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Abstract—In this paper, we explore the pessimistic voltage 
guardbands of two multicore x86-64 microprocessor chips that 
belong to different microarchitectures (one ultra-low power and 
one high-performance microprocessor), when programs are 
executed on individual cores of the CPU chips. We also examine 
the energy and temperature gains as positive effects of lowering 
the voltage in both chips while preserving the functional 
correctness of programs. The behavior of the cores was examined 
executing 8 different workloads from the SPEC CPU2006 suite. 
Our differential experimental study is performed on two state-of-
the-art x86-64 microprocessors: an ultra-low power Intel Core 
i5-4200U and a high-performance Intel Core i7-3970X. Based on 
the results, the cores on each microprocessor chip behave 
differently for different workloads when undervolted, and the 
voltage guardbands are more than 15% below the nominal 
voltage levels. We show that the energy efficiency can be 
increased by a maximum of 20% and the reduction of 
temperature can be up to 25%. 

Keywords—voltage scaling, characterization, energy efficiency, 
multicore x86-64 CPUs, error detection and correction 

I. INTRODUCTION 
As transistor dimensions get smaller and smaller, the level 

of process variation among them increases, causing severe 
differences on operating voltage of the chips, which is typically 
addressed by the introduction of high (conservative) 
guardbands. Taking into consideration the growing effects of 
the Dennard's scaling break, the effects of process variation are 
of even greater importance since it means that as the transistors 
are getting smaller the era of dark silicon is getting closer than 
ever. The trend of adding more cores on the same 
microprocessor chip also augments the effects of process 
variation. Therefore, Dennard's scaling failure in conjunction 
with process variation leads to excessive power consumption to 
prevent reliability issues in each of the cores. However, the 
effects of the process variation are different among the cores of 
the same multicore chips not only due to the abnormalities of 
the manufacturing process, but also due to the characteristics of 
the application running on different cores (workload-
dependence). This means that, for different programs, it is 
possible to notice that process variation exhibits different 
results for the same core. For instance, when running a specific 
benchmark, a core might exhibit a certain behavior and when 
trying with another benchmark the core's behavior might differ 
significantly [1]. 

The reliable operation of a chip below nominal voltage 
conditions may be possible due to the process variation. 
Process variation is the variation in the attributes of transistors 
that occurs due to the manufacturing process and is very 
common for microprocessor chips (especially for those that 
were designed with a lithography process smaller than 65nm). 
As microprocessor chips are downscaled, the effects of process 
variation are increased. According to studies concerning a 
number of current commercial microprocessor chips, process 
variation is a very common phenomenon among them and the 
variation may reach up to 20% of power leakage between two 
cores of the same chip and a 7 celcius degrees difference in 
temperature [2]. These observations made microprocessor 
designers change their approach and adapt their designs so as 
to face this problem. In order to do so, microprocessor 
designers introduced guardbands on microprocessor chips 
which set their voltage level higher, alleviating the effects of 
process variation and ensuring that the processor operates 
reliably. Since the microprocessor operates on a higher voltage 
than it is necessary, the power consumption and temperature 
levels are increased. The reliability of the chip must be 
preserved at all costs, however, guardbands introduce higher 
energy consumption than normal since some of the cores are 
forced to operate in higher voltages than they need due to the 
process variation. 

Bacha et al. [3] [4] have proposed a method used for 
exploiting the reliable margins of microprocessor cores which 
achieves on-line voltage speculation by monitorting the ECC 
error rate of the microprocessor. It is used to dynamically 
lower the voltage and to find the lowest voltage level where the 
system works reliably. The result is to lower the power 
consumption effectively while maintaining the frequency (and 
thus performance). This can be done with additional hardware 
monitors that foresee system instability and adjust the 
frequency accordingly but it can also be done through a 
software-based solution. It is a different method than the 
Dynamic Voltage Frequency Scaling (DVFS), which already 
exists in the x86 microprocessors [5]. DVFS is a method where 
the clock frequency of the microprocessor chip is reduced, 
which makes it possible for the voltage supply to be reduced as 
well, in locked steps. In that way, lower power consumption is 
achieved without compromising the reliable operation of the 
microprocessor. Voltage speculation differs from DVFS since 
(1) it only reduces voltage and not the frequency of the 
microprocessor chip, and (2) it takes into account both static 
and dynamic variation. 



In this paper, we analyze the reduced voltage margins of 
the cores of two commercial microprocessor chips (Intel Sandy 
Bridge-E and Haswell), which can operate reliably and at the 
same time maintain their frequency at the highest levels. When 
the cores operate in conservative guardbands, the power 
consumption is higher than needed, while when the cores 
operate beyond nominal voltage conditions but with the same 
frequency, they do not compromise their performance. A great 
gain of this is the simultaneous decrease of microprocessor 
chip’s energy consumption and temperature, which can 
prolong its operating life. We performed the experimental 
evaluation on two state-of-the-art x86-64 microprocessors, (a 
ultra-low power Intel Core i5-4200U and a high-performance 
Intel Core i7-3970X) to study: (1) the crash points for each 
individual core for benchmarks shown in Table III for voltage 
margins below nominal conditions, (2) the core-to-core 
variation of the crash points among the cores for the same 
benchmark, (3) the temperature and power gains due to 
undervolting, and (4) the amount of manifested cache ECC 
errors while we reduce the voltage and keep their frequency 
values unaffected at the highest values. 

By lowering the voltage margins of each microprocessor 
chip we also monitor the ECC errors from any protected 
hardware unit in the microprocessors. This is done by using the 
existing protection mechanisms that comply with the Machine 
Check Architecture (MCA). In that way, not only there is no 
need for the additional hardware protection mechanism, but a 
future study might prove it feasible to lower voltage levels at a 
safe point by simply watching out for increases in errors 
reported by the already installed mechanisms. This study 
shows a remarkable up to 20% power consumption reduction 
by a 15.02% voltage level reduction. This study also focuses 
on examining the behavior of different microprocessor chips 
concerning the hardware errors derived from MCA caused by 
reducing the voltage levels of the microprocessor. By 
examining the results we can notice that there are significant 
differences among the cores of the same chip. We present that 
the safe points of operation vary when running different 
benchmarks on a specific core. More specifically, while 
running the same benchmark on each core of a chip we can 
observe that the error rate (expressed in ECC errors per minute 
of execution) differs from one core to the other. Finally, the 
voltage level at which one core becomes unreliable differs 
when running different benchmarks. 

The paper is constructed as follows: in Section II we 
describe the related work from literature. Section III presents 
the microarchitectural details for the microprocessors of this 
study, information about the Machine Check Architecture, the 
method for ECC error loging and reporting. It also describes 
the experimental methodology used in this study. Section IV 
presents the experimental results of our study for both ultra-
low power and high-performance microprocessors, concerning 
the analysis of pessimistic voltage margins, the power 
consumption, as well as temperature measurements. Finally, 
Section V concludes the paper. 

II. RELATED WORK 
During the last years, the improvement of microprocessors’ 

energy efficiency by reducing their supply voltage is a primary 

concern of many scientific studies. For example, in [6] [7] and 
[8] the authors propose methods to maximize voltage droops in 
single core and multicore chips in order to investigate their 
worst-case behavior due to the generated voltage noise effects. 

In order to eliminate the effects of voltage noise, studies 
such as [9] and [10] focus on the prediction of critical parts of 
benchmarks, in which large voltage noise glitches are likely to 
occur, leading to system malfunctions. In the same context, 
several studies either in the hardware or in the software level 
were presented to mitigate the effects of voltage noise [11] [12] 
[13] [14] [15] or to recover from them after their occurrence 
[16]. 

Apart from these studies that are mainly concentrated on 
the core and the voltage droops, [3] and [4] focus on the 
observation of the errors manifested on caches of a commercial 
Intel Itanium processor during the execution of benchmarks in 
voltage conditions in off-nominal values. The authors in these 
studies observe how the ECC rates increase along with the 
supply voltage reduction. Moreover, the authors in [17] [18] 
and [19] propose several microarchitectural approaches to 
ensure the correct operation of caches in ultra-low voltage 
conditions. Finally, the characterization studies of commercial 
chips  in off-nominal voltage conditions are limited [3] [4] [20] 
[21] [22]. 

III. EXPERIMENTAL SETUP 

A. Microprocessors Description 
Table I summarizes the most important architectural and 

microarchitectural parameters for both ultra-low power Intel 
Core i5-4200U and high-performance Intel Core i7-3970X 
microprocessors that are used in our study. 

TABLE I. MICROPROCESSORS' CHARACTERISTICS. 

Parameters Configuration 

 i5-4200U  
(Haswell) 

i7-3970X  
(Sandy Bridge-E) 

ISA / uArch x86 / Haswell x86 / Sandy Bridge-E 
Core/Thread Counts 2/4 6/12 

Frequency 1.6 GHz (2.6 GHz) 3.5 GHz (4.0 GHz) 
L1 Instr. Cache 32 KB 
L1 Data Cache 32 KB 

L2 Cache 256 KB 
L3 Cache 3 MB 15 MB 

Technology 22 nm 32 nm 
Launch Date Q3 ‘13 Q4 ‘12 

Nominal Voltage 0.844 V 1.365 V 
Max TDP 15 W 150 W 

B. Machine Check Architecture 
MCA [23] is the term used to describe Intel’s mechanism 

for detecting, reporting and correcting hardware (machine) 
errors. These errors can be placed in one of the following three 
categories: corrected hardware errors (CE) and uncorrected 
hardware errors (UE) and uncorrected recoverable errors 
(UCR). The main difference of UCR and UE errors is that after 



a UE error the microprocessor cannot be reliably restarted. On 
the other hand, UCR and CE is that the former can be 
recovered through the execution of software, while the latter is 
corrected by the hardware itself. UCR errors can be placed into 
one of three sub-categories as presented in Table II. This 
classification depends on whether specific action is required to 
correct the error. If no action is required then the error is either 
classified as an uncorrected no action required error (UCNA) 
or as an uncorrected software recoverable action optional error 
(SRAO). If an action is required, then the error is classified as a 
software recovery action required error (SRAR). Errors in the 
UCNA category are reported as CE by the hardware. This 
category consists of errors that occur in data that are not 
consumed and therefore, no action for recovery is required. 
Errors in the SRAO category also occur in a piece of data that 
are not consumed by the system. However, if a UCNA error is 
reported by microprocessor, then specific recovery action can 
be taken by system software. On the other hand, if the error is 
not reported, no action is required. The reporting of the errors 
can be restricted to one logical core or it can be delivered to all 
the available cores. The MCA is used to report errors such as 
system bus, ECC, parity, cache, and TLB errors.  

TABLE II: MCA ERRORS CLASSIFICATION. 

Types of MCA Description 
CE (Corrected Error) An error corrected by Hardware 

UE (Uncorrected Error) 

Hardware could not correct an error. 
Microprocessor context is corrupted 
and cannot continue to operate a sy-
stem. 

UCR 
(Uncorrected 
Recoverable 

Error) 

SRAR 
(Software 

Recoverable 
Action 

Required) 

The error is detected and micro-
processor already consumed the data. 
Shutdown of the system is 
recommended if the error is not 
documented. Else specific action needs 
to be taken by system software. 

SRAO 
(Software 

Recoverable 
Action 

Optional) 

Some data in memory are corrupted but 
the data have not been consumed and 
system can perform a recovery action if 
the error is documented. 

UCNA 
(Uncorrected 

No Action 
Required) 

Some data in the system are corrupted 
but the data have not been consumed 
and system may continue to operate. 

C. Error Logging and Reporting 
In this study, we rely on Windows Hardware Error 

Architecture (WHEA) [24] to monitor any hardware event that 
occurs on lower voltage levels than the nominal. WHEA is 
introduced since Windows Vista and it is Windows’ proposal 
for taking advantage of MCA providing better, precise and 
standardized error reports. More specifically, WHEA provides 
a standard record format for error data and so it is easier to 
discover the source of the error. Another great feature is that it 
is now possible to recover from UCR errors that cannot be 
corrected solely by hardware. Furthermore, it is extensible, 
which means that as hardware provides more sophisticated 
error reporting mechanisms, it will be possible for these 
mechanisms to be accommodated into WHEA and further 
augment its capabilities. 

D. Experimental Methodology 
This paper focuses specifically on exploring the voltage 

guardbands and process variation on two multicore x86-64 
microprocessor chips running the Microsoft Windows 10 OS. 
A subset of the SPEC CPU2006 [25] benchmark suite was 
used on each microprocessor chip to measure essential metrics, 
such as Machine Check Architecture (MCA) errors, current 
voltage level, temperature and power consumption. The 
purpose of these runs is to examine whether different cores on 
the same chip exhibit different behaviors when being 
undervolted depending on the benchmark that runs on it each 
time. In this way, we examine the process variation of each 
core of the two chips and we also performed an extensive 
comparison of the behavior of the two chips based on the 
undervolting endurance of each core of the two microprocessor 
chips when executing a specific benchmark.  

We use Intel’s Extreme Tuning Utility (XTU) [26] for 
Windows 10 to reduce the voltage in both microprocessors, as 
well as to estimate the power consumption and temperature. 
This paper verifies that there is a significant gain in power 
efficiency by reducing the voltage, while at the same time there 
is no loss in reliability and performance. By taking into 
consideration the problems discussed above, one can 
understand the importance of exploiting the undervolting 
capabilities introduced by the use of guardbands, which are 
used to address the problem of process variation. Lower power 
consumption also means lower temperatures, which are known 
to prolong the life expectancy of microprocessor chips. 

In our experiments, we also consider the number of 
correctable hardware errors occurring per minute, while 
executing a benchmark at a lowered voltage; expressed as 
error rate. By examining if the error rate is higher at lower 
voltage levels, it is possible to understand how stable the 
system is and whether it is possible to lower the voltage even 
more before any uncorrectable errors or data corruption occur. 

TABLE III. CHARACTERISTICS OF BENCHMARKS USED IN THIS STUDY. 

Benchmark Suite General Category 

bzip2 int Compression of files 

mcf int Combinatorial Optimization/Vehicle 
scheduling in Public mass transportation 

milc FP Physics/Quantum Chromodynamics 

namd FP Scientific, Structural Biology, Classical 
Molecular Dynamics Simulation 

hmmer int Gene sequence database search 

h264ref int Video compression 

gobmk int Artificial Intelligence - game playing 

zeusmp FP Physics/Magnetohydrodynamics 

The nominal voltage for the microprocessors under test is 
0.844 V and 1.365 V and the frequency of operation is 2.6 GHz 
and 4.0 GHz, for the Intel Core i5-4200U (Haswell) and the 
Intel Core i7-3970X (Sandy Bridge-E), respectively. For each 
benchmark, we performed three consecutive runs to ensure the 
stability of results. 



IV. CHARACTERIZATION RESULTS 
For our differential study between the Sandy Bridge-E and 

the Haswell microprocessors, we executed 3 consecutive runs 
for each benchmark of Table III reducing the voltage from the 
nominal VDD with a step of 5 mV. Our experiments are based 
on two experimental setups, reducing the voltage while running 
the benchmarks in each individual core of the two chips. 
During our experiments, we collected all the results needed to 
make an extensive comparison between the two chips, 
concerning: 

§ the voltage reduction according to the observed crash 
points below the nominal VDD, 

§ the ECC errors that were manifested from caches, 
§ the thermal reduction achieved when the chips operate in 

the lowest off-nominal voltage condition, 
§ the power gains achieved when the chips operate in the 

lowest off-nominal voltage condition. 

Finally, with our results we can observe the core-to-core 
variation of executing the same benchmark in each core of the 
two chips while reducing the voltage up to the lowest off-
nominal voltage value. In the following subsections, we 
illustrate in detail all the aforementioned results of our 
comprehensive study.  

A. Voltage Reduction Evaluation according to the Observed 
Crash Points 
In the first part of our differential study, we compare the 

two microprocessors (the Sandy Bridge-E and the Haswell) 
concerning their Crash points running the benchmarks in each 
individual core of the two chips. With the term Crash point, we 
define the voltage value in which a microprocessor stops to be 
functional. All the corrected errors that do not affect the correct 
operation of the microprocessors appear before the Crash 
points. 

In Fig. 1, we illustrate the percentage of voltage reduction 
from the nominal voltage for each of the 8 benchmarks of our 
study that run on each of the 6 cores of the Sandy Bridge-E, 
while Fig. 2 presents the same percentage of reduction for the 2 
cores of the Haswell microprocessor. In general, the Sandy 
Bridge-E has higher percentage of reduction with a range from 
12.09% to 15.02%, while the same percentage for the Haswell 
ranges from 9.95% to 10.55%. Finally, Fig. 3 illustrates the 
variation of voltage reduction among the 6 cores of the Sandy 
Bridge-E. The highest variation is observed in Core 5 (from 
12.09% to 15.02% voltage reduction). 
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Fig. 1. Voltage reduction percentage in Sandy Bridge-E illustrating 
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Fig. 3. Core-to-Core variation percentage in Sandy Bridge-E. 

B. ECC Errors Evaluation 
Next, we present the population of the ECC errors that 

were observed per each step of voltage reduction (5mV) in the 
two chips of our differential study. For the Sandy Bridge-E 
microprocessor no errors were observed before the system 
crash for all the benchmarks that are used in this study running 
on the six cores of the processor. On the other hand, Fig. 4 and 
Fig. 5 represent the population of the ECC errors that were 
observed in the Core 0 and Core 1 respectively of the Haswell 
microprocessor. 

In Core 0 only one ECC error was manifested during the 
execution of bzip2 benchmark with a voltage reduction of 
85mV from the nominal. On the contrary, Core 1 of the same 
chip reports more errors for all the executed benchmarks of 
our study (Fig. 5). We can observe that bzip2 is the most 
sensitive benchmark (prone to errors) as it starts to report 
errors after a voltage reduction of 70mV and also reports the 
highest observed population of errors (11 errors with a voltage 
reduction of 85mV). In general, from the same figure we 
observe that there is a smooth increase in the population of 
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Fig. 4. ECC errors per minute in Core 0 (Haswell). 
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Fig. 5. ECC errors per minute in Core 1 (Haswell). 

errors starting from 70mV of voltage reduction and ending 
(having its peak) at 90mV-95mV of voltage reduction. Similar 
observations were also reported in [3] and [4]. In all our cases, 
we observed System Crashes for voltage reductions greater 
than 90mV. 

C. Power Gains Evaluation 
To complete the whole picture in our differential study, we 

illustrate the results of all the cores of the two microprocessors, 
when they operate in the lowest voltage value above the Crash 
point. Fig. 6 and Fig. 7 illustrate the power gains of all our 
experimental configurations for the Sandy Bridge-E and the 
Haswell microprocessor respectively. 

In general, the power gains of the Haswell processor are 
higher than that of the Sandy Bridge-E. The highest power 
gains for the Sandy Bridge-E processor were 20% and were 
observed running the bzip2 and the h264ref benchmarks in 
Core 0, while the lowest power gains were 12% when we ran 
the milc benchmark in Core 4. For the Haswell processor, we 
observed 20% power gains in all experiments except for the 
zeusmp benchmark for which we measured 17% in both cores. 

Table IV summarizes the findings of our differential study 
between the Sandy Bridge-E and the Haswell microprocessors 
using 8 benchmarks (bzip2, mcf, namd, milc, hmmer, h264ref, 
gobmk, zeusmp) with diverse behaviors from the SPEC 
CPU2006 benchmark suite [25]. 
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Fig. 6. Power gains percentage (Sandy Bridge-E). 
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TABLE IV. RESULTS OF ALL THE CORES OF THE TWO INTEL 
MICROPROCESSORS. 

 Intel Core i7-3970X Intel Core i5-4200U  
min max min max 

crash points below 
nominal VDD 12.09% 15.02% 9.95% 10.55% 

ECC Error Rate 0 0 11 
temp. reduction 16% 25% 1% 8% 

power gains 12% 20% 17% 20% 

D. Thermal Reduction Evaluation 
In this subsection, we illustrate the temperature gains for all 

the cores and all the benchmarks of both microprocessors, 
when they operate in the lowest voltage value before the Crash 
point. Fig. 8 and Fig. 9 illustrate the temperature gains of all 
our configurations for the Sandy Bridge-E and the Haswell 
microprocessor respectively. 

In general, reduction of voltage of the individual cores 
leads to higher temperature gains in Sandy Bridge-E than the 
Haswell microprocessor. The highest temperature gains in 
Sandy Bridge-E were observed running the bzip2 benchmark 
in Core 3 (25% temperature gains), while the lowest 
temperature gains for the same processor were observed 
running the hmmer benchmark in Core 5 (16% temperature 
gains). For the Haswell, the highest temperature gains were 
observed running the namd benchmark in Core 0 (8% 
temperature gains), while the lowest gains (1%) were observed 
running the mcf benchmark in Core 0 and Core 1 respectively. 
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Fig. 8. Temperature gains percentage (Sandy Bridge-E). 
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V. CONCLUSION 
The purpose of this study is to explore the limits of 

undervolting on two commercial x86-64 microprocessors chips 
with significant differences: the first one is an ultra-low power 
mobile microprocessor (Intel Core i5-4200U) whereas the 
second one is a high-performance microprocessor (Intel Core 
i7-3970X). Concerning the limits of undervolting, we observed 
that on the Intel Core i5-4200U a voltage reduction of 9.95% 
could be achieved without compromising the reliable execution 
of the programs we employed. On the other hand, on the Intel 
Core i7-3970X, depending on the nature of the workload and 
the core, a further reduction on voltage levels ranging from 
12.09% to 15.02% was achieved. These voltage levels 
reductions translate into 17% to 20% reduction of power 
consumption on the Intel Core i5-4200U and 12% to 20% for 
the Intel Core i7-3970X. Regarding the temperatures, the gains 
on the i5-4200U are low (1% - 8% reduction) when compared 
to the results of i7-3970X (16% - 25% reduction). Therefore, it 
is evident that the microprocessor guardbands are too 
conservative and cause excessive power consumption in order 
to mitigate the effects of process variation, which in turn 
translates into higher temperatures. 
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