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Abstract—Energy efficiency is a known major concern for
computing system designers. Significant effort is devoted to
power optimization of modern systems, especially in large-
scale installations such as data centers, in which both high
performance and energy efficiency are important. Power
optimization can be achieved through different approaches,
several of which focus on adaptive voltage regulation. In this
paper, we present a comprehensive exploration of how two
server-grade systems behave in different frequency and core
allocation configurations beyond nominal voltage operation.
QOur analysis, which is built on top of two state-of-the-art
ARMYvVS8 microprocessor chips (Applied Micro’s X-Gene 2 and
X-Gene 3) aims (1) to identify the best performance per watt
operation points when the servers are operating in various
voltage/frequency combinations, (2) to reveal how and why
the different core allocation options on the available cores of
the microprocessor affect the energy consumption, and (3) to
enhance the default Linux scheduler to take task allocation
decisions for balanced performance and energy efficiency. Our
findings, on actual servers’ hardware, have been integrated
into a lightweight online monitoring daemon which decides
the optimal combination of voltage, core allocation, and clock
frequency to achieve higher energy efficiency. Our approach
reduces on average the energy by 25.2% on X-Gene 2, and
22.3% on X-Gene 3, with a minimal performance penalty of
3.2% on X-Gene 2 and 2.5% on X-Gene 3, compared to the
default system configuration.

Keywords-Energy efficiency; voltage and frequency scaling;
power consumption; multicore characterization; micro-servers;

I. INTRODUCTION

In the last decade, intense research activities in study-
ing the limits of energy consumption in microprocessors
for both single- and multi-thread applications took place.
One of the most popular methods for aggressive energy
reduction is by exploiting the pessimistic voltage guardbands
of the microprocessor chips [1]-[6]. The minimum safe
operating voltage (V,,;,) of a microprocessor depends on the
technology node, static variation (caused by manufacturing
and environmental factors) and dynamic variation (caused
by workloads differences and device degradation). In order
to guarantee correct execution in all cases, the nominal
operating voltage is set to a pessimistic level that is expected
to be sufficient to account for all these variable factors. The
difference between the actual V,,;, of a chip and the nominal
operating voltage is a safe guardband with which every
chip and every workload is guaranteed to operate correctly.
Unfortunately, the voltage (and corresponding frequency)

guardbands are excessively conservative and impede power
efficiency and performance levels, which could potentially
be derived by bringing the supply voltage and the clock
frequency closer to the system’s best capabilities.

To improve the microprocessor’s efficiency (in terms of
either power or performance), several hardware and software
techniques have been proposed, such as Dynamic Voltage
and Frequency Scaling (DVFES) [7] as well as several power
capping approaches [§]]. The ability to cap peak power
consumption has recently gained strong interest in several
important computing domains (e.g., mobile devices to data
centers [9]) since the state-of-the-art high-end micropro-
cessors currently support such features within their power
management subsystem. Power capping is realized through
power-performance knobs such as DVFES, pipeline throttling
or memory throttling [8].

The premise of such approaches is that the micropro-
cessor’s workloads as well as the cores’ activity vary.
Voltage and/or frequency scaling during epochs, where peak
performance is not required, enable a DVFS-capable system
to achieve average energy efficiency gains without affecting
peak-performance adversely or harming correctness. At a
specific clock frequency, energy efficiency gains are limited
by voltage guardbands that guarantee correct operation in the
presence of dynamic variations. Voltage and frequency scal-
ing methods can efficiently reduce the energy consumption
without compromising performance. They, however, do not
take into consideration either the important characteristics
of the executed applications or the core-to-core variation, in
order to provide even more aggressive energy reduction.

In this paper, we are based on two recent state-of-the-art
ARMyvS8-compliant multicore CPUs, Applied Micro’s (now
Ampere Computing) X-Gene 2 and X-Gene 3 to propose
a new software-based scheme for server-grade machines,
which considers all the diverse aspects of the problem, and
provides large energy savings while maintaining high per-
formance levels. Naturally, relaxed performance constraints
can lead to further energy improvements, but in this paper,
we restrict ourselves to minimal performance impact. The X-
Gene 3 microprocessor is developed for HPC applications
and has comparable performance to high-end Intel Xeon
microprocessors [10]. However, neither X-Gene 2 nor X-
Gene 3 microprocessors have predefined power management
states as in x86 and POWER architectures. Although X-



Gene microprocessors support dynamic frequency scaling,
the voltage is always the same for every different frequency
step (which is equal to Vomina) and can be only explicitly
modified. Particularly, the main contributions of this work
are:

1. We expose the pessimistic voltage guardbands of two
state-of-the-art ARMv8 microprocessors (manufactured
in 28nm and 16nm — the X-Gene 2 and X-Gene 3, respec-
tively) to identify the safe V,,;, points of the CPU chips
in multicore executions. We show that as the number of
active threads increases, core-to-core and workload-to-
workload variability have a minimal impact on V,;,.

2. We present measurements on the correlation of the safe
Vimin to the voltage droop magnitude, and show that
in multicore executions the emergency voltage droop
events occur regardless of the workload. However, for
executions in a single or very few cores, core-to-core
and workload-to-workload variability exist.

3. We perform an extensive study to identify and analyze
the tradeoffs between energy and performance at different
voltage and frequency combinations, as well as at dif-
ferent thread scaling and core allocation configurations.
Our analysis reveals that depending on the course-grain
characteristics of a program and the number of active
threads, there is an optimal combination of voltage,
frequency and core allocation for better energy efficiency.

4. We also developed a simple online monitoring daemon
which monitors the running processes on the system
and guides the Linux scheduler to take the appropriate
decisions regarding: (a) the core(s) to which a new
process should be assigned, and (b) when one or more
running processes should be migrated to other cores. At
the same time, the daemon dynamically adjusts the V/F
settings according to the optimal policies.

5. Finally, we evaluate the optimal energy efficient scheme
by running a realistic scenario of a server’s operation,
which (a) randomly selects the issued programs, (b)
dynamically migrates the running processes on the sys-
tem, and (c) dynamically adjusts the voltage and fre-
quency settings. We report several comparisons among
different configurations to present a detailed evaluation
of the optimal scheme, and show that it can achieve
on average 25.2% energy savings on X-Gene 2, and
22.3% energy savings on X-Gene 3, with a minimal
performance penalty of 3.2% on X-Gene 2 and 2.5% on
X-Gene 3 compared to the default voltage and frequency
microprocessor’s conditions.

II. EXPERIMENTAL SETUP

A. Platforms

This study was performed on two different state-of-the-
art ARMv8 micro-servers: Applied Micro’s (now Ampere
Computing) X-Gene 2 and X-Gene 3, which consist of 8

and 32 64-bit ARMvS8-compliant cores, respectively. Both
microprocessors offer high-end processing performance and
come along with a subsystem that features a Scalable
Lightweight Intelligent Management processor (SLIMpro)
to enable flexibility in power management, resiliency and
end-to-end security for a wide range of applications. The
dedicated SLIMpro processor monitors system sensors, con-
figures system attributes (e.g. regulates supply voltage, etc.)
and can be accessed by the system’s running Linux kernel.

X-Gene 3 microprocessor has a main power domain that
includes the CPU cores, the L1, L2 and L3 cache memories,
and the memory controllers, which is called PCP (Processor
ComPlex) power domain, as shown in Figure [T} and is the
one that consumes the largest part of the overall power
consumption. Figure[T| presents the architecture of X-Gene 3,
however, the X-Gene 2 has similar structure; the difference
is that it has 8 cores instead of 32, and the L3 cache,
which is 8MB instead of 32MB, is located in a different
domain. The operating voltage of the main power domain
can change from 980mV downwards in X-Gene 2 and from
870mV downwards in X-Gene 3. While all the CPU cores
operate at the same voltage, each pair of cores (PMD —
Processor MoDule) can operate at different frequency in
both chips. The frequency can range from 300MHz up to
2.4GHz in X-Gene 2, and from 375MHz to 3GHz in X-
Gene 3 (at 1/8 steps of the maximum clock frequency in both
microprocessors). Table [I] presents the main characteristics
of the two microprocessors. Both platforms run CentOS 7.3
with Linux kernel version 4.11.

B. Experimental Configuration

In our analysis, we use 25 benchmarks from 3 differ-
ent benchmark suites: the NAS Parallel Benchmark Suite
v3.3.1 (NPB) [11]], the SPEC CPU2006 suite [12], and the
PARSEC v3.0 suite [13]. NPB are programs designed to
evaluate the performance of parallel supercomputers and
have been used in several studies regarding performance
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Figure 1. X-Gene 3 block diagram.



TABLE 1
BASIC PARAMETERS OF X-GENE 2 AND X-GENE 3.

Parameter X-Gene 2 X-Gene 3
ISA 64-bit 000 (4-issue)
Pipeline ARMVS (AArch64, AArch32, Thumb)
CPU 8 cores 32 cores
Core clock 2.4 GHz 3.0 GHz

L1 Instr. Cache
L1 Data cache

32KB per core (Parity Protected)
32KB per core (Parity Protected)

L2 cache 256KB per PMD (ECC Protected)
L3 cache 8MB (ECC Protected) | 32MB (ECC Protected)
Technology 28 nm (bulk CMOS) 16 nm (FinFET)
TDP 35W 125 W
Nominal Voltage 980 mV 870 mV

and energy efficiency [14], [15]]. Given that this study
is primarily based on the multicore execution, we use 6
NPB parallel benchmarks (CG, EP, FT, IS, LU, MG) and
6 PARSEC parallel benchmarks (swaptions, blackscholes,
fluidanimate, canneal, bodytrack, dedup) for multi-thread
executions, and moreover, 13 SPEC CPU2006 single-thread
benchmarks (both FP and INT class, which provide diverse
behavior in voltage-scaled conditions, part of those were
also used in [6]) for evaluating multiple copies of single-
threaded executions. Note that, in a parallel execution with
N threads (assume an NPB or PARSEC program with N
parallel threads), all active threads compute parts of the same
work, which is executed once. On the other hand, when we
execute N copies of the same single-threaded benchmark, the
microprocessor executes N times the same work. Therefore,
we cannot directly compare the two cases as they refer to
different amount of work and thus, the energy values of the
single-threaded benchmarks are normalized to the number
of running instances in order to deliver a fair comparison
between the two groups of programs. For example, if the
microprocessor executes N instances of the namd, the energy
will be equal to energy_of N_instances / N.

For a comprehensive coverage of as many different exe-
cution behaviors as possible, we executed all 25 benchmarks
in 3 different threading configurations in both X-Gene 2 and
X-Gene 3 systems:

Max threads: In all available cores of each microproces-
sor (8 cores for X-Gene 2 and 32 cores for X-Gene 3)

Half threads: In half of the cores (4 cores for X-Gene 2
and 16 cores for X-Gene 3), and

Quarter threads: In one quarter of the cores (2 cores for
X-Gene 2 and 8 cores for X-Gene 3).

For these 3 different thread-scaling options, we executed
the programs at the maximum frequency of each micropro-
cessor (2.4GHz for X-Gene 2 and 3GHz for X-Gene 3), and
at the half frequency (1.2GHz and 1.5GHz, respectively).
It is essential to highlight, however, that clock frequencies
larger than the half clock of both microprocessors have
similar safe V,;, as in the highest clock frequency, and
frequencies smaller than the half clock have similar safe
Vimin as in the half clock. The reason is that both micropro-

cessors support clock skipping and clock division, which, in
combination, set the effective frequency of the PMD relative
to its clock source. The reason is that clock ratios greater
or less than 1/2 on the input clock are implemented via
clock skipping on the input clock. Clock ratio equal to 1/2
is naturally implemented via clock division on the input
clock. For this reason, we do not present any results for
the intermediate frequencies because they provide exactly
the same V,,;, points.

Exceptionally, for X-Gene 2 only, we also present results
at 0.9GHz, in which we noticed a significant reduction of
the V,,in, and thus, much larger energy savings compared to
1.2GHz, with minimal impact on performance. The reason
is that these micro-servers implement the most recent CPPC
(Collaborative Processor Performance Control) power and
performance management specification of ACPI 5.1 [16].
CPPC is a new way to control the performance of cores
using an abstract continuous scale in frequency, instead of a
discretized P-state scale (as in legacy ACPI). Therefore, dur-
ing runtime, when there is a request for 1.2GHz, in practice
the actual frequency of the microprocessor is scaled below
and above of the 1.2GHz, so that it effectively provides
an average frequency of 1.2GHz. As a result, the actual
frequency properties are limited by the highest frequency
setting being used, which in this case is above half (without
clock division). This is a frequency interleaving strategy
which is provided by the CPPC and cannot be changed
by software. Although X-Gene 3 operates also with CPPC
specification, we did not observe the same behavior below
the 1.5GHz as in X-Gene 2. This is an interesting finding
of the characterization part of this work, and thus, we report
experiments in X-Gene 2 for three different frequencies
that represent all different behaviors: 2.4GHz, 1.2GHz and
0.9GHz and in X-Gene 3 we report our experiments at 3GHz
and 1.5GHz.

Furthermore, for the needs of our core-allocation analysis,
when we execute multicore experiments with the number of
threads being less than the available cores of each chip, we
characterize different combinations of core allocation, and
we have two main categories: spreaded threads and clustered
threads. As shown in Figure 2] spreaded thread configuration
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Figure 2. 4 running threads in 2 different core allocation configurations:
spreaded & clustered.



refers to the threads running in separate PMDs each, while
the clustered thread configuration to the threads running in
consecutive cores (both cores of the PMD are occupied).

III. VOLTAGE MARGINS IDENTIFICATION

This part of the paper focuses on a quantitative analysis of
the safe V,,;,, for two micro-servers of the same architecture
in order to expose the potential guardbands of each chip,
as well as to quantify the factors that determine the V,,;, of
multicore executions.

A. Exposing Safe Vi, Values

We experimentally obtain the safe V,,;,, values on the two
different technology micro-servers: X-Gene 2 and X-Gene
3. For all of our experiments, we consider a voltage level as
a safe V,;, if the program passes it 1000 times. Safe V;,
is the minimal working voltage. Note that we also study the
error behavior for each program (subsection [[IlI-B) operating
below its safe V,,;, point, but we run it 60 times for each
configuration (frequency, core allocation, and thread scaling)
through the entire voltage range from the safe V,,;, until the
system crash point.

Figure |§| shows the V,,;, characterization results for the
25 benchmarks on X-Gene 2 and X-Gene 3. The reported
Vimin for each program is the lowest (safe) voltage setting
where all 1000 executions of each program completed
successfully, without hardware errors notification, program
output mismatches (silent data corruptions — SDCs) or other
abnormal behavior, such as a process timeout, system crash
or thread hang. The top graphs in Figure [3| present the 8-
thread and 4-thread executions of the benchmarks in X-Gene
2 for the three different frequencies: 2.4GHz, 1.2GHz and
0.9GHz. The bottom graphs present the V,,;, results for
the same benchmarks on X-Gene 3 with 32, 16, and 8-
thread executions for 3GHz and 1.5GHz. Figure [3] clearly
shows, that for the same number of threads and at the same
frequency, the safe V,,;, for all 25 benchmarks is virtually the
same. There are some cases, where a benchmark has a little

lower V,,;, than the rest, however, the maximum difference
is only 10mV or ~1% of the nominal voltage.

However, as shown in Figure ] in single-core (top graphs)
and two-core (bottom graphs) executions we observed on av-
erage 5% core-to-core and workload-to-workload variation
(similar to prior studies, e.g.: [[1fl, [2]l, [6], [17]-[19]). The
yellow-colored region of each graph is the safe region, in
which all executions are completed correctly, and the dark-
colored region is the unsafe region, in which we observed
several abnormal behaviors like SDCs, crashes, etc. The
intersection of the two colors is the safe V,,;,. For all
programs, we observed up to 40mV workload variation and
up to 30mV core-to-core variation in X-Gene 2, and up
to 20mV core-to-core and workload variation in X-Gene 3.
Specifically, Figure [] shows that PMD2 (cores 4, 5 at the
top graph that belong to that PMD) is the most robust one
(its safe region is larger than the other PMDs), in contrast
to PMDO (cores 0, 1 at the top graph) and PMDI1 (cores
2, 3 at the top graph), which are the most sensitive ones
(their safe region is the smallest one). Since the scope of
this study is not single-core executions, a major finding is
that in multicore executions the safe V,,;, marginally depends
on the workload (different program), but heavily depends on
the number of active cores and the frequency, as shown in
Figure [3] We discuss the reasons for these differences in
Section [[V1

B. Unsafe Region Investigation

As we described in the previous subsection, in multicore
executions the safe V,;, for every program is virtually
the same for the same frequency and number of threads.
Interestingly, we can notice such a behavior, across different
benchmarks, frequencies and number of active threads, also
in the region below the safe V,,;, (the unsafe region, where
at least one run, faces an abnormal behavior). Figure |§|
shows the cumulative probability of failure (pfail) at each
voltage level below the V,;, (the V,;, is the last voltage
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in X-Gene 2 at 2.4GHz.

step with pfail=0). Each line of the graph corresponds to
the average pfail of the 25 benchmarks, in two different core
allocation and thread scaling options. Similar to Figure[3] for
the same configuration (number of threads and frequency)
the workloads have very small differences on the safe V,;,,
however, for different core allocation options we observe
different behavior in V,,;,. The same pattern appears also in
the unsafe region.

Consider for example the configurations with “max
threads” and with spreaded ‘“half threads” at maximum
frequency (8T @ 2.4GHz and 4T (spreaded) @ 2.4GHz in
X-Gene 2, and 32T @ 3GHz and 16T (spreaded) @ 3GHz
in X-Gene 3). As shown in Figure [3 these two lines of
the graph are virtually identical and have the most severe
behavior (pfail=100% means that all identical executions
failed to complete. On the other hand, a pfail=10% means
that there are 90% chances for an application to execute
correctly in that voltage). On the contrary, if we change the
core allocation of ‘“half threads”, we notice that the behavior
changes significantly. Consider now, the “clustered” core al-
location option (8T @ 2.4GHz and 4T (clustered) @ 2.4GHz
in X-Gene 2, and 32T @ 3GHz and 16T (clustered) @
3GHz in X-Gene 3). Although the frequencies between “max
threads” and “half threads” are the same, the pfail (and also
the safe V,,;,) are very different (“half threads” configuration
has lower safe V,,;, and pfail than “max threads”) because
the core allocation was changed. We demonstrate in Section
how this observation is correlated to the voltage droop
magnitude.

Based on this experimentation, we conclude that the
dominant factors which can affect the safe V,,;, in multicore
executions and also the failure probability, are (a) the fre-
quency, and (b) the core allocation. The workload itself has
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Figure 5. Probability of Failure (pfail) in all voltage levels from nominal
level down to the levels of complete failure for different frequency, core
allocation, and thread scaling options.

only a marginal impact on the V,,;,, in multicore execution
for the same number of threads in different frequencies (see
Figure [3), however, we can see that lower frequencies have
significantly lower safe V,,;, (and pfail respectively) for all
the benchmarks than at the maximum frequency. For the
same number of threads, we also notice that reducing the
frequency to the “half speed” we can further decrease the
operating voltage by approximately 3%, while the 0.9GHz
runs show a significant reduction (approximately 15%) at the
Vuin due to the clock division that is activated at that fre-
quency (see explanation in subsection [[I-B). Moreover, using
a different core allocation strategy (clustered or spreaded) for
the same number of threads, we can achieve further voltage
reduction by 4%.

IV. ANALYSIS OF V,,;;, IMPACT FACTORS

In this section we study the correlation of the contributors
in V,;, presented before, and identify the best combination
of workload characteristics, frequency and core allocation
towards the highest energy efficiency. We also discuss how
these findings can be exploited in runtime.

A. Impact of Frequency and Core Allocation on Safe Vi,

Apart from the reduced frequency, in which the operating
voltage can be decreased, the second major factor that can
reduce the safe V,,;, is the core allocation. Several studies
have exposed the safe V,,;, for each individual core of
the microprocessor, by exploiting the static variation and
the workload-to-workload variation [1]-[|6]. These studies
demonstrate that different workloads have different safe
Viuins and thus, there is an intense research to provide several
methods which will be able to predict the safe V,,;, for each
program, dynamically, when the microprocessor operates
normally. However, we show that the V,,;, variation among
different workloads (multi-threaded or multiple copies of a
single-threaded application) fades away as the number of
running threads increases, and the remaining key factors that



determine the V,,;, are the frequency and core allocation.
It is known that the larger the number of threads running
in the microprocessor, the more noise is generated from
voltage droops and the interference of running processes
in the system. The findings of our analysis quantify the
magnitude of this dependence.

To understand this phenomenon, we study the voltage
droop magnitude of the microprocessors for all the different
frequency and core allocation configurations, by leveraging
the embedded oscilloscope in the X-Gene 3 microprocessor.
PMU (Performance Monitoring Unit) counters, which can
be accessed by the Perf tool [20], are located in the mi-
croprocessor and can be used to monitor the frequency and
the magnitude of voltage droop events. Figure [f] presents
two different ranges of voltage droop magnitude when the
microprocessor operates at 3GHz: (a) the [55mV, 65mV)
in which we present the configurations of all programs that
produce voltage droops more than or equal to 55mV and less
than 65mV, and (b) the [45mV, 55mV) in which we present
the configurations of all programs that produce voltage
droops more than or equal to 45mV and less than 55mV.
Both graphs show the total number of droop detections per
IM cycles for each program (benchmark names are omitted
to save space). As we can see in the left graph of Figure [6]
the configurations with 32 threads and 16 spreaded threads,
which means that all 16 PMDs of the microprocessor
running at 3GHz frequency (note that the frequency can
be changed per pair of cores — PMD) produce voltage
droop magnitude between 55mV and 65mV. However, the
configuration of 16 clustered threads (meaning 8 PMDs of
the microprocessor running at 3GHz) has almost zero droops
in the range of [S5SmV, 65mV) for all programs. On the other
hand, in the right graph of Figure [6] the configurations with
16 clustered threads and 8 spreaded threads (8 PMDs operate
at 3GHz frequency in both configurations) produce voltage
droop magnitude in the range of [45mV, 55mV). However,
the configuration with 8 clustered threads (4 PMDs) has
almost zero droops in that range for any program.

B. Impact of the Workload on Frequency and Core Alloca-
tion

Apart from the magnitude of the correlation of the safe
Viuin to frequency and core allocation, we also quantify the

[55mV, 65mV) [45mV, 55mV)
1500
1350

= 32T
:ggg 16T (spreaded)

900 1 * 16T (clustered)

750
600
450
300
150

0 lparEir

= 16T (clustered)
8T (spreaded)
- 8T (clustered)

Voltage Droop Detections
Voltage Droop Detections
ey
=

Benchmarks Benchmarks

Figure 6. Voltage droop detections for each program in 2 different voltage
droop magnitudes.

impact of the workload class (CPU-intensive vs. memory-
intensive) to: (a) the safe V,;,, (b) the workloads’ perfor-
mance, and (c) the energy consumption. Figure [/| shows an
illustrative example of the difference in energy of all 25
programs when running at the maximum frequency, with
the same number of threads (4 threads in this case) but
in different core allocations (4T clustered vs. 4T spreaded)
on the X-Gene 2 (the observation is similar in X-Gene 3).
The red line with numbers at the top of each pair of bars
shows the energy consumption difference between the two
core allocations. We can see that the energy difference be-
tween these two configurations varies from -9.6% to 14.2%,
depending on the characteristics of each workload. Negative
percentages indicate that the spreaded-thread configuration
needs higher energy than the clustered-thread configuration,
while positive percentages indicate the opposite. In particu-
lar, the benchmarks shown at the right side of the dashed line
have better energy when their threads are spreaded across
the cores, unlike the benchmarks shown at the left side of the
vertical dashed line which are more energy efficient when
executed in consecutive cores (clustered configuration; see
Figure [2). The reason is that the rightmost benchmarks are
the most memory-intensive benchmarks, while the leftmost
benchmarks are the most CPU-intensive.

As the previous sections present, frequency reduction and
the optimal core allocation can enable significant opportuni-
ties of lowering supply voltage, however, reduced frequency
also translates to degraded performance. Reduced frequency
in CPU cores impacts their performance without affecting
the lower memory levels (L3 cache and DRAM). This means
that a program that is highly computational (CPU-intensive)
will be proportionally affected by the reduced frequency.
On the other hand, a program that experiences long stalls
waiting for the memory to respond will be less affected from
the core frequency reduction, as this will be hidden by the
long memory delays (memory-intensive programs). The key
difference between them is that in CPU-intensive programs
the system part that acts as a performance limiter is the CPU
core part (pipeline, L1 and L2 caches) while for the memory
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Figure 7. Energy of all benchmarks for 2 different core allocations. The

benchmarks on the left of the dashed line are CPU-intensive while the ones
on the right are memory-intensive.



intensive programs, it is the memory part (L3 and DRAM).

In practice, we can use this property to combine lower
frequency and lower voltage with small performance differ-
ence for memory intensive workloads, to increase their en-
ergy efficiency while still complying with high performance
constraints. Previous studies (e.g.: [21], [22]]), have exposed
the phases of a program which are memory-intensive, and
have proposed this feature as a proxy in a single-core
microprocessor to guide the DVFS to reduce the frequency
in that specific program phases. In this work we further
extend this practice to show how this property can be
also used to guide core allocation decisions and how this
feature impacts the microprocessor’s energy and program’s
performance. In order to identify the class of each program,
we follow the method proposed in [23], to track the access
rates of the lower memory hierarchy, and more precisely L3
cache accesses. High L3 access rate means high memory
activity in the lower memory hierarchy (memory-intensive
program). To find the exact threshold level that separates the
two classes, we initially identify what programs are memory
intensive and then the L3 access rates of these benchmarks.

Figure 8] presents the performance impact of each program
when we introduce contention on the shared CPU resources.
We do that by executing multiple copies of the same program
on all cores. Programs that are affected the most have high
activity on the shared resources (and thus the contention
negatively impacts the performance). As an example, we can
see the CG and FT, which are the most memory-intensive
benchmarks because their execution time is significantly
reduced in a multi-threaded execution compared to the
single-threaded one (ratio is much smaller than 1) due to the
high contention at the memory system. On the other hand,
the namd and EP are the most CPU-intensive benchmarks
because their execution time in multi-threaded execution is
virtually the same as in the single-threaded execution (ratio
is very close to 1).

We then use the performance monitoring counters of
the microprocessor as an indication of the workload class
(CPU vs. memory intensive). In particular, we use the L3
Cache (L3C) memory access rate (by monitoring the L2
miss counters), which will allow us to identify the class of
each program during runtime. Figure 9] shows the L3 Cache
access rate for the 3 different threading configurations of
32, 16, and 8 threads (for this example we used the X-Gene
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Figure 8. Relative performance of all benchmarks. The y-axis presents the
ratio of the execution time of one instance of the single-threaded execution
divided by the execution time of multiple instances.

3 platform; the same behavior occurs in X-Gene 2 also),
measured at 3GHz clock frequency. Based on the L3C access
rate metric, and also on the experimental analysis of the safe
Vinin, we found that the threshold which defines the high
memory activity is 3K accesses per 10° cycles. Executions
above this threshold are the most memory-intensive, while
those below the threshold are the most CPU-intensive.

C. Summarizing the Factors that Impact the Safe V.,

Figure [I0] quantifies the impact on the safe V,, that
each factor has on the microprocessors of our analysis. The
values shown in this figure are derived from our study in
the X-Gene 2 microprocessor, however, the corresponding
values for X-Gene 3 are similar. As we can see in Figure
[T0] the workload variability can affect at most 1% the
safe V,,,, while the core allocation and clock frequency
are the major contributors to the safe V,,;,. The reason
it that, as we demonstrated in subsection [[V-A] frequency
and core allocation are the main factors that can affect the
voltage droop magnitude. In particular, the largest amount
of voltage reduction (12%) is a result of clock division
in a specific clock frequency, while just one step further
frequency reduction (due to clock skipping) delivers 3%
further voltage reduction. The following sections identify
the best combinations concerning the voltage, frequency and
application characteristics, which can lead to the highest
energy savings in CPUs with many cores.

V. PERFORMANCE AND ENERGY TRADE-OFFS

For a more comprehensive comparison of the different
options and configurations we measure and present both the
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Figure 9.

L3 Cache access rate per 1M cycles for the 25 benchmarks and the 3 threading configurations (32, 16 and 8 threads).
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Figure 10. The magnitude of V,,;, dependence on frequency, core
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overall energy consumed for each particular workload exe-
cution, as well as the energy delay squared product (ED2P)
metric which combines the energy and the performance of
each workload and configuration.

A. Energy Efficiency

Figure [I1] shows the energy consumption for 5 bench-
marks (due to space limitations; all other benchmarks follow
the same pattern as the ones presented) and all configurations
of X-Gene 2 and X-Gene 3 systems. The benchmarks are
sorted (from left to right) from the most CPU-intensive to the
most memory-intensive ones, as it is also shown in Figure
|§| (namd and EP are the most CPU-intensive benchmarks,
while milc, CG and FT are the most memory-intensive ones).

X-Gene 2 reports significant energy savings for all cases
when running at 0.9GHz, which is attributed to the sig-
nificantly lower safe V,;, voltage (as shown in Figure EL
which is possible due to the clock division) and the lower
frequency. For CPU-intensive benchmarks (namd, EP), the
frequency reduction (from 2.4GHz to 1.2GHz) does not
have an observable impact on the total energy consumption.
We can only notice energy improvements for 1.2GHz on

the memory-intensive applications (milc, CG, FT). Lower
CPU speed reduces the performance gap between CPU and
memory and leads to a more balanced system. This is why
we can gain significant power savings without sacrificing too
much performance, and thus achieve better energy efficiency.
Similar observations hold for X-Gene 3. The low-
frequency behavior of X-Gene 3 (1.5GHz) matches the
one of the 1.2GHz of X-Gene 2. For the CPU-intensive
benchmarks the highest frequency (3GHz) gives the best
energy (due to the faster execution), but again we can see
that memory-intensive applications are more energy efficient
in lower frequency. Note that, in X-Gene 3 we do not present
results for lower frequencies than 1.5GHz, because as we
have described in subsection [[I-B] frequency settings bellow
1.5GHz have the same safe V,,;, as in 1.5GHz due to clock
skipping, and thus, there is only performance impact.

B. Combined Energy and Performance Considerations

Energy consumption itself is a valuable metric that di-
rectly translates to cost, however, it occasionally implies
very slow system configurations (very low frequencies),
which could violate latency and throughput requirements on
a server environment. To avoid this bias in the comparisons
of different configurations, other metrics such as the energy
delay product (EDP = E x D) and the energy-delay
squared product (ED2P = E x D?) have been proposed
for high-end systems [24]. Given that our work focuses on
server-grade CPUs, we have chosen to present the energy
delay squared product (ED2P) for all of our experiments
to show a fair comparison among benchmarks, between
different microprocessors, and more importantly to provide
a fair representation of the relation between energy and
performance. In this subsection, we focus on this metric for
the comparison of the different X-Gene 2 and X-Gene 3
configurations.

Figure [12] shows the ED2P for 2.4GHz, 1.2GHz and
0.9GHz configurations for the X-Gene 2, and 3GHz and
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Figure 11. Energy consumption in Joules for 8, 4, and 2 threading options for 3 different frequencies (2.4GHz, 1.2GHz, 0.9GHz) of X-Gene 2 (top) and
32, 16, and 8 threading options for 2 different frequencies (3GHz, 1.5GHz) of X-Gene 3 (bottom).
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1.5GHz configurations for the X-Gene 3. In the first 2
benchmarks (namd, EP) in both X-Gene 2 and X-Gene
3, which are the most CPU-intensive benchmarks, we can
see that the higher the frequency, the most efficient (in
terms of ED2P) the configuration (i.e. the blue lines in X-
Gene 2 and green lines in X-Gene 3 are always lower in
all cases). However, we can see that the trend lines are
totally different among the 3 memory-intensive benchmarks
(milc, CG and FT) and the CPU-intensive ones. We can
see that the frequency is inversely proportional to ED2P
efficiency for all the thread scaling options (grey lines vs.
blue lines in X-Gene 2, and blue lines vs. green lines in
X-Gene 3). Our analysis shows that the identification of
the program class (CPU vs. memory-intensive) in runtime
can guide the selection of the optimal system configuration
(frequency and threading) to achieve high energy savings
without compromising performance.

VI. MITIGATING ENERGY: A REAL SYSTEM
IMPLEMENTATION

A. Online Monitoring Daemon

According to our study and observations, we developed
a simple online monitoring daemon which encapsulates all
these conditions and constraints as we described in previous
sections and guides process placement, core frequency and
supply voltage to achieve higher energy savings on both X-
Gene 2 and X-Gene 3 platforms. The daemon has two main
functionalities: monitoring and placement. The monitoring
part of the daemon acts as a watchdog, which periodically
monitors the utilized PMDs (which correspond to the droop
magnitude shown in Table and the L3C accesses of
each running process (except for the system processes).
For each process, it counts the L3C accesses during 1M
cycles (this actually varies from 300ms to 500ms in our
systems; it depends on the IPC rate of each process) and
if the L3C accesses are more than 3K (see Figure [J), then
it classifies this process as memory-intensive, otherwise it

classifies it as CPU-intensive. Moreover, it classifies the
processes according to utilized PMDs in order to estimate
the current V,,;,.

The second part (Figure [T3) of the daemon is the Place-
ment. Figure [13| presents how the system reacts to a process
list change and how the placement function of the daemon
operates. Placement is the part that places the processes to
the CPU cores (or migrate them) and adjusts the voltage
and frequencies accordingly. As we presented earlier, each
group of core allocation options corresponds to a specific
droop magnitude class (Table with a distinct safe V,,;,
for each frequency. Moreover, as shown in Figure [6] for
each core allocation option, all programs produce the same
maximum droop magnitude. Given that, we do not use any
sophisticated mechanism for predicting the safe V,,;, because
the prediction schemes for V,,;, that have been proposed in
the literature are error-prone (e.g. [S], [|6], [18[l, [25]-[31])
and can lead to system failures in real microprocessors. To
this end, the daemon has been equipped with a fail-safe
mechanism: either before the process(es) are invoked or be-
fore the frequency should be increased in one or more PMDs
(i.e.: a CPU-bound process), the daemon first increases the
voltage to the next safe V,,;, level (see Table @) and then,
if the voltage can be decreased according to utilized PMDs
(this information is provided by the monitoring part), the

TABLE II
CORRELATION OF VOLTAGE DROOPS MAGNITUDE WITH FREQUENCY
AND CORE ALLOCATION (Vi COLUMNS CONCERN X-GENE 3).

Droop Utilized Thread Scaling Viin @ | Vipin @

Magnitude PMDs 3GHz | 1.5GHz

[25mV, 35mV) |1, 2 PMDs | 1T, 2T, 4T(clustered)| 780 mV | 770 mV

[35mV, 45mV) | 4 PMDs 8T(clustered), 800 mV | 780 mV
4T(spreaded)

[45mV, 55mV) | 8 PMDs 16T (clustered), 810 mV | 790 mV
8T(spreaded)

[S5mV, 65mV) | 16 PMDs | 32T, 16T(spreaded) | 830 mV | 820 mV




Process Handling
(Fail-Safe Mechanism)

Start Process
List Change

CPU-Intensive
Process List

Start
Placement

S memor
process list
empty ?

NO

Read Memory
Process List

YES NO

map process
to that PMD

YES

map process
to any CORE

Frequency[PMD] =
LOW

Is CP!
process list

YES Apply
Voltage and
Frequency

!}

Read CPU
Process List

i

map process to that
Core
Frequency[PMD] =
HIGH
Count Utilized PMDs
(Droop Magnitude)

End
Placement

Set Volt_new According
to Count

Call Placement ()

End Process
List Change

* Voltage =
MAX(Volt_new, Voltage)

i

Set Volt_new
According to Count

|

|

|

|

1

|

|

|

|

|

1 Count Utilized PMDs
: (Droop Magnitude)
|

|

|

|

|

|

|

Voltage =
MAX(Volt_new, Voltage)

Figure 13. Process handling and Placement flow chart.

daemon will set the voltage accordingly (as shown in Figure
[[3). By following this policy, there is a minimal increase
of the total power consumption, however, this guarantees
the reliable execution on a real system. The Placement part
uses the classification performed by the Monitoring part to
guide its decisions, and is invoked upon every process list
or classification change.

The online monitoring daemon is minimally intrusive and
has no impact on the safe V,,;,. Its performance overhead is
also negligible, as it is only running periodically to read the
performance counters and upon every process list change,
to invoke the placement process, which has equal impact
as a process migration of the Linux kernel. The daemon is
invoked only after (a) either a new process is issued to the
system or when a process finishes its execution (to check if a
process migration is required), or (b) when a process changes
its state (from CPU-intensive to memory-intensive and vice
versa). In case (a), it reads the process mapping table and
estimates the result, and in case (b), it periodically counts
the L3C accesses (as we described in subsection [[V-B).
Note that, in case (b) the utilized PMDs cannot be changed.
Utilized PMDs can only be changed when a new process is
invoked, or when a process finishes its execution. To count
the L3C accesses, we leverage the built-in performance
monitoring counters of the microprocessors. To do so, we
developed a kernel module able to provide access to the
performance counters from user-space in order to be part of
our online monitoring daemon. It is lightweight (thus fast)
because it acts in the kernel space and provides near zero
overhead to the total microprocessor’s operation. We did not
use tools like Perf [20] or PAPI [32] because these tools
impose an extra overhead in measurements (+3%), while we
need very accurate values to take correct decisions. To count

the L3C accesses, only one read of one PMU counter and
one read of the same register after 1M cycles are required.
Afterwards, the kernel module subtracts these two values to
produce the final result.

B. Evaluation Results

For the purposes of our experimental evaluation, we
also developed a “workload generator” which creates a
typical server workload from a “pool” of programs (which
includes all the 29 SPEC CPU2006 and the 6 NPB bench-
marks; in total 35 different programs). The generator can
generate workloads of configurable duration by randomly
selecting benchmarks from this pool and randomly defining
the timeslot in which each benchmark will be invoked.
The workload includes heavy load periods, average load
periods and light periods, including also a few idle peri-
ods, resembling a typical server workload on a given time
window. The generator is configured to guarantee that the
number of active processes is never more than the available
cores of the microprocessor. The generated workload can be
then invoked multiple times, allowing multiple experiments
under the same load conditions, using different policies or
configurations. Our exploration has revealed potential energy
efficiency improvements by adjusting the CPU voltage,
frequency and the core allocation. In this subsection we
present the results for a simple realistic experimentation we
performed in our two systems. To provide detailed results for
a comprehensive analysis, we ran 4 different configurations
for the same workload sequence:

Baseline: in this configuration we run the workload se-
quence with the default microprocessor’s frequency scaling
and scheduler settings (ondemand governor is enabled).

Safe V,,;,: in this configuration we change the nominal
voltage of the microprocessor to the safe V,,;,, according to
Table [T} (again with ondemand governor enabled). With this
configuration we evaluate the impact of pessimistic voltage
guardbands in energy.

Placement: in this configuration we run the simple online
monitoring daemon to perform the proposed frequency and
core allocation (the ondemand governor is now disabled),
but keeping the voltage at its nominal value. With this con-
figuration we evaluate the impact of the proposed frequency
and core allocation options in energy and performance.

Optimal: in this configuration we run the simple online
monitoring daemon and adapting the voltage and frequency
settings (with ondemand governor disabled). This is the best
scenario which integrates all the conditions targeting the best
energy efficiency.

Figure [T4] shows the average power and Figure [I3] the
average system load, as well as the number of running
processes for a 1-hour execution of randomly generated
workload for the default microprocessor’s settings (Baseline)
and the Optimal scheme, for X-Gene 3 (we omit the corre-
sponding X-Gene 2 graph due to space limitations, however,



the observations are the same). We generated 2 workloads,
one for X-Gene 2 using a maximum constraint of § cores,
and one for X-Gene 3 with a constraint of 32 cores. Each
workload was executed under both Baseline and Optimal
settings.

In Figure [T4] that compares the Baseline and the Optimal
configuration, we can see that the average power consump-
tion for the optimal configuration compared to the default
one (for the same 1-hour workload) is significantly reduced.
The average system load, shown in Figure [T5]is presented as
a moving average of 1 minute with samples of 1 second. As
presented in Figure[T5] the system has a load with phases of
high utilization and others with low utilization, resembling
a typical server workload. Moreover, in Figure [T5] we can
see how many memory-intensive (orange line) and CPU-
intensive (dark line) processes are running for each second
of the 1-hour execution. We can see that some peaks reach
the maximum capability of the system, indicating that the
system was occasionally pushed towards its limits.

In Table and Table we compare the 4 different
configurations described above. We can see a significant
reduction in the total energy: 25.2% in X-Gene 2 (Table
and 22.3% in X-Gene 3 (Table[[V). This was achieved with-
out compromising the performance of CPU-intensive pro-
grams, while slightly reducing the performance of memory-
intensive programs, as described in Section [[I} targeting the
highest ED2P efficiency. The use of ED2P metric guarantees
that the selected policies do not violate high performance
constraints and at the same time, significantly reduce the
energy consumption. The Optimal scheme with the online
monitoring daemon did also slightly shift the completion
time of the workload as a result of the small performance
impact on some memory-intensive programs (as described
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Power (W)

Figure 14. Average power for the Baseline and the Optimal configurations
in X-Gene 3 during 1-hour execution.

35

Average Load
Memory-Intensive
— CPU-Intensive

Load / Number of Processes

Figure 15. Average System Load (grey dotted line) and number of running
processes. The dark line represents the CPU-intensive processes and the
orange line the memory-intensive ones.

in Section [II). The total time was shifted by 3.2% in X-
Gene 2 and 2.5% in X-Gene 3. We can also notice in Table
and Table that the frequency and core allocation
options (Placement) are the major contributors on the total
energy reduction (18.3% in X-Gene 2 and 13.4% in X-Gene
3), compared to the voltage reduction with the ondemand
governor (Safe V,,;,). In any case, the Optimal scheme can
achieve more than 22% energy savings with a minimal
performance penalty.

VII. RELATED WORK

Characterization: Bacha ef al. 1], [2] focus on monitor-
ing the hardware-reported errors manifested in the caches of
a commercial Intel Itanium processor during the execution
of benchmarks in off-nominal voltage conditions. Authors
in 3], [S[, [18]], [19]], and [31]] measure single-core voltage
margins in several commercial microprocessor chips to study
not only the pessimistic voltage guardbands of the chips, but
also the core-to-core and chip-to-chip variations for single-
core executions. Sasaki er al. [23]], study the prevalence
of power capping when multiple processes in a multicore
microprocessor compete for power, while the power manage-
ment system attempts to mitigate the contention (reduce the
power consumption) by slowing down the processor. Several
characterization studies have been presented for off-nominal
voltage conditions operation of commercial microprocessor
chips with up to 8 cores (e.g.: [1]], [2[, (6] [18[I, [19], [25],
[31]—[35])). In this paper we present the first work character-
izing multi-threaded workloads on high-end microprocessors
with significantly larger core counts (up to 32-core). To
our knowledge, the observations we make for the safe V,,;,,
voltage droop magnitude and the reduced workload variation
in actual hardware (not simulated models) of 8-core and
32-core microprocessors, have not been presented in the
literature before.

TABLE III
X-GENE 2 RESULTS FOR THE 4 CONFIGURATIONS.
Baseline Safe Vi, | Placement | Optimal
Time (s) 3707 3707 3829 3829
|Avg. Power (W) 6.90 6.10 5.46 5.00
[Energy (J) 25578.30 22612.07 | 20906.34 19145.00
[Energy Savings - 11.6% 18.3% 25.2%
[ED2P (workload) | 351 x 10° | 311 x 10° | 307 x 10° | 281 x 10°
[ED2P Savings - 11.6% 12.8% 20.1%
TABLE IV
X-GENE 3 RESULTS FOR THE 4 CONFIGURATIONS.
Baseline Safe Vi, | Placement | Optimal
Time (s) 3748 3748 3846 3846
|Avg. Power (W) 36.49 32.51 30.78 27.63
[Energy (J) 136773.26 | 121847.48 | 118379.88 | 106283.56
[Energy Savings - 10.9% 13.4% 22.3%
[ED2P (workload) | 19 x 100 | 17 x 10T | 17 x 10™T | 15 x 10T
[ED2P Savings - 10.9% 8.9% 18.2%




Voltage Noise Characterization and Mitigation: Ketkar
et al. [36] and Kim er al [37], [38] 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. Bertran et al. [39]
present a voltage noise characterization study in multi-core
microprocessors, in which they use a systematic method-
ology to generate noise stressmarks. Studies of Gupta et
al. [40] and Reddi et al. [30] focus on the prediction of
critical execution points 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 have been presented
to mitigate the effects of voltage noise [17]], [35]], [41]-[47]
or to recover from them after their occurrence [48|]. Some
works [49]-[52] focus on the development of electrical
simulation framework for power-delivery analysis Reddi er
al. [17] show that different workloads have different voltage
margins and different voltage droop activity based on a 2-
core microprocessor. Unlike these previous studies, in this
work we are based on 8-core and 32-core microprocessors
and show that as the number of active cores increases (4
or more active cores), the emergency voltage droops are
massive and lead to workload-independent V,,,;,.

Workload Scheduling and DVFS: Energy Aware
Scheduling (EAS) project [53]], is trying to solve power-
management limitations on big. LITTLE designs by balanc-
ing the load across all CPUs, while saving power by scaling
down the frequency of the CPUs or idling them. Li and
Martinez [54] optimize a parallel workload running on a
simulated 16-core microprocessor by dynamically changing
the number of processors and the V/F levels. Isci et al
[55] consider a simulated 4-core microprocessor with per-
core DVFS and examine different DVFS policies for high
performance and power efficiency. Their solutions are not
scalable to large systems, and to this end, Teodorescu and
Torrellas [56] consider a simulated 20-core microprocessor,
again assuming a per-core DVFS approach, to propose
variation-aware algorithms for power management. How-
ever, in this paper we show with actual measurements on
multicore microprocessors that, as the number of active
threads increases, there is a minimal variation across dif-
ferent workloads and cores. Vega et al. [57] propose a co-
ordinated power management algorithm, which dynamically
detects situations in which the program may be bound by
single-thread-performance or throughput and actuates the
power management accordingly. Miftakhutdinov ef al. in
[58] propose a low-cost mechanism that accurately predicts
the performance impact of frequency scaling in the pres-
ence of a realistic memory system. Castillo ef al. in [59]
propose a hardware mechanism that dynamically adapts the
computational power of a task depending on its criticality.
Authors in [21]], [22] have exposed the phases of a program
which are memory intensive and proposed this feature as a

proxy in a single-core microprocessor to guide the DVFS
to reduce the frequency in that specific program phases.
Unlike these previous studies, in this paper, we are based on
real implementations of 8-core and 32-core microprocessors,
whose frequency can be set per pair of cores and all cores
have the same voltage, and present a different approach
for V/F settings, according to workload characteristics (not
program phases) and voltage droop magnitude, for the
dynamic scheduling and migration of the programs on the
available microprocessor cores.

VIII. CONCLUSION

We have presented a comprehensive analysis of how
different process placement and V/F settings can deliver
different energy and ED2P behavior of multithreaded work-
loads on two state-of-the-art multicore server-grade CPUs:
8-core X-Gene 2 and 32-core X-Gene 3. We explored
how optimal energy consumption and ED2P values can be
achieved and what are the main factors that affect these
metrics the most. All our measurements are on actual server
hardware and we report the variability among the different
chips and workloads. Our analysis findings were employed
in a lightweight online monitoring daemon which can decide
the optimal core allocation and frequency to achieve higher
energy efficiency by monitoring the utilized PMDs (which
affect the droop emergency events) and L3C accesses. We
show that as the number of threads increases, the work-
load V,,;, variation is virtually eliminated and we explain
the reason of this behavior by showing that in multicore
executions all programs have the same maximum voltage
droop magnitude for different core allocation and frequency
settings. Our system-level evaluation demonstrates that these
findings can deliver on average 25.2% energy savings on X-
Gene 2, and 22.3% energy savings on X-Gene 3.
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