequency Scaling (DFS) mechanisms results in performance improvement by up to 64% and 24% on average, respectively.
In combination with state-of-the-art thread packing, the reduction of CPU voltage margins results in 36%, 33% and 27% performance
improvement compared with RAPL and DFS for the Xeon E3 and the X-Gene processors, respectively. Also, we validate the
robustness of our approach with a set of long-running experiments and show that significant energy gains can be achieved even when
considering the cost of checkpointing and recovery in large-scale systems.

Index Terms—CPU power capping, CPU voltage margins reduction, Performance of Systems, Power Management
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1 INTRODUCTION

Modern datacenters and high performance computing
(HPC) systems are expected to operate under a tight power
budget due to cost, power delivery, and cooling limitations.
This is a challenging undertaking, as in the past decade
power and cooling costs have doubled [1]. In particular,
CPUs account for up to 60% of the total power consumption
of compute nodes [2], whereas datacenter cooling has a
power footprint equal to that of the compute infrastructure.
An important exercise for both the datacenter and HPC
domains is to identify and apply techniques that optimize
throughput/performance in a power-constrained environ-
ment.

Power capping is a technique commonly used by dat-
acenter and HPC systems administrators to meet a power
threshold by reducing the operating frequency of the CPU
(CPU throttling) [3], [4], [5], [6], [7], [8]. This may allow for
a larger number of server nodes to be deployed (increas-
ing datacenter capacity) without exceeding the aggregate
power budget [9]. However, the performance penalty due to
frequency downscaling may violate the Quality-of-Service
(QoS) agreement between the operator and the customer in
a cloud datacenter [10], or may even be prohibitive in an
HPC environment.

State-of-the-art research efforts [6], [7], [8] in CPU power
capping propose hybrid techniques that utilize both hard-
ware and software mechanisms to meet a certain power
cap while minimizing the performance penalty. All these
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works support only Intel CPUs and utilize Running Average
Power Limit (RAPL) [11], which is a hardware mechanism
that limits CPU power consumption under a cap. How-
ever, RAPL itself misses some opportunities for further
performance improvement, as the operating points of the
CPU are chosen conservatively. In particular, to account
for manufacturing variability, adverse external conditions,
and varying workload pressure, CPUs operate at a voltage
which is higher than what is strictly required for any given
operating frequency to guarantee fault-free operation. Yet,
prior research [12], [13], [14], [15], [16], [17], [18], [19], [20]
suggests that these voltage margins (guardbands) are overly
pessimistic.

In this paper, we study the effects of carefully re-
ducing those CPU voltage guardbands in power capped
environments. We focus on CPU power consumption,
power consumption at the node-level (at the plug), per-
formance/throughput and CPU temperature. We compare
power capping when operating at reduced margins against
conventional hardware, software, and hybrid (a combina-
tion of hardware & software) approaches under nominal
voltage margins. We also investigate whether operation at
reduced margins can be combined with conventional power
capping approaches.

Our evaluation involves three different off-the-shelf
CPUs, namely an Intel x86-64 (Xeon E3-1220v5) and two
ARMv8 (AppliedMicro X-Gene 2 and X-Gene 3), which are
used to run a mix of benchmarks from various suites, such
as CloudSuite [21], Parsec [22], SPEC CPU2006 [23], as well
as various stress-tests [24], [25], [26].

Our experimental study shows that reducing CPU volt-
age margins can significantly improve performance, reduce
CPU & node power consumption, as well as CPU temper-
ature. More specifically, reduction of voltage margins re-
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sults in improved performance compared with conventional
power capping approaches by 64%, 30% and 34% on aver-
age for Xeon E3, X-Gene 2 and X-Gene 3, respectively. Also,
it outperforms hybrid power capping solutions, namely
PUPiL [7], by 24%, 22% and 5% on average for Xeon E3,
X-Gene 2 and X-Gene 3, respectively.

Furthermore, to validate in practice the reliability of
nodes operating at reduced voltage margins, we execute
random, mixed workloads on 16 Xeon E3-based nodes that
operate at reduced voltage margins, for 23 days without
observing any errors. Based on these results, we show that
the energy gains by operation at reduced voltage margins
remain significant, even in large-scale deployments where
the increased probability of failure may necessitate stronger
protection, such as more frequent checkpointing.

Although CPU power capping has been researched quite
extensively over the last years [3], [5], [6], [7], [8], [27], [28],
as shown in Table 1, no previous work investigates the
effects of reducing conservative CPU voltage guardbands
to optimize execution in a power-constrained environment.

This paper makes the following contributions:

• To the best of our knowledge, this is the first work
that studies the interplay between CPU power cap-
ping and operation at reduced margins with respect
to various metrics and across multiple platforms.

• We experimentally, on real systems, demonstrate that
conventional CPU power capping mechanisms can
be combined with operation at reduced voltage mar-
gins.

• We introduce Reduced Voltage Scaling power Cap-
ping (RVSCap), a novel CPU power capping mecha-
nism that operates the CPU at reduced voltage mar-
gins, minimizes the performance penalty of power
capping at restrictive caps, reduces the power foot-
print at more generous caps and supports multiple
platforms.

• This is the first work that experimentally evaluates
the effects of CPU operation at reduced voltage mar-
gins with long experiments and statistically estimates
the respective effects on large-scale deployments.

The rest of the paper is organized as follows. In Sec-
tion 2 we present an example motivating CPU operation at
reduced voltage margins for power-constrained execution.

TABLE 1: Overview of this work and comparison to prior
approaches.

Approaches
/Features This work

[3], [5], [6],
[7], [8], [27],

[28]

[12], [13],
[14], [15], [16],
[17], [18], [19],

[20]

CPU power
capping 3 3 7

CPU voltage
margins

reduction
3 7 3

Multi-
platform 3 7 7

Effects on
large-scale

deployments
3 - 7

Section 3 provides an overview of the CPUs used in our
study. Section 4 introduces the power capping mechanisms
(conventional and new) that we evaluate. In Section 5,
we present the results of our experimental study, while
Section 6 presents the expected energy gains on large-scale
deployments. Section 7 provides an overview of related
work. Finally, Section 8 concludes the paper.

2 MOTIVATION

Figure 1 depicts the power consumption of bzip2 from the
SPEC CPU2006 benchmark suite [23] for three different
execution scenarios: one without a CPU power cap (dark
red line) and two at a CPU power cap of 20W at nominal
(orange line) and at reduced CPU voltage margins (green
line). The experiments have been performed on a Xeon E3-
based node (see Table 2) which has a Thermal Design Power
(TDP) of 80W, and, thus, the 20W power cap is rather
restrictive. We concurrently run multiple instances of bzip2
to fully engage all four cores of the CPU. The horizontal
distance between the ending points of the dark red and orange
vertical lines indicates the performance penalty due to CPU
power capping. Similarly, the horizontal distance between
the ending points of the orange and green vertical lines
represents the performance gains of CPU voltage margins
reduction, compared with nominal CPU operation for the
same cap.

In the power-constrained execution with nominal CPU
operation, the clock frequency is reduced significantly to
meet the cap, leading to a 36% drop in performance. On
the other hand, with CPU operation at reduced voltage
margins, the 20W power cap is met without underscal-
ing the frequency as much, and hence, with substantially
lower performance degradation. More specifically, for the
power-constrained execution at nominal voltage, the CPU
frequency is 1.9 GHz on average and for the execution at
reduced voltage margins (−170 mV reduction) the average
CPU frequency is 2.5 GHz. As a result, we observe 22% im-
proved performance at reduced voltage margins compared
with capped execution at nominal voltage. These results
demonstrate the opportunity of harnessing voltage margins
to meet restrictive power caps without resorting to extreme
frequency downscaling.

3 PLATFORM OVERVIEW

3.1 Architectural Characteristics
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Fig. 1: Impact of reducing CPU voltage margins on perfor-
mance when the CPU operates at a power cap.
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In our study, we use three multicore CPUs: two different
ARMv8 CPUs and an Intel CPU. Table 2 summarizes the
main characteristics of these CPUs.

The two ARMv8-based platforms are the 8-core
X-Gene 2 and 32-core X-Gene 3 from AppliedMicro (APM).
These CPUs include a dedicated Power Management
processor (PMpro) [29], which is controlled by the
Scalable Lightweight Intelligent Management processor
(SLIMpro) [29]. PMpro exposes advanced power manage-
ment capabilities and can be used to configure CPU at-
tributes such as the operating voltage. All CPU cores and
caches have a common voltage domain, with the exception
of the L3 cache in X-Gene 2, which has a separate voltage
domain that, however, cannot be down-scaled. These capa-
bilities are monitored and managed by the SLIMpro, which
is accessed from the Linux kernel through an I2C inter-
face. Both processors support frequency scaling through the
Collaborative Processor Performance Control (CPPC) power
and performance management interface [30]. The frequency
on both X-Gene processors can be adjusted per pair of cores.

The Intel CPU we use in our study is the Xeon E3-
1220v5. Like other modern Intel CPUs, it implements two
power management mechanisms in hardware, namely the
Fully Integrated Voltage Regulator (FIVR) [31] and Speed-
shift [32]. FIVR exposes certain Model-Specific Registers
(MSRs) through which the OS can request to apply an
offset over the nominal operating voltage of the CPU. All
CPU cores and caches share a common voltage domain.
Speedshift enables fully autonomous control of P-State se-
lection by the CPU, known as Hardware P-States (HWP),
supporting a dynamic, wide power range with faster transi-
tion times between the minimum and maximum supported
frequencies. All CPU cores are clocked with the same fre-
quency. The OS may disable autonomous scaling by setting
the maximum and minimum frequencies of a P-State to the
same value. Also, Intel CPUs feature the RAPL mechanism
which can limit the power consumption of each component
within a cap. Furthermore, RAPL provides information
about the power consumption of different components of
the system such as the CPU, memory, etc.

3.2 Characterization of Voltage Margins

In this study, we investigate the interplay between reducing
CPU voltage margins and power capping mechanisms. To
this end, even though this is not the focus of our work, it
is necessary to quantify the voltage margins of the target
platforms through a characterization process. We apply the

TABLE 2: Characteristics of the three target CPUs.

Characteristic Xeon E3-1220v5 X-Gene 2 X-Gene 3
CPU Cores 4 8 32

Base clock freq. 3.0GHz 2.4GHz 3.0GHz
Lowest clock

freq. 0.8GHz 0.3GHz 0.375GHz

Manufacturer Intel APM APM
Family Skylake ARMv8 ARMv8

Technology 14nm 28nm 16nm
Max

Performance 4 (issue-slots/cycle) 4 (IPC) 4 (IPC)

Freq. Control HWP CPPC CPPC
TDP (W) 80 35 125

methodology proposed in prior work [12], [13], [17], [18],
[19], for the CPUs of Table 2, using SPEC CPU 2006 [23],
Parsec [22] and micro-virus [19] benchmarks.

More specifically, for each CPU frequency point we run
each benchmark 20 times at each voltage step, in the entire
range from the nominal voltage point down to the lowest
sub-nominal voltage, referred as Vmin, at which any work-
load executes successfully without any hardware reported
error, silent data corruption (SDC), or system crash. As
an additional robustness test for the value of Vmin, we
execute each benchmark 1000 more times and verify that
all runs finish successfully. For SDC detection we compare
the output of each workload under reduced voltage margins
with the corresponding one by nominal execution. This
Vmin quantification methodology is conservative because it
misses workload-dependent opportunities to further reduce
Vmin, yet we opt to potentially sacrifice some additional
power efficiency, in order to mitigate and preclude any
erratic behavior, such as SDCs, when voltage margins are
aggressively reduced [13], [17], [19].

Figure 2 illustrates the Vmin identified by our charac-
terization for a range of operating frequencies for all three
CPUs. The grey area shows a configuration where — during
our extensive characterization — at least one workload did
not execute successfully. The point at the boundary of the
green area (safe operation) and grey area (unsafe operation)
corresponds to Vmin. For the Xeon E3 processor, which
supports DVFS, we observe that Vmin drops with frequency
reduction. In terms of absolute values, the width of voltage
margins ranges from 240mV to 170mV depending on the
CPU operating frequency. The observation that the width of
voltage margins varies is critical, as the voltage manipula-
tion mechanism of the Xeon E3 processor is offset-based; the
different width of voltage margins across different CPU fre-
quencies requires extra care to be taken when transitioning
between frequencies.

For the X-Gene 2 and X-Gene 3 processors, which only
support dynamic frequency scaling (DFS), the nominal op-
erating voltage is constant for all frequencies, at 980mV and
875mV, respectively. Moreover, major differences in Vmin
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Fig. 2: Voltage (y-axis) vs. frequency (x-axis) for each CPU.
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can be observed only after reducing the frequency to half
of that used by the highest performance operating point.
Both X-Gene processors use clock skipping in combination
with clock division to generate the effective frequency of
the processor cores. Whenever the target frequency is less
than half of the maximum clock frequency, clock division
is first applied. All other intermediate frequency points are
implemented with clock skipping, either on the original or
on the divided clock frequency. This explains why we do not
observe any variation of Vmin at intermediate frequencies,
with relatively large Vmin differences at frequencies where
clock division is applied. Voltage margins are, again, wider
at lower frequencies.

The outcome of this characterization (shown in Fig-
ure 2) is an extended voltage-frequency curve for each CPU,
which, for each frequency, provides the sub-nominal voltage
Vmin deemed to be safe by the characterization campaign
for all workloads.

We note that similar to the aforementioned characteriza-
tion work, aging effects of the CPUs are out of the scope
of this study. Also, we do not investigate system operation
at extreme temperatures. Prior research [33], [34] indicates
that CPU voltage margins are wider at higher tempera-
tures, due to the transistor-level effect of temperature in-
version. However, other components such as disks [35] and
DRAMs [36] are more failure-prone at higher temperatures,
which makes it difficult to reason about node reliability
at extreme temperature conditions. For this reason, in our
experiments we operate all our machines under typical data
center conditions [37] (at an ambient temperature of 21-
23◦C), despite the fact that this is expected to result in
narrower CPU voltage margins.

4 POWER CAPPING APPROACHES

4.1 Existing Techniques
There are numerous software-based capping approaches in
the literature [3], [5], [27], [28], which use CPU performance
counters to monitor key performance metrics. These metrics
are then used to calculate the CPU frequency downscaling
required to enforce the cap.

Modern Intel CPUs, including the Xeon E3 used in our
study, feature RAPL [11], a hardware power capping mech-
anism that directly observes the power consumption of the
CPU. The time window of cap enforcement is user-specified.
RAPL samples CPU power consumption within the window
and solves a linear equation [7], [11] in order to dynamically
decide and apply the most suitable frequency and voltage
pair from the DVFS operating points supported by the CPU.
For the Xeon E3, the cap enforcement time window can be as
narrow as 1 msec. On the other hand, the X-Gene processors
do not provide a hardware capping mechanism.

PUPiL [7] is a recent technique for maximizing the
performance of multithreaded applications on Intel x86-64
systems. PUPiL uses RAPL for power capping and ma-
nipulates thread allocation to cores based on a heuristic
thread-packing algorithm for identifying the best perform-
ing threads-to-cores ratio, where the number of threads is
larger than the number of cores. PUPiL measures perfor-
mance indirectly using heartbeats [38] which are generated
by the executing workloads.

4.2 RAPL-RM
In order to investigate the impact of exploiting voltage
margins on power capped environments, we investigate the
combination of the existing RAPL mechanism with reduced
voltage margins (RAPL-RM). Similar to RAPL, RAPL-RM
supports only Intel CPUs. Given that RAPL switches be-
tween frequencies under hardware control, without any
notification to the software, it is not possible in RAPL-RM
to adjust the voltage offset according to the width of the
voltage margin at each operating frequency. Instead, we
conservatively apply the safest Voltage offset that corre-
sponds to the narrowest voltage margin (170mV) across all
frequencies, missing the opportunity to further decrease the
voltage by up to 70mV at specific frequencies.

4.3 RVSCap
To maximize the power gains introduced by reducing
CPU voltage margins and hence minimize the performance
penalty induced by a power cap, we design and imple-
ment Reduced Voltage Scaling power Capping (RVSCap),
a software-based power capping mechanism that reduces
CPU voltage by shaving-off pessimistic margins. Also,
unlike RAPL and the RAPL-RM extension discussed above,
RVSCap is a software-based mechanism that can be em-
ployed in widely different platforms, merely by implement-
ing a few platform-specific components.

Similarly to RAPL and RAPL-RM, RVSCap is a closed-
loop mechanism that measures the average power con-
sumption of the CPU at the boundaries of time windows,
identifies the CPU operating point that satisfies the specified
power cap (based on the equation P = CV 2F ), and then
enforces that operating point for the following time window.
However, in contrast to RAPL and RAPL-RM, RVSCap
includes all the necessary logic mentioned in Section 3.2
for safe transition between different Vmin − F pairs. This is
critical as the width of the voltage margin varies across CPU
frequencies and a premature adjustment of CPU frequency
without properly setting the Vmin will result in a system
crash.

As shown in Figure 3, when RVSCap needs to take
action because the current power consumption (as reported
by the CPU at execution time, e.g. through RAPL on Intel
and SLIMPro on X-Genes) is above the defined CPU power
threshold, it first checks if the cap can be met by scaling
the CPU voltage to a sub-nominal, yet safe level for the
current operating frequency, based on the Vmin quantified
via the offline characterization (Section 3.2). If the estimated
power reduction by voltage scaling is not sufficient, RVSCap
re-calculates the power consumption for the immediately
lower operating frequency and the corresponding Vmin.
This is repeated, in an iterative fashion, until an operating
point is found that meets the desired power cap, which is
then applied to the CPU.

In the opposite case, when the current power consump-
tion is below the threshold, RVSCap calculates and applies
the operating point with the highest frequency that meets
the power cap. In case RVSCap applies the maximum CPU
frequency, the exploitation of voltage margins translates
to lower CPU power consumption. This additional power
budget slack can be used to power-on additional nodes,
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Fig. 3: Flowchart of RVSCap. Only a few components (in
blue) need to be custom-developed for the target platform.

thus increasing the active computational capacity of the
datacenter or can be exploited towards reducing power and
cooling costs.

RVSCap is a simple, lightweight mechanism, that sup-
ports multiple platforms and can be used by any user-level
runtime system. More specifically, RVSCap can support
any platform that exposes the CPU power consumption
and allows to adjust independently the operating frequency
and voltage of the CPU. To port RVSCap to a new plat-
form, one only needs to implement a small number of
platform-dependent components that provide the high-level
(platform-independent) API used by the rest of the mecha-
nism (see Figure 3).

The effective cap enforcement interval depends on the
low-level mechanisms that are available in the underlying
platform. We experimentally find that for the Intel Xeon E3
CPU an effective interval of cap enforcement can be as
low as 10 msec with 0.29% overhead. On the other hand,
this interval is much higher, at approximately 1 sec, for
the X-Gene platforms. This is due to the fact that every
request of the capping mechanism (reading the CPU power
consumption or setting the CPU operating frequency) has to
go through an I2C interface to the SLIMpro processor and

then to the PMpro processor.

5 EXPERIMENTAL STUDY

In this section, we discuss the results of a detailed exper-
imental study of the effects of exploiting reduced voltage
margins during power-constrained execution. Moreover, we
combine execution at reduced voltage margins with other
state-of-the-art power-capping approaches, such as RAPL
and PUPiL and compare against the execution at nominal
operating points.

The study is conducted using three different platforms
that feature the CPUs in Table 2. We discuss results in terms
of performance, CPU and node power consumption, CPU
operating temperature, as well as timeliness. We capture
the CPU power consumption as reported through RAPL
for Xeon E3 and through SLIMpro for X-Genes. The CPU
operating temperature is reported through MSRs for Xeon
E3 and through SLIMpro for X-Genes. Node power con-
sumption is measured using an external power meter at the
plug of each system.

Although the effectiveness of our approach depends on
the width of the CPU voltage margins, which varies for
different CPU models, we show that even for the worst case
of processors that exhibit extremely narrow voltage mar-
gins, such as the X-Gene processors, the gains of combining
operation at reduced voltage margins with power cap limits
remain significant.

5.1 Benchmarks

We use 16 benchmarks from CloudSuite [21], Parsec [22],
SPEC CPU2006 [23], and individual stress-tests [24], [25],
[26] for FP computations, thermal load, and memory use,
as shown in Table 3. Note that the CloudSuite benchmarks
and the stress-tests are not a part of the characterization
process, presented in Section 3.2. We include them in our
experimental study, as an extra validation of the safety of
Vmin values identified during the characterization process.
For parallel and sequential benchmarks we manipulate the
degree of parallelism and the number of co-executing in-
stances respectively, to achieve maximum core utilization
and maximize the CPU power footprint with the exception

TABLE 3: Benchmark set.

Suite Benchmark Reference name Baseline power consumption (W) Throughput metric InputXeon E3 X-Gene 2 X-Gene 3

Cloudsuite [21]

Data Analytics danal 26 12 28 MB/sec default
Data Caching dcach 42 20 33 requests/sec default
Web Search wsrch 13 10 22 searchDriver default
Web Serving wsrv 14 11 24 elggDrives default

Parsec [22]

Blackscholes blcks 34 23 70 prices/sec native
Facesim fcsim 39 24 47 frames/sec native

Fluidanimate fanim 41 25 65 steps/sec native
Swaptions swpts 40 27 80 swapt./sec native

SPEC CPU 2006 [23]

Bzip2 bzip2 39 26 83 MB/sec ref
Bwaves bwves 32 26 83 steps/sec ref

Gromacs grmcs 36 23 70 frames/sec ref
h264Ref h264r 39 27 89 frames/sec ref

Stress-test

Memstress mste 31 21 65 Bytes/sec default
Linpack [24] lpack 57 26 80 equat./sec default
Prime95 [25] mprime 62 - - primes/sec default

Firestarter [26] fires 63 - - fma op/sec default
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Fig. 4: Uops retiring(%) normalized wrt. CPU max perfor-
mance (Table 2) on Xeon E3.
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Fig. 5: Retired instructions per cycle (IPC)(%) normalized
wrt. CPU max performance (Table 2) on X-Gene 3.

of CloudSuite benchmarks, which can not be scaled in a
practical way.

To better understand the behavior of the benchmarks
of Table 3 in a power-constrained execution environment,
we categorize them into three groups according to their in-
struction retirement rate, thus, implicitly according to their
compute intensity. Figure 4 shows the percentage of retired
micro-operations (uops), averaged across all 4 CPU cores
of the Xeon E3, for each benchmark. Following Intel’s Top-
Down Microarchitecture Analysis Method (TMAM) [39], the
remaining uops are attributed to bad-speculation, as well as
to back-end and front-end bound operations, which cover
several types of stalls that prevent the delivered uops from
retiring. Similarly, Figure 5 depicts the retired instructions
per cycle (IPC) averaged across all 32 CPU cores of the
X-Gene 3, for each benchmark. We omit the corresponding
results for X-Gene 2 as they are similar to those of X-Gene 3.

Most benchmarks in CloudSuite have low compute in-
tensity, as they do not utilize all the available CPU cores.
Interestingly, there are benchmarks that exhibit different
behavior on the Xeon E3 and X-Gene 3. For example, facesim
is more compute-intensive than Blackscholes on the Xeon E3,
whereas it turns out to be (far) less compute-intensive on
the X-Gene 3, where its execution leads to a larger number
of slow memory accesses. This is due to the higher thread
contention for capacity at the last level cache of X-Gene In
Xeon E3, 4 threads share 8MB of L3, whereas in X-Gene 3 all
32 threads share 32 MB of L3.

5.2 Effects of CPU Voltage Margins on Power Capping
In this section, we quantify the impact of exploiting reduced
CPU voltage margins in power capped environments, for
various CPU power capping mechanisms. On-chip power
capping mechanisms offered by CPU manufacturers sup-
port capping at a wide range of power budgets. For exam-
ple, RAPL on Intel CPUs, supports capping at any power
limit within the TDP range of the chip. We opted to perform
our study for an equally wide range of power caps across
the three different CPUs we use in our study.

For the Xeon E3 CPU, we evaluate the following power
capping techniques: i) RVSCap, ii) conventional RAPL, and
iii) RAPL-RM. Figure 6 shows the results. The x-axis of
each row represents the benchmarks under different CPU
power caps, sorted according to their compute intensity
(section 5.1). The left y-axis (and the corresponding bars)
quantifies the absolute values of each metric. The two lines
refer to the right y-axis and show the average per cap
relative increase or reduction among all benchmarks of the
metric attained by RAPL-RM and RVSCap over RAPL.

We observe that RVSCap outperforms both RAPL and
RAPL-RM, and depending on the enforced cap the gains
translate to improved performance or lower power con-
sumption both at CPU and node level, as well as lower
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Fig. 6: CPU and total node power dissipation, CPU temperature and performance for different power caps and power
capping mechanisms on Xeon E3. Bar plots correspond to the left y-axis and lines to the right y-axis.
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CPU operating temperature. In general, the trend is that
for aggressive power caps (15W - 18% of Xeon E3 TDP)
the reduced voltage margins enable significantly improved
performance. For higher caps (35W,55W - 43%,68% of
Xeon E3 TDP), which are restrictive for fewer benchmarks,
the voltage margins reduction results in both performance
gains and reduction in power consumption and operating
temperature of the CPU. Eventually, for higher caps (75W
- 94% of Xeon E3 TDP) where conventional power capping
typically does not result in performance penalties, voltage
margins reduction results in lower power dissipation and
CPU temperatures. As an example, RVSCap results in 104%
higher performance for Linpack under aggressive power
caps, while for relaxed power caps it reduces node power
consumption and CPU operating temperature by 31% and
19% respectively, compared with RAPL. On average, de-
pending on the enforced cap, RVSCap delivers up to 64%
improved performance, 32% lower CPU power consump-
tion, 24% lower power consumption at the node level and
16% lower CPU temperature, compared with RAPL.

Power consumption gains can only be observed when
the workload is not constrained by the power cap (because
its baseline – uncapped – power consumption is lower than
the cap) and the CPU operates at its highest frequency.
In this case, power gains are fully attributable to voltage
margins reduction at the highest frequency operating point.
In all other cases where the workload is constrained by
the power-cap, the reduction of voltage margins (naturally)
translates to performance improvement. Observing power
gains in those cases would signify a sub-optimally operating
mechanism, that fails to effectively utilize the power budget
made available to it and, as a result, unnecessarily penalizes
workload performance. Whether a given power cap is re-
strictive (thus the gains will be translated to performance),
or not (thus the gains will be translated to power) depends
on the workload. However, our experimental results indi-

cate that the impact of the reduction of voltage margins on
CPU power footprint effectively shifts towards lower caps
the point where, for a given workload, gains begin to man-
ifest as power savings rather than performance improve-
ment. Assuming a stable cooling capacity, CPU temperature
is directly connected to power dissipation, therefore the
same observations hold for CPU temperature as well.

In comparison with RAPL-RM, RVSCap delivers on av-
erage up to 17% improved performance, 8% lower CPU
power consumption, 6% lower node power consumption
and 4% lower CPU operating temperature. These gains are
due to the fact that RVSCap is able to dynamically apply
the appropriate Vmin for each CPU operating frequency,
rather than using the safest Vmin across all frequencies.
Moreover, RVSCap can achieve a 55W power cap without
performance throttling on any of the benchmarks. On the
other hand, to respect the same cap RAPL and RAPL-
RM have to throttle the performance in 3 and 2 of the 16
benchmarks, respectively.

Given that X-Gene processors do not support DVFS and
do not offer any power capping mechanism, in order to
present a comprehensive comparison with execution at re-
duced voltage margins enabled by RVSCap, we implement
a software power capping mechanism that employs only
frequency scaling to emulate a conventional frequency scal-
ing power capping mechanism (DFSCap). More specifically,
DFSCap has the same logic as RVSCap, however, it does not
consider operating at reduced voltage margins points.

Figures 7 and 8 illustrate the performance of those mech-
anisms on the X-Gene 2 and X-Gene 3 CPUs, respectively.
The trends are generally similar to what was observed on
the Intel-based system. The requested power cap acts as a
knob that directs the benefits introduced by the reduction
of voltage margins towards either performance gains for
aggressive caps, or reduced power consumption for higher,
less restrictive power caps. Notably, the voltage margins
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Fig. 7: CPU and total node power dissipation, CPU temperature and performance for different power caps and power
capping mechanisms on X-Gene 2. Bar plots correspond to the left y-axis and lines to the right y-axis.
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Fig. 8: CPU and total node power dissipation, CPU temperature and performance for different power caps and power
capping mechanisms on X-Gene 3. Bar plots correspond to the left y-axis and lines to the right y-axis.

TABLE 4: Average gains of RVSCap under aggressive and relaxed power caps, for the different compute-intensity groups
of the benchmarks.

Power Cap Metric Xeon E3 X-Gene 2 X-Gene 3
Low Medium High Low Medium High Low Medium High

aggressive Performance improvement 30% 69% 102% 11% 36% 37% 3% 43% 49%
relaxed CPU power reduction 26% 33% 37% 11% 12% 10% 9% 7% 8%
relaxed Node power reduction 17% 25% 31% 3% 5% 5% 5% 5% 6%
relaxed CPU temperature reduction 17% 16% 17% 1% 2% 2% 1% 2% 2%

reduction on X-Gene processors does not have a significant
impact on CPU operating temperature, as was the case on
Xeon E3. This is because the CPU fans on both X-Gene
systems operate in two fixed distinct modes (low and high
rate), depending on CPU temperature. On the contrary, for
the Intel platform, the rate of the CPU fans scales accord-
ingly with the CPU temperature.

On average, depending on the requested cap, RVSCap
delivers up to 30% improved performance, 11% reduced
CPU power consumption, 4% reduced node power con-
sumption and 1% reduced CPU temperature for X-Gene 2
compared with DFSCap. On X-Gene 3, the respective gains
are 34% improved performance, 8% lower CPU power
consumption, 5% lower node power consumption and 1%
reduced CPU temperature.

So far, our investigation clearly indicates that the ex-
ploitation of CPU voltage margins in a power capped envi-
ronment (RVSCap), outperforms CPU capping mechanisms
which control only CPU frequency. Table 4 summarizes the
gains attained by RVSCap over RAPL for Xeon E3 and over
DFSCap for X-Gene processors, averaged over the three
compute intensity groups of benchmarks, under aggressive
and relaxed power caps. We observe that on Xeon E3 the
high-intensity benchmark group demonstrates the highest
performance benefits for aggressive caps and the lowest
power consumption and CPU operating temperature for
relaxed caps. For the X-Gene processors we observe that,

under aggressive power caps, the highest compute intensity
group again has the highest performance gains.

Modern Intel processors, like the Xeon E3 used in our
study, exploit C-States, a hardware mechanism which dy-
namically powers on or off different modules of the CPU,
according to the resource requirements of the workload.
In Table 4 we observe that thanks to this mechanism, on
the Xeon E3, the reduction of voltage margins results –
for relaxed power caps – in different energy gains for
different intensity groups. However, the X-Gene processors
do not feature a similar mechanism and, consequently, the
reduction of voltage margins results in similar energy gains,
irrespective of the compute-intensity of the benchmark.

Another important performance metric of power cap-
ping mechanisms is timeliness. Timeliness is the settling
time required for CPU power to stabilize at the cap, after
a new cap is requested. Figure 9 depicts the average timeli-
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nisms for Xeon E3, and X-Gene processors.
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ness, across all applications, for RVSCap (on all platforms),
RAPL (on Intel) and DFSCap (on the two X-Gene platforms),
for the 35W, 20W and 50W power caps on Xeon-E3, X-Gene
2 and X-Gene 3 processors, restrictively. For other caps the
timeliness is similar.

On Xeon E3, the timeliness of RVSCap and RAPL is at
150msec and 20msec, respectively. This difference between
RAPL and RVSCap is expected, as the latter is a soft-
ware mechanism. That said, RVSCap significantly outper-
forms other software mechanisms in the literature [7] (Soft-
Decision in the order of 95sec and soft-DVFS in the order of
7.3sec), and is also better than PUPiL (with a timeliness of
356msec). The latter, however, is a hybrid mechanism that
directly uses RAPL for power control. Although the latter
is a hybrid mechanism that directly uses RAPL for power
control, its timeliness is not representative of the timeliness
of RAPL. More specifically, the authors of [7] opt to setup
RAPL to enforce the power limit at a coarse time granularity,
in order to allow PUPiL sufficient time to apply thread-
packing decisions before RAPL throttles the CPU.

For the X-Gene processors, the timeliness of both RVS-
Cap and DFSCap is at the granularity of seconds. More
specifically, the settling times for RVSCap and DFSCap on
the X-Gene2 are 7.9sec and 6.4sec respectively. On the X-
Gene 3 the respective values are somewhat lower, at 6.5sec
and 5.7sec. This is because of the inherent delay, discussed
in Section 4.3, for adjusting the operating points and for
monitoring power consumption on the X-Gene processors.

RVSCap exhibits slightly worse timeliness compared with
DFSCap, as RVSCap controls both the CPU operating fre-
quency and voltage, which translates to more instructions
issued on the I2C processor control interface. Still, the time-
liness on the X-Gene systems is similar to that of prior soft-
ware mechanisms [7]. Moreover, recent work [40] shows that
a datacenter infrastructure, in case of a power emergency
such as battery recharging under node oversubscription,
needs to regulate the power consumption footprint of the
nodes within a time window in the order of minutes. Based
on that, we consider a cap enforcement interval of seconds,
as in the case of RVSCap, to be adequate and safe for the
infrastructure.

5.3 RVSCap with Hybrid Power Capping Mechanisms

As discussed in Section 4, hybrid power capping approaches
exploit the nominal DVFS points of the CPU (by directly
controlling frequency) in combination with the placement of
threads to cores. PUPiL [7], a state-of-the-art work in CPU
power capping, performs thread packing on top of RAPL
to maximize performance. In this section, we evaluate the
effects of having PUPiL use RVSCap instead of RAPL. On
the X-Gene processors, we apply thread-packing on top of
DFSCap and RVSCap. On the Intel CPU, we apply thread-
packing on top of RAPL (as in [7]) and RVSCap, using
RVSCap as a drop-in replacement for RAPL. Note that there
is no explicit synergy between PUPiL and either RAPL or
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RVSCap. More specifically, PUPiL requests a power cap (to
either RAPL, DFSCap, or RVSCap). RAPL, DFSCap, and
RVSCap dynamically control CPU frequency and voltage to
enforce the cap, while PUPiL independently controls CPU
core utilization (thread-packing).

Figure 10 shows the performance and node power
consumption for RAPL, RVSCap, PUPiL-over-RAPL, and
PUPiL-over-RVSCap. Given that PUPiL [7] is applicable
only to multithreaded workloads (where thread-packing
can be performed), we use three additional multithreaded
benchmarks: k-means, jacobi and stream, which were also
not included in the characterization process of the CPUs
presented in Section 3.2. To facilitate a more direct compar-
ison with [7], we measure the performance as the rate of
heartbeats that are delivered within a time window (PUPiL
employs a heartbeat framework implemented at the code level of
the workload [38]).

On Xeon E3, PUPiL-over-RAPL roughly matches RAPL
in terms of performance, except for facesim where it outper-
forms RAPL. For restrictive power caps, both RVSCap and
PUPiL-over-RVSCap outperform PUPiL-over-RAPL on av-
erage by 24% and 36%, respectively. This clearly shows that
reduced voltage margins can provide additional benefits on
top of state-of-the-art hybrid power capping methods. The
limited effectiveness of PUPiL-over-RAPL, an average 1.5%
performance improvement of PUPiL-over-RAPL vs RAPL,
can be attributed to the fact that Xeon E3 is a single socket
system and has only 4 CPU cores, whereas [7] evaluates
PUPiL over RAPL on a dual-socket system with a total of 32
CPU cores.

The results are similar for X-Gene 2: 2.6% performance
improvement, on average, of PUPiL-over-DFSCap vs DFS-
Cap. The small number of CPU cores limits the performance
gains of PUPiL-over-DFSCap, which is outperformed by
RVSCap and PUPiL-over-RVSCap on average by 22% and
33%, respectively, for restrictive power caps. However, on
X-Gene 3, the high CPU core count allows PUPiL-over-
DFSCap to achieve greater performance gains for several
benchmarks (such as facesim and stream), with an average
21% performance improvement vs DFSCap. Still, RVSCap
and PUPiL-over-RVSCap continue to outperform PUPiL-
over-DFSCap by 5% and 27% on average, respectively. The
only case where PUPiL-over-DFSCap outperforms RVSCap
is stream. Even in this case, PUPiL-over-RVSCap is the most
efficient approach as it takes advantage of both thread-
packing and the operation of the CPU at reduced voltage
margins.

Our investigation shows that, as expected, thread-
packing requires a high CPU cores count to achieve notable
performance gains. In contrast, the reduction of voltage mar-
gins improves both performance and power efficiency irre-
spectively of the number of CPU cores. Also, the synergistic
operation at reduced voltage margins with thread-packing
(PUPiL-over-RVSCap) is not only possible but also leads to
better results than each of these mechanisms separately.

5.4 Platforms Comparison

Based on these results, it is evident that the educated reduc-
tion of conservative CPU voltage margins significantly re-
duces the performance penalty introduced by conventional
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Fig. 11: Percentage of experiments (benchmarks) for which
each processor achieved the highest throughput at a given
power cap.

power capping approaches. Moreover, when the power
consumption footprint of the workload remains below the
power cap, the same performance is achieved with less
power consumption.

Recent works [1], [41], [42], [43], [44], [45] try to model
and simulate different aspects of datacenters. They focus on
maximizing the energy-efficiency and minimizing the costs
for operators. Motivated by this line of research, we perform
a comparison among the processors at hand, in terms of
performance/throughput, to highlight the impact of voltage
margin reduction on those aspects of datacenters.

More specifically, as shown in Figure 11, we quantify the
percentage of benchmarks where each CPU proved to be the
most efficient in terms of throughput under a specific power
cap. We exclude X-Gene 2 from comparisons for power caps
higher than the 30 Watt, as those caps exceed its TDP,
therefore the comparison would be unfair.

For the conventional power capping mechanisms such
as RAPL and DFSCap, as shown in Figure 11, Intel Xeon E3
is the most efficient processor, up to the 40 Watt power
cap. For higher power envelopes, X-Gene 3 dominates, in
terms of throughput. However, when reducing CPU voltage
margins with the utilization of RVSCap (see Figure 11) Intel
Xeon E3 becomes significantly more efficient, approaching
the performance of X-Gene 3 for higher power consumption
budgets. This is due to the fact that Intel Xeon E3 has wider
voltage margins than X-Gene 3, which results in greater
performance improvement under power-constrained execu-
tion.

Despite the narrower voltage margins of X-Gene 2, when
the power budget is limited and lies below 20 Watts, as
is often, for example, the case in Edge computing deploy-
ments, this is the only processor that is capable of operating
within the designated budget. For higher power budgets,
Intel Xeon E3 delivers sufficient throughput for cloud and
single-threaded benchmarks. However, for benchmarks that
are inherently parallel, X-Gene 3 is the most efficient CPU
due to its higher core count.

6 ENERGY GAINS UNDER CHECKPOINTING

The reduction of voltage margins, even when performed in
an educated and careful manner, may affect the resilience
of the CPU against errors. This would, in turn, make the
system more prone to failures, reducing the Mean Time
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Fig. 12: Variation of CPU operating voltage at nominal and
reduced voltage margins across the 16 Xeon E3 systems.

Between Failures (MTBF). In order to assess the risk of CPU
operation at reduced voltage margins, we performed a long
experimental evaluation on 16 identical Xeon E3 systems.

As a first step, we performed a characterization of
voltage margins on all systems. Figure 12, illustrates the
significant variation due to manufacturing variability across
different parts (CPUs) of the same family, in terms of oper-
ating voltage, for both nominal (gray area) and at reduced
voltage margins (green area) CPU operation. The black and
green lines correspond to the nominal and reduced margins
(voltage, frequency) operating points of the system used
for the experimental evaluation in the previous sections.
The specific CPU part has an average voltage margin across
all operating points at the median of the respective volt-
age margins quantified on all parts. The characterization
confirms that the effects of manufacturing variability on
the physical parameters of the chips are non-negligible and
need to be taken into account in real-world scenarios.

During this long experimental campaign, RVSCap was
constantly enabled on all systems, and random power caps
in the range [15W, 75W ] (80W is the TDP of this CPU) were
enforced on randomly selected combinations of applications
from our benchmark set. The experiment was concluded
after a total of 8832 device-hours, 552 hours (23 days) per
system, without any observed failure such as crash, silent
data corruption (SDC), or any detected error. To provide a
pessimistic estimation on the MTBF of systems that operate
with RVSCap, we assume that 1 system out of the 16
experiences a transient error at 552 hours.

Prior studies show that the MTBF of individual nodes in
large-scale facilities can be captured by a Weibull distribu-
tion with decreasing hazard rate (DHR, shape parameter
κ = 0.7) [46], [47], [48], [49]. In particular, we use the
following equation

MTBF =
1

λ
Γ(1 +

1

κ
) (1)

where Γ refers to the gamma distribution, λ and κ are the
scale parameter and the shape parameter of the Weibull
distribution law, respectively. When κ = 1 the distribution
is exponential with a constant failure rate and when κ = 0.7
the distribution transforms to DHR. We note that Weibull
with DHR takes into account infant mortality phenomena,
which is consistent with our own observations during the
characterization process of the Xeon E3 CPUs where the
selection of CPU voltages below Vmin led to failures almost
instantly.

In order to calculate the scale parameter (λ), we solve the
following Weibull Cumulative Distribution Function (CDF)
equation for λ

F(t) = 1 − e−( tλ )
κ

(2)

where, based on the results of our experimental analysis, t
equals to 552 hours, κ (shape parameter) equals to 0.7 and
F (t = 552 hours) equals to 6.25% because we assumed 1
system failing out of the total of 16 systems.

Furthermore, given the limited number of systems
tested, we apply the chi-squared distribution to extrapolate
and calculate the most pessimistic (minimum) MTBF for
different confidence levels (CLs) [50], [51] based on the
following equation

MTBFCL =
2 MTBF

X2
1−CL(2n+ 2)

(3)

where X2 refers to the chi-square distribution, MTBF is the
experimentally observed MTBF and n the number of fail-
ures. To this end, we assume a distribution with 2 degrees
of freedom (n = 0) [50], [51], since we did not observe any
errors during the testing. Eventually, based on the results
of our risk assessment analysis, for a confidence level of
90% MTBF0.9 ≥ 634.79 days. Note that it is common for
industry assessments to provide MTBF at a 60% CL [52]
which in our case is MTBF0.6 ≥ 1595.65 days.

Assuming a platform that employs N nodes to execute
a workload, the respective MTBFplat = MTBFnode/N ,
where MTBFplat and MTBFnode are the MTBF values
for the whole platform and the node respectively, for any
continuous failure distribution [46], as is the case with
DHR Weibull. To deal with the increased probability of
failure, large-scale systems typically perform checkpoint-
ing. Given that such mechanisms introduce overhead, we
evaluate whether energy savings achieved thanks to op-
eration at reduced voltage margins outweigh this over-
head. Although there are more sophisticated checkpointing
mechanisms [46], we pessimistically assume a blocking,
coordinated checkpointing scheme that is performed at the
optimal period to capture the impact of voltage margins
reduction even in such inefficient implementations. More
specifically, we use the following equations of the analysis
in [46] which estimate the overhead (WASTE) and the opti-
mal checkpointing period (Topt)

WASTE = 1 −
(

1 − C

T

)(
1 − 1

MTBFplat

(
D +R+

T

2

))
(4)

Topt =
√

2(MTBFplat −D −R)C (5)

where C is the checkpointing cost, T is the period of
checkpointing, R is the cost of restoring the checkpoint, D
is the downtime.

Figure 13 illustrates the energy benefits to be expected
for a power capped execution at reduced margins with
checkpointing vs. an execution at nominal CPU settings and
no checkpointing, despite that in large-scales, nodes do fail
and checkpointing schemes are necessary even when the
CPU operates at nominal settings. Without loss of generality,
we choose a constant D = 2 minutes and we let C = R vary
from 5 up to 60 minutes. The dashed black line represents
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the energy gains when operating at reduced margins with
the most relaxed power cap but without any checkpointing
and assuming no failures (infinite MTBF). We do not show
a comparison for more restrictive CPU power caps, as these
anyway result in higher energy gains (see Section 5). Our
analysis shows that RVSCap (and operation at reduced
margins in general) can provide energy gains even at scale
and for rather costly checkpointing implementations. For
instance, in a system with 1000 nodes, operation at reduced
margins remains beneficial if C,R is under 40 minutes
for MTBF0.6. For the much higher confidence level of
MTBF0.9, operation at reduced margins is beneficial as
long as C,R is less than 20 minutes.

7 RELATED WORK

Several approaches relax voltage guardbands in order to
increase energy efficiency. In particular, [14], [15] present
heuristics that dynamically reduce voltage margins, based
on the feedback of error correction ECC mechanism built in
Itanium 9560, and [16] rely on dedicated hardware protec-
tion mechanisms introduced at chip design-time to reduce
voltage margins. In addition, [12], [13], [17], [18], [19], [20]
present, similar to this work, static offline analysis that
quantifies the CPU voltage margins on different commer-
cial chips. Moreover, in contrast with this work, they are
completely agnostic of CPU power capping, target CPU
architectures that do not support hardware power capping,
focus on a limited range of CPU frequencies and rely on
specific CPU design, topology and behavior to carefully
exploit the reduction of voltage margins. All these attributes
make prior work incompatible with existing power capping
approaches. Furthermore, none of the previous research
efforts projects the potential energy gains in large-scale
deployments, as this work does, where CPU power capping
is typically useful, however, a fault tolerance mechanism,
such as checkpointing, is also necessary.

Earlier power capping solutions [3], [27] are software-
based, rely on external power meters and control CPU
key factors such as frequency. However, recent works
for improving performance under power-constrained en-
vironments, compare many existing power capping mech-
anisms [7], [53] for a wide range of scenarios, and re-
port that RAPL capping almost ubiquitously outperforms
previous software-based capping methods. Based on this

observation, several state-of-the-art works propose hybrid
solutions, which combine software mechanisms with RAPL.

In particular, [7] proposes PUPiL, a hybrid software-
hardware framework, which uses RAPL in conjunction with
a heuristic algorithm for identifying the best thread place-
ment on cores scheme (thread-packing). [8] also relies on
RAPL to cap the power of the CPU and RAM. It explores
how cross-component power allocation of a single node
will affect the performance of multi-threaded workloads,
under a constrained power budget. [6] presents a holistic
methodology that utilizes the techniques used in [7], [8] syn-
ergistically to further improve the performance of parallel
workloads.

The previous works on power capping propose
software-level optimizations, potentially in conjunction
with hardware techniques such as RAPL, to improve per-
formance in power-constrained environments. However, as
shown in our investigation, CPU voltage margins reduction
in the form of RVSCap results in better performance com-
pared to the hybrid PUPiL over RAPL mechanism utilized
in these works. Most importantly as shown, our approach
is compatible with the above state-of-the-art solutions and
could be employed in conjunction with them to provide
additional performance benefits.

8 CONCLUSIONS

Our study investigates the impact of exploiting CPU volt-
age margins during power-constrained execution. Our in-
vestigation includes three different commercial CPUs, an
Intel Xeon E3 x86-64 and the ARMv8 64-bit AppliedMi-
cro X-Gene 2 and X-Gene 3. We experimentally show that
CPU voltage margins reduction has a significant impact on
the performance during power-constrained execution. More
specifically, we observe that for restrictive power caps, CPU
power capping with reduced voltage margins (RVSCap)
improves the performance by 64% for Xeon E3 (RAPL), 30%
for X-Gene 2 (DFSCap) and 34% for X-Gene 3 (DFSCap),
on average. Also for less restrictive power caps, the same
performance with the conventional capping mechanisms is
met, but with minimized node power footprint which is on
average by 24%, 4% and 5% lower for Xeon E3 (RAPL),
X-Gene 2 (DFSCap) and X-Gene 3 (DFSCap), respectively.

In addition, CPU voltage margins reduction leads to
greater performance gains even when compared with the
state-of-the-art solution in CPU power capping (PUPiL) by
24%, 22% and 5% on average for Xeon E3, X-Gene 2 and
X-Gene 3, respectively. Noticeably, we show that the syn-
ergy between these is not only possible but also outperforms
every other approach, in terms of performance.

More importantly, our investigation includes long vali-
dation runs and a risk assessment analysis which estimates
the MTBF of Xeon E3 CPUs, when operating with reduced
voltage margins, and proves that CPU voltage margins
reduction can result to energy gains even at larger scales
and even when considering the increased checkpointing
overhead, assuming a potentially reduced system MTBF.
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