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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING AND PHYSICAL SCIENCES

School of Electronics and Computer Science

Doctor of Philosophy

Hardware-Validated Performance and Power Modelling of Heterogeneous

Multi-Processing Architectures

by Matthew James Walker

Modern processors are becoming increasingly more complex and utilise higher numbers of Heteroge-

neous Multi-Processing (HMP) cores. Energy-e�ciency has become the primary design constraint

in recent years, and improvements enable battery-powered devices to run longer and reduce the

energy and cooling costs in data centres. Moreover, increased energy-e�ciency enables greater peak

performance under the thermal and power constraints, enabling innovative new uses and applica-

tions. Accurate run-time power estimations are critical in guiding online energy-saving techniques

and energy-aware scheduling decisions to find the optimum performance, power and energy trade-

o↵. This thesis presents a statistically-rigorous methodology for developing accurate and stable

empirical power models for providing run-time power estimations to a run-time manager (RTM)

while considering thermal variation, coe�cient stability, heteroscedasticity, robust model specifica-

tion, and non-ideal voltage regulation. The novel methodology ensures that the models perform

significantly more accurately across a wider range of workloads when compared with existing run-

time power modelling methodologies, achieving average errors lower than four percent. Practical

considerations and shortcomings in existing approaches are also identified and addressed.

Furthermore, the recent slowdown in technology scaling has forced researchers and engineers to rely

on micro-architectural advances and system-level optimisations to drive performance improvement,

the development of which is underpinned by simulation tools. However, such simulation tools

inevitably have limitations and contain sources of error which, if not understood by the user, can lead

to inaccurate results and incorrect conclusions. This thesis presents a methodology for evaluating

CPU performance models and identifying specific sources of error, allowing such models to be

improved; extended to other CPUs; validated after changes; and tested for suitability to a specific

use case. These hardware-validated performance models are combined with the empirical power

models to enable accurate and reliable performance, power and energy simulation.

Moreover, the Powmon and GemStone software tools are presented, which implement the method-

ologies for developing power models and validating performance models, respectively.

http://www.soton.ac.uk
https://www.feps.soton.ac.uk
http://www.ecs.soton.ac.uk
mailto:mw9g09@ecs.soton.ac.uk
http://www.powmon.ecs.soton.ac.uk/powermodeling/
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Chapter 1

Introduction

The primary design goal for computer processors has historically been performance, which has

reliably improved for many years with the aid of technology scaling. However, technology scaling

has slowed and physical limits have caused a reduction in performance improvement and have

led to challenges with heat dissipation. This has forced processor architects to look elsewhere for

performance gains in order to keep up with industry expectations derived from Moore’s Law [256].

Modern processors are therefore heavily optimised towards performance and have complex designs

that utilise deep pipelines, memory hierarchies, speculative execution, multiple execution units

(superscalar design), out-of-order execution, single instruction, multiple data (SIMD) co-processors,

and multi-core designs.

In the last decade there has been a shift in emphasis from performance towards energy e�ciency due

to the emergence of mobile devices, such as smartphones, tablets, thinner fan-less laptops and, more

recently, smart watches. Such devices have limited thermal dissipation and are typically powered

from batteries with limited capacity.

By improving CPU energy-e�ciency through novel design and careful online management, a mobile

processor can achieve higher performance while respecting its Thermal Design Power (TDP), which

enables emerging mobile applications such as augmented reality, machine learning, artificial intel-

ligence and 3D photography. Energy-e�cient processor designs, initially targeted towards mobile

devices, are now also being utilised in data centres to reduce energy bills and the cost spent on

cooling systems.

The following two key areas provide opportunities for improving performance and energy e�ciency

despite the challenges in technology scaling:

1. Run-time system optimisation that controls task scheduling and online energy management

mechanisms e↵ectively to achieve the desired level of user experience while simultaneously

respecting thermal and power constraints, and maximising energy-e�ciency;

2. Architectural, micro-architectural and system-level design innovations that optimise for mod-

ern workload demands and exploit new technologies.

Accurate performance, power, thermal, and energy models are required for both guiding run-time

system optimisation and exploring innovative software and hardware improvements.

1
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This thesis presents a methodology for characterising existing processors and developing accurate

and stable run-time power models by employing statistical and machine learning techniques. The

resulting models aid system run-time management (RTM) and energy-aware scheduling (EAS) in

making e�cient decisions by providing accurate run-time power estimations. System designers, pro-

cessor architects and researchers rely on performance and power simulators to evaluate new ideas,

new technologies, and system optimisations. The results generated by these simulators underpin

processor research and development, however, there are challenges in ensuring the accuracy and

reliability of such tools, which impacts the results and can ultimately change the conclusions drawn

from investigations. A methodology for directly comparing processor models against a hardware

reference platform and identifying sources of error is presented. Understanding, evaluating, and

reducing the errors in such models provides researchers with an accurate baseline model that re-

sponds to changes in a representative way. Furthermore, by understanding the sources of error in

simulator models, researchers can evaluate how these errors may impact their investigations, and

whether the models are suitable for their specific use case.

While the work presented in this thesis focusses on mobile CPUs, many of the methodologies

and techniques are applicable to CPUs in desktop and high-performance systems, as well as other

components, such as the GPU and accelerators.

The research detailed in this thesis provides improved methodologies for developing accurate and

stable hardware-validated CPU models for energy-aware run-time CPU management and design-

space exploration.

1.1 Research Questions

This work answers the following research questions:

1. How robust are the current state-of-the-art power modelling methodologies and how applicable

are they to mobile CPUs?

2. How e↵ective are PMC-based power models when applied to mobile CPUs in terms of accuracy

and responsiveness?

3. Which micro-architectural event statistics are most e↵ective in estimating the power consump-

tion across a wide range of workloads and workload phases, and how many input features are

required?

4. Do the existing run-time PMC-based power models address practical considerations and how

suitable are they for real-world deployment?

5. Are current performance and power simulation frameworks accurate and reliable and, if not,

how can they be improved?

6. How applicable are empirical PMC-based power models to design-space exploration?
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1.2 Energy E�ciency and Run-Time Management

Fundamental to improving energy-e�ciency of a CPU is managing it e↵ectively at run-time. Mod-

ern CPUs employ various power management techniques, including Dynamic Voltage and Frequency

Scaling (DVFS) [235, 98, 227, 250, 274], Dynamic Power Management (DPM) [25] and Heteroge-

neous Multi-Processing (HMP, such as Arm big.LITTLE and DynamIQ technology) [15, 7], which

need to be controlled e�ciently in order to achieve the desired trade-o↵ between performance and

energy while remaining within thermal limits.

Intelligent use of DVFS can save energy without sacrificing performance by exploiting processor

slack in memory-intensive tasks [274] (see Section 2.3). Additionally, it is often appropriate to

trade-o↵ device performance for improved energy-e�ciency. For example, by understanding the

Quality of Experience (QoE), device performance can be reduced, therefore saving energy, without

significantly impacting the performance perceived by the user [37].

Extensive research has shown that careful run-time management of DVFS, DPM and HPM schedul-

ing has significant benefits, such as improved energy e�ciency or extended device lifetime reliabil-

ity [73, 76, 268, 228, 272]. However, run-time knowledge of the power consumption of each CPU core

in the system is paramount in finding the optimum power, performance, and reliability trade-o↵

and to e�ciently exploit energy-saving opportunities.

1.3 Power Modelling

Knowledge of run-time power consumption is essential for e�ciently managing energy-saving tech-

niques and maximising performance without exceeding thermal and power delivery limits. However,

it is not typically practical to install power sensors in hardware due to their physical size and the

cost of implementation. Furthermore, a run-time manager requires more fine-grained per-core es-

timations; the Power Management Integrated Circuit (PMIC) typically supplies power at a cluster

level, and the power supply to individual cores can not therefore be measured.

Previous works have shown that Performance Monitoring Counters (PMCs), which are internal CPU

registers that count architectural and micro-architectural events, can be utilised to estimate run-

time power consumption (Section 2.6). Despite energy-e�ciency being of particular importance in

mobile processors, existing work has focussed on desktop and server class processors. This is largely

due to technical challenges in accessing PMCs on mobile platforms. To address this, this thesis

presents a method of accessing PMCs and creates open-source software tools enabling their more

wide-spread use in research. Novel techniques for processing and analysing PMC event data are

also presented. Existing power modelling techniques are applied to mobile platforms and significant

shortcomings are identified and addressed.

Empirical power models in existing works are typically trained and tested with a limited number

of workloads. When employed in run-time management, models must make predictions across a

very large set of realistic workloads, which will include workloads that are very di↵erent to the

synthetic ones used to train the model. Furthermore, the models will be estimating the power over

small time periods, meaning that it is estimating the power consumption of workload micro-phases,

which are significantly more diverse than the full workload itself. Therefore, a vital requirement of
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a run-time power model is the ability to make accurate predictions across a large and diverse set of

observations, even if they are not well represented in the training set.

This thesis presents a methodology that uniquely employs several techniques to improve coe�cient

stability and it is experimentally demonstrated how doing so results in a significantly reduced

error when testing on a larger number of workloads. Furthermore, it is experimentally shown how

the statistics reported to demonstrate the quality models in existing works can be optimistic and

misleading without considering other metrics.

The importance of model input feature selection in ensuring stability is demonstrated and several

techniques are employed to develop a methodology of choosing PMCs, including Hierarchical Clus-

ter Analysis (HCA), Principle Component Analysis (PCA), statistical significance tests, forward

stepwise selection techniques, and analysis of the variance inflation factor (VIF).

The methodology carefully specifies the models using knowledge of CMOS power consumption, em-

ploying statistical significance tests and analysing the residuals. Several existing works are identified

to have misspecified models, which has lead to the conclusion that models using a single equation

and set of coe�cients across multiple DVFS levels achieve poor accuracy in comparison to having

a separate equation for each DVFS level. This thesis shows how a carefully and correctly specified,

single-equation, stable power model can achieve high accuracy across all DVFS levels. The unified

model separates static and dynamic power consumption and it is experimentally shown that the

coe�cients can be estimated by only running the training workloads at one DVFS level and taking a

single observation at each of the remaining DVFS levels. As well as having practical benefits due to

a significant reduction in data collection time (40 hours, reduced to 20 minutes), this demonstrates

the robustness of the formulation.

The presented methodology uniquely highlights and addresses the problem of heteroscedasticity

in PMC-based power modelling and how it a↵ects the statistics provided by regression software.

It is also found that the voltage regulators exhibit non-ideal behaviour that a↵ects the power

consumption and a method of accounting for this in the power models is presented. Temperature

has a significant e↵ect on the static power consumption and several methods to account for this,

both with and without the use of thermal sensors, are presented.

The overhead of the presented power models was measured at various sample frequencies to ensure

their suitability for run-time power estimation. They can be implemented in the kernel or in

userspace and provide per-cluster, per-core or per-thread power estimations for guiding run-time

management decisions. Comparisons to existing models demonstrate how the novel techniques result

in a significantly lower error when tested on a large set of diverse workloads and the coe�cient

stability ensures a low error variance across all test samples.

1.4 Simulation Tools

Full-system simulation tools enable researchers and system designers to evaluate new techniques,

innovations and optimisations in both hardware and software. The gem5 [30] full-system perfor-

mance simulator enables a custom hardware implementation to be created and runs unmodified

operating systems and applications while providing performance measurements and statistics. It
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supports multiple Instruction-Set Architectures (ISAs), including both ARM and x86, and con-

tains detailed CPU models, which o↵er high accuracy at the cost of simulation time. While some

methodologies in this thesis are applied to gem5, they are also applicable to other full-system simu-

lators. To conduct power analysis, the modelled architectural and micro-architectural events from

the performance simulator are fed into a power modelling framework, such as McPAT [174]. A

detailed discussion of full-system performance and power simulation, including gem5 and McPAT,

is provided in Section 2.7.

While such tools underpin many works of research in design-space exploration, they inherently su↵er

from errors that potentially a↵ect the results and conclusion drawn. Existing works have highlighted

the lack of thorough validation of many simulation tools, and the problem of many users of such

tools not understanding the limitations [216]. Existing works have validated specific models of the

gem5 simulation framework and identified specification error, which is caused by model parameters

being incorrectly set due to a lack of detailed (publicly available) information about the CPU being

modelled, as a key reason for large errors [117, 48].

A typical use case of simulation tools is to evaluate a proposed improvement to part of the system.

To evaluate the idea, a reference model is required to generate results for a baseline case. The

proposed changes are then added to the performance simulator and the new results are compared

to the baseline results and evaluated. A reference model based on a typical system is therefore an

important component of a simulation framework. Significant errors in the reference model prevent

it from responding in a representative way to changes under test.

This thesis addresses these problems by conducting an up-to-date validation of gem5 models against

a hardware platform and developing a methodology that highlights, and aids the understanding of,

key sources of error in the models by employing statistical and machine learning techniques.

Typical power modelling frameworks, including McPAT, provide much flexibility at the expense of

accuracy [171] and existing works have found significant errors in the results from McPAT [48]. This

thesis postulates that the more accurate empirical power models developed for run-time estimations

are more suitable in many situations. While the empirical power models are only valid for the

device they are characterised on (the reference model), they will accurately estimate power due to

the knock-on e↵ects of a change. For example, if a new branch predictor is proposed, a user can

use a hardware-validated gem5 reference model and the corresponding empirical power model for

the baseline case. The gem5 model can then be modified with the new branch predictor and the

performance and power evaluated again. The empirical power model will accurately model the CPU

after this change, including the knock-on e↵ects that the change has on all the components of the

system, with the exception of the hardware modification to the branch predictor itself. If this is

deemed non-negligible, then this component can be accurately modelled separately. This approach

is more accurate than relying on a flexible power modelling framework in which there are potentially

large errors in all system sub-components.

The gem5 simulation framework allows power equations to be inserted into the simulator for run-

time energy analysis. However, no power equations themselves are publicly available. The method-

ology and corresponding open-source software tools presented in this thesis enable accurate and

stable empirical power models to be developed and used within the gem5 simulation framework.

Furthermore, they allow the gem5 models to be validated against hardware platforms and sources of

error to be identified and analysed. The models themselves can then be improved and researchers us-
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ing the them can understand how the errors present impact their specific investigation, and evaluate

whether the models are suitable for their use case.

1.5 Contributions

The research presented in this thesis has resulted in the following contributions:

1. The first published implementation of a hardware PMC-based power model on a mobile CPU

with high workload power variation;

2. A novel methodology for developing accurate and stable run-time power models that improves

on the existing state-of-the-art and is demonstrated on a heterogeneous multi-processing

(HMP) platform;

3. Significant challenges in CPU power modelling were identified for the first time and addressed,

such as the impact of non-ideal voltage regulation, the presence of heteroscedasticity, the

e↵ect of PMC event interaction on the coe�cient errors, misspecification of models in typical

approaches and the impact of using typical benchmarking suites on coe�cient errors;

4. Novel methods for modelling the e↵ects of ambient temperature variation and switching cores

o✏ine are presented, enabling the power to be decomposed into its constituting parts;

5. A novel methodology for identifying sources of error in full-system performance simulation

tools that allows simulator models to be improved, extended to other processors, validated

after changes, and tested for suitability to specific use cases.

6. Techniques for optimising and integrating the empirical PMC-based power models with the

calibrated performance simulator, enabling accurate hardware-validated performance, power

and energy simulation for design-space exploration.

1.6 Authored Publications

1.6.1 Journals

• M. J. Walker, S. Diestelhorst, A. Hansson, A. K. Das, S. Yang, B. M. Al-Hashimi, and G. V.

Merrett, “Accurate and Stable Run-Time Power Modeling for Mobile and Embedded CPUs”,

in IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, vol. 36,

no. 1, pp. 106-119, Jan. 2017 [309].

Work from this publication is presented in Chapter 4.

1.6.2 Conferences

• M. J. Walker, S. Bischo↵, S. Diestelhorst, G. V. Merrett, B. M. Al-Hashimi, “Hardware-

validated CPU performance and energy modelling”. IEEE International Symposium on Per-

formance Analysis of Systems and Software (ISPASS), Belfast, United Kingdom. 02 - 04 Apr

2018 [304].

Work from this publication is presented in Chapter 6.
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1.6.3 Workshops

• M. J. Walker, A. K. Das, G. V. Merrett, and B. M. Hashimi. “Run-time power estimation for

mobile and embedded asymmetric multi-core CPUs” HIPEAC Workshop on Energy E�ciency

with Heterogeneous Computing (EEHCO), Netherlands. 19 - 21 Jan 2015 [305].

Parts of the work in this publication are presented in Chapter 3.

• M. J. Walker, S. Diestelhorst, A. Hansson, D. Balsamo, G. V. Merrett and B. M. Al-Hashimi,

“Thermally-aware composite run-time CPU power models,” 26th International Workshop on

Power and Timing Modeling, Optimization and Simulation (PATMOS), Bremen, 2016, pp.

17-24 [308].

Work from this publication is presented in Chapter 5.

• M. J. Walker, Stephan Diestelhorst, Geo↵ V. Merrett, Bashir M. Al-Hashimi “Accurate and

Stable Empirical CPU Power Modelling for Multi- and Many-Core Systems” Adaptive Many-

Core Architectures and Systems Workshop, York, UK, June 2018.

1.6.4 Tutorials

• M. J. Walker, V. Spiliopoulos, S. Diestelhorst, “Building Online Power Models from Real

Data”, [Half-Day Tutorial] MICRO-48, Waikiki, Hawaii, December 2015

An interactive tutorial where 10 Hardkernel ODROID-XU3 development boards were provided

and participants developed run-time power models for them using the Powmon software tools,

which implement the methodology presented in Chapter 4. Instructional presentations on the

software tools were given, as well as presentations describing practical considerations, the

statistical methods underpinning the processes, and results. Every participant successfully

developed accurate and stable power models and a development board was presented to the

team with the best accuracy and stability.

• M. J. Walker, V. Spiliopoulos, S. Diestelhorst, “Building Online Power Models from Real

Data”, [Full-Day Tutorial] ISPASS, Uppsala, Sweden, April 2016.

The authors were invited to give a presentation based on the format of the previously de-

scribed tutorial. This tutorial was a full-day tutorial and participants carried out more tasks

using the Powmon software tools, including further analysis of the PMC event selection tech-

niques. Every participant successfully selected features, developed power models, and analysed

the results in the online, web-based results viewer. Power modelling results were presented,

along with analysis of how temperature influences the static power consumption, and how the

estimated power can be sub-divided into its constituting parts.

• S. Bischo↵, M. Bonnici, M. J. Walker, ISPASS, Belfast, United Kingdom, April 2018

A 45 minute presentation on power modelling techniques was contributed to a tutorial fo-

cussing on energy-aware scheduling and energy improvements on Arm-based systems.

1.6.5 Poster Presentations

• M. J. Walker, S. Diestelhorst, A. Hansson, B. M. Al-Hashimi and G. V. Merrett, “Building

Run-Time CPU Power Models from Real Data”, DATE, Dresden, Germany, March 2016.
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• M. J. Walker, S. Diestelhorst, A. Hansson, K. R. Basireddy, B. M. Al-Hashimi and G. V.

Merrett, “Thermally-aware Run-Time Power Modelling on Mobile CPUs”, Arm Research

Summit, Cambridge, September 2017.

• M. J. Walker, S. Bischo↵, S. Diestelhorst, G. V. Merrett and B. M. Al-Hashimi, “GemStone:

Hardware-Validated CPU Performance and Energy Modelling ”, Arm Research Summit, Cam-

bridge, September 2018.

1.7 Authored Software Tools

The work presented in this thesis has lead to the authoring and release of several open-source

software tools outlined in this section.

1.7.1 Powmon

The Powmon software tools implement the proposed PMC-based power model building methodology

(Chapters 4 and 5) and is composed of two separate tools:

Powmon Experimental Platform Software Automatically runs the experiments and records

the required data on a Hardkernel ODROID-XU3 hardware platform; and

Powmon Model Building Software Platform-independent software tool that selects the opti-

mum set of PMC events, and formulates and validates the power models.

The software tools, documentation and an interactive result visualisers are found at http://powmon.

ecs.soton.ac.uk

1.7.2 GemStone

The GemStone suite of software tools (Figure 1.1) runs experiments on hardware platforms and

the gem5 simulator, implements the methodology for identifying sources of error in full-system

simulators, applies power analysis to experimental data, and evaluates performance, power and

energy simulation error. The suite is made up of five separate software tools that together implement

the full methodology described in Chapter 6:

GemStone Profiler-Logger Software for enabling userspace access to, and low overhead record-

ing of, hardware PMCs on both ARMv7 and ARMv8 devices with any cluster configuration.

Repository located at: https://github.com/mattw200/gemstone-profiler-logger.

Gemstone Profiler-Automate Automates the running of workloads at any specified set of DVFS

levels or core masks while recording PMCs, power1 and temperature1. Unlike the Powmon

Experimental Platform Software, this tool is more generic, working on both ARMv7 and

ARMv8 platforms and also conducts time-series analysis. In addition to logging the data,

it can provide it to a program at run-time. Repository located at https://github.com/

mattw200/gemstone-profiler-automate

1if supported by hardware platform

http://powmon.ecs.soton.ac.uk
http://powmon.ecs.soton.ac.uk
https://github.com/mattw200/gemstone-profiler-logger
https://github.com/mattw200/gemstone-profiler-automate
https://github.com/mattw200/gemstone-profiler-automate
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Figure 1.1: Overview of the GemStone suite of software tools

Gemstone Gem5 Auto Automates the running of experiments in gem5, matching the experi-

ments run on hardware using the Gemstone Profiler-Automate tool. It allows batch running

of workloads on a compute cluster and automatically converts the output data from gem5

into a database of processed results. Repository located at https://github.com/mattw200/

gemstone-gem5-auto.

GemStone Gem5 Validate Combines the experimental data from both the hardware platform

and gem5, before running analysis to identify sources of error in the gem5 model. Repository

located at: https://github.com/mattw200/gemstone-gem5-validate.

GemStone Apply Power Applies empirical power models developed by Powmon to either gem5

simulation data (i.e. collected using Gemstone Gem5 Auto) or to recorded data from a

hardware platform (i.e. collected using Gemstone Profiler-Automate). It can also export

an equation formatted for use in the gem5 simulation framework (to provide power esti-

mations at run-time to the simulated program). Furthermore, it conducts power, perfor-

mance, and energy analysis to both hardware-collected data and simulated data and en-

ables the error between the hardware and the simulator to be analysed, including its scaling

across DVFS level and di↵erent HMP core types (e.g. big vs. LITTLE ). Repository located

at https://github.com/mattw200/gemstone-applypower (also contains power models, ex-

perimental data, map files for gem5 and hardware data, and voltage-frequency tables for power

analysis).

Links to all of the repositories, documentation, step-by-step tutorials, raw results files, and an online

results visualiser are available at http://gemstone.ecs.soton.ac.uk.

https://github.com/mattw200/gemstone-gem5-auto
https://github.com/mattw200/gemstone-gem5-auto
https://github.com/mattw200/gemstone-gem5-validate
https://github.com/mattw200/gemstone-applypower
http://gemstone.ecs.soton.ac.uk
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1.8 Thesis Outline

The content of this thesis is organised as follows. Chapter 2 first presents background information

on CPU power consumption and CPU power-reduction techniques, before describing mobile CPUs

in detail. A review of literature focussing on run-time management, power modelling techniques

and full-system simulation is then provided.

Chapter 3 addresses challenges in collecting and analysing power and PMC data on a mobile hard-

ware platform, before presenting the first PMC-based power model for a mobile platform with real

data and high workload power variation. A single-core Arm Cortex-A8 system is used to illustrate

the approach, which makes makes several improvements to existing approaches, including the use of

a change-point detection (CPD) algorithm to extract diverse training data. The accuracy is evalu-

ated on run-time traces and it is shown how a model trained with events averaged across workloads

can be e↵ective at predicting real-time power consumption.

An improved power modelling methodology that uniquely considers coe�cient stability is presented

in Chapter 4, and applied to an 8-core HMP Hardkernel ODROID-XU3 development board. It is

experimentally demonstrated that the resulting models make more accurate estimations across a

wide range of workloads and workload phases, even if they are not well represented in the training

set, when compared to existing approaches. While the approach in Chapter 3 trains a model for

each DVFS level, the robust model specification in Chapter 4 uses a single model for all DVFS

levels, separates power components, considers the e↵ect of temperature on the leakage current, and

allows the data collection time to be reduced from over 40 hours to less than 20 minutes. Problems

with existing approaches and practical challenges are highlighted and addressed, including non-ideal

voltage regulation and heteroscedasticity.

Methods of modelling the e↵ect of both thermal variation and switching cores o✏ine on the power

consumption are presented in Chapter 5. Furthermore, the power consumption is decomposed into

its constituting parts, the energy required to move data in the memory hierarchy is analysed, and

a temperature modelling methodology is presented.

Chapter 6 presents a methodology for directly comparing full-system simulator models to refer-

ence hardware platforms and identifying key sources of error using statistical and machine learning

approaches. A method for developing PMC-based power models for use in the gem5 full-system

simulator is presented, and the e↵ect of gem5 event errors on the performance, power and energy

error is assessed. The performance, power and energy scaling across DVFS levels and CPU types

(e.g. big and LITTLE ) between the hardware platform and gem5 model is evaluated. These tech-

niques allow existing CPU performance models to be improved and extended to other CPUs, and

they also provide users of simulation tools with insights into how the errors in the models a↵ect their

investigations. The integration of empirical power models enables accurate performance, power and

energy modelling.

This thesis is concluded in Chapter 7 and potential avenues of future work are presented in Sec-

tion 7.2.



Chapter 2

Background and Literature Review

In recent years energy-e�ciency has become the primary design objective in modern CPUs. From

mobile and Internet-of-Things (IoT) devices, where battery-life is limited, to servers and cloud

computing, where energy bills and cooling system costs must be minimised, the key design focus

is reducing power consumption while maintaining the desired level of performance. Fundamen-

tal to improving the energy-e�ciency of a CPU is managing it e↵ectively at run-time. Modern

CPUs employ various energy-saving techniques, including Dynamic Voltage and Frequency Scaling

(DVFS), Dynamic Power Management (DPM) and Heterogeneous Multi-Processing (HMP) cores,

which need to be controlled e�ciently in order to achieve the desired trade-o↵ between performance

and energy while remaining within thermal limits. Fundamental to achieving this is online access to

accurate knowledge of the run-time power consumption. Furthermore, the performance of a device

is limited by its thermal envelope and therefore, by carefully monitoring the power consumption

and considering this thermal envelope, it is possible to achieve a greater peak performance.

In addition, the slow-down of technology scaling means that processor architects cannot rely solely

on semiconductor process improvements and must look to innovative design enhancements. Accurate

architecture and system-level power modelling is therefore required to evaluate the trade-o↵s in new

designs and for design-space exploration.

Power modelling is therefore required for both run-time management, where it must provide ac-

curate power estimates for run-time control of power management mechanisms and energy-aware

scheduling, and design-space exploration, where energy trade-o↵s in the design and implementation

of future systems must be evaluated.

This chapter first provides an overview of how power is consumed CPUs (Section 2.1) and low-level

techniques for CMOS power reduction (Section 2.2), before describing system-level power man-

agement methods (Section 2.3). Mobile CPU architecture and micro-architecture, including the

performance-power trade-o↵s in di↵erent design choices, is presented in Section 2.4 along with a de-

scription of the development platform used demonstrate the techniques and methodologies presented

in Chapters 4, 5 and 6. A broad range of power modelling approaches are discussed (Section 2.5)

before top-down empirical power modelling approaches (Section 2.6) and high-level bottom-up per-

formance and energy simulation tools (Section 2.7) are described in more detail. Finally, Section 2.8

summarises this chapter and discusses the identified challenges that are addressed in the remainder

of this thesis.

11
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2.1 CPU Power Consumption

The CPU is implemented in complementary metal-oxide-semiconductor (CMOS), which is also used

to implement the DRAM and other systems. The power consumption of a CPU can be broadly split

into three key components: static power consumption, Pstatic; short-circuit power consumption, Psc;

and dynamic power consumption, Pdyn [148, 153]:

PCPU = Pstatic + Psc + Pdyn (2.1)

Dynamic power consumption, Pdyn, is caused by the charging and discharging of load capacitances,

CL, when the transistors change state (2.2). It is proportional to the clock frequency, fclk, and

the CPU voltage squared, V 2
DD. Not every transistor changes state on every clock cycle and so an

activity factor, ↵, is used to indicate the level of activity.

Pdyn = ↵CLV
2
DDfclk (2.2)

When a gate changes state there will be a short period of time where both the PMOS and NMOS

transistor will conduct due to the non-zero transistor transition time, and a short-circuit current

(also known as a crowbar current) will flow, causing short-circuit power dissipation, Psc, (also known

as glitching power consumption). The short-circuit power for a CMOS inverter can be calculated

using [299]:

Psc =
fclk⌧

�
(VDD � 2Vth)

3 (2.3)

where Vth is the threshold voltage, � is the transistor gain factor, fclk is the switching frequency,

and ⌧ represents the signal rise and fall times. Psc is also dependent on the dynamic activity and

is therefore sometimes also written as a sub-component of Pdyn [149]. Because the overall dynamic

power consumption is dominated by Pdyn, Psc is often not considered.

While dynamic power remains the dominant consumer, increasingly aggressive technology scaling

means that static power is becoming a larger contributor. The static power consumption, Pstatic, is

caused by the leakage current, Ileak (2.4), which has three major components that are all increasing

with technology scaling [204]: sub-threshold leakage current, Isub; gate-oxide leakage current, Igate;

and reverse bias band-to-band tunnelling leakage current, Ibtbt [248]. Other minor components

include gate-induced drain leakage (GIDL) and punchthrough current [51].

Pstatic = IleakVDD (2.4)

Ileak = Isub + Igate + Ibtbt (2.5)

The sub-threshold leakage current, Isub, is given by [248, 51, 79]:

Isub = I0e
Vgs�Vth

mVT

✓
1� e�

Vds
VT

◆
(2.6)

where Vgs is the gate-to-source voltage, Vds is the drain-to-source voltage, m is the sub-threshold
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swing coe�cient (also known as the body e↵ect coe�cient) and where VT is the thermal voltage:

VT =
KT

q
(2.7)

where q is the magnitude of the electrical charge on the electron, K is the Boltzmann constant, and

T is the absolute temperature. I0 is given by:

I0 =
µ0CoxW (m� 1)V 2

T

L
(2.8)

where µ0 is the zero bias mobility, W is the e↵ective transistor width, L is the e↵ective transistor

length, and Cox is the gate oxide capacitance. Note that the threshold voltage, Vth, is sometimes

written as Vt or VT (not to be confused with the thermal voltage, VT ).

The power dissipation of CPUs mean that they operate at elevated temperatures. The threshold

voltage, Vth, decreases with temperature [248]. Isub increases exponentially with temperature due

to the increase in thermal voltage, VT , and the decrease in Vth [79, 204].

The gate oxide thickness is decreased with device scaling, which results in more direct tunnelling

current through the gate insulator (from the substrate to the gate, and vice-versa); this is known as

gate (direct) tunnelling current, Igate, which is made up of two main components: Fowler-Nordheim

tunnelling and direct tunnelling. The former of which can be considered negligible under normal

operating conditions and the density of the latter can be given by [248, 204]:

Jgate = A

✓
Tox

Vox

◆2

exp

0

BB@

�B

✓
1�

⇣
1� Vox

�ox

⌘ 3
2

◆

Vox
tox

1

CCA (2.9)

where A is given by:

A =
q3

16⇡2h̄�ox
(2.10)

and B is given by:

B =
4
p
2m⇤�

3
2
ox

3h̄q
(2.11)

where Tox is the oxide thickness, Vox is the voltage drop across the oxide [248, 257], �ox is the

barrier height of the tunnelling electron, h̄ is the reduced Plank’s constant and m⇤ is the e↵ective

mass of an electron.

The gate direct tunnelling current, Igate, exponentially increases with the supply voltage, VDD,

and reduction in oxide thickness, Tox [249]. Newer devices use high- gate-oxide materials, such

as aluminium oxide; hafnium oxide; and silicon nitride, instead of silicon dioxide to reduce leakage

e↵ects. Igate is not significantly sensitive to changes in temperature as the electric field across the

oxide is not strongly temperature-dependent [204].

The band-to-band tunnelling current, Ibtbt, is due to an electric field across the reverse-biased pn

junctions causing the tunnelling of electrons from the valence band of the p region to the conduction
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band of the n region [248]. The band-to-band tunnelling current density is given by:

Jbtbt = C
EVapp

E
1
2
g

exp

 
�D

E
3
2
g

E

!
(2.12)

where Vapp is the applied reverse bias voltage, E is the electric field at the junction, Eg is the energy

band-gap, and where C is given by:

C =

p
2m⇤q3

4⇡3h̄2 (2.13)

and where D is given by:

D =
4
p
2m⇤

3qh̄
(2.14)

Due to the narrowing bandgap, Ibtbt increases with temperature [204].

While the sub-threshold current, Isub, is the dominant leakage current component at larger feature

sizes (e.g. 90 nm and above), the gate-oxide current, Igate, and band-to-band tunnelling current,

Ibtbt are the two most dominant components at 25 nm and below [204].

The higher the power consumption, the larger the amount of heat that must be dissipated. As

the temperature increases, the leakage current increases causing power consumption to increase.

Therefore a positive feedback e↵ect can occur where an increase in temperature causes an increase in

power consumption, which in turn increases temperature. This is known as thermal runaway [298,

119]. System-level thermal and power management employs several techniques to avoid thermal

runaway (Section 2.3).

2.2 Techniques for CMOS Power Reduction

In recent years, the power and energy consumption of modern processors has been a major con-

straint, making it a primary design objective. Process and circuit-level techniques, using knowledge

of CMOS power consumption (Section 2.1), are employed to reduce power consumption in modern

systems.

Section 2.3 describes how some of these techniques can be controlled at run-time by the operating

system to trade o↵ performance, power, energy, temperature and reliability.

2.2.1 Dynamic Power Reduction

The most e↵ective way to reduce power consumption is to lower the operating voltage, VDD, as

the dynamic power consumption, Pdyn, is proportional to V 2
DD. However, reducing VDD increases

the delay, ⌧ , in the CMOS circuit. While the e↵ect of VDD on the delay is a complex relationship

dependent on many variables, a simplified model for it is given by [59]:

⌧ =
CLVDD

µ0Cox(
W
L )(VDD � Vth)2

(2.15)
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And it can be therefore stated that:

⌧ /
VDD

(VDD � Vth)2
(2.16)

The delay in the circuit dictates the maximum clock frequency, fclk, of the device which limits the

potential performance.

Static supply voltage scaling is a method of reducing the supply voltage VDD in parts of the circuit.

Multiple supply voltages are utilised, with circuits on the critical path having a higher supply voltage

than circuits on the non-critical path. Parallelism can be exploited in a design to shorten critical

paths, allowing the supply voltage to be reduced. Level shifters are required to interface parts of

the circuit operating at di↵erent voltages.

Dynamic supply voltage scaling [227, 46, 98, 250] exploits the fact that CPU load is not constant

and so VDD and fclk can be lowered when the CPU core does not need to operate at its highest

performance. This technique is known as Dynamic Voltage and Frequency Scaling and is controlled

at run-time by the operating system (Section 2.3.1).

However, VDD must be set to a level that ensures reliable operation at a given clock frequency in

the worst-case operating environment, given:

1. process and manufacturing variation;

2. ambient temperature variation;

3. supply and signal noise variation;

4. accuracy of the voltage regulator.

Because of the quadratic relationship between Pdyn and VDD, the voltage margin required to ensure

safe operation wastes a significant amount of power. This has motivated the proposal of techniques

to automatically reduce VDD until failures occur by dynamically detecting and correcting them [92].

Ambient temperature variation and non-ideal voltage regulation are considered in the development

of the power models in this thesis.

Techniques for reducing VDD also reduce the leakage currents (as shown in Section 2.1) and hence

the static power consumption, which is becoming more significant in modern devices.

The clock network contributes to a significant proportion of the dynamic power consumption and

so clock gating is widely employed. Clock gating disables the clock to a part of the circuit when it

is not required to prevent unnecessary switching activity. It can be applied in a fine-grained and

coarse-grained manner.

2.2.2 Static Power Reduction

The contribution of the static power consumption is increasing significantly with technology scaling

(Section 2.1). Furthermore, the significant popularity of mobile devices, which spend much of their

time in an idle or low activity state, mean that reducing the leakage power consumption is crucial.

This section outlines some key techniques for reducing leakage power consumption.
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Multiple Voltage Assignment Delay paths in a circuit are not uniform and it is therefore possi-

ble to supply the gates that are not on the critical path at a lower voltage, e↵ectively exploiting

the timing slack in the circuit to save both static and dynamic power [296, 321]. Level shifters

are required at the interface between parts of the circuit operating at di↵erent VDD levels.

Dual Threshold CMOS (Multi-Vth) The leakage current can be reduced significantly by using

transistors with a higher threshold voltage, Vth, which are often denoted high-Vt transis-

tors. However using high-Vt degrades performance. Therefore, modern designs utilise low-Vt

transistors in the critical path, and high-Vt transistors on the less timing critical parts of the

design [67, 281]. Unlike multithreshold-voltage CMOS (MTCMOS), additional leakage control

transistors are not required.

Multithreshold-Voltage CMOS (MTCMOS) Low-Vt transistors are used to implement the

gates, while high-Vt sleep transistors are used to form virtual power rails [206, 52]. In other

words, high-Vt transistors are used to cut o↵ low-Vt circuits from the power rails during sleep

mode to reduce leakage current. This is a common approach used for power gating.

Variable Threshold CMOS (VTCMOS) A body biasing technique that controls the e↵ective

threshold voltage (at runtime) by applying a substrate bias [160, 128, 321]. It enables the

circuit to maintain a low Vth when active (maintaining performance), yet have a high Vth

when inactive, i.e. in a sleep mode (reducing leakage current). When active, no body bias is

applied; when inactive a reverse body bias is applied. Standby leakage can be improved by as

much as three orders of magnitude by applying this technique [149], although the e↵ectiveness

of this reverse body-bias technique is decreasing with technology scaling [211].

Dynamic Vth Scaling (DVTS) Similar to VTCMOS but, instead of changing the Vth depend-

ing on the mode (e.g. active or standby), it can dynamically vary Vth to meet the current

performance required. For example, when the maximum performance is required, the lowest

Vth is used. However, when a lower performance level is adequate, the clock frequency, fclk

is decreased and Vth increased. When the circuit is in standby, Vth can be increased to its

maximum level.

Stack E↵ect Stacking of two or more transistors that are o↵ significantly reduces leakage current,

though at the expense of delay. Stack Forcing can therefore be used to reduce leakage power

on non-critical paths [209].

There are many trade-o↵s to be considered when implementing these techniques into components

of a design, such as energy vs. delay, or coarse-grained vs. fine grained approaches. Di↵erent imple-

mentations of a functionally identical design (e.g. from the same Hardware Description Language

[HDL] source files) can therefore have very di↵erent power characteristics. This is, of course, in

addition to the variation caused by process technology, place and route results, and other physical

properties, such as gate-oxide thickness or dielectric constant. It is therefore impossible to accu-

rately predict the power consumption using high-level bottom-up tools that only have high-level

CPU properties provided to them. This includes accurately knowing the relative power consumption

between di↵erent components of the CPU.
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2.3 System-Level Power Management

In order to maximise energy-e�ciency and satisfy performance and power requirements for specific

workloads and conditions, the operation of the CPU must be controlled e↵ectively at run-time.

This section describes the key system-level techniques that are used by the operating system to con-

trol the performance, power and temperature, before describing the run-time algorithms presented

in research that aim to optimise run-time control.

2.3.1 Dynamic Voltage and Frequency Scaling

Modern CPUs implement a number of energy-saving techniques, perhaps the most common of

which is Dynamic Voltage and Frequency Scaling (DVFS), which allows the maximum performance

to be traded-o↵ for energy-e�ciency. It was shown in (2.2) that the dynamic power consumption

is proportional V 2f ; reducing the voltage alone results in a quadratic reduction in dynamic power

consumption. The maximum clock frequency a CPU can operate at depends how long it takes for

a signal to propagate along the critical path (this is subject to many factors, including temperature

and process variation). Reducing the supply voltage causes the transistor transition time to increase,

and therefore the clock frequency must be reduced to meet the timing requirements and sustain

correct operating behaviour. Therefore, if an application running on a CPU does not require the

maximum performance, the voltage and frequency can be reduced to save power. Moreover, many

applications cannot take full advantage of a processor running at the maximum frequency due to

memory slack, caused by the latency of reading data or instructions from memory, resulting in

stalled cycles. While modern CPUs implement many techniques and features to reduce stalled

cycles, including a memory hierarchy, out-of-order execution, speculative execution, Simultaneous

Multi-Threading (SMT) (e.g. Intel Hyper-Threading), stalled cycles are inevitable. The voltage

and frequency can therefore be lowered in such instances to save power without a significant loss

in performance. Additionally, in many situations it may be beneficial to sacrifice performance for

energy e�ciency.

There is an overhead in changing the DVFS level, which must be considered when making RTM

decisions. Furthermore, in most systems it is not possible to change the DVFS of each core indi-

vidually as multiple cores typically share the same power domain. For example, in the case of the

Exynos 5422, each core in the cluster must share the same DVFS level (Figure 2.1). This makes

the DVFS level selection, and scheduling of tasks, more complex to manage.

2.3.2 Dynamic Power Management

Another common technique is to employ CPU core idle states (coarse-grained power gating), also

known as Dynamic Power Management (DPM), where the CPU core is switched into a low power

mode where no instructions are executed. While DVFS reduces power, it also typically reduces

workload performance, meaning that static power is being consumed for longer periods of time.

As technology scaling progresses, a larger proportion of power consumed is static (leakage) power,

making it more viable to execute at a high DVFS level to finish the task in a smaller amount of

time, and then go into an idle state. The choice of when to employ DVFS scaling or when to use
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idle states (i.e., race-to-idle) has been the topic of much research [134, 3, 151, 74, 279, 53, 28]. In

addition to this trade-o↵, it also needs to be considered that there is an overhead in changing DVFS

level and switching a CPU core to idle and modelling this overhead has also been the subject of

research [223]. Chapter 5 measures and models the impact of switching cores o✏ine in the Arm

Cortex-A15 cluster of a Samsung Exynos 5422 SoC.

2.3.3 Heterogeneous Multi-Processing Architectures

Heterogeneous Multi-Processing (HMP) architectures, also known as Single-ISA (Instruction-Set

Architecture) heterogeneous architectures, such as Arm big.LITTLE technology [15], utilise multiple

types of CPU cores optimised for di↵erent performance-power operating points. For example,

Arm big.LITTLE configurations combine CPUs optimised for high-performance (e.g. Arm Cortex-

A15, Cortex-A57, Cortex-A72, or Cortex-A73) with CPUs optimised for power-e�ciency (e.g. Arm

Cortex-A7 or Cortex-A53). This allows a high level of energy-e�ciency to be achieved but also a

high level of peak performance when demanded by the application. Together with DVFS and idle

states, single-ISA heterogeneous architectures [159] provide a large potential for performance, power,

energy and temperature optimisation through intelligent management algorithms [152, 324, 49, 105,

283, 55, 175, 242, 176, 154, 154, 158, 203, 68, 93, 138, 237, 254, 129, 268, 205, 335, 194, 115, 87].

Devices with early implementations of big.LITTLE (known as cluster switching) could only have a

big cluster active, or a LITTLE cluster active at any one time; no big core could be active at the

same time as a LITTLE core. Later implementations pair up big cores with LITTLE cores into a

virtual core. In this scheme, known as in-kernel switching (IKS, or CPU migration) only one side

of the pair can be simultaneously active. In the later, and more advanced, implementation, known

as Global Task Scheduling and later as Heterogeneous Multi-Processing (HMP), each core, big or

LITTLE, is visible to the scheduler and every core can therefore be active simultaneously, if power

and thermal limits allow [140].

More recently, Arm big.LITTLE HMP has been succeeded by Arm DynamIQ [7], which allows

a single cluster to contain both big and LITTLE cores with a maximum of eight cores in total.

Furthermore, it promises lower latency in power state switching, supports dynamically adapting

the size of local memory based on the application requirements, and allows cores within a cluster

to potentially have di↵erent DVFS levels.

2.3.4 Energy-Aware Scheduling

The task of managing DVFS when running multiple workloads is made complex due to the fact

that independent DVFS settings can usually only be applied to CPU clusters, which typically

contain 2 or 4 CPU cores. The chosen DVFS operating point is therefore applied to any task

running on a particular cluster. The task scheduling decisions and DVFS control must therefore

be tightly coupled and support for doing so in Linux has recently been added in the form of the

Energy-Aware Scheduling (EAS) enhancement to the Linux power management [8]. EAS extends

the Linux scheduler, making it aware of the power/performance characteristics of the CPUs in the

system and enables it to optimise energy in big.LITTLE multicore SoCs. A key component of EAS

is an accurate run-time energy model to drive the scheduling decisions. With EAS, tasks can be
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scheduled to allow optimum thread placement while controlling cluster DVFS levels. A motivational

example for EAS is provided in Section 7.2.5.

2.3.5 Maximum Deliverable Power

Another consideration in RTM is the maximum instantaneous power deliverable to the CPU by the

voltage regulator. For example, a higher DVFS level may be required by a thread, but in order

to increase one cluster to this DVFS level, some cores may first need to be switched o✏ine. This

increases the latency when switching DVFS level and therefore changes the threshold at which such

a decision should be made.

2.3.6 Thermal Operating Envelope

While intelligent management is important for saving energy, it is also necessary for ensuring that the

CPU remains within its thermal operating envelope. The Thermal Design Power (TDP), also known

as the Thermal Design Point, is used to define the maximum power a CPU can draw for a thermally

significant time period while remaining within the upper limit of the thermal profile to ensure

reliability [130]. This depends on the amount of heat the cooling system can dissipate. Note that this

is not the maximum power (peak power) the CPU can dissipate; it is defined for real or commercially

useful software and it is possible to exceed the TDP using a so called power virus (although in

practice a thermal control unit should prevent this from occurring by applying thermal throttling).

Due to the thermal capacitance in the package and the heatsink, the TDP can be exceeded for a

short period of time (i.e., by increasing the DVFS level), therefore providing superior performance.

For example, Intel’s Turbo Boost technology takes advantage of any thermal headroom available to

provide performance when needed [247]. Due to manufacturing variations, di↵erent devices operate

at di↵erent voltages and consume di↵erent amounts of current, therefore each CPU has a unique

power and temperature characteristic [247, 130]. This shows that modelling, understanding, and

managing power e↵ectively allows a high level of peak performance to be achieved.

Modern CPUs even contain dedicated microcontrollers for power management control, for example,

the Intel Sandy Bridge microprocessor contains a hardware unit called the Package Control Unit

(PCU) that contains state-machines and a dedicated microcontroller to handle power management

features [247].

2.3.7 Lifetime Reliability

In addition to maintaining the temperature within safe operating limits, there is also the con-

sideration of life-time reliability [278, 277]. The decreasing feature size from technology scaling

and increasing power density reduces processor lifetime due to several wearout mechanisms. The

mean time to failure (MTTF) of the processor can be calculated using Ramp (Reliability-Aware

Micro-Processor) [278] models for five critical wearout mechanisms: electromigration, stress mi-

gration, time-dependent dielectric breakdown, thermal cycling, and negative bias temperature in-

stability. Many works have managed run-time power consumption to optimise lifetime reliabil-

ity [95, 81, 96, 293, 62, 75, 133, 155, 157, 294]. However, these Ramp models are di�cult to validate
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on real devices and are not necessarily applicable to many real devices which have relatively short

lifetime requirements. Furthermore, some Ramp models are only valid in certain scenarios, for exam-

ple, the model for MTTF due to thermal cycling is only stated to be valid for low frequency thermal

cycling (i.e. powering up and down) and not for cycling due to changes in workload behaviour [278].

Some works have proposed alternative metrics for assessing lifetime reliability [241].

2.3.8 Energy-Delay Product

As performance and energy are both critical variables, a metric considering both the execution time

and energy consumption known as the energy-delay product (EDP) is commonly used [108]. In

situations where the performance is valued more than the energy consumption, variations on this

metric are used, for example, ED2P or even ED3P. Similarly, the EDP has been adapted to put

more emphasis on energy consumption, e.g. EnDP [329].

2.4 Mobile CPU Architecture and Micro-Architecture

The emergence of smartphones and modern tablet computers was enabled through the development

of advanced, energy-e�cient mobile processors. Over 90% of smartphone CPUs are implemented

with the ARM architecture [100, 9]. In the last few years many smartphones and tablets have

shipped with CPUs implementing a 32-bit ARMv7 architecture, with more recent ones implementing

a 64-bit ARMv8 architecture. Three mobile CPUs implementing 32-bit ARMv7 architectures, with

varying micro-architectures and performance-power trade-o↵ points, were used for experiments in

this thesis:

• Arm Cortex-A8. An in-order (InO), dual-issue superscalar CPU with a 13-stage pipeline [10].

This CPU was used in Chapter 3.

• Arm Cortex-A7. An InO, partial dual-issue CPU with an 8-stage pipeline [14], optimised

towards power-e�ciency. Forms the LITTLE core in an Arm big.LITTLE system. This CPU

was used in Chapters 4, 5, and 6.

• Arm Cortex-A15. An out-of-order (OoO) 3-way issue CPU with a 15 (integer)/17-25 (floating

point) stage pipeline, optimised towards higher performance [13]. It forms the big core in an

Arm big.LITTLE system. This CPU was also used in Chapters 4, 5, and 6.

The Hardkernel ODROID-XU3 development board [121] was used to illustrate the approaches in

Chapters 4, 5, and 6. It uses a Samsung Exynos 5422 SoC, which contains a cluster of four Arm

Cortex-A7 cores and a cluster of four Arm Cortex-A15 cores in an Arm big.LITTLE system.

The ODROID-XU3 board supports global task scheduling (GTS), also known as big.LITTLE MP,

which allows all of the 8 cores, whether ‘big’ Cortex-A15s or ‘LITTLE’ Cortex-A7s, to be available

to the operating system’s scheduler simultaneously [140]. The maximum clock rate is 2 GHz and

1.4 GHz for the Cortex-A15 and Cortex-A7, respectively, and the device is implemented in a 32 nm

Low-Power High-K Metal Gate (HKMG) technology. The SoC also contains an ArmMali-T626 MP6

GPU and 2 GB LPDDR3 RAM that has a maximum bandwidth of 14.9 GB/s. The development

board contains power sensors measuring the power consumed by each cluster (as well as the GPU

and memory) at a default sample rate of 3.8 Hz.
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Figure 2.1: Hardkernel ODROID-XU3 CPU Block Diagram

Arm Ltd. does not sell physical chips, but instead sells CPU designs as intellectual property (IP).

Companies license these designs and can configure the design to fit their requirements. The re-

mainder of this section will discuss the design of the Arm Cortex-A7 and Cortex-A15 CPUs, as

implemented in the Samsung Exynos 5422.

The Arm Cortex-A7 (LITTLE) is a simpler InO design, which means it executes instructions in the

order specified by the compiler without any dynamic scheduling. If an instruction stalls due to the

data needed to execute it not being immediately available, the whole pipeline stalls, which reduces

performance. The core itself can be clock gated, reducing power dissipation while in this state,

although significant leakage power is still being consumed and other components in the system are

still running while the core has stalled. The Cortex-A15, on the other hand, exploits Instruction

Level Parallelism (ILP) by dynamically scheduling instructions based on the availability of input

data and can therefore reduce the number of stalls caused by memory latency. For example, if the

“next” (in program order) instruction cannot be executed due to its operands not being available,

another one that does have its operands available can be executed instead. However, the complexity

identifying data dependencies and re-ordering instructions reduces power-e�ciency. Furthermore,

this complexity also makes the task of estimating the power consumption more challenging.

Both the Cortex-A7 and Cortex-A15 are superscalar designs, meaning they can exploit ILP by

issuing multiple instructions per clock cycle. The Cortex-A7 is a partial dual issue (Figure 2.2),

meaning that it can execute up to two instructions per cycle. The “Dual Issue” pipe is a partial

ALU which allows some integer instructions to be dual-executed. The Cortex-A15 has a 3-issue

pipeline, meaning it can execute up to three instructions using its eight execution units per cycle
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(Figure 2.3). However, having a wider issue width adds complexity to the front-end and requires

more execution units, which increases power consumption, although this can be partially alleviated

by power-gating the execution units that are not in use [125].

Much of the power is consumed through moving data between levels of the memory hierarchy [150,

222]. This implementation of the Cortex-A7 core has a 32 KB two-way set-associative L1 instruction

(L1I) cache with a line length of 32 bytes, and a 32 KB four-way set associative L1 data (L1D) cache

with a line length of 64 bytes. Both the L1I and L1D caches use a pseudo-random cache replacement

policy. There is also an L1 automatic data prefetcher. The cores in the Cortex-A15 cluster also

have 32 KB L1I and L1D caches, but they are both two-way set associative, both have a 64-byte

line length, and both use a least-recently used (LRU) cache replacement policy. The four Cortex-A7

cores share an eight-way set-associative 512 KB L2 cache that has a line length of 64 bytes and

a pseudo-random cache replacement policy. The four Cortex-A15 cores share a 2 MB 16-way set-

associative L2 cache with a hardware prefetcher. The larger L2 cache in the Cortex-A15 improves

performance at the cost of power. Proposed schemes to reduce leakage consumption include cache

resizing [319, 331] and some works have proposed integrating cache resizing with DVFS control [276].

Section 4.3 identifies that monitoring cache access statistics is critical in accurately estimating power

consumption in both the Cortex-A7 and Cortex-A15 clusters. Furthermore, Section 5.7 measures

the power consumption when accessing di↵erent levels of the memory hierarchy in a Cortex-A15

cluster.

The prefetching capabilities of the Cortex-A15 cluster are superior to the Cortex-A7 cluster. While
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hardware prefetching improves performance by fetching instructions or data before they are known

to be required, there is also wasted energy due to moving data around the memory hierarchy

unnecessarily. Many works have focussed on modelling the power cost of prefetching [285] and

evaluating the applicability of prefetching in energy-e�cient mobile devices [286, 114]. The power

consumption of L2 prefetching is observed in Section 5.7.

In order to handle address translation between virtual and physical addresses, the Cortex-A7 has a

2-way set-associative 256-entry unified main Translation Look-aside Bu↵er (TLB), 10-entry fully-

associative micro instruction TLB and a 10-entry fully-associative micro data TLB. The Cortex-

A15’s memory management unit (MMU) contains a 32-entry fully-associative L1 instruction TLB,

two separate 32-entry fully associative L1 TLBs for data load and store pipelines, and a 4-way

set-associative 512-entry L2 TLB for each processor [180]. In Chapter 6, where performance models

were evaluated against a hardware platform, significant modelling errors in the TLB hierarchy were

identified.

The Cortex-A7 prefetch unit (PFU) contains a global branch predictor with a 256-entry pattern

history table. It also contains an eight-entry deep Branch Target Address Cache (BTAC) used

to predict the target address of certain indirect branches, and contains a four-entry deep Branch

Target Instruction Cache (BTIC) which can store up to two instruction cache fetches per entry. The

branch predictors in the Cortex-A15 cores are significantly more complex, with a two-level global

history bu↵er with three arrays (taken, not taken and selector). Taken branch targets for indirect

branches are cahced in a fully-associative 64-entry micro Branch Target Bu↵er (microBTB). It has

a 2K-entry main BTB. The indirect predictor has a 256-entry BTB [163, 13, 117]. These large

tables consume a significant area on the chip and consume large amounts of leakage power.

In ARMv7, unaligned memory accesses are supported in hardware. However, it is costly as the

CPU needs to break each memory access into multiple accesses. The time (and energy) penalty is

exacerbated when page boundaries are crossed and cache reloads required [193]. Chapter 4 finds

that PMC events counting unaligned memory accesses should be used in the power models, and

Chapter 6 finds that some errors in a performance simulator model are correlated to the number of

unaligned memory accesses.

The simpler design of the Cortex-A7 results in a smaller physical footprint (0.45 mm2 in 28 nm,

incl. NEON, FPU, 32 KB L1 [139]), which reduces leakage power dissipation. Furthermore, the

simpler design also means that the power consumption is more predictable.

The di↵erences in the memory hierarchy and micro-architecture have a significant impact on per-

formance and power characteristics. These di↵ering trade-o↵ points can be exploited by an RTM.

However, making the right choice is not an easy task and each workload (or, more specifically each

workload phase) behaves di↵erently when being migrated from one core to another. Furthermore,

the way a workload phase responds to an increase in DVFS level will also be di↵erent between the

two core types.

The power models presented in this thesis count the occurrence of various micro-architectural events

to estimate the power consumption. Chapter 6 proposes a method to identify misspecified micro-

architectural details in models of the Arm Cortex-A7 and Arm Cortex-A15 and presents an auto-

mated way to aid highlighting and addressing them.
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2.5 Power Modelling Approaches

Power modelling is required for di↵erent stages of the CPU design process, software and compiler

optimisation, and system run-time management. These di↵erent use cases have varying require-

ments.

2.5.1 Power Measurement

The most accurate method of obtaining run-time power consumption is to measure the power

consumption of the device directly using specialist test equipment. There are several approaches to

obtaining CPU power measurements depending on the device and granularity of power required. For

desktop and server computers, the power consumption is often measured from the power sockets,

therefore collecting power for the whole system, as opposed to the CPU alone [24, 267, 26]. Some

works measure the motherboard power from the ATX (Advanced Technology eXtended) connector

using a hall e↵ect current sensor [280] or the voltage drop across sense resistors [275]. However, for

accurate power modelling it is important to accurately isolate the CPU power from other devices

and to measure the actual voltage being supplied to the CPU. The most accurate results on desktop

platforms can be obtained from accessing the CPU voltage regulator itself [274].

Experiments on mobile CPUs are usually carried out on a development board. The most accurate

method of estimating power on a mobile development board is to modify the board by placing a

sense resistor between the voltage regulator and the CPU, and measuring both current and voltage

with a power analyser (as demonstrated in Section 3). As well as providing accurate results, it allows

high frequency sampling that can capture individual workload spikes. Some mobile development

boards, such as the Hardkernel ODROID-XU3 board [121], include built-in current and voltage

sensors which have been utilised in many works, including [309, 48]. However, the power sensors

only provide readings at 3.8 Hz (the sensors internally sample at a higher frequency and provide

an average) and this must be taken into account for repeatable and accurate results, for example,

by running workloads for a long time so enough samples can be collected (this approach is used in

Chapters 4 and 5). While it is possible to increase the update rate of the sensors, it comes at the

cost of overhead. For system-level power modelling on smartphones, smart battery interfaces have

been used to analyse power [2].

While measuring the power directly is accurate, it is not a practical solution for run-time power

management as the device needs to either be connected to specialist test equipment (e.g. power

analysers) or contain power sensors. It is impractical for devices (particularly mobile devices)

to contain such power sensors due to their cost and the large physical area required for them.

Furthermore, the power sensors can only measure the power consumption of a power domain, and

RTMs require more fine-grained knowledge of power consumption. In this thesis, direct power

measurements are used to train empirical, top-down, power models.

2.5.2 Top-Down Modelling Approaches

Alternatively, the power consumption of a CPU can be characterised o✏ine using external power

analysis instruments and observing the behaviour of the CPU with an available online metric. A
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simple metric that indicates the level of CPU activity is the utilisation, which is an Operating

System (OS) statistic describing the amount of time the CPU is spent busy, as opposed to being

idle. While utilisation-based power models have been proposed [334, 322, 225, 199, 69, 4, 322], it

is a very simple metric and does not indicate the type of workload; it does not indicate which, and

how many, functional units are active, the number of main memory accesses or the number of cache

accesses. Therefore, utilisation-based models provide limited accuracy and are ill-suited to many

applications, including estimation of modern multi-core smartphones [333].

The power consumption of a CPU is highly dependent on the operating frequency, voltage and the

specific CPU activity. While the voltage and frequency can be easily determined from the OS, the

CPU activity depends on the specific CPU workload. Performance Monitoring Counters (PMCs) are

registers built into the CPU that can be set to count specific architectural and micro-architectural

events, such as the number of integer operations executed or the number of L1 instruction cache

misses, and can therefore provide detailed information on the current workload. While principally

intended for performance analysis (i.e. identification of performance bottlenecks), PMCs have been

widely shown to be e↵ective in estimating the run-time CPU power consumption [24, 267, 26, 71,

34, 244, 280, 309]. Regression analysis is typically used to create a set of linear equations relating

several PMC events to the CPU power consumption, however, other techniques such as workload

classification [185] and neural networks [2] have also been proposed. PMC-based power models

have been implemented for Intel CPUs and power estimations are available through Intel’s Running

Average Power Limit (RAPL) interface [141]. It uses architectural events from each core, the

processor graphics and I/O (input/output) and uses coe�cient weights to predict the active power

consumption of the package [247]. Several software tools provide access to the power estimation

results on supported platforms, including likwid-powermeter [291, 219]. Smejkal et el. [270] utilise

RAPL along with information from the scheduler to provide application-level power estimations.

Such approaches that measure the CPU power of an existing device to create power models using

other metrics are known as top-down approaches, and are described in more detail in Section 2.6.

2.5.3 Circuit, Gate, and Register-Transfer Level Approaches

While carefully developed top-down power models provide excellent accuracy and are inherently

validated against hardware, they can only be used for an existing device. When designing and

developing a new device, the power and energy-e�ciency must be analysed at various points during

the design flow before a prototype or final device is available. To accurately model the CPU

power consumption, the circuit-level design needs to be considered, meaning that all stages in the

design-flow must be completed, including layout and routing. However, physical circuit simulation

using SPICE models are unfeasible for large circuits and are therefore typically only used for small

sub-components of a CPU design.

PowerMill [126] is an early transistor level current and power simulator for VLSI (very-large-scale

integration) circuits using simplified device models to increase simulation speed [42, 326].

Using standard cell libraries supplied by foundries and gate-level netlists is typically several orders

of magnitude faster than SPICE-level circuit simulation as only gate-level logic simulations are

required. However, errors in power estimation of up to 32% can still occur due to real transistor

delay e↵ects and glitches [191]. It should also be remembered that no two CPUs have the same

power and performance characteristics due to manufacturing variances.
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Gate-level simulation is still too slow for many applications and higher level Register-Transfer Level

(RTL) simulation is often used for faster results and to allow designers to evaluate the design

and make improvements at an earlier stage in the design flow. Unlike gate-level simulation, RTL

simulation does not require the design to be synthesised [45].

Circuit, transistor, gate and register-transfer level techniques require CPU intellectual property

(IP) which is typically only available to commercial customers and partners. Furthermore, even

RTL simulation requires much processing time even for very small workloads. For this reason, the

remainder of this chapter will focus on top-down and higher-level bottom-up approaches.

2.5.4 Bottom-Up Modelling Approaches

For CPU and system design exploration, higher level simulation frameworks and component models,

such as gem5, CACTI, and McPAT, are widely used in research. These high-level bottom-up ap-

proaches are not as accurate as top-down approaches or lower-level circuit, gate, or register transfer

level approaches. However, they are faster and more accessible than lower-level approaches and are

very flexible (i.e. allowing many di↵erent architectural and system-level configurations to be tested),

unlike top-down approaches. Bottom-up approaches are described in detail in Section 2.7.

2.5.5 Comparison of Power Modelling Approaches

This thesis focusses on two broad applications of CPU power modelling with di↵ering requirements:

online (run-time) power estimation, where an operating system requires accurate and instant power

estimations at run-time for e↵ective CPU power management; and power simulators for use in

deign-space exploration and evaluation of research ideas in both academia and industry.

Run-time power models are required to have a high level of accuracy, a low computational overhead

and make use of the limited information available from the hardware and OS at run-time. For

research and design-space exploration purposes, the power modelling must be flexible to allow

di↵erent system configurations and CPU types to be modelled.

Two broad categories of power modelling are therefore considered from this point onwards: top-down

models, which are usually created by characterising an existing device and typically implemented

with regression techniques; and bottom-up models, which use theoretical principles to estimate

power for a user-defined system (Figure 2.4).

Top-down power models are more accurate, as they characterise an existing device using measured

data and can typically be implemented using simple equations, making them ideal for use in situ-

ations where a low performance and energy overhead is required. The models, however, are only

Figure 2.4: Top-down vs. Bottom-Up Power Modelling
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valid for the device that have been characterised with, making them less suitable for design-space

exploration, where novel architectures need to be explored.

Typical examples of bottom-up power modelling frameworks include Wattch [44], a framework for

architectural power analysis; CACTI [263] a cache timing, power and area model; and McPAT [174],

a multi-core and many-core system power, area, and timing modelling framework. Such tools require

a system specification and an indication of CPU behaviour (e.g., activity statistics) as inputs. A

system performance simulator, such as SimpleScalar [47] or gem5 [30], is typically used to provide

architectural and micro-architectural performance statistics to a power simulation tool.

This thesis postulates that empirical, top-down power models are valuable for many design-space ex-

ploration tasks and o↵er significant advantages over bottom-up power modelling frameworks (Chap-

ter 6).

2.6 Empirical CPU Power Modelling

Top-down, empirical power modelling methodologies involve o✏ine characterisation of the power

consumption of an implemented device (although some works outlined in this section use simulation

data) and using this to train a model. Techniques such as linear regression are typically employed

and metrics that can can be obtained by an operating system at run-time are used as input features.

The simplest metric to understand the load of a CPU is the utilisation. While most utilisation-

based models are aimed towards desktop [21] and server [199, 332] class CPUs, several examples

are aimed towards mobile devices [265, 322, 334]. While utilisation is straight-forward to obtain, it

only provides the basic load of the CPU, and provides little information on the type of load or what

functional blocks of the CPU are being utilised.

Previously, top-down regression-based models using performance monitoring counters (PMCs) as

inputs have been widely shown to be e↵ective in estimating CPU power [24, 135, 26, 34, 253,

71, 267, 33, 244, 311, 280]. Bellosa [24] presented one of the first works to use PMCs for power

monitoring purposes. Isci and Martonsi [135] later presented a technique for combining PMC data

with power consumption to provide run-time power estimations for an Intel Pentium 4 CPU. The

model attempts to predict the power consumption of hardware units within the CPU using photos

of the die layout. However, the estimated power consumption accuracy of individual components

cannot be verified. A later work by Contreras and Martonosi [70] propose the use of an Ordinary

Least Squares (OLS) model and using a di↵erent set of coe�cients for each DVFS level. They

also present a model for main memory power estimation. PMC events are selected using their

correlation with power, although orthogonal events are selected to avoid redundancy. The average

error across all tested benchmarks, including MiBench and SPEC2000, was 4%. Bircher [36] et

al. also use correlation to select PMC events and an OLS estimator, achieving a reported error

of 2.6% when validated using SPEC2000. These techniques are later applied to estimating the

power consumption of di↵erent subsystems (such as main memory, chipset, disk) while considering

the “trickle-down” e↵ect of PMCs between di↵erent components [33]. Later works by Bertran et.

al [26, 27] consider multi-core systems and evaluating the responsiveness of the power models on

real-time power traces. Chapter 3 presents the first PMC-based power model for mobile devices

that also considers the responsiveness.
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Energy-e�ciency and run-time power optimisation is of particular importance on mobile devices

employed in smartphones, tablets and compact, fan-less laptops. However, despite this, there are

relatively few works on power modelling for mobile CPUs. As identified in Chapter 3, this is

primarily due to the challenges involved in accessing reliable PMC event data on such platforms.

Almost all existing works on run-time mobile power modelling have therefore used CPU utilisation

(see above), or relied on simulators to provide modelled PMC event data [243, 217] and to, in some

cases, also provide modelled power data [244, 253]. The only known existing work (pre-dating the

work from Chapter 3 [305]) that developed a PMC-based power model for a mobile Arm-based device

using measured power consumption and PMC events was a work published in 2013 by Pricopi et

al [238]. They used the propriety Arm Streamline software to extract PMCs from a Versatile Express

development platform, which contains a prototype Arm big.LITTLE CPU with three Cortex-A7

and two Cortex-A15 cores. For estimating power, they use a separate equation (with the same

input features but di↵erent coe�cients) for each DVFS level, i.e. a per-frequency approach. They

observe a narrow minimum-maximum power variation of 1.385-1.506 W for the Cortex-A7 core and

4.535-5.155 W for the Cortex-A15 core, and conclude that a power model for the in-order Cortex-A7

is therefore not required. However, significantly larger power variations were observed in this thesis

by employing diverse workloads and using workload phases, as well as ensuring CPU power-saving

mechanisms are active.

Many of the existing works, both targeted for mobile [217, 243] and larger systems [267, 33], use a

limited set of workloads that do not exercise the CPU in a diverse fashion, which results in a low

power variation. This leads to poor models with optimistic reported model accuracies. For example,

in a work modelling the power consumption of a Dell PowerEdge R805 SMP server there is only a

power range between 285 W and 320 W [327]. Chapter 3 presents the first mobile PMC-based power

model (using measured PMC events) that has a high variation in power consumption. Techniques

for increasing workload diversity, such as using Change Point Detection (CPD) algorithms to extract

workload phases, testing on real-time power traces, and employing micro-benchmarks are employed

in Chapters 3 and 4. Furthermore, Chapter 4 experimentally demonstrates how a stable model

requires a diverse set of training observations, as well as carefully selected PMC events as input

features.

The vast majority of existing works either select PMC events using intuition [243] or use the cor-

relation with power consumption [35, 280, 244, 238], while some works use other techniques, such

as Principle Component Analysis (PCA) [327, 177]. Chapter 3 analyses both the correlation and

the PMC event rate of each PMC across all workloads (including workload phases) to select PMCs

that both correlate with power, but without selecting events that correlate with each other, which

causes multicollinearity problems. Chapter 4 demonstrates how multicollinearity significantly im-

pacts the quality of models and presents a novel methodology, employing the variance inflation

factor, stepwise regression and event transformations to reduce the multicollinearity.

Most existing works either only consider a single DVFS level or train a separate model for each

DVFS level [70, 267], while some works present an equation that works across all DVFS levels [243].

The key advantage of a model that works across all DVFS levels is that it understands the e↵ect

of the voltage and frequency on the power consumption and can therefore decompose the power

consumption further. However, in order for such a model to be accurate and e↵ective, it must be

correctly specified. The model equation must therefore correctly relate the relationships between

the power consumption and the CPU voltage, frequency and activity, as indicated by the PMC
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events. Chapter 3 develops separate models for each DVFS level (a per-frequency model), while

Chapter 4 develops a single model that works across all DVFS levels (an all-frequency model) [309].

Chapter 4 underlines the importance of model specification, uses statistical significance and the

power consumption equations (Section 2.1), and demonstrates the robustness by training the CPU

activity components at a single DVFS level and testing on over seven DVFS levels. Earlier works

by Bircher and John [32] and Spiliopoulos, Sembrant and Kaxiras [275] use well specified models

for desktop and server-class systems. A recent work evaluates existing PMC-based power models

for mobile systems and compares per-frequency models to all-frequency models using the same

hardware platform as used in Chapter 4. However, the presented all-frequency models achieve very

high errors of 10.5% and 20.0% for the Cortex-A7 and Cortex-A15 clusters, respectively. There are

several probable reasons for this, such as not considering the sample frequency of the sensors on

the platform and not ensuring experimental consistency (Section 4.2), not taking the e↵ects of the

voltage regulator into account (Section 4.6), and not thoroughly considering the thermal e↵ects.

However, a key reason is that the models have not been specified correctly and the model equations

do not capture the relationships between the dependent variable (power) and the independent

variables. The models presented in Chapter 4 are the first known (correctly specified) PMC-based

mobile power models that use a single model equation for all DVFS levels.

The static power consumption is highly dependent on the temperature (Section 2.1). Singh, Bhadau-

ria and McKee [267] present a PMC-based power model for an AMD Phenom CPU while analysing

the e↵ect of temperature as well as shared resources. While temperature is analysed, it is not

incorporated into the power model as their system did not contain per-core sensors. A later work

by Bircher and John [32] presents a PMC-based power model for a AMD Phenom II (3 GHz)

that considers fine-grain temperature and voltage variation. Temperature readings from the tem-

perature sensors are used as inputs to the static power component of the polynomial regression

model. The temperature is controlled by adjusting the speed of the processor’s fan. Goel and Mc-

Kee [107] present another PMC-based power model of an Intel Haswell platform that compensates

for temperature in the static power equation. Chapter 5 presents a novel approach to compensate

for temperature e↵ects on the static power consumption and is the first known work to create a

thermally-compensated PMC-based power model for a mobile device.

A recent study by Zhang et al. [334] found that most multi-core smartphone models were ill-suited

because CPU idle states are not taken into account. They propose a utilisation-based model that

considers idle states, however, it does not consider the e↵ect of temperature on the power consump-

tion. As Chapter 5 demonstrates, the di↵erence between idle online core power consumption and

idle o✏ine core power consumption is highly temperature dependent due to the leakage mechanisms.

The models presented in Chapter 5 include modelling of the idle states, and are the only mobile

PMC-based models to do so.

2.7 Full-System Performance and Energy Simulation

While top-down power models are profiled on a specific device, bottom-up power models use theo-

retical knowledge of each component to model a CPU based on a user’s specification. CPU power

consumption is determined by the number of transistors switching and the physical properties of

the specific transistors switching. To determine this accurately, the simulator needs to know the

CPU design (i.e. the size and complexity of each component); which functional units are activated;
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the physical properties of transistors used in di↵erent parts of the design; and how energy-saving

techniques are implemented (e.g. clock gating, power gating, current voltage and frequency, etc.).

Creating a tool that is able to take a design specification from a user and to provide realistic

and representative power estimations is therefore a challenging task and many abstractions and

simplifications are made in practice.

There are typically two stages to bottom-up power modelling:

• an architectural performance simulator first predicts performance and event statistics;

• a power modelling framework then uses these event statistics (indicating activity), along with

a CPU specification to estimate the power consumption (Figure 2.5).

The accuracy of the power models are therefore dependent on both the power modelling framework

and the performance modelling framework.

2.7.1 Performance Modelling Frameworks

One of the first architectural simulation frameworks that gained widespread use was SimpleScalar [47].

It is open-source and supports several architectures, including Alpha, ARM, PowerPC, and x86, and

also supports a wide range of CPU models, from simple in-order to complex out-of-order models.

PTLsim [323] is a cycle-accurate full-system simulator that supports the x86 architecture, including

CPUs with SMT. However, there is no support for other architectures and, as of writing, the sim-

ulator is not actively maintained. OVPsim is a full-system instruction-accurate simulator actively

developed by Imperas [220]. Simics is an actively developed commercial full-system simulator that

supports Alpha, ARM, MIPS, PowerPC, SPARC, and x86 architectures [313]. MARRSx86 is a

widely used cycle-accurate simulator for x86 architectures only [224].

Due to its active design community and support for many ISAs (Alpha, ARM, SPARC, MIPS,

POWER, RISC-V and x86), gem5 [30] has become a widely used system-level and micro-architectural

simulation framework. It is open-source (BSD license) and was initially created with features from

both the M5 full-system simulator [31] and GEMS [187]. The gem5 simulation framework contains

both detailed and abstract models for in-order and out-of-order CPUs. For the ARM ISA, gem5

can model up to 64 (heterogeneous) cores of a Realview ARM platform, and boot unmodified Linux

and Android with a combination of in-order and out-of-order CPUs [106]. Other advanced features

include DRAM modelling [120], support for DVFS [273], GPU modelling [78, 236], Kernel-based

Virtual Machine (KVM) support [252] and elastic traces [137]. A distributed version of gem5, called

Figure 2.5: Bottom-Up Simulation Workflow
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dist-gem5 [200], can model and simulate a distributed computer system using multiple simulation

hosts.

While these tools are often used in research, they are not designed to be cycle-accurate detailed

micro-architectural models of specific devices. Their accuracy is therefore limited and this should

be considered when using them. When more accuracy and reliability is required, RTL models and

detailed commercial models, such as Arm CycleModels [6] in the case of Arm products, should be

used instead (see Section 2.7.3).

2.7.2 Power Modelling Frameworks

CACTI is a widely used power, area and timing modelling tool for SRAM and DRAM-based caches

and memory arrays [263]. It enables researchers to rapidly estimate memory power and energy for

evaluation of system trade-o↵s. More recently, simulators for evaluating new and emerging memory

technology have also appeared, such as NVSIM [86] which estimates area, latency and energy of

emerging non-volatile memory technologies, including spin-torque-transfer memory (STT-RAM),

phase-change random-access memory (PCRAM) and resistive random-access memory (ReRAM).

It uses the same empirical modelling methodology as CACTI but adds new features and corrects

several false assumptions. The authors claim it therefore models SRAM and DRAMmore accurately

than CACTI. Vogelsang presents a flexible DRAM power model that can also predict the energy

consumption of future DRAM devices by being combined with the DRAM roadmap [302]. It

uses device-level details, technology specifications and device switching activity to estimate power.

However, the user of a memory modelling tool often does not have a detailed understanding of

the memory being modelled that is required by such tools, as memory vendors do not provide

public access to memory specifications. A widely used DRAM power estimation technique is to use

Micron’s DRAM power calculator [196], which uses datasheet and high-level workload specifications.

However, it has been found to be inaccurate and insu�cient for many scenarios [60]. Therefore,

improved DRAM power models have been presented and released as open-source tools [147].

Wattch [44] is an architectural-level CPU power modelling framework which enabled a surge in

architectural research after it was released in 2000 [174]. More recently, the McPAT [174] power,

area, and timing modelling framework has become widely used by architects for design-exploration

of multi- and many-core systems. It models both in-order and out-of-order CPUs, caches, network-

on-chips, and memory controllers. McPAT has been coupled with several performance simulators,

including Multi2Sim, gem5, Sniper and ZSim, to provide activity statistics for power estimation [1].

However, with high-level simulation tools, accuracy and representativeness of the results is a con-

cern [315, 216] and the next section focusses on the accuracy of bottom-up simulation frameworks.

2.7.3 Accuracy and Validation of Simulation Tools

While such simulation tools are invaluable to research, they inherently contain errors which can

impact the conclusions drawn from research, particularly if the sources of error are not well under-

stood. This potentially a↵ects the quality and integrity of research that relies on the tools [304].

Recent works have focussed on these errors and their e↵ects [315, 216, 117, 171, 304].
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Three key categories of errors encountered in performance and power simulation tools include [39,

117, 48]:

Modelling Error The device being modelled is understood by the model creator, but the model

is incorrectly implemented (e.g. mistakes in source code or algorithm);

Specification Error The model creator does not have access to detailed enough information on

the device being modelled;

Abstraction Error The simulator abstracts or simplifies certain components of the system, re-

sulting in a loss of accuracy.

The remainder of this section discusses errors in performance and power simulators, focussing on

the widely used gem5 and McPAT simulation frameworks.

Butko et al. [50] compare the accuracy of a gem5 model against a hardware device with a dual-core

Arm Cortex-A9 CPU, find an average error of between 1.4% and 17.9% and conclude that an overly

simple DRAM model is a key source of the error. Endo et al. [91] create gem5 models to represent

Cortex-A8 and Cortex-A9 CPUs with an average error of 7%. Gutierrez et al. [117] analyse sources

of error in full system simulation and stress the importance of simulator users understanding the

limitations and considering the accuracy of the micro-architectural events as well as the execution

time. They model and validate a dual-core Cortex-A15 CPU (with some complex-to-model features,

such as prefetching, indirect branch predicting disabled) in gem5 and make improvements to the

model to achieve an execution time MAPE of 13% and 17% for SPEC2006 and dual-core PARSEC,

respectively. They identify specification error to be the dominant cause of divergence between the

model and the hardware platform.

A later work by Butko et al. [48] presents an up-to-date gem5 model of an Exynos 5422 SoC. They

solve issues with running big.LITTLE systems in gem5, configure model parameters using datasheets

and educated guesses, and release their models to the gem5 community. They find an execution time

MAPE of 20% using the Rodinia benchmarking suite and validate memory and operation latencies

using LMbench. They also identify specification error (caused by a lack of detailed information

about the device being modelled) as the key source of error, as well as a simplistic DRAM model.

They then use McPAT to conduct energy analysis and find a MAPE of 25% when compared with

the hardware platform.

Bottom-up power modelling o↵ers more flexibility while top-down power modelling o↵ers superior

and validated accuracy. Attempts have been made to combine elements of both techniques to obtain

both accuracy and flexibility. Lee et al. present PowerTrain [171], a learning-based methodology

for calibrating McPAT power estimations using a reference hardware platform. A MAPE of 4.4%

was achieved when validating on fifteen workloads and employing 15-fold cross-validation. However,

it does not correct inaccuracies in modelling of individual components. Other works have focussed

on calibrating cycle-accurate performance simulators, such as MARSSx86 [19].

2.8 Discussion

This chapter has provided a background to CPU power consumption, run-time management and

modelling, and has presented an overview of the related works found in the literature. This section

discusses some of the identified challenges and areas for improvement.
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A key challenge identified in the literature review was the di�culty in obtaining reliable PMC event

data from mobile CPUs for power modelling (Section 2.6). This is addressed in Chapter 3 through

the development of a reliable methodology and experimental setup for extracting PMC events,

recording CPU power consumption, and combining the two datasets together. Software tools were

also authored and released to enable other researchers to extract PMC data on mobile platforms.

This results in one of the first examples of a PMC-based run-time power model for a mobile device,

that does not use simulated data.

Another observation in existing works was the low deviation in power consumption when using a

limited number of benchmarking suites. Chapter 3 addresses this by employing an o✏ine, unsu-

pervised Change Point Detection (CPD) algorithm to identify workload phases for automatically

generating more diverse training data. Chapter 4 improved the power variability further by specif-

ically selecting a diverse set of workloads, manually tuning micro-benchmarks, and using a more

complex OoO CPU with modern power management features enabled.

Temperature was found to have a significant e↵ect on static power consumption (Section 2.1) but was

only considered in several existing works to varying degrees, and none of these were aimed towards

mobile platforms. The novel power modelling methodology presented in Chapter 4 accounts for

the e↵ects of temperature changes due to changes in the DVFS level and CPU activity. Chapter 5

presents a unique method of modelling the thermal impact on the static power consumption when

using thermal sensors, and proposes a thermal model for situations where there are no on-board

thermal sensors (e.g. in simulation tools).

Through the investigations and experiments conducted in Chapters 3, 4 and 5, significant omissions

and shortcomings were identified in the previous works reviewed in this chapter. This included

model stability, which is addressed in Chapter 4 through the use of correlation analysis, Principle

Component Analysis (PCA), Hierarchical Cluster Analysis (HCA), and the Variance Inflation Factor

(VIF) to develop an automated PMC event selection approach that is experimentally demonstrated

to improve the accuracy of the model when tested on a larger set of more diverse workloads.

Another problem identified in existing works was misspecification of models, leading to inaccurate

models and incorrect conclusions. This is also addressed in Chapter 4 through a careful model

specification that only has to be trained with the full set of observations at one DVFS level to

work across the full range of DVFS levels. Another factor not considered in existing works was

the fact that the voltage being supplied by the non-ideal voltage regulator varied with CPU load,

which a↵ected the power consumption significantly. This was also addressed in Chapter 4 by

presenting a methodology for modelling the voltage fluctuations. Furthermore, the problem of

heteroscedasticity was identified and addressed in Chapter 4, through the use of a heteroscedasticity

consistent standard error (HCSE) estimator.

Literature reviewed in Section 2.7 identified inaccuracies in the simulation tools used by many re-

searchers in design-space exploration and system optimisation. Many works combine a performance

simulation framework (e.g. gem5) with a power modelling framework, such as McPAT. Particularly

significant errors are identified in power simulation frameworks. Sections 2.1 and 2.2 described

how the CPU power consumption is dependent on a vast number of physical properties and power

reduction mechanisms that are applied di↵erently to various components in the system. Section 2.4

highlighted just a few of the complex micro-architectural trade-o↵s that a↵ect the performance and

power characteristics. A high-level bottom-up power modelling framework, that takes only high-

level CPU properties as inputs (in addition to the switching events provided by the performance



34 Chapter 2. Background and Literature Review

simulator), is therefore limited in its ability to estimate the power consumption, including the rela-

tive power consumption between di↵erent components within the system. Existing works identified

specification error to be a key problem in simulation frameworks, as the specific details of the device

being modelled are often not known. Chapter 6 addresses this by presenting a methodology for

comparing a model directly against a reference hardware platform and identifying the sources of

error. Furthermore, Chapter 6 proposes using a top-down empirical model in conjunction with a

(hardware-validated) performance simulator for more accurate system modelling.



Chapter 3

Run-Time Power Modelling of

Mobile CPUs

Significant energy savings can be made in mobile devices using intelligent run-time management

(RTM) software that can e↵ectively trade o↵ CPU performance and energy by controlling energy-

saving techniques. For the RTM to make informed decisions, it needs accurate and responsive run-

time knowledge of the power consumption, without incurring significant performance and power

overheads. Performance Monitoring Counters (PMCs) are small registers in the CPU that count

various architectural and micro-architectural events, providing a detailed picture of the current

CPU operation with little overhead in reading them. For desktop and server systems, hardware

performance monitoring counters (PMCs) have been used for run-time power estimation [267, 71,

21, 244, 27, 33]. However, for mobile devices, where energy-e�ciency is of particular importance,

there are few works on empirical, PMC-based, power modelling.

There are two key reasons for this:

1. The challenges in accurately measuring run-time power consumption on mobile development

boards;

2. The di�culty in extracting PMC data from mobile devices.

This has led to existing works using utilisation-based models [334, 322], combining power measure-

ments from a real device with modelled PMC events from a performance simulator [243], or using

events instrumental in RTL with Synopsys PrimeTimePX for estimating power consumption [217].

This chapter addresses these challenges by developing: 1. a reliable method of extracting PMCs from

mobile devices; and 2. an experimental setup for accurately measuring run-time power consumption.

A power modelling methodology, based on existing techniques, is then applied to this setup, resulting

in the first empirical, PMC-based, run-time power model for an Arm-based mobile platform (the

only exception known to the authors being [238] by Pricopi et al.). Furthermore, the limitations of

existing approaches are highlighted and demonstrated, before being explored further in Chapter 4,

which presents an improved methodology that is demonstrated on a big.LITTLE platform.

The contributions of this chapter are as follows:

35



36 Chapter 3. Run-Time Power Modelling of Mobile CPUs

1. A methodology and released software tools for extracting PMC events from a mobile device;

2. A robust experimental method for measuring run-time CPU power consumption and synchro-

nising it with PMC event data;

3. The implementation and application of an o✏ine, unsupervised change point detection method

for extracting workload phases for generating diverse training observations;

4. Analysis of PMC event correlation, showing that the common approach of selecting events

using their correlation with power to be flawed (this is investigated further in Chapter 4);

5. Accurate mobile power models with cross-validated MAPEs of < 2.0% that are demonstrated

to be responsive when evaluated against real-time power traces (therefore showing that re-

sponsive power models can be developed using average workload data, providing the workloads

are diverse).

3.1 Multivariate Linear Regression

Multivariate regression is used in this thesis, as well as many of the related works described in

Section 2.6, to develop a set of linear equations relating PMC events, voltage, and frequency to the

instantaneous power consumption.

3.1.1 Definition

Multivariate linear regression is a method of modelling the relationship between a dependent variable

y and multiple independent variables (also known as predictors, regressors or features), xi,1...xi,p�1,

using a linear predictor function:

yi = �0 + �1xi1 + �2xi2 + ...+ �p�1xi,p�1 + ✏i (3.1)

i = 1, ..., n (3.2)

where n is the number of observations; p � 1 is the number of predictors, or features, exclud-

ing the intercept (there are p regression parameters); yi is the dependent, or response, variable;

xi1, xi2, . . . xi,p�1 are the predictors, or features (independent variables); �0 . . .�p�1 are the regres-

sion coe�cients (weights); and ✏ is the random error term, or disturbance term.

It is mathematically convenient to let xi0 = 1 for the intercept:

yi = �01 + �1xi1 + �2xi2 + . . .+ �pxip + ✏i (3.3)

It can also be written in matrix form:

y = X� + ✏ (3.4)

Where ✏ is the unobserved random error and X is an n ⇥ p matrix of predictors, known as the

design matrix. The linear predictor function is also known as the hypothesis, h�(x). Note that in

machine learning texts, m is often used to represent the regression weights.
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Regression analysis is also considered to be a supervised machine learning technique and terminol-

ogy from the field of machine learning is often used in regression problems (e.g. features instead

of independent variables or predictors). A common definition of machine learning is as follows

(paraphrased from [251]):

A field of study that gives computers the ability without being explicitly programmed.

A newer, and more formal, definition was provided by Tom Mitchell in 1997 [198]:

A computer program is said to learn from experience E with respect to some class of

tasks T and performance measure P, if its performance at tasks in T, as measured by P,

improves with experience E.

3.1.2 Estimating Coe�cients

In the case of regression, an estimator is used to learn the values of the coe�cients (�) using training

data. The hypothesis can then be used to make predictions and forecasts using these coe�cients.

The estimator aims to minimise the fitted line and the data points; the ordinary least squares (OLS),

also known as the linear least squares, estimator minimises the sum of the squares of the di↵erence

between the observed dependent variable and the values predicted by the hypothesis (residuals).

The sum of squares of the residuals is often known as the residual sum of squares (RSS), the sum

of squared errors (SSE), or the sum of squared residuals (SSR).

A residual, ei, is calculated by:

ei = yi � ŷi (3.7)

Or, in matrix form:

e = y � ŷ (3.8)

As an aside, note that the residual, ei is the observed error, which is distinct from the unknown

true error, ✏i [162]:

✏i = yi � E{yi} (3.9)
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Therefore, the residual sum of squares, RSS, is calculated by:

RSS =
nX

i=1

(yi � ŷi)
2 =

nX

i=1

e2i = e
T
e (3.10)

These are used to derive the normal equation, which is used to calculate the coe�cient estimates,

�̂:

e = y �X�̂ (3.11)

Therefore:

e
T
e = (y �X�̂)T (y �X�̂) (3.12)

This is then expanded:

e
T
e = y

T
y � y

T (X�̂)� (X�̂)Ty + (X�̂)T (X�̂) (3.13)

e
T
e = y

T
y � 2(X�̂)Ty + (X�̂)T (X�̂) (3.14)

e
T
e = y

T
y � 2XT

�̂
T
y +XX

T
�̂�̂

T (3.15)

The objective is to minimise the RSS. The above equation is a convex function and so the derivative

with respect to �̂ needs to be found in order to find the global minima:

@

@�̂
e
T
e = 0 (3.16)

@

@�̂
e
T
e =

@

@�̂

h
y
T
y � 2XT

�̂
T
y +XX

T
�̂�̂

T
i
= 0 (3.17)

Using the identity [229]:
@aT b

@a
= b (3.18)

Results in the following:

� 2XT
y + 2XT

X�̂ = 0 (3.19)

Which can be rearranged to give:

X
T
X�̂ = X

T
y (3.20)

The inverse of a matrix A can only exist if A is square and non-singular. Therefore, in inconsistent

systems (such as least squares regression) a pseudo-inverse, which finds an inverse-like (and unique)

matrix for any matrix, is used [182]. The matrix (XT
X)�1

X
T is the Moore-Penrose inverse (A+),
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which is a pseudo-inverse (also known as the generalised inverse):

A
+ = A

T (AA
T )�1 (3.21)

Multiply each side by the (XT
X)�1:

(XT
X)�1

X
T
X�̂ = (XT

X)�1
X

T
y (3.22)

Gives the normal equation [162]:

�̂ = (XT
X)�1

X
T
y (3.23)

The normal equation allows �̂ to be solved analytically.

Assuming no correlation between the predictors, this e↵ectively decomposes the multivariate prob-

lem into many univariate problems [97]; the pseudo-inverse is only valid if the elements of X are

linearly independent (i.e. there is no multicollinearity present), as linear dependence would mean

that XX
T would have no inverse. The importance of this, and methods of reducing multicollinear-

ity, are discussed later in this chapter and further in Chapter 4.

3.1.3 Fitting Values

The vector of fitted, or predicted, values, ŷ, can be found using:

ŷ = X�̂ = Hy (3.24)

Where:

H = X(XX
T )�1

X
T (3.25)

H is the hat matrix (it “puts a hat on y”), also known as the projection matrix, P . The matrix H

is symmetric and has the property of idempotency [162]:

HH = H (3.26)

It can therefore be shown that the fitted values have mean E(ŷ) = µ and variance-covariance matrix

var(ŷ) = H�2 [245]

Remembering that the residuals, e are:

e = y � ŷ = y �X�̂ (3.27)

Therefore:

e = y �Hy = (I �H)y (3.28)

Where, I is the identify matrix of H. Importantly, the matrix I�H is symmetric and idempotent.

The matrix I �H is sometimes referred to as the annihilator, M .
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Therefore, the residuals can be given by:

e = My (3.29)

The residuals, e, are used in Chapter 4 to validate the empirical power models and identify the

problem of heteroscedasticity in PMC-based power modelling. They are also used in Chapter 5 to

measure e↵ect of temperature variation on the power modelling error.

3.1.4 Analysis of Variance

The variance-covariance matrix (also known simply as the covariance matrix) of e, �
2
{e}, also

denoted var(e), is:

var(e) = �
2(I �H)(I �H)T = �

2(I �H) (3.30)

(remembering that I �H is idempotent and symmetric).

This can be estimated as:

s
2
{e} = MSE(I �H) =

y
T (I �H)y

n� p
(3.31)

s2, is the OLS estimate for �2 and
p
s2 is the standard error of the regression (SER), also known

as the standard error of the estimate. It is sometimes used as a measure of goodness-of-fit as it is

the average distance between the observed values and the regression line.

It is already known that the residual sum of squares, RSS (also known as the SSE) is given by:

RSS = e
T
e = [(I �H)y][(I �H)y]T = y

T (I �H)y (3.32)

The total sum of squares TSS is given by:

TSS = y
T


I �

J

n

�
y (3.33)

where J is an n⇥ n matrix of 1s.

The explained sum of squares (ESS), also known as the sum of squares due to regression (SSR), is

given by:

ESS = y
T


H �

J

n

�
y (3.34)

Note that:

TSS = ESS +RSS (3.35)

3.1.5 Coe�cient of Determination

A typical way of assessing how well the model fits the data is to use the R2 value, which is also

known as the coe�cient of determination (coe�cient ofmultiple determination in the case of multiple
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regression). The R2 value is always � 0 and  1 and is sometimes expressed as a percentage. The

closer the R2 is to 1, the greater the degree of linear association between the independent variables

X and the dependent variable y.

The R2 value can be described as the fraction of the response variation that is explained by a linear

model:

R2 =
Explained variation

Total variation
=

ESS

TSS
= 1�

RSS

TSS
(3.36)

where:

• TSS is the total sum of squares;

• ESS is the explained sum of squares, also known as the regression sum of squares (SSR); and

• RSS is the residual sum of squares, also known as the error sum of squares (SSE) or the sum

of squared residuals (SSR).

While the R2 value is widely used, it has limitations and is often misused due to its convenience

and simplicity [161, 89, 104]. For example, the R2 value is a relative quantity (it indicates how large

ESS is, relative to TSS) and therefore a high R2 may not indicate a good fit in some situations

while in others, a relatively small R2 may indicate a good fit [104]. The R2 can also be inflated

or deflated by outliers [89]. A high R2 does not necessarily indicate good predictions can be made

from the model, nor does it necessarily indicate that the estimated regression line is a good fit [161].

The R2 value should therefore be used alongside other metrics and analysis methods to determine

the suitability and quality of a model. These are discussed later in this chapter.

Furthermore, adding more independent variables to the regression model can only increase R2 and

never reduce it [161]. Therefore the R2 value can be inflated by having too many independent

variables, even if they are not statistically significant. Therefore another metric known as the

adjusted R2 (denoted R2
a or R

2
), which compensates for the number of predictors in the model, is

often used [104]:

R
2
= 1�

n� 1

n� p� 1
(1�R2) (3.37)

where n is the number of observations and p is the number of predictors (independent variables).

Each time a predictor is added to the model, R
2
only increases if the new predictor causes the

model to improve by more than would be expected by chance alone.

3.1.6 Assumptions of OLS

Due to its perceived simplicity and ease of implementation using many standard software tools (e.g.

SPSS, R, Matlab, SAS, Microsoft Excel, Statistica and STATA), regression modelling is widely used

(and misused) [104].

While often overlooked in CPU power modelling, the estimation techniques make several assump-

tions that must be considered, including [104, 102]:

1. correct specification of the model;

2. the relationship between the independent variables and the dependent variable must be linear;



42 Chapter 3. Run-Time Power Modelling of Mobile CPUs

3. the conditional mean must be zero: E(✏|X) = 0, for example, independent variables must not

be correlated with error.

4. the elements of � are constants;

5. normality of the error distribution: ✏|X ⇠ N (0,�2
I). Note that violating this assumption

does not invalidate the OLS method, however, if the error terms are not normally distributed

then the standard errors become unreliable and the fit will not be BLUE (Best Linear Unbiased

Estimator);

6. the independent variables in X must be linearly independent (i.e. there must be no multi-

collinearity). I.e. X must be an n⇥ p matrix of full rank. This assumption is also known as

the identification condition.

7. there must be no auto-correlation, e.g. in time-series data, a value must not be dependent on

a previous (historic) value;

8. constant variance (homoscedasticity): E[✏2|X] = �2
I.

These assumptions, and the consequences of violating them, are discussed in both this chapter and

later in Chapter 4. For example, Section 4.3.2 discusses multicollinearity, Section 4.4.1 discusses

correct model specification, and Section 4.4.2 discusses testing for non-linearity and correlation with

error, normality of the error distribution, and the assumption of homoscedasticity.

3.1.7 Alternative Modelling Methods

While this thesis and many of the existing works employ simple linear models, typically using

an OLS estimator (see Chapter 2), some more recent works have employed non-linear and non-

parametric approaches, such as neural networks or k-nearest neighbours regression, to estimate

both the CPU power consumption using PMCs [118, 65] and mobile system power estimation using

higher-level statistics [84, 85].

Carvalho, Cunha and Silva-Filho [54] use k-nearest neighbours (k-NN) regression to estimate the

CPU power consumption. It is a non-parametric approach, contrasting to the parametric OLS

approach. While such non-parametric approaches do not have the assumptions that parametric

approaches have, and are therefore useful if there is no prior knowledge of the system being mod-

elled, they require more training data, have a higher training overhead, and are at a higher risk of

overfitting. In cases where a parametric model would be suited, a non-parametric has less statistical

power, meaning that conclusions can not be drawn from the model with the same degree of con-

fidence, unless more training data is used. While the k-NN approach is simple, flexible and easily

implementable, it is not well suited for run-time management because the computation cost all oc-

curs in the prediction, and not in o✏ine training; it uses lazy learning. Furthermore, the history of

observations must be stored, consuming memory. They show a linear regression model to perform

poorly when estimating the normalised energy for di↵erent applications when the DVFS is changed.

However, while the frequency is used in the model, the voltage is not, and the authors do not pro-

vide details of precisely what features are used or the model equation. While non-linear approaches

will be able to overfit the voltage-frequency relationship, a linear model will not, unless the correct

inputs are used, i.e. either V 2
DD would need to be provided as an input feature, or polynomial values

of fclk would need to be provided to approximate the voltage-frequency relationship.
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Mair, Huang, and Eyers [184] use a k-NN approach for PMC-based power modelling of server-class

systems. They overcome the expensive run-time computational cost by deploying the k-NN on

a remote system and the cluster node periodically sends its PMC data across the network and

receives the power estimate. However, such an approach is impractical for a mobile device, where

the energy and performance cost of using the network to send and receive data is far greater than

the cost of reading PMC registers and applying a simple linear equation. They also raise concerns

about the common practice of training and validating with typical workloads and how this limits

the applicability and extendability of the resulting power models. This problem is raised, analysed

and addressed in Chapter 4.

Gutierrez, Tamir and Qasem [118] develop a neural-network to predict the power consumption of

desktop-class CPUs using PMC events and compare it to a linear regression model. They highlight

the challenges in training a neural network and the potential high variance but find that the accuracy

of the neural network improved to be superior with more training observations while the accuracy

of the linear regression stopped improving after a certain number of training observations were

used. However, the five PMC events were chosen by selecting the five counters with the highest

correlation with power, which is demonstrated to result in poor models in Chapter 4. The authors

conclude that a linear regression model is adequate for most applications, particularly if only a small

number of samples are available, while a neural network can be used to achieve a higher accuracy

if a lot of training data is available. The models do not consider multiple DVFS levels, voltage or

temperature.

Chen et al. [65] present PMC-based power models for heterogeneous cloud-edge data centres using

linear regression, a Support Vector Machine (SVM), and a Neural Network (NN). It follows the

previously published work from Chapter 4 ([309]) and presents a similar automated hardware per-

formance counter selection method. They find the SVM and NN models to achieve a significantly

lower error than the linear regression model, when tested with the same data used for training. How-

ever, their linear regression model for an Arm Cortex-A15 achieved an average error of over 10%

despite it only considering a single DVFS level and 16 workloads, whereas the model presented in

Section 4 for the same CPU achieved an average error of 2.8% across a large set of diverse workloads

and with a single model for multiple DVFS levels. Furthermore, while they find that the NN and

SVM models achieve better errors when tested with the training data, they also report that those

models obtain higher errors than the linear regression model when tested with unseen workloads.

This is an example of where an overly complex, non-linear model can easily overfit the training

data. Furthermore, even the lowest errors achieved by the NN and SVM are > 5%, which is larger

than the errors achieved in Chapter 4 with a more rigorous validation methodology. In short, their

linear model is underfitting and their non-linear models are overfitting. Model misspecification and

non-optimal PMC event selection are possible causes of the linear model underfitting.

It is general good practice to attempt linear models first, and only resort to non-linear models

when the relationship cannot be accurately modelled and non-linearity is observed in standard

diagnostic tests, such as inspection of the residuals [161]. Non-linear models are more di�cult to

interpret, in particular, the e↵ect of each feature on the response is less intuitive to understand.

P-values are impossible to calculate for the features, and the R2 is not valid. Some works claim that

linear regression is not suitable because the power equation relationships are non-linear [84, 123].

This view comes from a misunderstanding of what the term “linear” means in the context of a

linear estimator, such as OLS. A linear model can be used to model a non-linear equation, such
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as V 2 or log(T ); the estimator is linear, but the relationships defined in the model do not have to

be linear. In the same way that employing a large number of high-order polynomials in a linear

model will likely improve apparent model accuracy through over-fitting the relationships in the

training data, employing a more complex non-linear model in a situation where a linear model is

su�cient, increases the potential for overfitting. For example, it was found in Chapter 4 that it

was straight-forward to over-fit the thermal compensation with higher order terms relating to VDD

and fclk, despite there being over 1800 training observations; adding all combinations of VDD, V 2
DD

and fclk improved accuracy, but inspection of the p-values showed how many of these terms were

not statistically significant. A non-linear model would likely over-fit this relationship, while linear

regression allows the p-values, domain-specific knowledge and intuition of the relationship being

modelled, and interpretation of the resulting coe�cients to achieve a model with low variance that

generalises well.

Using linear approaches, analysing the resulting statistics and applying appropriate diagnostic

checks can allow new findings about the system being modelled. For example, in developing the

model for Chapter 4 a large background dynamic component, that was independent of the PMC

event activity (constant when the DVFS level is fixed), was identified using the model specification,

R̄2, and p-values. Experiments where the individual cores were powered down (Chapter 5) proved

the presence of this component and showed that Chapter 4 accurately modelled its magnitude and

dependency with DVFS level. Another example can be found in Chapter 4 where the non-ideal volt-

age regulation was identified from the residual plots and individual estimated power components.

Chapter 5 shows yet anther example where the e↵ect of temperature on the residuals allowed the

thermal e↵ects to be modelled. With non-linear approaches, where the model is not specified using

knowledge of the power consumption (see Section 2.1), the e↵ect of individual components on the

fit is more di�cult to interpret, and the p-values cannot be calculated, these important discoveries

about the system being modelled would most likely be overlooked.

In summary, while constructing a well-specified linear model can require more knowledge of the

system being modelled, it can also uncover useful and interesting information and relationships

about the system being modelled, that are important when the model is exposed to other scenarios

or applied to other systems.

It is important to continuously test the suitability and applicability of new and di↵erent mod-

elling approaches, providing that both the proposed approach and existing baseline approach are

understood properly, implemented correctly and tested thoroughly.

Chapter 4 proposed the use of the (linear) Weighted Least Squares (WLS) method as an option

for dealing with the inherent heteroscedasticity. Instead of minimising the residual sum of squares

(RSS), WLS minimises the weighted sum of squares. The weights can be set to be equal to the

reciprocal of the error variance:

Wi =
1

�i
2

(3.38)

The model will then give a higher weight to observations with a lower error variance.
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3.2 Extracting PMCs on Mobile Systems

Performance Monitoring Counters (PMCs), or simply hardware performance counters, are registers

that can be set to count specific CPU architectural and micro-architectural events, such as an

instruction speculatively executed, or an L1 instruction cache miss. There are typically a small

number of counters (i.e. less than 10) that can be assigned to count specific events, of which

there are many possibilities (i.e. 40-200). They have long been available on several architectures,

including x86/x64 and ARMv7/ARMv8. PMCs on Intel x86/x64 architectures are exposed through

the model-specific register (MSR) interface, which are special registers for debugging that must be

accessed from a privileged software level. More information on using PMCs with Intel architectures

is available in the relevant Intel Software Developers Manual (e.g. [131]). The perf software tool is

part of Linux that allows userspace monitoring of PMCs and it supports the vast majority of modern

Intel platforms, making the task of accessing PMCs on x86/x64 architectures straightforward.

On ARMv7 and ARMv8 architectures the Performance Monitoring Unit (PMU) of the CPU handles

the collection of the processor and memory counters and is accessed through system registers. Most

Arm Cortex-A series CPUs contain either four or six counters (Table 3.1). On recent Arm Cortex-A

series processors, there is also an Activity Monitoring Unit (AMU), which has similarities with the

PMU, but is specifically targeted for system power management, instead of application debugging.

Note that AMU was introduced after the work of this thesis was carried out and so only the PMU

is considered.

There is a large set of possible events to monitor with the counters including events related to the

processor core and the memory subsystem. Examples include:

• Level 1 instruction cache refill

• Level 1 data cache access

• Instruction architecturally executed

• Predictable branch speculatively executed

• Instruction speculatively executed

• Level 1 data TLB refill, write

• Level 2 data cache refill, write

• Instruction speculatively executed, Advanced SIMD Extension

Table 3.1: A selection of Arm Cortex-A series processors and the corresponding number of PMU
counters

CPU Architecture No. Counters1 Manual

Cortex-A8 ARMv7 4 [10]
Cortex-A9 ARMv7 6 [12]
Cortex-A7 ARMv7 4 [14]
Cortex-A15 ARMv7 6 [13]
Cortex-A53 ARMv8 6 [16]
Cortex-A72 ARMv8 6 [17]
Cortex-A75 ARMv8 62 [18]
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The perf tool is not as well supported on Arm platforms, causing a lack of research utilising such

features on mobile CPUs. Furthermore, in many cases the PMU was not fully or correctly imple-

mented by the vendor, making PMCs physically unavailable on some platforms. For this reason, a

custom software tool was developed to read the PMC events, without relying on perf support or

working PMU interrupts. The latest version of this software tool, which started development in

2013, was made available as part of the GemStone suite of software tools [306] (GemStone Profiler

Logger).

The PMCs cannot be controlled and read from userspace without the Performance Monitor User

Enable Register (PMUSERENR) first being configured (which must be done from kernel space).

Instead of modifying the kernel source and recompiling the whole kernel, a Loadable Kernel Module

was created to configure the PMUSERENR registers to allow userspace access to the PMC registers

(enable-pmcs/powmon-enable-pmcs.c). The LKM source code must be compiled against the ker-

nel source (although it is safe to force-load if the kernel source is not available) using the included

Makefile (enable-pmcs/Makefile). The LKM can then be inserted using the insmod or modprobe

commands in Linux. The software tools support enabling PMCs on all system CPUs (regardless

of the number of PMCs each one has, the total number of cores, or the combination of big and

LITTLE cores). The tool was extended to also support newer devices implementing the ARMv8

architecture.

A software tool written in C and using inline assembly was used to setup and record the PMCs

e�ciently. The source code for setting and recoding the PMCs is in the src/pmc-helper-64.c file.

The GemStone-Profiler Logger software tool allows PMC events to be set di↵erently for di↵erent

core types (e.g. Arm Cortex-A7 and Arm Cortex-A15) included in the same device and supports

both ARMv7 and ARMv8 devices. It also works when cores are switched o✏ine at run-time. In

addition to recording the PMCs, it can also collect other run-time statistics, such as the current CPU

frequency, and certain platform-specific sensors. For example, if using the Hardkernel ODROID-

XU3 board, which includes power sensors and thermal sensors, the tool can be compiled with a

special flag to enable the recording of these.

3.3 Experimental Platform

The mobile development board used in this Chapter was the BeagleBoard-xM [23] open-source

single-board computer. It has a Texas Instruments DM3730 System-on-Chip (SoC) [287] which

is similar to the OMAP35x family of SoCs. The DM3730 contains an Arm Cortex-A8 single-core

processor, with a maximum clock rate of 1 GHz. It also contains an Imagination Technologies SGX

GPU and a Texas Instruments TMS320C64x+ DSP. For this work, only the power consumption of

the Cortex-A8 core was considered. The Cortex-A8 has four PMCs in addition to the cycle counter.

The Linux kernel uses the CPUFreq subsystem to control the CPU frequency and voltage (i.e. the

DVFS level). Part of this subsystem includes scaling governors which implement algorithms for

estimating the CPU capacity and guiding the DVFS level selection [288]. The kernel source was

modified to enable the userspace governor, allowing the DVFS level to be manually controlled, and

to enable the 1 GHz frequency (disabled by default).

https://github.com/mattw200/gemstone-profiler-logger
https://github.com/mattw200/gemstone-profiler-logger
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Figure 3.1: BeagleBoard-xM development board

(a) Power Analyser (b) Modified BeagleBoard

Figure 3.2: Power measurement setup

3.4 Recording Run-Time Power Measurements

Instead of measuring the power consumption of the whole board, the CPU power consumption was

isolated by lifting an inductor from the board and re-routing the signal through the same inductor

and an Agilent N6705 Power Analyser (Figure 3.2, the pad with blue and yellow wires, without a

sense resistor). The voltage supplied to the Cortex-A8 was also measured to confirm the DVFS

level and to calculate the power consumed. A sample period of 10 ms was used.

3.5 Experimental Setup

An experimental setup was devised for running experiments and recording both PMCs and power

consumption (Figure 3.3). A software tool was developed to automate the running of workloads

on the development board (BeagleBoard), repeating at multiple DVFS levels and to measure many

PMC events (the GemStone suite of software tools contains a later version of this software tool,

called GemStone Profiler-Automate). The software recorded the experimental data to file, as well

as sending live experiment information to an NXP LPC1768 microcontroller (containing an Arm

Cortex-M3 core) via UART over USB (Figure 3.4). Software on the microcontroller provided live

https://github.com/mattw200/gemstone-profiler-automate
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Figure 3.3: Experimental setup used for characterising and validating the PMC-based power model
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Figure 3.4: Experiment workflow

experiment updates to a laptop for online experiment monitoring (UART over USB) and also

triggered the power analyser to start and stop data recording at the correct times.

3.6 Methodology Overview

As the power measurement and PMC collection were independent systems, the traces for each run

of the experiment had to first be synchronised (Section 3.7).

The first stage of developing the model involved selecting the PMC events to be used as model input

features. As only four events (in addition to the cycle counter) could be simultaneously counted,

the experiment had to be run multiple times to capture data from the full set (and to ensure

experimental consistency). The multiple runs of the experiment then had to be combined, and an
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Figure 3.5: Raw PMC events and corresponding power consumption (before synchronisation).
fclk = 300 MHz.

Figure 3.6: NEON SIMD and integer events (before synchronisation). fclk = 300 MHz

o✏ine, unsupervised phase detection technique was developed and employed to do this (Section 3.7).

The PMC events, their relationship with the power consumption, and their relationship with each

other was analysed in order to select the model features (Section 3.8).

Once the features had been selected, the experiment was re-run with the chosen PMC events. The

power traces and PMC event traces still had to be synchronised, but multiple runs did not have

to be combined. However, phase detection was again utilised in order to identify a large number

of workload phases to achieve a diverse set of training and testing observations. The model was

specified and the coe�cients estimated using OLS regression (see Section 3.1). Residual plots,

learning curves, and cross-fold validation were employed to evaluate the model. The methodology

improves on those proposed in existing works and highlights multiple potential issues that are

explored further in Chapter 4.

3.7 Post-Processing and Phase Detection

The experiment was run multiple times to capture all PMC events of interest, as only four events (in

addition to the cycle counter) could be counted simultaneously per experiment (Figure 3.5). While
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the software and microcontroller triggered the power analyser automatically, the power (and voltage)

data and the PMC data still needed to be synchronised due to small delays in communication

(Figure 3.6). The data from the power analyser had a stable sample period of 10 ms while the

data from the PMCs had a slightly larger period of approximately 12 ms. Both datasets where

interpolated linearly and re-sampled with a period of 5 ms. The cross-correlation (3.39) between

the measured power consumption and the rate of a PMC event was used to measure the lag (in

number of samples) between the two datasets (Figure 3.7). This worked e↵ectively for events that

had a high correlation with power (e.g. 0x08:INST RETIRED) but was ine↵ective for experiments

that did not contain a PMC Event with a high correlation with power (e.g. Figure 3.8). To overcome

this, it was found that using the absolute value of the derivative of the event rate (with the absolute

value of the derivative of power) for cross-correlation was e↵ective at identifying the lag (Figure 3.9).

(f ⇤ g)(⌧) =

Z +1

�1
f⇤(t)g(t+ ⌧)dt (3.39)

While the previous method synchronises the power and PMC traces of the same experimental run,

a technique for combining the data from the multiple experimental runs (capturing multiple PMC

events and measuring experimental consistency) was required. Change Point Detection (CPD)

techniques (also known as process segmentation techniques) were used to extract workload phases

from the experimental data. CPD algorithms can be classified as either o✏ine, where the entire

dataset can be observed at once; or online, where the algorithm must process each data point as

it arrives and detect a phase change as soon as possible after it has occurred (a review of online

change detection is available at [22]). Both supervised approaches, where training data that has

been labelled with change points is used, or unsupervised approaches, where phases are detected in

unlabelled data, are available [5, 292, 232].

Previous works have used various approaches for detecting workload phases at run-time, such as

instruction working sets, conditional branch counts, and basic block vectors (BBVs) [80, 165]. Isci

and Matonosi [136] focus on detecting power oriented phases at run-time, and compare between the

use of BBVs and PMC-based techniques. They find that PMCs provide a better representation of

power behaviour.

This chapter utilises o✏ine, unsupervised CPD to identify abrupt changes in the power mean in

order to automatically identify workload phases for extracting a larger number of more diverse

training samples and to enable multiple runs of the experiment to be combined.

A method is devised to identify:

1. the number of execution phases;

2. the location of each execution phase;

3. the value of the signals (e.g. the mean power and PMC event rates) for each execution phase.

One approach is to use Markov chain Monte Carlo (MCMC) if the number of segments are not

fixed [111, 167]. However, in this case we assume the number of segments (workload phases), K, is

fixed (through visual inspection of one of the traces). Maximum Likelihood (ML) estimation was

used to identify abrupt changes in the mean, µ, using the following simple model [231, 168, 20]:
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Figure 3.7: Cross-correlation of Event 0x08 (INST RETIRED) and the power. The lag is accurately
calculated.

Figure 3.8: Cross-correlation of Event 0x05 (L1D TLB REFILL) and the power. The lag is not
correctly derived.

Figure 3.9: Cross-correlation of the absolute of the derivative of the Event 0x05 (L1D TLB REFILL)
rate and the absolute of the derivative of the power measurements. The lag is accurately calculated.
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yi = f(ti) + ei (3.40)

0  i  N (3.41)

where f(t) represents an idealised version of the signal (i.e. power trace or PMC event rate trace),

ei are the residuals (see Section 3.1), and N is the number of samples.

The execution phases are denoted, k1, k2, . . . kK , and the boundaries of these segments are the

discontinuity instants, ⌧1, ⌧2 . . . ⌧K�1.

For a single execution phase, k, where ⌧k�1  t  ⌧k:

f(t) = µk (3.42)

Using this model, the three points above can be re-written as:

1. the number of execution phases, K;

2. the boundary of each execution phase, ⌧k�1 and ⌧k;

3. the mean value of the signals (e.g. power and PMC event rates) for each execution phase, µk

The Maximum Likelihood (ML) Estimation (sometimes abbreviated to MLE) method was then

used to estimate the parameters of the model. It was assumed that the residuals, ei, have a Gaussian,

or normal, distribution and a mean of zero:

ei ⇠ N (0,�2) (3.43)

and yi was also assumed to have a Gaussian distribution (if ⌧k�1  i  ⌧k):

yi ⇠ N (µk,�
2) (3.44)

Therefore, this method becomes equivalent to the least squares minimisation (Section 3.1).

The Gaussian distribution is given by:

f(y) =
1

�
p
2⇡

exp

✓
�

1

2�2
(y � µ)2

◆
(3.45)

where µ is the mean:

µ = ȳ =
1

n

nX

i=1

yi (3.46)

and � is the standard deviation:

� =

vuut 1

n� 1

nX

i=1

(yi � ȳ)2 (3.47)

In other words, the probability density of observing the single observation, y, generated from a
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Gaussian distribution is given by:

P (y;µ,�) =
1

�
p
2⇡

exp

✓
�

1

2�2
(y � µ)2

◆
(3.48)

For this model, it was required to estimate the vector of parameters, ✓ = (µ1, . . . , µK ,�2, ⌧1, . . . , ⌧K�1).

The likelihood function is therefore given by:

L(✓; y1 . . . yn) = p(y1 . . . yn; ✓) (3.49)

Considering the K execution phases:

L(✓; y1 . . . yn) =
KY

k=1

p(y⌧k�1+1, . . . , y⌧k ;µk,�
2) (3.50)

Using (3.48):

L(✓; y1 . . . yn) =
KY

k=1

1

2⇡�2

⌧k�⌧k�1
2

exp

0

@� 1

2�2

⌧kX

i=⌧k�1+1

(yi � µk)
2

1

A (3.51)

Which can be re-written as:

L(✓; y1 . . . yn) =
1

2⇡�2

n
2

exp

0

@� 1

2�2

KX

k=1

⌧kX

i=⌧k�1+1

(yi � µk)
2

1

A (3.52)

There are then two key steps in MLE of ✓:

1. estimate µk and ⌧k using the following cost function:

J(µ1 . . . µK , ⌧1 . . . ⌧K�1) =
KX

k=1

⌧kX

i=⌧k�1+1

(yi � µk)
2 (3.53)

2. estimate the variance of the estimated residuals:

�̂2 =
1

n

KX

k=1

⌧kX

i=⌧k�1+1

(yi � µ̂k)2 (3.54)

For this purpose, a constant variance was assumed for simplicity and so only (3.53) needed to

be calculated. Using only the mean of the residuals to estimate the change point removes the

assumption of the residuals having a Gaussian distribution.

To provide a practical intuition of the method, a simplified example is provided for the case where

there is only one clear change in the mean and K = 1 (Figure 3.10). The cost function is applied

for two example cases, at ⌧ = 160 and ⌧ = 600 (Figure 3.11, upper plots), and resulting residuals,

e are observed (lower plots).

This process is repeated for all values of ⌧ and the corresponding residual sum of squares (RSS, see
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Figure 3.10: Example segment of the power trace with a clear, abrupt phase change

(a) tau=160 (b) tau=600

Figure 3.11: Upper plot shows the example power trace. ⌧k (selected manually for this example)
and the horizontal black lines show µk � 1 and µk. The lower plot shows the resulting residuals for
the chosen value of ⌧k.

Figure 3.12: RSS plot across all values of ⌧ (tau)

Section 3.1) is calculated (Figure 3.12). The cost function finds the value of ⌧ (tau) that minimises

the RSS, which is 325 in this example (Figure 3.13).

However, the task of finding K segments through an exhaustive search has a time complexity

of O(Nk) and so a dynamic programming approach was employed, reducing the computational
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Figure 3.13: The power trace (upper plot) and residuals (lower plot) at the automatically identified
change point (⌧ = 325)

complexity to O(N2) [233, 231]. The algorithm was implemented in Python, using Numpy, and

based on the R implementation by Marc Lavielle [166]. The algorithm was broken into two stages:

Stage A, which computes a matrix of pointers, is independent of the chosen K and is the most

compute-intensive stage; and Stage B, which takes the pointer matrix as an input and outputs a

matrix of ⌧ values for various numbers of K. The ⌧ vector for a specific choice of K can simply be

extracted from this matrix.

The workloads were all run sequentially in an individual experiment, meaning that the resulting

traces contained all workloads and were over 120 seconds long for the case of the clock frequency,

fclk, being 300 MHz. However, even with the dynamic programming implementation, the algorithm

does not complete in a reasonable amount of time (N � 240000 and K � 30). Furthermore,

with a long trace of many workloads, it is hard to manually identify an appropriate value for K.

The workloads were therefore split into eight groups, the corresponding traces of which were called

sections, and a 1 second idle interval was placed after each workload group, enabling the sections to

be automatically identified in the post-processing. This reduced the value of N (and K) leading to

a significant reduction in the execution time of the algorithm. A 0.25 second idle interval was also

inserted between workloads for a clear distinction between workloads and workload phases on the

traces. The value of K for each section was derived using visual inspection. To further assist the

selection of an appropriate K, the software program was extended to allow saving and restoring of

the output of the compute-intensive Stage A (which is independent of K). The program could be

restored multiple times from this point to execute Stage B, where K was chosen.

Only larger workload phases were selected for the PMC event selection dataset. Once the value of

K was found for each workload section, the algorithm was able to automatically split sections, work-

loads and workload phases (Figure 3.14) and data from multiple runs of the experiment (repeated

to test consistency and to monitor multiple PMC event sets) could be combined.

The purpose of this method was to extract phases (which could also be seen with manual inspection)

automatically and repeatedly across the di↵erent experiments. The method correctly, and consis-

tently, identified the abrupt changes in the workload power mean to extract the phases, as confirmed

with visual inspection and comparison of the means between repeated experiment iterations.
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Figure 3.14: Automatic workload and workload phase detection

3.8 Feature Selection

Once the power and PMC traces had been synchronised, the phases extracted and the data from

the multiple experiments combined, the PMC events to be used in the model (features) had to be

selected. The Pearson product-moment correlation coe�cient (PPMCC) was calculated (3.55) to

give a measure of the correlation between each PMC event (rate) and the power consumption. The

resulting measure of linear correlation between x and y, rxy, has a value between �1 and +1, where

a value close to +1 signals a strong position correlation, a value close to �1 signals a strong negative

correlation, and a value close to 0 signals that there is a weak correlation or no correlation at all.

rxy =
n
P

xiyi �
P

xi
P

yir⇣
n
P

x2
i � (

P
xi)

2
⌘⇣

n
P

y2i � (
P

yi)
2
⌘ (3.55)

Event rates 0x55 (operations issued), 0x57 (instructions issued per cycle), 0x08 (instructions re-

tired/committed) and 0x50 (L1 instruction cache accesses) had the strongest positive correlation

with power (Figure 3.15). This matches intuition as they are directly related to the utilisation of

the CPU. For example; the level 1 instruction (L1I) cache is accessed to fetch the next instruction;

and instructions retired indicates that an instruction has been architecturally committed. The Arm

Cortex-A8 is dual-issue superscalar, meaning it can execute multiple instructions per cycle.

Event rates related to the data cache and data reads and writes had a moderate positive correlation

with power consumption, likely caused by the energy required to move data in the memory hierarchy.

However, there is no significant relationship between the power consumption and the level 2 (L2)

cache accesses (L2 CACHE ACCESS:0x43) and memory accesses (L1D CACHE REFILL:0x03).

These events occur less frequency and the time penalty incurred from them means that the CPU

is prevented from executing. While in this experiment the NO INST AVAIL:0x56 event rate has

a very low correlation with power, this would likely not be the case where the CPU goes into an

inactive state when no instructions are executed (it is expected that it would be negative).

It should be remembered that it is the correlation being observed, not the causation. For example,

while the rate of branch mispredictions (BR MIS PRED:0x10) has a moderate positive correlation

with power, it is not known whether it is the branch mispredictions themselves causing an increase
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Figure 3.15: Correlation of each PMC Event with the measured power consumption

in power or whether workloads with a higher number of branch mispredictions also tend to be more

power hungry (i.e. also having a large number of operations issued).

The 20 PMC events were split into five groups based on their correlation with power. Min-max

normalisation (3.56) was applied to each PMC event across all of the workloads (Figure 3.16) to

understand the di↵erent PMC behaviour of each workload. Zero represents the minimum value,

while one represents the maximum value.

The first observation from viewing the PMC event min-max normalisation is that there is a large

deviation between the workloads, including between detected phases within the same workload, such

as basicmath.1 and basicmath.3, qsort.1 and qsort.2, ↵t.2 and ↵t.3, and ti↵2rgba.1 and ti↵2rgba.2.

x0 =
x�min(x)

max(x)�min(x)
(3.56)

From observing the normalised PMC events for several workloads, it is clear that PMC events in

the same correlation group tend to behave in a similar manner between workloads. For example,

all PMC events of the first correlation group (darkest shading) are the maximum for the bitcount

workload (Figure 3.16c) and the minimum values for ↵t.2 (Figure 3.16g). Therefore, the technique

of using correlation, as employed by existing works (including [24, 36, 34, 280] and the specific

mobile works, [238, 244, 214]) would not be e↵ective as the events with the highest correlation with

power also have a high correlation with each other.

A combination of computer micro-architecture knowledge (Section 2.4), the correlation of PMC

events with power consumption (Figure 3.15), and the normalised PMC event plots (Figure 3.16)

were used to select the following PMC Events:

1. 0x55 (85): Number of operations issued;

2. 0x50 (80): L1 instruction cache accesses;

3. 0x04 (4): L1 data cache accesses;

4. 0x4D (77): Neon cacheable L1 data.
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Figure 3.16: Min-max normalised PMC event rate for selected workloads
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Table 3.2: Mean, standard deviation and coe�cient of variance of all observations for each DVFS
level

Frequency (MHz) Mean Std. CV

300 0.0969 0.00793 8.2%
600 0.269 0.0264 9.8%
800 0.436 0.0432 9.9%
1000 0.535 0.0549 10.3%

The first two chosen events are in the group of four PMC events with the highest correlation with

power. However, the 0x55 has the highest correlation with power (> 0.9), while 0x50 has the lowest

in the group (< 0.8). Furthermore, it can be seen that there are both cases where the normalised

value of 0x55 is greater than 0x50 (qsort.1, qsort.2, ti↵2rgba.1, int) and cases where the opposite

is true (basicmath.3, patricia, blowfish, tigg2rgba.2 ). In other words, they behave di↵erently to

each other, therefore providing unique information without excessive multicollinearity. The third

event was chosen from the second group of PMC events, which is made up of four events with a

correlation between 0.42 and 0.5. The third and fourth groups of PMC events had a very small

absolute correlation with power (< 0.2) and so were not considered as an input feature. The final

event was chosen from the last group of events which all had a negative correlation with power.

Event 0x4D was chosen over event 0x59 because event 0x59 was at its minimum for many of the

workloads.

3.9 Model Specification and Validation

Once the four PMC events had been chosen, the experiment was re-run with the selected events at

the four DVFS levels (300 MHz, 600 MHz, 800 MHz and 1000 MHz).

The ML phase detection technique was applied to extract 74 workload phases at each DVFS level.

All phases that were classified as idle were removed, with the exception of one, to leave 48 workload

phases for use as training and testing observations.

Increasing the frequency causes an increase in power consumption (Figure 3.17). The increase with

frequency is lower than observed later in Chapter 4 for the Cortex-A15 CPU due to the fact that

the Cortex-A8 processor does not have the out-of-order execution and is only dual issue, meaning

it is not as capable at absorbing memory latency, which becomes more important as the CPU clock

frequency increases.

The Coe�cient of Variation (CV) was also calculated to provide a sense of relative variability:

CV =
�

µ
⇥ 100 (3.57)

As fclk increases, the coe�cient of variation also increases by a small amount (Table 3.2).

The cycle counter (0x11) was not useful for this model as power management techniques, such as

idle states, were not implemented in this operating system, and so all clock cycles were active. In

Chapter 4, a system with more advanced power management techniques is considered and the cycle

counter was found to be important on such a system.
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Figure 3.17: Power mean and standard deviation

In this chapter, a separate model is developed for each individual DVFS level (3.58). The PMC

events provide an indication of the dynamic power consumption while an intercept is used to esti-

mate the static power consumption and any constant (at a particular DVFS level) dynamic power

consumption (Chapter 4 employs a single equation for all DVFS levels and decomposes the power

consumption into multiple components).

Pi = �0 + �1Ei1 + �2Ei2 + �3Ei3 + �4Ei4 + ✏i (3.58)

An important step in validating the model is to test for high bias (under-fitting) and high variance

(over-fitting); the trade-o↵ between the bias and variance is an important consideration in many

machine learning algorithms. A high bias is caused by the model not being correctly specified

(e.g. the model is over-simplified), and therefore being unable to correctly capture the relationship

between the PMC event rates and the power consumption. A high variance is caused by the model

being over-fitted to the training data and it is therefore not able to generalise. The bias can be

decreased by introducing more features or higher order regression polynomials while the variance

can be decreased by reducing model complexity and using regularisation. A common cause of high

variance is using too many features and too few training observations. The purpose of the PMC

events is to indicate the activity of the CPU (↵, Equation 2.2 on page 12) and polynomials were

therefore not appropriate (they would likely cause over-fitting).

Eighteen of the 48 observations were randomly selected and used as the testing set, with the re-

maining 30 workloads being reserved for training. A model was trained 27 times, using between two

and 30 training observations and the corresponding mean squared error (MSE) when tested on both

the training set (round markers, Figure 3.18) and testing set was recorded (square markers). This

was repeated 500 times, with the mean recorded. Note that Figure 3.18 is only showing 14 training

workloads onwards. This figure is known as a learning curve in the field of machine learning. The

small error gap between the training set and testing set error shows that there is low variance (the

model is not over-fitting the training data), and the low error of the training set indicates that the

model does not have high bias. It was also observed that 22 was a suitable minimum number of

training observations to use. The MAPE of testing on the testing set when trained with 22 training

observations was 2.17%.

For evaluating the model coe�cients and residuals, the models for each DVFS level were trained with
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Figure 3.18: Training and testing set error (MSE) for using di↵erent numbers of training observations
(number of testing observations is 18). Values shown are the mean of 500 iterations, with both the
training and testing workloads being randomized on each iteration. The same plot with two di↵erent
scales on the y axis are shown.
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Figure 3.19: Model Power Residuals

all 48 observations. An important step of checking correct model specification is visual inspection of

the residuals, ei, (Figure 3.19). No patterns could be observed when the residuals are plotted against

all of the features (Figure 3.20), showing that the model has e↵ectively extracted the information

from the features. Furthermore, it can be observed that only a handful of the workloads utilise

NEON SIMD instruction (Figure 3.20d).

The model coe�cients at each DVFS level are shown in Table 3.3. The unit of each feature is events

per second. The MAPE and R2 value of each model is shown in Figure 3.21a (in the case where

the models are trained and validated using all of the observations). The higher fclk, the better the

goodness-of-fit. The R̄2 value is within 0.0008 of R2, for example, at 1000 MHz, the R2 value is 0.970

while R̄2 is 0.967. The MAPE at lower DVFS levels is higher because the same absolute power error

results in a larger percentage error. The MSE increases with DVFS level (Figure 3.21b). At lower

frequencies, the static power is a larger contributor to the overall power consumption. The static

power consumption is highly temperature-dependent, and temperature is not taken into account in

this model. In Chapter 5, further analysis of the e↵ect of temperature on the power consumption

is conducted and a temperature-compensated model is developed.
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Figure 3.20: Residuals (shown for fclk = 300 MHz)

In order to test the model’s performance on unseen data and to test the model’s ability to gen-

eralise, k-fold cross-validation was employed. The observations were split into six groups of eight

observations (k = 6). Five of the groups were used for testing while the remaining single group

was reserved for testing, and the process was repeated six times with a di↵erent testing group used

each time. The highest MAPE of any fold and any DVFS level was under 2.9% (Figure 3.22),

although there was a significant standard deviation between the fold MAPEs (0.71, 0.33, 0.28, 0.63

for 300 MHz, 600 MHz, 800 MHz, and 1000 MHz, respectively). The MAPE of the cross-validated

models is not significantly di↵erent to the MAPE of the model trained and tested on all of the

observation (Figure 3.23). The model does a fair job at estimating unseen workloads, though it

must be remembered that the power variance is low (CV  10.3%) due to the significant idle power

consumption (Figure 3.24b).

Table 3.3: Model Coe�cients

Features
Coe�cients

300 MHz 600 MHz 800 MHz 1000 MHz

Intercept 0.0627 0.1645 0.2640 0.3183
0x55:OPS ISSUED rate 6.139e-11 7.695e-11 1.184e-10 1.123e-10
0x50:L1I CACHE ACCESS rate 1.451e-10 2.428e-10 2.358e-10 2.56e-10
0x04:L1D CACHE ACCESS rate 1.537e-10 2.542e-10 3.427e-10 3.578e-10
0x4D:NEON CACHEABLE L1D rate 1.124e-09 2.018e-09 2.613e-09 2.747e-09
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Figure 3.21: Model performance for di↵erent DVFS levels (trained and tested with all observations)
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Figure 3.22: Testing set MAPE for each fold of 6-fold cross-validation
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Figure 3.23: MAPE of model trained with all observations (left bars) vs. MAPE of models trained
and tested with cross-validation (right bars)

The measured and predicted power consumption for each workload is plotted (Figure 3.24). It can

clearly be observed that there is a large di↵erence in power consumption between 300 MHz and

1000 MHz (Figure 3.24a), and that the dynamic power variation is small compared to the large

constant components (Figure 3.24b). However, it can also be observed that the model accurately

estimates the dynamic variation across the workload phases (Figure 3.24c).
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Figure 3.24: Cross-fold validation across all testing observations (Note that the observations are not
consistent between plots of di↵erent DVFS levels as the workload phase selections are randomised).

While the models have been found to be accurate across the selected observations (the power and

PMC event rates of each phase were averaged across their time), this does not imply that the models

work e↵ectively on the real-time traces. The models were applied to collected data after the cross-

correlation had been applied (to synchronise the power and PMC traces), but before individual

phases had been extracted (Figure 3.25). The model achieves a MAPE of 1.39% across the first 35

seconds of the real-time traces (which includes all workloads with the exception of an extra video

playback [MPlayer ] workload) at 1 GHz. A MAPE of 2.14% was achieved when the model was

tested on a video playback workload (Figure 3.25b). Closer inspection of the traces (Figures 3.25c,

3.25d, and 3.25e) show the responsiveness of the models (the importance of which is underlined

in [26]).

The high-frequency spikes in both the PMC data and the power consumption (caused by high

frequency CPU workload variation) make the task of estimating the power consumption on the
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Table 3.4: Model coe�cients for the di↵erent folds

Event Fold 0 Fold 1 Fold 2 Fold 3 Fold 4 Fold 5

0x55 rate 1.14E-10 1.12E-10 1.46E-10 1.18E-10 1.07E-10 9.88E-11
0x50 rate 2.46E-10 2.61E-10 2.24E-10 2.44E-10 2.69E-10 2.68E-10
0x04 rate 3.63E-10 3.71E-10 2.95E-10 3.83E-10 3.55E-10 3.50E-10
0x4D rate 2.78E-09 2.75E-09 2.79E-09 2.93E-09 2.80E-09 2.53E-09
const 0.318 0.316 0.315 0.314 0.319 0.326

run-time power traces more di�cult. Moreover, in most run-time management scenarios, the power

consumption of high frequency events is not desired. The Simple Moving Average (SMA, also known

as the rolling mean) filter was applied to remove some of the high-frequency events (it is a low-pass

filter). For this example, a 20 sample (centred) window was used (Figure 3.26). The MAPEs for the

equivalent traces shown in Figure 3.25 were all significantly lower, for example, the MAPE across

the first 35 seconds was 1.15%.

The MAPEs of the real-time traces were approximately the same as when tested on the full set

of workload phase observations and were lower after using the rolling mean. This is because the

workload phases are diverse and each one has an equal weight. In the real-time traces, the longer

workload phases tend to be the ones that the model is able to predict more easily (despite the

training set not being biased towards them), and there are therefore a higher proportion of data

points that the model is better able to predict. This analysis shows that models trained with diverse

workloads, and using the methodology outlined in this chapter, are accurate and responsive when

applied to real-time traces.

3.10 Inspection of Coe�cients

Existing works on PMC-based power modelling do not consider the stability of the model coe�cients.

It can be seen that the values of the coe�cients change between di↵erent folds of the cross validation

(Table 3.4). While it is expected that there will be variation in the resulting MAPEs, this is largely

due to the fact the model is being tested on a di↵erent set of workloads. The model is still being

trained with over 80% of the training observations and so the coe�cients are expected to remain

relatively consistent between the folds. However, there is variation between many of the coe�cients,

for example, the coe�cient for event 0x55 varies between 9.88E-11 and 1.46E-10, while the coe�cient

for event 0x04 varies between 2.95E-10 and 3.83E-10. Furthermore, when an event is removed

(Table 3.5), the coe�cients for the existing events vary significantly (e.g. the mean coe�cient value

of 0x55 increases from 1.16E-10 to 2.16E-10). This is due to the presence of correlation between

the input features and makes it di�cult to obtain a model that makes accurate predictions across

a wide range of testing observations. Correlation between input features, model stability, and their

e↵ect on model performance are analysed in Chapter 4.

3.11 Conclusion

This chapter has presented a methodology for developing run-time empirical CPU power models,

including techniques for extracting experimental data, feature selection, model specification, and
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Figure 3.25: Measured power (dark, blue) and predicted power (light, red). fclk = 1000 MHz
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Figure 3.26: Measured power (dark, blue) and predicted power (light, red) after moving average
(window size of 20 samples). fclk = 1000 MHz
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Table 3.5: Model coe�cients for the di↵erent folds with a variable removed

Event Fold 0 Fold 1 Fold 2 Fold 3 Fold 4 Fold 5

0x55 rate 2.12E-10 2.49E-10 2.07E-10 2.09E-10 2.08E-10 2.09E-10
0x04 rate 3.42E-10 2.26E-10 3.27E-10 3.42E-10 3.33E-10 3.60E-10
0x4D rate 2.71E-09 2.53E-09 2.38E-09 2.47E-09 2.35E-09 2.56E-09
const 0.330 0.325 0.335 0.333 0.334 0.329

validation.

An introduction to multivariate regression modelling and PMCs was first presented, before a ro-

bust experimental setup for both measuring run-time CPU power consumption and collection of

PMCs was presented. Several processing techniques were described, including the use of an o✏ine,

unsupervised change-point detection algorithm to extract workload phases for combining data from

multiple experiments and for extracting diverse training and testing observations. Correlation anal-

ysis was conducted for feature selection and it was found that existing approaches that select events

using their correlation with power to be ine↵ective due to the level of intercorrelation between the

resulting events (this is investigated and demonstrated further in Chapter 4) and the fact that the

calculated coe�cient is highly sensitive to the workloads used.

The variance and coe�cient of variation was analysed, learning curves observed, and residuals

checked to ensure appropriate training, validation and specification. The coe�cients of the model

are re-calculated for each DVFS level. The resulting models achieve 6-fold cross-validation MAPEs

of 1.91%, 1.93%, 1.49% and 1.40%, for 300 MHz to 1000 MHz, respectively. However, the power

coe�cient of variation was only in the range of 8.2% to 10.3%.

It was found that some mobile systems (i.e. the system used in this chapter) did not have advanced

power management techniques, which limited the variation in power consumption. Chapter 4 im-

proves on this by using a system with such power management techniques enabled, and with a more

complex out-of-order CPU (Arm Cortex-A15) which has a significantly higher power variation.

However, the CPU power consumption was found to vary significantly more than reported in existing

works when diverse workload phases are utilised. For example, in [238] it was reported that the

minimum and maximum observed power for the in-order Arm Cortex-A7 was 1.385 and 1.506 W

(di↵erence of 0.121 W), respectively, while the minimum and maximum power for the Arm Cortex-

A15 was 4.535 and 5.155 W (di↵erence of 0.62 W), respectively. The authors concluded that it was

therefore not necessary to model the power consumption of the Arm Cortex-A7. The di↵erences are

8.3% and 12.8% of the mean for the Cortex-A7 and Cortex-A15 respectively. However, the minimum

and maximum power observed at 1 GHz for the in-order Cortex-A8 in this chapter was 0.468 and

0.655 W, respectively, which makes the di↵erence (0.187 W), 33.3% of the mean. This is despite the

more advanced power management techniques not being available on this platform. In Chapter 4,

the Cortex-A7 and Cortex-A15 CPUs are used and significantly larger power consumption variation

was observed.

It was also observed that the R2 value was smaller at lower frequencies, partially due to static power

(which is highly temperature-dependent) having a larger impact on the overall power consumption.

Chapter 4 presents a model formula that absorbs the thermal e↵ects and Chapter 5 uses informa-

tion from online thermal sensors to compensate for the temperature. The model coe�cients were

inspected and found to vary between cross-validation folds and when di↵erent numbers of features
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are used, indicating that the coe�cients do not have high stability and that there is correlation

between the input features. The topic of correlation between input features, coe�cient stability,

and the e↵ects of these on model performance is investigated in Chapter 4.

The power models are then evaluated on run-time traces as well as on the averaged workload phase

observations. It was shown how the techniques employed in this chapter enabled accurate and

reactive (when tested on real-time data) models to be developed using average workload phase

training observations.

Many of the shortcomings of existing techniques highlighted in this chapter are investigated further

in Chapter 4, which uses a modern big.LITTLE system with high power variation, ensures coe�cient

stability, considers thermal e↵ects on the static power consumption, models the e↵ect of voltage

and frequency on the power consumption, and uses one equation for all DVFS levels.





Chapter 4

Accurate and Stable Run-Time

Power Modelling

Chapter 3 presented a run-time PMC-based mobile CPU power model and demonstrated its respon-

siveness when applied to real-time power traces. However, the platform considered had a relatively

small variation in power consumption and used a single-core in-order CPU. Furthermore, key prob-

lems in existing approaches were highlighted, such as shortcomings related to feature selection and

coe�cient stability. Moreover, Chapter 3 used a di↵erent set of coe�cients for each DVFS level and

was not able to separate the power consumption into static and dynamic components.

This chapter presents a statistically rigorous and novel methodology for building accurate run-time

power models using Performance Monitoring Counters (PMCs) for mobile and embedded heteroge-

neous multi-processing (HMP) devices, and demonstrates how the models make more e�cient use

of limited training data and better adapt to unseen scenarios by uniquely considering coe�cient

stability. These models can be inserted into the operating system to provide accurate, per-core,

run-time CPU power estimations to the run-time management (RTM) software. They can also be

used as accurate and trusted reference models in design-space exploration in conjunction with a

performance simulator, such as gem5 [30] (as presented in Chapter 6).

The robust model formulation reduces multicollinearity, allows separation of static and dynamic

power, and allows a 96⇥ reduction in experiment time while sacrificing only 0.6% accuracy. The

e↵ects of temperature changes due to fclk and VDD on the static power consumption are compen-

sated for. This chapter also presents a statistically detailed evaluation of the model, highlighting

and addressing the problem of heteroscedasticity in power modelling. Techniques for evaluating

the influence of specific training observations on the model accuracy, as well as identifying missing

information in the features are also presented. Software implementing the methodology is made

available and power models for Arm Cortex-A7 and Cortex-A15 CPUs are built, with 3.8% and

2.8% average error, respectively. The behaviour of the non-ideal CPU voltage regulator under dy-

namic CPU activity is modelled to improve accuracy by up to 5.5% in situations where the voltage

cannot be measured.

The methodology employs statistical rigour throughout each stage of the modelling process, in which

novel techniques and insights are introduced and it is demonstrated how each of them improve the

71
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model quality. The approach is illustrated on a device containing an Arm mobile CPU that is also

found in the Samsung Galaxy S5 smartphone (released in 2014). It utilises Arm’s big.LITTLE

technology, having two CPU clusters of significantly di↵ering microarchitectures: one optimised

towards greater power-e�ciency (quad-core Cortex-A7), and one optimised towards higher perfor-

mance (quad-core Cortex-A15, see Section 2.4 for a detailed description of the di↵erences between

these two micro-architectures). This chapter presents models of both clusters, focusing on the latter

to illustrate the approach.

Section 4.1 provides an overview of the four main steps of the modelling methodology with a brief

description of the key contributions in each of them. Sections 4.2, 4.3 and 4.4 describe the first

three steps in detail: data acquisition, feature selection, and model formulation and validation,

respectively. Following this is a direct comparison of the presented model with related work in

Section 4.5. Section 4.6 highlights how the voltage supplied to the CPU is dependent on the

dynamic CPU activity and introduces a voltage model to significantly improve the power model

accuracy in situations where the voltage cannot be directly measured. The key contributions of this

chapter are as follows:

1. An experimental demonstration of the importance of model coe�cient stability and how simple

reported average error alone is ine↵ective and potentially misleading at indicating model

quality;

2. Techniques and insights for employing machine learning to classify PMC events (Section 4.3);

3. An automated and novel PMC event selection methodology that uniquely considers model

stability (Section 4.3);

4. A robust and novel model formulation that breaks down static and dynamic power, reduces

multicollinearity, compensates for the e↵ects of temperature changes due to fclk and VDD on

the static power consumption, and reduces the experiment time by 96⇥ (Section 4.4);

5. Novel techniques for analysing the influence of workloads on the model fit and for detecting

missing information in the features;

6. Identification of the e↵ects of non-ideal voltage regulators and a voltage model that compen-

sates for these e↵ects, improving model accuracy by up to 5.5% (Section 4.6);

7. Identification of, and solutions for, heteroscedasticity in CPU power modelling;

8. Two accurate and thoroughly validated run-time PMC power models for an Arm big.LITTLE

mobile platform;

9. Software tools for both collecting PMC, power and voltage data (platform specific), and

implementing the novel modelling methodology (platform independent), available from [307].

4.1 Proposed Methodology

This section provides an overview of the steps in the modelling methodology (Figure 4.1) and high-

lights the contributions in each. Step 1 (described in Section 4.2) concerns the experimental setup

and method for acquiring the data used to train and test the models. PMCs, CPU power and CPU

voltage are collected from an Arm big.LITTLE-based development platform while simultaneously
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Step 1 

Data Acquisition 

Step 2 

Feature Selection 

Step 3 

Model Formulation

and Validation 

Step 4 

CPU Voltage Model 

Section 4.2 Section 4.3 Section 4.4 Section 4.6

Figure 4.1: Steps of the proposed power modelling methodology

exercising the CPU with a large number of workloads, including ones that utilise parallel program-

ming and the NEON SIMD (single instruction, multiple data) processing unit. To address the lack

of existing works using PMC data from real mobile platforms, the software tools are published to

aid and encourage future research. The quality of the resulting models inherently depends on the

quality of data used to build them and the low overhead and precision of the experimental platform

is demonstrated.

Only a limited number of the many selectable PMC events (e.g. L2 cache misses, instructions

executed) can be simultaneously recorded; Step 2 (described in Section 4.3) presents the novel

feature (i.e. PMC event) selection methodology that uniquely considers the stability of the model

when choosing model inputs. Furthermore, this section demonstrates how it allows a model to

better predict a wider range of workloads, even if they are not well covered in the training data.

This is a crucial quality for real-world power models and, although it is not considered in previous

work, it is shown that demonstrating stability of a model is perhaps more important than reporting

an average error value.

Once the PMC events have been selected, the experiment is run with this selection and the results

used to build a linear regression model to predict the CPU power. Step 3 (described in Section 4.4)

describes the robust model formulation where knowledge of how power is consumed in CPUs is

used, as opposed to adding regression coe�cients directly to PMC data as is typical in existing

works [244, 243, 33]. The presented formulation reduces multicollinearity, separates dynamic and

static power consumption, works with any given voltage and frequency, and, when combined with

the added model stability, allows the model building experiment duration to be reduced by 96⇥

while trading o↵ only 0.6% error. In this stage the models are also thoroughly evaluated and a large

set of statistical results are provided, allowing the quality of the model to be properly assessed. This

section also identifies the problem of heteroscedasticity in run-time power modelling and describes

its e↵ects and how to alleviate it.

Furthermore, it is demonstrated how the dynamic CPU activity a↵ects the voltage being supplied

to the CPU by the non-ideal voltage regulator, which in turn a↵ects CPU power consumption

(described in Section 4.6). In run-time management scenarios, the voltage supplied to the processor

cannot be measured and this section therefore presents a novel voltage model, which takes the

current frequency and modelled dynamic power consumption as inputs (Step 4). This section also

contains a demonstration of how this improves the run-time power estimation accuracy by as much

as 5.5%.

Software tools to aid research related to PMCs, power and temperature on mobile devices using

real data (platform dependent) and to implement the novel methodologies described in Steps 2

and 3 (platform independent) are published at [307]; raw data, additional graphs and results, model

coe�cients, and software documentation are also provided.



74 Chapter 4. Accurate and Stable Run-Time Power Modelling

Figure 4.2: Hardkernel ODROID-XU3 Development Board

4.2 Data Acquisition

As highlighted in Chapter 3, there is very little reported research that uses real PMC data from

a mobile Arm-based platform due to the lack of an established method of doing so. This section

presents the experimental setup, method and accompanying software tools for collecting PMC data,

running workloads and measuring CPU voltage and power on a mobile platform (Step 1 of the power

modelling methodology). Its low overhead and high precision is demonstrated, which is essential

for producing accurate models.

4.2.1 Experimental Platform

An ODROID-XU3 development board by Hardkernel is used to illustrate the approach (Figure 4.2).

It utilises a Samsung Exynos 5422 SoC (System-on-Chip) which has an Arm big.LITTLE design

containing two types of CPU core: four Arm Cortex-A15s optimised for high performance and four

Cortex-A7s optimised for energy-e�ciency (a detailed description of this platform is presented in

Section 2.4). Each core contains a NEON SIMD processing unit, which is accounted for in the

presented model.

4.2.2 Experiment Workflow

Software tools are published which streamline future research on mobile development boards. They

include a customised Linux operating system image (Ubuntu 14.01.1) and programs for running

experiments and capturing data from PMCs, operating system statistics and the built-in energy

sensors on the ODROID-XU3 (Figure 4.3).

The kernel of the operating system (Item A in Figure 4.3) is modified to include the userspace fre-

quency governor so that the frequency and voltage can be changed from userspace. A loadable kernel

module (LKM) is developed to allow userspace access to the PMCs by setting the PMUSERENR

register on each CPU core (see Section 3.2). Data-logging software is written in C and inline assem-

bly to access and record the PMCs, power sensor data and operating system statistics (Item B) with

a low overhead (Figure 4.4). There is no perceivable power overhead when running the experiment
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(A) Modified kernel for 
ODROID-XU3

(C) Automated 
workload, VF, core 

affinity control software

(B) PMC, power sensor 
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ODROID-XU3 

(D) Execution 
information

(E) Run-time 
data

(F) Post-processing 
software

(G) Power, PMC, 
voltage, etc. for each 
workload, frequency, 

core-mask

List of workloads

Figure 4.3: Simplified overview of the experimental platform software (corresponding to Step 1 in
Figure 4.1).
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Figure 4.4: Power overhead of experimental platform (@200 MHz, worst-case)

with a sample frequency of 1 Hz and a negligible overhead when running the experiment at 10 Hz.

The overhead does not contribute to errors because the PMC data measures all of the CPU activ-

ity. However, for high-quality experimental data, the e↵ect of the experimental software should be

minimised so it does not interfere with the workloads under test. A sample rate of 5 Hz was used

and the workloads were run for an extended period of time to gather a large number of data points

to properly account for workload phases. To test the consistency of the experimental platform, the

experiments are run 11 times and the deviation observed. The average standard deviation of the

measured power (which deviates more than the PMC events) over all 60 workloads, whose aver-

age power ranges from 0.23 W to 1.8 W, is 0.0049 W. This indicates a high level of precision and

repeatability in the experimental setup which is necessary for building high-quality models.

As well as recording data, the experimental software runs a specified set of workloads (Item C,

Figure 4.3) over: 1) any specified list of voltage-frequency points (Cortex-A7 frequencies and Cortex-

A15 frequencies can be independently specified, allowing many combinations); 2) any specified set

of core masks (control of CPU a�nity on both ‘big’ and ‘little’ cores); and, 3) any specified number

of simultaneous executions of the workload (for exercising multiple cores simultaneously). Having

the ability to automatically collect data for many combinations allows the model to be built with a

wide range of scenarios.
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To keep the overhead of the experiment to a minimum, the data from both Items B and C (Fig-

ure 4.3) are captured in a raw format and then combined and processed (Item F) after the data has

been recorded. The result is a table of workloads (run on di↵erent numbers of cores and at di↵erent

DVFS levels) against the corresponding CPU power, voltage and PMC data, all averaged over the

duration of each workload (Item G).

The software for reproducing this experiment is available as part of the Powmon suite of software

tools. Many of the features of these tools have been incorporated into the newer, more generic,

GemStone suite of software tools.

4.2.3 Workloads

This work uses 60 workloads from a variety of sources, including: 14 from the MiBench [116] suite;

20 from LMbench [190]; 11 from Roy Longbottom [179]; 1 from MediaBench [169]; 5 handwritten

workloads; and other workloads that make use of programs such as MPlayer, tar and gcc. This set

covers a large range of both realistic and synthetic workloads, including ones that are CPU intensive

(e.g. bitcount, neon mul, jpeg dec, dhrystone), memory intensive (mp lp neon, lat mem rd 1 256,

bw mem rd, cache) and I/O intensive (bw mem cp 700m, par mem, openmp mem spd). Synthetic

workloads are tuned to trigger specific CPU behaviour (e.g. accessing particular levels of the memory

hierarchy) and use PMC data to ensure the workloads achieve the desired e↵ects. For example,

lat pagefault and mp lp neon are used to cause a large number of TLB (translation lookaside bu↵er)

misses, cstm int is used to cause a large number of mispredicted branch instructions, and neon add,

cstm fp and mp neon mflops are used to cause a large number of unaligned accesses. In order to

create a diverse set of training observations, workloads from di↵erent benchmarking suites were

specifically targeted, as opposed to using workloads all from a single benchmarking suite. All

workloads that were successfully compiled on the platform were included in the final results, and

no workloads were left out of the error calculations.

In Section 4.3 it is shown how using a diverse subset of these workloads results in a more robust

model than when using a more typical set (i.e. MiBench and MediaBench). In Section 4.4 it is

shown how the components of the dynamic power prediction vary significantly between di↵erent

workloads (Figure 4.32).

4.2.4 Power Variation

The experiment in Chapter 3 had a relatively low power variation, and identified existing works

to have an even lower power variation. For example, Pricopi et al. [238] found the power of a

Cortex-A15 (same micro-architecture, in a di↵erent implementation) to vary between 4.54 W and

5.16 W on their training workloads. Works on desktop and server class systems also show low

power variability. For example, Singh et al. [267] model an AMD Phenom and validate using

NAS, SPEC-OMP and SPEC 2006 benchmarking suites. Their reported graphs show a minimum

measured power of approximately 19 W and a maximum measured power of approximately 27 W.

The same benchmarks are also used to validate power models on an Intel Haswell Platform [107]. The

development platform and workload selection used in this chapter results in a significant variability

in power consumption between workloads (Figures 4.5 and 4.6).
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Figure 4.5: Power consumption of each workload at 1.6 GHz with one workload instance running
on one core
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Figure 4.6: Power consumption of each workload at 1.6 GHz with four workload instances running
across the four cores

4.2.5 Feature Conditioning

The raw PMC event data was converted to event rate (events-per-second). In the reviewed existing

works (and in Chapter 3), the PMC event counts or the PMC event rates were used directly, without

analysis of the distribution. In OLS, there is no assumption about normality on the independent

variables or dependent variable (the normality assumption for linear regression applies to the errors).

However, the model performance is a↵ected by skewness [103].

The normal distribution is defined as follows:

f(x) =
1

�
p
2⇡

exp

✓
�

1

2�2
(x� µ)2

◆
(4.1)

where µ is the mean:

µ = x̄ =
1

n

nX

i=1

xi (4.2)

and � is the standard deviation:

� = Sx =

vuut 1

n� 1

nX

i=1

(xi � x̄)2 (4.3)

In the dependent variable (Figure 4.7a) and many independent variables (Figures 4.7c, 4.7e and 4.7g)

there was significant skew. While exponential transforms were e↵ective for specific variables (Fig-

ure 4.9), it was found that the natural log transform was consistently e↵ective across all of the
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variables (Figures 4.7b, 4.7d, 4.7f, 4.7h). Often, dependent variables are transformed to change the

distribution of error terms (see Section 4.4), while the independent variables are typically trans-

formed to remedy non-linearities (transformations on the independent variables typically do not

change the error distribution).

While applying transformations can improve one aspect of the model, they can easily result in a

violation of one of the assumptions (Section 3.1.6), such as homoscedasticity or linearity, and so

transformations must be carefully applied in an iterative manner, with every assumption being

checked. Furthermore, the transformations also a↵ect how the coe�cients (and goodness-of-fit and

confidence intervals) are interpreted [41, 43]. Therefore, no transformation to the dependent or

independent variables were made at this point. However, the normality of the errors are evaluated

in Section 4.4.2, and transformations are revisited.

4.3 Feature Selection

While there are many PMC events, only a few of them can be monitored simultaneously on mobile

CPUs. On the Arm Cortex-A7 and Cortex-A15 only four and six PMC events (in addition to the

Cycle Count) can be monitored simultaneously, respectively (see Table 3.1). The decision of which

PMC events to use as input features is key, as will be demonstrated. This section presents a novel

methodology for choosing PMC events (Step 2, Figure 4.1) that results in an accurate and stable

model. Furthermore, this section experimentally demonstrates the importance of stability, analyses

several approaches for reducing multicollinearity, gives insight into how many PMC events should

be used, and shows how the common practice of using a limited number of similar workloads for

training and testing results in a poor power model with an optimistic reported error.

In order to analyse and compare all of the available PMC events, the experimental framework is

set to keep the frequency and core-mask constant while running all of the workloads multiple times

and changing the recorded PMC events on each iteration; data are collected for 39 and 66 events on

the Cortex-A7 and Cortex-A15, respectively. The large set of PMC events is then cross-compared

and analysed in order to find an optimum selection to use as model inputs.

4.3.1 Model Stability

As this section will experimentally demonstrate, the coe�cient stability of a CPU power model is

critical in making accurate predictions across a wide range of workloads. A model can have a low

error and good fit when tested with the training data. However, it still may have significant errors

in the coe�cients. A stable model has accurate coe�cient estimates and is able to understand how

each feature individually contributes to the overall power consumption. This means that the model

is better able to make accurate predictions across a wide range of workloads, even if they are not

well represented in the training data. It is impractical to cover all of the possible behaviours that

real-world workloads may exhibit in the training workloads used to build the model. Furthermore,

a run-time power model is required to estimate the power consumption of workload phases and

micro-phases, which are much more diverse than the average behaviour across the full workload.

Stability is therefore a crucial property of run-time power models and Section 4.3.7 demonstrates

how an unstable model can achieve a very low average error but then perform poorly when tested
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(a) Cortex-A15 Power (W) (b) Log Cortex-A15 Power (W)

(c) CYCLE COUNT:0x11 (d) Log CYCLE COUNT:0x11

(e) BR MIS PRED:0x10 (f) Log BR MIS PRED:0x10

(g) INST SPEC:0x1B (h) Log INST SPEC:0x1B

Figure 4.7: Distribution of the independent variable and PMC event rates both without any trans-
formation and with a log transform. A normal distribution is superimposed.



80 Chapter 4. Accurate and Stable Run-Time Power Modelling

(a) L1D CACHE REFILL:0x42 (b) Log L1D CACHE REFILL:0x42

(c) L1D TLB REFILL:0x4C (d) Log L1D TLB REFILL:0x4C

(e) L2D CACHE LD (f) Log L2D CACHE LD

(g) L1I TLB REFILL (h) Log L1I TLB REFILL

Figure 4.8: Distribution of PMC event rates both without any transformation and with a log
transform. A normal distribution is superimposed.
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(a) Cortex-A15 Power (W) exp(1/10) (b) CYCLE COUNT:0x11 exp(1/2)

(c) BR PRED:0x12 exp(1/5) (d) L1D CACHE REFILL:0x03

(e) Log MEM ACCESS:0x66 (f) MEM ACCESS:0x66 exp(1/5)

Figure 4.9: Distribution of PMC event rates with various exponential transforms
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with a wider range of workloads. Unstable models are typically overly sensitive to small changes in

the inputs and can make wild predictions with certain input combinations.

As this section will show, the two requirements in achieving a stable model are:

1. Diverse training observations (training workloads);

2. Carefully selected and conditioned input features with little or no multicollinearity.

4.3.2 Multicollinearity

An important consideration when choosing the events is multicollinearity, which occurs when two

or more independent variables in the linear regression model have inter-correlation (a relationship)

between them. While this does not necessarily have a direct impact on the reported accuracy or

overall fit, and the estimates are still Best Linear Unbiased Estimates (BLUE), it causes errors in

the model coe�cients and makes the model overly sensitive to changes in the inputs; they are said

to be unstable. Furthermore, with unstable coe�cients the standard errors of the estimates will be

higher than they would be in the absence of multicollinearity. In the presence of multicollinearity,

the coe�cient estimates, �̂, tend to have large sampling variability [161, 208]. As identified in

Section 3.1.2, the normal equation is only valid if the elements of X are linearly independent.

The individual components of a CPU work together in executing instructions, and there is naturally

very high inter-correlation between the PMC events (Figures 4.10 and 4.11). Creating a PMC-

based power model with acceptable levels of inter-correlation in the input features takes great care

and this has not been considered in detail in existing power modelling works. The remainder of

this section analyses several techniques for reducing multicollinearity while extracting information

explaining the power consumption, and evaluates their e↵ectiveness and suitability for run-time

power models. The correlation matrices in Figures 4.10a and 4.11a therefore show the starting

point for these techniques. When the PMC events in the correlation matrices have been re-ordered

using information extracted from unsupervised machine learning techniques, described later in this

section, groups of PMC events that correlate highly with each other can be observed (Figures 4.10b

and 4.11b). However, this does not provide any insight into which PMC events provide useful

information for estimating power consumption.

4.3.3 Principle Component Analysis

Principle Component Analysis (PCA, also known as theKarhunen-Loèvre transform) is a dimension-

ality reduction technique which is primarily used in lossy data compression, feature extraction and

data visualisation [38]. PCA e↵ectively projects the high-dimensionality data onto a lower dimen-

sionality space (known as the principle subspace) such that the variance of the projected data is max-

imised, using a projection that best represents the data in a least-squares sense [124, 144, 90, 212].

PCA was used to reduce D dimensions to L dimensions, where L  D, maximising the variance

of the projected data. Because the resulting principle components are orthogonal, there is no

multicollinearity between them. In this section, PCA was used to understand how many orthogonal

components make up the full set of PMC event data and whether applying PCA to the input

features is e↵ective in improving model stability.
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(a) Arm Cortex-A7 events ordered by event ID

(b) Arm Cortex-A7 PMC events ordered using the results from the HCA (see Figure 4.17)

Figure 4.10: Arm Cortex-A7 PMC event correlation matrices. Shading shows the event correlation.
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(a) Arm Cortex-A15 events ordered by event ID

(b) Arm Cortex-A15 PMC events ordered using the results from the HCA (see Figure 4.16)

Figure 4.11: Arm Cortex-A15 PMC event correlation matrices. Shading shows the event correlation.
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The input was the matrix, X which was a n⇥ p matrix. Each column (containing the observations

for a single feature, or predictor) was denoted xp, and the mean for each column is given by:

x̄p =
1

n

nX

i=1

xi,p (4.4)

and the standard deviation is given by:

�p =

vuut 1

n� 1

nX

i=1

(xi,p � x̄p)2 (4.5)

Mean normalisation and feature scaling was first applied:

xi,p =
xi,p � x̄p

�p
(4.6)

X was then transposed and the covariance matrix, ⌃, was then calculated using:

⌃ =
1

n

nX

i=1

(xi)(xi)
T (4.7)

Or, in vector form:

⌃ =
1

n
(X⇤)X (4.8)

Where the conjugate transpose, X⇤, is equivalent to the regular transpose, XT , in this case. The

resulting ⌃ is an n⇥n matrix. The correlation matrix was also tested and produced similar results.

The eigenvalues and eigenvectors of ⌃ are then calculated. The eigenvectors are ordered by their

eigenvalue to form U , which is an n⇥ n matrix where each column is an eigenvector (u):

U =
⇣
u1 u2 . . . un

⌘
(4.9)

The first L vectors are selected to reduce to L dimensions. This new matrix is called Ur.

z = U
T
r X (4.10)

To obtain the approximation from the reduced (compressed) data:

X̂ = Urz (4.11)

Typically, the minimum value of L that retains 90%, 95% or 99% of variance is used, depending on

the application, although there is no definitive rule [297, 213, 295]. PCA was first applied to the

PMC event exploration experiment data (experiment repeated to capture all PMCs at the single

DVFS level of 1000 MHz) and it was found that only 21 principle components are required to

capture 99% of the variation in the full set of 66 PMC events (Figure 4.12). However, while these

21 components capture > 99% of the variance in the full set of PMC events, it is not known how

much of this information is useful in predicting the power consumption.
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Figure 4.12: Explained variance and cumulative explained variance for each principle component
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Figure 4.13: Explained variance and cumulative explained variance for each principle component

It was proposed that PCA could be applied to the seven (including the cycle counter) PMC events,

identified as being useful in predicting power, to remove the multicollinearity. For example, PCA

was applied to the seven PMC events chosen in the latter parts of this section. The first principle

component alone captured over 45% of the variance in all seven PMC events, and five principle

components captured 95% of the variance in all seven PMC events (Figure 4.13). When the principle

components were used to build the model instead of the seven chosen PMC events, the cross-

validated MAPE was the same (2.811% with PCA, 2.813 without PCA) while the VIF of the input

features was reduced from 2.25 to 1.00. All principle components were statistically very significant

(p < 0.0001).

While PCA was e↵ective in removing multicollinearity, the components of the model lose their

physical meaning. Furthermore, the inputs are compressed without any information from Y (i.e.

valuable information regarding Y may be discarded). Moreover, PCA adds overhead to run-time

power estimation. For these reasons, other methods of removing multicollinearity were explored in

the remainder of this section.

Instead of using PCA for feature extraction, the resulting loadings can be used for selecting the

inputs features. However, this selection method does not consider how useful each component is to

predicting the power consumption specifically.
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4.3.4 Event Clustering

Unsupervised machine learning techniques were used to understand the relationships between the

di↵erent events within the CPU and the complex behaviour of the di↵erent workloads used to

exercise them. Such techniques discover clusters, sub-classes or groups of similar observations in

the unlabelled data, providing insights into relationships within the data. These techniques were

used to classify PMC events in this chapter and are used to group workloads in Chapter 6.

The most commonly used clustering technique is the k-means algorithm [212, 90] which was tested

first. It groups the data points into K cluster centroids using the following steps:

1. Initialising the K cluster centroids (µ0,µ1, . . .µK�1) in random locations

2. Iteratively:

(a) Assign each observation in X to the nearest centroid (distance measured using the Eu-

clidean distance, see Equation 4.12);

(b) Move the position of each centroid to the mean position of all of the observations assigned

to it (a typical approach to the case of there being no observations assigned to a centroid

is to remove that centroid. An alternative is to re-initialise this centroid to a random

location);

(c) The process is repeated until there is little or no change in µi

A typical approach to randomly initialising the cluster centroids is to randomly selectK observations

and setting these as the locations. The algorithm can converge to local optima and it is therefore

common practice to run the algorithm multiple times and then selecting the solution that gives the

lowest cost, J .

It was found that k-means was not well suited for the task of classifying PMC events for several

reasons. Firstly, the algorithm had a tendency to produce equal-sized, spherical, clusters, which

is not appropriate for this problem; it is expected that a large group of PMC events are related,

while others belong to much smaller groups. Mahalanobis distance has been shown to be e↵ective

when the clusters are expected to be elliptical in shape, but has challenges with both performance

and initialisation, and it requires some prior information about the geometric characteristics of the

input data to perform well [143, 192, 188, 57, 82, 202].

Additionally, the k-means algorithm does not provide any intuition for an appropriate value of K,

which must be supplied as an input. There are several statistical and visual techniques for guiding

a selection of K, such as the “Elbow” method and cross-validation [110], but there is no consensus

on one that works e↵ectively across many scenarios and they make assumptions on the distribution

of the underlying data [230, 290]. The selection of K is ambiguous as there must be a penalty for

selecting higher numbers of clusters, as the maximum accuracy is obtained when each observation

is in its own cluster. Despite the k-means algorithm being published over 50 years ago, developing

an algorithm to select a suitable value of K across multiple scenarios is the topic of continuing

research [172, 226, 94, 312, 325, 328]. Another disadvantage of the k-means method is its sensitivity

to the initialisation of the centroids and finding new approaches to improve initialisation is also the

subject of recent works [66, 261, 240, 164, 300].

Finally, the euclidean distance, which is the standard and most popular distance metric used for k-

means clustering [202], was found to not be e↵ective for clustering PMC event data and yielded poor
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results, even after standardisation of the input features. Some works have modified the standard

k-means algorithm to make it more applicable to a wider range of clustering problems by utilising

di↵erent distance metrics. For example, Xing, Ng, Jordan and Russell [316] present a method for

incorporating distance learning to k-means and show how it can improve clustering performance

when compared to standard k-means using a fixed euclidean distance. Su and Chou [202] present

a novel distance metric based point symmetry that overcomes the shortcomings of Mahalanobis

distance.

Unlike the k-means algorithm, Hierarchical Cluster Analysis (HCA, also known as hierarchical

clustering) is hierarchical, where clusters can have sub-clusters, which can in turn have sub-clusters,

and so on. The PMC data, which counts events related to CPU components and sub-components is

hierarchical in nature, as opposed to flat. Hierarchical clustering also avoids the problem of selecting

the number of clusters altogether.

For clustering of PMC events and workloads using PMC event data, it was found that using Pear-

son’s correlation (Equation 4.14) without feature standardisation was more e↵ective than using

euclidean distance with (or without) standardisation or Manhattan distance (Equation 4.13) with

(or without) standardisation. This is because there is a very large disparity between event rates,

for example, L2 memory events occur significantly less frequently than CPU execution events. For

identifying clusters of workloads based on PMC data, it is desirable to group workloads where the

pattern of events, across all events, is similar; the absolute rates are not important.

deuc(x, y) =

vuut
nX

i=1

(xi � yi)2 (4.12)

dman(x, y) =
nX

i=1

|(xi � yi)| (4.13)

dcor(x, y) = 1�

Pn
i=1(xi � x̄)(yi � ȳ)pPn

i=1(xi � x̄)2
Pn

i=1(yi � ȳ)2
(4.14)

Specifically, agglomerative (bottom-up) hierarchical clustering was used and nearest neighbour al-

gorithm, using single linkage, was employed, which uses the following distance measure:

dmin(Di,Dj) = min(x,x0 : x 2 Di,x
0
2 Dj) (4.15)

At the start of the algorithm, each element is in its own cluster and at each step two clusters (that

contain the closest pair of elements that are not already in the same cluster) are combined. The

end of the algorithm is when all elements are in the same cluster. For single-linkage clustering, the

distance between two clusters is defined by the two elements between the clusters that are closest. In

contrast, the farthest-neighbour algorithm (complete linkage clustering) uses the distance between

the two pairs in each cluster that are furthest away from each other. One advantage of complete

linkage is that it generally results in clusters that are compact and roughly equal in size, and avoids

the chaining e↵ect which can occur with single linkage clustering [90]. However, single linkage

proved e↵ective for both identifying groups of workloads and identifying groups of events.

Because it is hierarchical, the number of clusters does not have to be decided in advance, and the
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(b) With defined clusters

Figure 4.14: Dendrogram Example

Figure 4.15: Dendrogram showing PMC Event clustering. Clusters formed by “cutting” the den-
drogram at a similarity metric of 0.18.

results are viewed as a tree in the form of a dendrogram (Figure 4.14a), which has the dissimilarity

index on the y-axis and the observations (or samples) on the x-axis. The lower a common branch

of a set of samples, the more closely they are related. To split the samples into a distinct number

of clusters, the dendrogram is “cut” at a desired level on the dissimilarity scale. Unique branches

under this “cut” are designated as clusters. For example, Figure 4.14b shows the three clusters that

result when the dendrogram is cut at k = 4.

The dendrogram showing the results of the HCA of the PMC events was plotted and a suitable
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Figure 4.16: Correlation of each Arm Cortex-A15 PMC event with power, grouped, coloured and
labelled by cluster number, with PMC events chosen by the automated algorithm labelled in bold
font

clustering threshold was identified manually using visual inspection to obtain an appropriate number

of clusters (Figure 4.15). One observation was that the L1D TLB store misses (0x4D) has high

dissimilarity with the other PMC events. The instructions retired (committed, 0x08) and the

instructions speculatively executed (0x1B) are closely correlated, despite their absolute values being

significantly di↵erent, as expected. The fact that L1D TLB LD refills (0x4C) and L1D TLB (LD or

ST) refills are in the same group together suggests that there are more L1D TLB LD misses than

ST misses occurring in the training set. Through applying the same logic, there are more unaligned

loads (0x68) speculatively executed than unaligned stores. L1D cache misses and L2 cache accesses

are highly correlated (as expected).

The HCA results provided insights into PMC behaviour among the training workloads and aids

the feature selection. For example, based on insights from the dendrogram, including both the

cycle count event (0x11) and bus cycles (0x1D) would be ine↵ective and problematic as they are

closely related; they contain repeated information meaning that the model would not benefit from

having both events instead of just one of them, and including both events would likely cause severe

multicollinearity issues.

Selecting events from di↵erent clusters therefore results in diverse information being provided to

the model about the current operation of the CPU.

However, the information gained from HCA does not aid in understanding whether events are

useful in predicting the power consumption. The Pearson product-moment correlation coe�cient

was used to calculate the linear correlation of each PMC event with the CPU power consumption

(see Section 3.8). The correlation was then combined with the HCA results (Figure 4.16). It

was observed that PMC events with a very high correlation with power (>0.75) were all in the

same cluster, highlighting how choosing PMC events on correlation alone results in similar events,

which means the model will have intercorrelated inputs that only provide it with a narrow range of

information.
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Figure 4.17: Correlation of each Arm Cortex-A7 PMC event with power, grouped, coloured and
labelled by cluster number, with PMC events chosen by the automated algorithm labelled in bold
font

1: procedure select events(allEvents, no.Events)
2: selectedList  cycleCountEvent
3: while length(selectedList) < no.Events do
4: for pmcEvent in allEvents do
5: build model(selectedList + pmcEvent)
6: if newR2 > bestR2 then
7: bestEvent  pmcEvent
8: bestR2

 newR2

9: end if
10: end for
11: append bestEvent to selectedList
12: end while
13: return selectedList
14: end procedure

Figure 4.18: Algorithm of the first stage of the PMC event selection method

While Figure 4.16 makes it straight-forward to observe the HCA groupings and the correlation with

power simultaneously, it is important to refer back to the dendrogram simultaneously. For example,

note that three events in cluster 13 have a significantly lower correlation (0x12, 0x78, 0x76). These

events are all related to program control flow and the dendrogram shows these three events to be

highly correlated and in a sub-group of cluster 13. Furthermore, the automated selection approach

presenter later chooses three events from cluster 13. However, when consulting the dendrogram,

there is high dissimilarity between these three events (0x11, 0x73 and 0x1B) of the same group.

A good PMC selection is made by choosing PMC events that have a high correlation with power,

but avoiding repeatedly selecting events from the same cluster. However, a decision of how many

clusters to group the PMC events into and how much to prioritise clustering or correlation has to

be made, requiring intuition and further experimentation.
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4.3.5 Variance Inflation Factor

To quantify multicollinearity (and therefore give an indication of the coe�cient stability) the Vari-

ance Inflation Factor (VIF) for each PMC event was calculated. To find the VIF for a particular

independent variable, an ordinary least squares (OLS) linear regression model is built to predict

that variable (i.e. making it the dependent variable) using the others (as independent variables).

The resulting R2 value from the model is used to calculate the VIF:

VIF =
1

1�R2
(4.16)

A VIF of one, for example, indicates that there is no correlation between that independent variable

and the others. If an independent variable has a VIF of 10, for example, it would indicate that

the variance of that predictor coe�cient is 10⇥ larger (and the standard error of that predictor

coe�cient is therefore 3.2⇥ [square root of 10] larger) than if there was no multicollinearity present.

It is widely considered that, as a general rule of thumb, a VIF over five or ten [162, 146, 266, 77, 63]

indicates that there are strong multicollinearity problems.

A set of PMC events should therefore be carefully chosen to provide the model with the largest

possible amount of unique information useful for predicting the power, without providing duplicated

information which results in multicollinearity; this is key to building an accurate and stable model.

Choosing PMC events solely on their correlation with the overall CPU power, for example, results in

a poor model because PMC events that correlate well with power also correlate well with each other,

starving the model from valuable information contained in other events and causing multicollinearity

problems.

4.3.6 Automated PMC Event Selection Method

A simple, two-stage, automated method for selecting optimum PMC events that provide the model

with the largest possible amount of information for predicting power with minimum multicollinearity

was developed using the knowledge from the HCA and VIF analysis.

The first stage uses the forward stepwise regression automatic search method to select features

one-by-one, that add the largest insight into power consumption given the previously selected PMC

events (Figure 4.18). At each step, a new feature is added to the model. A series of regression

models were developed, testing each of the candidate features in turn. The R2 value was the primary

optimisation metric used to select the new feature, while the VIF and P-value for t* statistic were

also monitored and the chosen feature discarded if either one was unacceptably large (e.g. 20 and

0.01 respectively).

The previous analysis showed that the Cycle Count (0x11) should always be included in the selected

set of PMCs as it contains unique information that is useful for predicting the power. Therefore,

by adding the Cycle Count to the list of selected PMCs first (line 2, Figure 4.18) one can find a

superior set of PMC events because the remainder of the algorithm finds the optimum events given

the information in the Cycle Count. The algorithm then finds the next best PMC event to add to

the set of model inputs by building a regression model to predict power for each additional PMC

event with the existing selected PMC events also as inputs. The PMC event that results in the
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and VIF after transformation in Stage 2

most improved R2 value is then added to the selection. For the Cortex-A15 example, the algorithm

chooses the seven PMC events (highlighted in bold in Figure 4.16) from five di↵erent clusters and

the chosen events do not necessarily have a high correlation with power, with one chosen event

having a correlation as low as 0.36 (UNALIGNED LDST SPEC:0X6A).

Figure 4.19 shows how the R2 and the Adjusted R2 (adjusted for the number of predictors in the

model) increase as each selected PMC event is added to the model (one-by-one), while the VIF

(indicating the presence of multicollinearity) also increases. After choosing the fifth event (0x73)

the VIF suddenly increases to a value over five (indicating multicollinearity problems) while the R2

and Adjusted R2 only marginally increase, suggesting that four PMC events (including the Cycle

Count) is an optimum number to choose. However, by not utilising all seven available counters the

model is not making use of all of the available information. Furthermore, from building the model

(Section 4.4) with di↵erent numbers of PMC events, it was found that, despite only a marginal

increase in R2, there was a significant decrease in average error between using four and seven

counters (see the Error after trans. line in Figure 4.19). To utilise the full seven available PMC

events, the multicollinearity had to first be further reduced.

The second stage of the PMC event selection method takes the result of the first stage and further

reduces multicollinearity allowing the model to use as many events as possible (therefore obtaining

as much information as possible and improving accuracy) while maintaining stability. Table 4.1

shows the chosen PMC events from stage 1 for the cortex-A15 model presented in this chapter,

along with the VIF and cluster number for each one, which was calculated using the full set of 60

workloads.

The method first identifies relationships between specific PMC events that contribute significantly

to the multicollinearity within the chosen set of PMC events using the VIF. As each PMC event is

added to the model, the collinearity between that event and the existing events can be understood

by monitoring the change in the individual VIFs for each PMC event. In the example of the
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Table 4.1: First seven selected events for the Cortex-A15 with their corresponding cluster number
and VIF from Stage 1

Event Hex Event Name Cluster VIF

1 0x11 CYCLE COUNT 13 2.12

2 0x1B INST SPEC 13 17.5

3 0x50 L2D CACHE LD 8 1.87

4 0x6A UNALIGNED LDST SPEC 4 1.88

5 0x73 DP SPEC 13 13.3

6 0x14 L1I CACHE ACCESS 14 2.23

7 0x19 BUS ACCESS 9 1.50

Cortex-A15 model, Figure 4.19 shows that the VIF rises significantly when event 0x73 (DP SPEC)

is included in the model. By looking at Table 4.1 (which shows the VIF of each individual PMC

event when all seven events are included in the model together) it can be seen that event 0x1B and

0x73 both have particularly high VIFs. This indicates that the increase of the average VIF among

all of the selected events is caused by collinearity between these two events.

Once strong collinearity between specific events has been identified, a transformation to remove the

repeated information needs to be made. In the case of the Cortex-A15 example, PMC event 0x1B

counts all instructions speculatively executed and PMC event 0x73 counts the integer instructions

speculatively executed, which means that event 0x73 is also counted within event 0x1B. Both events

are required; one of the events cannot be derived without the other, but the repeated information

leads to multicollinearity. Therefore, one should transform event 0x1B into 0x1B-0x73; no informa-

tion has been lost but the duplicated information has been removed. The VIF (after trans.) line

shows how the VIF remains low (well below five) after making this transformation, indicating that

the multicollinearity has been significantly reduced. In fact, after making this transformation, it

would be possible to use up to ten PMC events while maintaining acceptable VIFs (of course, at

run-time only seven events can be simultaneously used).

As the eleventh PMC event (instructions retired, 0x08) is added, the VIF increases dramatically

once more. This is because 0x08 is also in cluster 13 (Figure 4.16) and is closely related to event

0x1B (Figure 4.15).

Reducing the multicollinearity in this second stage has made it possible to utilise information from

all six PMCs (and the cycle counter), almost halving the average error from over 5% to less than

3%, without sacrificing stability. Being able to monitor only six PMC events simultaneously is not

a significant limitation; as the number of events added to the model increases, the improvement

in accuracy decreases (Figure 4.19). The presented generic methodology allows an appropriate

number of PMC events for a particular CPU to be found by measuring the trade-o↵ between VIF

and average error.

Table 4.2 shows the final seven chosen events for the Cortex-A15, with their corresponding VIFs

after the transformations, while Table 4.3 shows the final selected events for the Cortex-A7. In the

case of the Cortex-A7, no transformations were required as the VIFs after Stage 1 were acceptable.

Comparing the HCA-correlation analysis between the Cortex-A15 and Cortex-A7 (Figure 4.17)

shows how the fundamental di↵erences in the micro-architecture a↵ect the PMC event selection

decisions. For example, in the case of the Cortex-A7, the L1I cache accesses are closely related to



4.3. Feature Selection 95

Table 4.2: First seven selected events for the Cortex-A15 after Stage 2 transformations

Event Hex Event Name Cluster VIF

1 0x11 CYCLE COUNT 13 2.12

2 0x1B - 0x1B INST-DP SPEC 13 3.96

3 0x50 L2D CACHE LD 8 1.87

4 0x6A UNALIGNED LDST SPEC 4 1.88

5 0x73 DP SPEC 13 2.21

6 0x14 L1I CACHE ACCESS 14 2.23

7 0x19 BUS ACCESS 9 1.50

Table 4.3: First five selected events for the Cortex-A7 with their corresponding cluster number and
VIF from Stage 1

Event Hex Event Name Cluster VIF

1 0x11 CYCLE COUNT 5 3.76

2 0x14 L1I CACHE ACCESS 6 2.16

3 0x16 L2D CACHE ACCESS 10 1.50

4 0x13 MEM ACCESS 5 2.21

5 0x0F UNALIGNED LD ST 14 1.03

the instructions executed (Figure 4.17), and therefore selecting instructions architecturally executed

(0x08) in addition to this event only provides redundant data and causes multicollinearity problems.

However, in the case of the Cortex-A15, the L1I cache accesses (0x14) are in a separate cluster to

both the instructions architecturally executed and the instructions speculatively executed (0x1B, see

Figure 4.16). Both 0x14 and 0x1B are selected because they add unique information regarding the

power consumption and are not highly correlated. This is because of the more sophisticated fetch

and prefetching mechanisms in the out-of-order Cortex-A15 and the large power impact of accessing

the instruction cache. Note that unaligned loads and stores had a significant energy impact on both

the in-order Cortex-A7 and the out-of-order Cortex-A15.

4.3.7 Demonstration of Model Stability

To demonstrate the importance of stability and carefully selecting PMC events, a model is built

using a di↵erent set of PMC events that do not consider variance inflation (CYCLE COUNT:0x11,

L1I TLB REFILL:0x02, MEM ACCESS:0x13, L1D CACHE ACCESS:0x04, INSTR RETIRED:0x08,

ASE SPEC:0x74, VPF SPEC:0x75). These choices reflect similar counters to those proposed in

works on desktop and server systems and appear to be reasonable, intuitive choices [244, 243].

However, the average VIF of these events is 1.68⇥107 and the coe�cients change significantly when

building the model with di↵erent sets of workloads because they are unstable (note that the last

two events do not contribute to the multicollinearity problems). Figure 4.20 compares a model built

with these unstable PMC events and an otherwise identical model built using the results from the

proposed PMC event selection method. The errors of these two models have been calculated over

a variety of training and testing workload sets, all of which use k-fold cross-validation with k = 10

(the building and validation process is described in detail in Section 4.4).
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Figure 4.20: Comparison of a model with unstable PMC events and one with stable PMC events
selected with the proposed methodology. Tested with di↵erent training and testing data sets. (S.T
= small typical, S.R = small random, F = full set of 60 workloads)

With a limited set of 20 ‘typical’ (MiBench and MediaBench) training and testing workloads (a

typical scenario in related work [145, 243, 33]) both models obtain a small error (A bars). How-

ever, when 40 unseen workloads are added to the testing set, the error of both models increases

significantly, from 1.5% to 7.2% in the case of the ‘stable’ selection (blue C bar). The small set of

relatively similar workloads does not provide either model with enough information for predicting

the full (and diverse) set of 60 workloads. This demonstrates how using a small, limited set of

workloads for both training and validation results in a poor model which actually appears to be

very accurate.

With a limited set of 20 ‘random’ (a random selection from the diverse set of 60 workloads) training

and testing workloads, the model with an unstable (red model) PMC event selection performs poorly

compared to the model with the stable PMC event selection (blue model) due to the diversity in

testing workloads (B bars). Furthermore, when 40 unseen workloads are added to the testing set,

the red model has a large error of 8.7% while the presented blue model has a small error of just

3.4% (D bars), which is only 0.6% less than when it is trained with the full set of 60 workloads

(blue E bar).

To summarise, there are three key points from Figure 4.20: 1) training and testing with a small set

of workloads results in a poor model but with a very optimistic average error value; 2) training with

a limited set of typical and similar workloads results in the lowest error when tested on the same

set of workloads, but the highest error when tested on a large number of workloads (e.g. compared

to a limited set of diverse workloads); 3) the proposed stable PMC selection is far superior at

predicting a large number of diverse workloads outside of the training dataset and it makes e�cient

use of a limited, but diverse, training set. This benefit of stability comes from the fact that the

model coe�cients have lower errors and so the model better captures how each PMC event a↵ects

the overall power individually. A stable model is therefore able to make sensible estimation in

unfamiliar situations and is less prone to wild predictions. For example, when both models are

trained with 20 random (diverse) workloads and tested on 60, the blue model has a maximum error

of less than 15%, while the red model has a maximum error of over 45%. Stability is a crucial

quality of a run-time power model as it is impractical to represent the vast number of real-world

applications in a training dataset.
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Figure 4.21: PMC event selection cross-validation procedure

4.3.8 Monte Carlo Validation

Monte Carlo Validation (also known as Repeated Random Sub-Sampling Validation) was used to

test how well the PMC event selection methodology generalises to unseen observations. As data

from all PMC events was required, the PMC selection dataset, which contains the PMC event data

and power measurements from all 60 workloads run at a single DVFS level of 1 GHz, was used

(60 observations in total). The dataset was shu✏ed and the first 50 observations were provided to

the PMC event selection methodology (training), while the remaining 10 observations were used

for building and validating the power model using the selected events (testing). The process for

building the power model di↵ers from the method described later in this chapter in that only one

DVFS level is considered. This cross-validation method (Figure 4.21) was repeated 100 times and

the arithmetic mean of the results calculated.

The arithmetic mean of the Mean Absolute Error (MAE) of each iteration was 0.0050 W and the

standard deviation was 0.0023 W. The mean of the R2 value was 0.998 and the standard deviation

was 0.0057. The mean MAPE was 1.1%, while the median MAPE was 1.0%. Note that the MAPE

is lower than the final MAPE of the model due to the fact that only one DVFS level is modelled,

and that the validation technique of the coe�cient values (which is not being considered in this

analysis) is not as rigorous as the one used to validate the overall model.

In Chapter 6, the PMC events chosen in this chapter are used to build and validate a model where

over 50% of the workloads are new, and including workloads from the PARSEC and ParMiBench

benchmarking suites. A MAPE of 2.8% was achieved (the MAPE achieved in this chapter is also

2.8%), demonstrating that the chosen PMC events apply well to other workloads not considered in

the PMC selection training.

4.4 Model Formulation and Validation

This section describes the model building and validating stage which is the third step of the power

modelling methodology (Figure 4.1). Once the optimal events were obtained from Step 2 (Sec-

tion 4.3), the experimental setup (Section 4.2) was used to run the full set of 60 workloads at many

DVFS levels, with di↵erent numbers of cores being utilised, to extensively investigate as many op-

erating conditions as possible, on both the Arm Cortex-A7 and Cortex-A15. The out-of-order Arm

Cortex-A15 is used as an example to demonstrate the methodology and analysis in this section but

the final results for the Arm Cortex-A7 are also reported.
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4.4.1 Model Specification

The approach presented in Chapter 3, as well as many of the existing works (including [26, 244,

238, 33]), train a separate power model for each DVFS level. In this chapter, a single model is

developed that works across all DVFS levels by understanding the e↵ects of voltage and frequency,

and accounts for certain thermal e↵ects. This deeper understanding of how power in the CPU is

consumed allows the power consumption to be decomposed into contributing parts and is useful

for system optimisation and design-space exploration, as well as run-time power management (see

Chapter 6).

An important assumption in regression analysis is correct specification of the model (the assumptions

are summarised in Section 3.1.6). Therefore the equation was carefully developed considering the

various components of power consumption described in Section 2.1. Many existing works insert

features into OLS solvers without considering the specific relationship between them and the power

consumption (examples include [243, 284, 214]). To illustrate this, the following equation has been

adapted from [214]:

P = �0 + �1VDD + �2fclk + �3T + �4IPC + �5
INT

N
+ �6

VPF

N
+ . . .+

�9
(L2 REFILL)

N
+ �10(CPU User) + . . .+ �15(CPU SOFT IRQ)

(4.17)

There are several serious problems with this model equation. Primarily, the relationship between

the power consumption and the activity (indicated by the PMC events), frequency, voltage, and

temperature has not been specified correctly. From Equation 2.2 it was seen that the dynamic power

consumption is proportional to ↵CV 2
DDfclk. However, Equation 4.17 simply inserts a separate VDD

term and a separate fclk term. In the same fashion, a single temperature, T , term has been inserted

into the model in the hope that the model equation would then capture the e↵ect of temperature

on power consumption without considering the physical relationships between the temperature, the

other independent variables and the power consumption. The PMC events are inserted into the

model independently, despite their individual e↵ect on power to be dependent on the current voltage

and the frequency. An OLS estimator is only able to estimate the equation coe�cient estimates,

�̂, and is not able to automatically re-formulate the equation, combine related terms together,

or to insert polynomial values in order to create an equation that models the complex physical

relationships. Clearly, whatever the values of the coe�cients of �̂, Equation 4.17 cannot accurately

estimate power across multiple DVFS levels. Furthermore, the information from the coe�cients

10 . . . 15 is operating system data (found in the /proc/stat virtual file in Linux) that provides high-

level information about how CPU time has been spent and does not provide information on CPU

activity that is not already present in the PMC events used in the model, causing multicollinearity.

This misspecification leads to the erroneous conclusion that full-frequency models (i.e. a single

equation and set of coe�cients that works at every DVFS level) cannot achieve low errors (the

minimum full-frequency model error achieved by the authors for the Arm Cortex-A15 CPU was

19.95%, which is significantly higher than the error achieved in this chapter for the same platform)

and that having multiple models developed at individual DVFS levels is more appropriate.

In another example, the equation below is adapted from a power model of an Arm Cortex-A8 [243]:

P = �0 + �1fcpu + �2IPC + �3(�1 + �2) (4.18)
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Figure 4.22: Voltage (V) at each DVFS level

where �1 and �2 are the L1 and L2 cache miss rates (it is not specified whether �1 includes the

instruction cache and/or the data cache). The fcpu has been added as an independent term, despite

the power impact of the events (IPC, �1, �2) being dependent on it. Furthermore, the quadratic

relationship with voltage has not been captured.

A common assumption is that fclk can be used as a substitute for VDD in the equations (e.g. [243,

284]). However, as shown in Section 2.2.1, optimal fclk is not directly proportional to VDD. For

the development board considered in this chapter, the first seven DVFS levels (200 to 800 MHz,

inclusively) share the same voltage, while the increase in voltage thereafter is not directly propor-

tional to the operating frequency (Figure 4.22). Pathania et al. reported that only three voltages

were used for nine DVFS level on the mobile platform considered in their work on power and per-

formance modelling of mobile gaming workloads [225]. Because the dynamic power consumption

has a quadratic dependence on voltage, errors in the voltage assumptions significantly impact the

accuracy of the model.

The model equation presented in this chapter is based on the CPU power consumption equations

and theory presented in Sections 2.1 and 2.2. Statistical significance tests and analysis of the

residuals are also used to ensure correct model specification, resulting in a physically-meaningful

equation that calculates static and dynamic power separately and allows the power to be further

decomposed into its constituting parts (Equation 4.20). The CPU cluster power, Pcluster, was made

the dependent variable and includes all four cores of the cluster, the L1 caches, TLB hierarchy, and

the shared L2 cache. The M PMC event rates, E0...M�1 were used to estimate the dynamic power

consumption (as explained in Section 4.2, the PMC event rates were divided by the frequency,

fclk in pre-processing and so E contains no frequency information). Each PMC event rate, Em is

multiplied by V 2
DDfclk. Multivariate linear regression was then performed to estimate �̂ (using an

OLS estimator, see Section 3.1).

The static power consumption is proportional to the voltage, VDD, and the leakage current, Ileak.

In an overly-simplified equation, the power could be calculated using:

Pcluster =

 
M�1X

m=0

�mEmV 2
DDfclk

!

| {z }
dynamic activity

+�aVDD + �b| {z }
static

(4.19)
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This equation assumes that all of the dynamic power is indicated by the PMC events and that the

static power consumption is only dependent on VDD. However, these assumptions are false and a

model using this equation performs poorly.

Other component variables were added to the model and the residuals (discussed later in Sec-

tion 4.4.2) and statistical significance tests were used to evaluate the impact on the model. This

approach identified that a constant (at a particular DVFS level) dynamic component was present.

This meant that the model required terms related to fclk that were not related to PMC event inputs.

This constant background (B.G.) dynamic power component is labelled as BG dynamic.

Section 2.1 described how the sub-threshold and band-to-band tunnelling leakage current com-

ponents (Isub and Ibtbt, respectively) are temperature dependent. The models presented in this

chapter assume that no thermal sensors are available to the run-time power model but must still

compensate for the e↵ects of temperature (the CPU temperature is recorded in the experimental

data). Assuming a stable ambient thermal environment, VDD, fclk and the dynamic activity have a

significant influence on the CPU temperature, T . Therefore, the static power equation must include

terms related to VDD and fclk in order to absorb the e↵ects of temperature on the static power

consumption, Pstatic. The equations in Section 2.1, significance tests, and residual plots were used

to identify suitable components, taking care to not over-fit the model. Computationally simpler

components were selected (e.g. V 3 instead of log(V )) if there was little benefit in using the more

computationally complex ones. Chapter 5 contains a more detailed analysis of the thermal com-

pensation, including an evaluation of the model error without thermal compensation, with thermal

compensation, and using the measured temperature.

With the B.G. dynamic power component and the terms to absorb the e↵ect of temperature, the

model becomes:

Pcluster =

 
M�1X

m=0

�mEmV 2
DDfclk

!

| {z }
dynamic activity

+ f(VDD, fclk)| {z }
static and B.G. dynamic

(4.20)

where f(VDD, fclk) contains functions of both VDD and fclk. The specific independent variables

(and their estimated coe�cients) for the Arm Cortex-A15 cluster are presented in Table 4.4.

The experimental setup measures the total power of the cluster, constituting of the four cores,

their respective L1 caches and the shared L2 cache. The model was therefore formulated to predict

the power of the overall cluster as this could be directly validated. However, in the training set

di↵erent numbers of cores were utilised and the results show that the overall cluster power can be

estimated accurately without knowing how much each individual core is individually utilised. The

active dynamic power contribution from each core and its L1 cache (including the e↵ect it has on

the shared L2 cache) can therefore be calculated by substituting the cluster-wide events with the

fraction for a particular core.

The model equation splits the dynamic activity from the rest of the components. Therefore, if the

model was correctly specified, then it would be possible to train the model by running all of the

workloads at just a single DVFS level and then provide single observations (e.g. idle) at the other

DVFS levels. Furthermore the enhanced model stability allows the model to be trained with fewer

workloads, provided the training workloads are diverse. These two qualities were combined and the

model was trained using 50% of the training workloads and running these workloads at 1000 GHz

only and providing single idle (sleep) observations at the other DVFS levels. Experiment time
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Table 4.4: Cortex-A15 CPU model coe�cients, d = V 2f

Component Type Term Coe↵. Low. C.I. Upp. C.I. p-Value

Static and B.G. Dynamic Intercept -7.53e+2 -8.86e+2 -6.19e+2 p < 0.0001

Dynamic Activity 0x11⇥d 5.72e-10 5.55e-10 5.90e-10 p < 0.0001

Dynamic Activity (0x1b-0x73)⇥d 7.30e-10 6.94e-10 7.66e-10 p < 0.0001

Dynamic Activity 0x50⇥d 8.12e-9 7.40e-9 8.84e-9 p < 0.0001

Dynamic Activity 0x61⇥d 1.61e-8 1.46e-8 1.75e-8 p < 0.0001

Dynamic Activity 0x73⇥d 8.57e-11 6.27e-11 1.09e-10 p < 0.0001

Dynamic Activity 0x14⇥d 1.09e-9 9.97e-10 1.17e-9 p < 0.0001

Dynamic Activity 0x19⇥d 2.50e-9 2.22e-9 2.79e-9 p < 0.0001

Static and B.G. Dynamic f 1.52e-1 1.16e-1 1.87e-1 p < 0.0001

Static and B.G. Dynamic V 2.50e+3 2.07e+3 2.94e+3 p < 0.0001

Static and B.G. Dynamic V f -6.03e-1 -7.27e-1 -4.78e-1 p < 0.0001

Static and B.G. Dynamic V 2 -2.77e+3 -3.25e+3 -2.30e+3 p < 0.0001

Static and B.G. Dynamic V 3 1.02e+3 8.47e+2 1.12e+3 p < 0.0001

Static and B.G. Dynamic fV 3 -3.14e-1 -3.71e-1 -2.57e-1 p < 0.0001

Table 4.5: Model formulation experiment speedup when exploiting smart model formulation and
enhanced stability

Avg. Error (%) Experiment Time (hours) Workloads

Slow 2.8 40 60

Fast 3.4 0.42 (25 min.) 30

(time taken to run and collect the training observations) was reduced by 96⇥ while the MAPE only

increased by 0.6% (Table 4.5). It is believed that this small error increase could be further reduced

by using a controlled thermal environment, as the idle observations are largely made up of static

power consumption and are therefore particularly sensitive to temperature changes. Single active

workload observations could also be used to help minimise the error di↵erence further. Not only

does this demonstrate the robustness of the model formulation and the advantage of stability, but

the reduced experiment time (and reduced amount of resulting data) has an important practical

benefit.

4.4.2 Analysis of Residuals

A fundamental and necessary part of building linear regression models is the inspection of the

residuals (residuals are introduced in Section 3.1.2), which must be done in order to determine

whether the model is valid and the assumptions for the linear regression model (see Section 3.1.6)

have been met [201]. Yet, despite this, very few related works (the only known exceptions are [71],

[314] and [284]) present or discuss the residuals, which need to be checked before other model

statistics can be trusted and interpreted.

The mean of the residuals should be zero:

ē =

Pn
i=1 ei
n

= 0 (4.21)
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Furthermore, the variance of the residuals is defined as follows [162]:

s2 =

Pn
i=1(ei � ē)2

n� 2
=

Pn
i=1 e

2
i

n� 2
=

RSS

n� 2
= MSE (4.22)

(Note that the residual sum of squares, RSS, is sometimes known denoted SSE or SSR, as described

in Section 3.1.4).

Identifying Outliers and Influence

A fundamental step in regression analysis is to determine if the model is heavily influenced by one

or more observations in the training set. While identifying outliers is trivial when two independent

variables are used, it becomes challenging with more independent variables as univariate outliers

may not be extreme in a multivariate regression model, and some multivariate outliers may not be

detectable on univariate analysis [162].

The residuals can be used to identify outliers. A typical way to standardise residuals for outlier

detection is to calculate the semi-studentised residuals:

e⇤i =
ei � ē
p
MSE

=
ei

p
MSE

(4.23)

However, the variance of the residuals typically varies significantly even when the original obser-

vations all have the same variance, �2, because the precision of the fitted values depends on the

pattern of covariate values [245]. The above equation is only considered semi-studentised because
p
MSE is not an estimate of the standard deviation of the residual, ei.

It is therefore useful to studentise each residual by dividing it by an estimate of its standard

deviation. In order to calculate the studentised residuals, r, the projection matrix, H, (also known

as the hat matrix, defined in Section 3.1.3) is used.

If the model is appropriate, the MSE is an unbiased estimator of the variance of the error terms,

�2 (see equation 3.31 on 40).

Furthermore, it was shown in Section 3.1.4 that:

var(e) = �2(I �H) (4.24)

Therefore:

var(ei) = �2(1� hii) (4.25)

where hii is the ith diagonal element of the projection matrix.

The studentised residuals (also known as the internally studentised residuals), are therefore given

by [162, 245]:

r⇤i =
ei

�̂
p
1� hii

(4.26)

and consider the magnitude of each residual, relative to its standard deviation. This assumes that

the assumption of homoscedasticity is respected (see Section 4.4.2).



4.4. Model Formulation and Validation 103

A refinement to the studentised residuals, r, is the studentised deleted residuals, t (also known as

the externally studentised residuals). However, the (internal) studentised residuals were adequate

for this purpose.

A common rule of thumb is that studentised residuals with absolute values over two or three are

considered outliers and have significant influence on the regression fit.

The workloads cstm bmp and openmp mem spd result in the largest positive residuals and cstm int,

cstm fp and cache (from LMbench) had the largest negative residuals. Furthermore, the studentised

residuals tended to be larger at higher frequencies and when larger numbers of cores were utilised

(which is addressed in Section 4.4.2).

While the outliers are unusual dependent variable values, the leverage measures unusual influence

of predictor values. The diagonal elements, hii, of the projection matrix, H, are the leverage values.

All values of hii have values between 0 and 1, where a value close to zero indicates low influence

and a value close to one indicates high influence. As a rule of thumb, if the leverage value, hii, is

more than twice as large as the mean leverage value, h̄, it is considered large. The mean leverage

value is given by [161]:

h̄ =

Pn
i=1 hii

n
=

p

n
(4.27)

Another rule of thumb suggests that a hii between 0.2 and 0.5 indicates moderate leverage while a

value greater than 0.5 indicates very high leverage.

After detecting outliers, the next step was to understand whether these outliers are influential.

Cook’s distance was used to understand how far the predicted values would move if the model were

to be fit without the detected outliers. Cook’s distance, Di, for the e↵ect of the ith case on all fitted

values, n, is given by [161]:

Di =

Pn
j=1(ŷj � ŷj(i))

2

ps2
(4.28)

where yj(i) is the fitted dependent variable when excluding i and s2 is the mean squared error (MSE)

of the regression model. Alternatively, in matrix form:

Di =
(ŷ � ŷ(i))

T (ŷ � ŷ(i))

ps2
(4.29)

In order to calculate the Cook’s distance without having to fit the model for each i, the following

expression was used:

Di =
e2i
ps2


hii

(1� h2
ii)

�
(4.30)

Observations with the largest studentised residuals, leverage and Cook’s distance were at the highest

DVFS level (again, this is addressed in Section 4.4.2). The workloads with the largest influence on

the fit were (Figure 4.23):

• 1403: cstm bmp

• 1404: cstm int

• 1402: neon mul

• 1382: bitcount
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Figure 4.23: Influence plot. Point diameter is proportional to Cook’s distance

• 1438: openmp mem spd

Clearly, there are observations that are influential due to their leverage (e.g. 1402, 1382) and

others due to large studentised residuals (e.g. 1403). Some observations have high leverage but

low influence (e.g. 1259, openmp mflops). Note that the leverage values are all below the value

generally considered to indicate moderate leverage (0.2). However, many of the studentised residuals

are greater than three (indicating outliers).

Analysis of outlying and influential observations is a crucial step in regression analysis that is

overlooked in the existing power modelling works. However, this step is not automatic and requires

intuition.

Removing the five workloads detected as being influential increases the R2 value from 0.997to 0.998

and reduces the cross-fold validated MAPE from 2.8% to 2.4%. However, there is no objective

reason for removing these workloads from the training set and they are not caused by measurement

error. Three of the five workloads were created specifically to exercise the CPU in a diverse fashion

for improving coe�cient stability. Reducing the outliers and their influence in this situation would

require collecting more PMC events to better capture the complex workload behaviour’s influence

on power consumption.

In other words, analysis of studentised residuals, leverage and Cook’s distance has identified work-

loads that are not well captured by the selected PMC events.

Normality of Error Terms

In OLS it is typically assumed that the errors have a Gaussian (normal) distribution (Section 3.1.6).

A histogram plot of the (internal) studentised residuals was plotted with a Gaussian distribution

line superimposed using the mean and variance of the residuals (Figure 4.24). It can be observed

that the histogram of the residuals does not match this Gaussian curve; there is a higher proportion

of smaller residuals than expected if the distribution were Gaussian.

A normal probability, also known as a normal quantile-quantile (Q-Q) plot, was created by plotting

each studentised residual against its expected value according to the normal distribution (Fig-
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Figure 4.24: A histogram plot of the (internal) studentised residuals with a modelled Gaussian
distribution superimposed

Figure 4.25: Normal probability plot of the studentised residuals

ure 4.25). The two sets of quantiles were plotted against each other and so a straight line plot

would suggest an agreement with normality (though the ends of the line deviating from the line

slightly is typical) [161, 101].

Both the histogram and the inverted s-shape of the normal probability plot show that the distri-

bution is over-dispersed compared to the normal distribution, having heavy tails (positive excess

kurtosis). This is also known as a leptokurtic distribution.

The assumption of normal distribution of the residuals is not necessary if the model equation is

correct and its only use is to estimate its coe�cients and generate predictions, as is the case for this

model. However, the calculation of the confidence intervals and the significance tests assume nor-

mally distributed errors [210]. Furthermore, the residuals can appear to not be normally distributed

because of a misspecified model or non-constant error variance (heteroscedasticity, identified and

addressed later in this chapter).
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Checking the Residual Plots

The model:

y = X� + ✏ (4.31)

can be written as:

response = deterministic + stochastic (4.32)

where the deterministic part is explained by the independent variables in the model and the stochas-

tic part is unpredictable.

If the model was correctly specified and the independent variables contained all the required informa-

tion, then the error would only be made up of inherent randomness of a real-world phenomenon [197].

As only six PMC events and the cycle count can be monitored simultaneously, there will be error

due to missing information regarding the CPU operation. Furthermore, it is not possible to capture

the full complexity of the thermal behaviour (particularly as ambient temperature is not known to

the model).

Plots of the residuals were used to check that the error is stochastic. A plot of the residuals against

the fitted values (predicted power) showed no clear patterns (Figure 4.26a). Note that the non-

constant variance is addressed in the next section. The residuals were plotted against each feature

(Figures 4.27 and 4.28). No patterns exist in any feature, meaning that the model captures the

necessary information from them. The right-side plots show the PMC event rates (first divided by

the f) multiplied by V 2f (which is how they appear as inputs to the model). There are clearly

some sub-paths in the residuals indicating that the model would likely benefit from other related

features. For example, Figure 4.27h, which shows event 0x6A (Unaligned load stores speculatively

executed), has two clear paths. Event 0x6A is actually counting both unaligned loads (0x68) and

unaligned stores (0x69) and so the model would likely benefit from having both of these events

present instead of event 0x6A, if more events could be monitored simultaneously.

It was also important to observe the residuals for variables not included as input features. For

example, while the e↵ects of temperature due to the voltage, frequency and activity were absorbed

in the model (see Section 4.4.1), the measured temperature (which is also influenced by ambient

temperature conditions) is not an input feature (the model presented in Section 5 does include

temperature sensor data as input features). There is not a strong, clear relationship between the

measured temperature and the residuals (Figure 4.29d) showing that the model compensates for

temperature e↵ectively. However, there is a small deviation (particularly at lower temperatures)

which is likely due to the fact that ambient temperature changes are not measured (the ambient

thermal conditions were not stable).

An interesting observation from the voltage residual plot (Figure 4.29b) is that the di↵erent voltage

levels are not in one clear vertical line, but are in wider clumps (unlike the frequency residual plot

in Figure 4.29a). This shows that the voltage levels are not stable; they vary between observations

at the same DVFS level. This is addressed in Section 4.6.
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(b) Fitted values (200 MHz, 2 cores)
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(c) Fitted values (200 MHz, all cores)

0.0e+0 1.0e+0 2.0e+0 3.0e+0 4.0e+0 5.0e+0
-2.5e-1

-2.0e-1

-1.5e-1

-1.0e-1

-5.0e-2

0.0e+0

5.0e-2

1.0e-1

1.5e-1

2.0e-1

2.5e-1

3.0e-1

Predicted Power (W)

R
es

id
ua

ls
(d) Fitted values (all frequencies, 2 cores)
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(e) Fitted values (1400 MHz, 4 cores)
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(f) Fitted values (1000 MHz, 2 cores)

Figure 4.26: Residuals plotted against the fitted values

Homoscedasticity

The cone shaped residual plots (Figure 4.26a) indicate that the assumption of homoscedasticity

(constant variance, see Section 3.1.6) has been violated. The problem of non-constant variance is

known as heteroscedasticity.

The variance increases with DVFS levels and the number of active cores (Figure 4.29). Heteroscedas-

ticity can be observed in the residuals at a single frequency and with multiple cores active, and

vice-versa (Figure 4.26). When viewing fitted residuals at one specific DVFS level with a specific

number of cores active, the residuals can appear to be homoscedastic. However, when viewing many

cases it appears that there is some heteroscedasticity even at a fixed DVFS level with a fixed number

of cores utilised (Figures 4.26).

The problem of heteroscedasticity is therefore inherent in PMC-based power modelling (there is

a larger variance in power consumption between high power-consuming workloads than workloads

that consume less power), yet has not been highlighted or addressed in previous work on PMC-based

CPU power modelling. Heteroscedasticity is inherent in many problems. A common example is

estimating the expenditure on food based on household income. A household with a low income
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Figure 4.27: Residuals plotted against PMC event rates

will consistently spend a small amount on food. However, a household with a large income will

sometimes spend a large amount on food (e.g. expensive restaurants), but will sometimes have

inexpensive meals (such as simple home-cooked food or fast-food restaurants).

In the presence of heteroscedasticity, the OLS estimates of the coe�cients are still unbiased and

consistent, but they are no longer minimum variance estimators. The Gauss-Markov theorem no

longer applies and the OLS estimators are no longer the Best Linear Unbiased Estimators (BLUE).
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Figure 4.28: Residuals plotted against PMC event rates

Conventionally, the covariance matrix is [178, 330, 259, 208]:

�2
{�̂} = var(�̂) = �2(XT

X)�1 (4.33)

And is typically estimated using:

var(�̂) =

P
e2i

n� p
(XT

X)�1 (4.34)

The estimates of the standard errors in the presence of heteroscedasticity are, however, biased

meaning that values calculated using them are unreliable. For example the significance tests and

confidence intervals may be too liberal or too conservative [317, 88].

This problem was addressed by using a heteroscedasticity-consistent standard error (HCSE) esti-

mator of OLS parameter estimates (also known as using a heteroscedasticity consistent covariance

matrix [HCCM] or robust standard errors). The regression model itself was still estimated using

OLS (the model was still unbiased and consistent but was no longer e�cient, however, the accuracy
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Figure 4.29: Residuals plotted against the frequency, voltage, number of active cores and the tem-
perature

of the model is demonstrated in Section 4.4.5). However, using a HCSE meant that statistically

consistent estimates of the variances and covariances of the OLS estimates could be calculated with-

out the assumption of homoscedasticity [113]. The advantage of using HCSE estimators is that it

does not require detailed knowledge of the heteroscedasticity (unlike Weighted Linear Regression

[WLS]), an arbitrary transformation of Y or bootstrapping. The HC3 estimator was used [178, 183]:

HC3 = (XT
X)�1

X
Tdiag


e2i

(1� hii)2

�
X(XT

X)�1 (4.35)

Rayes and Cai [122] give a good introduction and highlight the problem of HCSE estimators being

largely unknown outside of the fields of statistics and econometrics and how they can eliminate the

need for researchers to worry about heteroscedasticity when using OLS regression. Furthermore,

it has been previously noted that heteroscedasticity “has never been a good reason to throw out

an otherwise good model” [186]. All reported results, including those earlier in this chapter, were

calculated using a HCSE estimator.

4.4.3 Model Evaluation

Both the Cortex-A7 and Cortex-A15 models achieve an R2 value of greater than 0.99 (Table 4.6),

showing that the fitted regression explains over 99% of the variation in the power consumption,

despite being tested on a large number of diverse workloads. The adjusted R2 (which compensates

for the number of predictors) is less than 0.00006 lower than the R2 value, showing that the R2

value is not inflated by the number of predictors (independent variables) and that each predictor

adds valuable information to the model.
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Table 4.6: Results for the Cortex-A7 and Cortex-A15 CPU models (final model, trained on all
workloads)

Parameter A7 Value A15 Value

R2 0.993 0.997

Adjusted R2 0.993 0.997

No. Observations 1680 2160

Std. Err. of Regression (SER) [W ] 0.0133 0.0517

F-Statistic 28057.2 40168

p-Value for F-Statistic p < 0.00001 p < 0.00001

Avg. VIF (PMC events only) 2.13 2.25

Avg. VIF (inc. V and f) 4.94 3.04

In order to conduct hypothesis tests on the estimated coe�cients, �̂, t-tests were used. The corre-

sponding p-values were then reported (Table 4.4).

The average VIF of the input PMC events of both models is under 2.3, which is due to the PMC

event selection method (Step 2, described in Section 4.3), and the average VIF of all of the model

inputs (including the voltage and frequency) is less than five, due to the model formulation (Step 3,

described earlier in this section). These low VIF values indicate that the model has good coe�cient

stability, which was also demonstrated in Section 4.3. Statistics for determining the statistical

significance are presented in Table 4.6. The p-Value for F-Statistic row shows the p-value when the

model is compared to a model with no predictors. The p-values are very low (under 0.00001 for both

models); meaning that if the null hypothesis is true (there is no e↵ect or relationship between the

model inputs and power), the observed e↵ect would be found in less than 0.001% of the experiments

run due to random sampling error. In many scientific studies, p < 0.05 is considered borderline

statistically significant and p < 0.001 is considered borderline statistically highly significant.

The model equations are used to give predictions of the power consumption given the values of the

model inputs. However, despite it not being discussed in most related works, the uncertainty of

the model must also be considered when making predictions. The presented software allows the

prediction intervals to be calculated, which is a range where a new observation is likely to fall given

the predictors. While prediction intervals have a confidence level, they should not be confused with

confidence intervals, which predict the spread of the mean rather than individual observations. The

prediction interval is much larger than the confidence interval and takes into account the variability

and uncertainty. The prediction interval depends on the predictors, but an approximation of the

95% prediction interval is given by:

P.I.(95%) = ±(2⇥ SER) (4.36)

The SER (standard error of regression) gives the average distance between the observed values and

the regression line (Table 4.6). Therefore, the approximated 95% prediction interval for the Cortex-

A15 model is ±0.10 W; one can be 95% confident that the actual power is within the predicted

power ±0.10 W for the next observation.



112 Chapter 4. Accurate and Stable Run-Time Power Modelling

Table 4.7: Cortex-A7 Model Coe�cients

Component Type Term Coe↵. Lower C.I. Upper C.I. p-Value

Static and B.G. Dynamic Intercept 4.838e+1 3.363e+1 6.314e+1 p < 0.0001

Dynamic Activity 0x11⇥V 2f 7.640e-11 6.876e-11 8.405e-11 p < 0.0001

Dynamic Activity 0x14⇥V 2f 3.776e-10 3.610e-10 3.941e-10 p < 0.0001

Dynamic Activity 0x16⇥V 2f 1.889e-9 1.705e-9 2.073e-9 p < 0.0001

Dynamic Activity 0x13⇥V 2f 2.318e-10 2.023e-10 2.613e-10 p < 0.0001

Dynamic Activity 0x0f⇥V 2f 2.955e-9 2.777e-9 3.132e-9 p < 0.0001

Static and B.G. Dynamic f -2.081e-2 -2.848e-2 -1.314e-2 p < 0.0001

Static and B.G. Dynamic V -1.497e+2 -1.961e+2 -1.033e+2 p < 0.0001

Static and B.G. Dynamic V f 6.745e-2 4.594e-2 8.896e-2 p < 0.0001

Static and B.G. Dynamic V 2f -7.276e-2 -9.388e-2 -5.164e-2 p < 0.0001

Static and B.G. Dynamic V 2 1.544e+2 1.061e+2 2.027e+2 p < 0.0001

Static and B.G. Dynamic V 3 -5.306e+1 -6.965e+1 -3.646e+1 p < 0.0001

Static and B.G. Dynamic fV 3 2.617e-2 1.894e-2 3.340e-2 p < 0.0001

Table 4.8: Model results from k-fold cross-validation

Parameter A7 Value A15 Value

No. Folds (k) 10 10

Fold Group Size 168 216

Avg. Err. (MAPE) [%] 3.79 2.81

Mean Sq. Err. (MSE) [W 2] 0.000186 0.00276

Root Mean Sq. Err. (RMSE) [W ] 0.00975 0.0613

4.4.4 Model Coe�cients

The coe�cients for the Cortex-A15 model that has been developing throughout this chapter are

reported in Table 4.4, while the coe�cients for the Cortex-A7 model are reported in Table 4.7. The

coe�cients for the transformed PMC events are all positive and the voltage and frequency both have

a positive influence on the power, as expected. The 95% confidence intervals (C.Is) of the coe�cients

are also reported, which take into account the sample size and the variance in the population. A

narrow confidence interval indicates a low sampling error. The confidence intervals are very small,

showing very low standard error and very high statistical significance for each coe�cient. The p-

values for every coe�cient are very low, far lower than 0.05, confirming the statistical significance

of every model coe�cient.

4.4.5 Cross-Fold Validation

The results in Table 4.6 are derived from all of the observations used to build the model. K-

fold cross validation was also used (see Section 3.9), which involved randomising the order of the

observations, splitting the observations into k groups, then using k�1 of the groups to build the

model (training dataset) and the one remaining group to validate the model (testing dataset). This

process was repeated so that the model was built k times, with each group of observations being
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used to validate the model. The reported cross-validated errors (Table 4.8) are the average of the

testing datasets, so the model was always predicting the power for scenarios it had not seen before.

The validated average error (mean absolute percentage error [MAPE]) was 2.8% for the Cortex-A15

model and standard deviation of each k-fold group error (%) was 0.022%, with the maximum error

of 2.824%. The cross-validated error was 3.8% for the Cortex-A7 model. The Cortex-A7 model has

a larger error, despite having a simpler micro-architecture, because the its power consumption is

significantly lower. The lower absolute average power means that the percentage error is higher and

the measured power is closer to the resolution of the built-in sensors. The SER of the Cortex-A7

(in Watts) is over three times lower than that of the Cortex-A15.

4.4.6 Model Decomposition

By looking at the cross-validated average errors for each of the 60 workloads (Figure 4.30), it

can be seen that cstm bmp (a custom synthetic workload) is the only workload with an average

error over 6.5%. This is not due to measurement error or experimental inconsistency, but due to

the model not accurately estimating this particular workload. Furthermore, the same workload

exhibits a large error at all DVFS levels. This workload is a hand-written synthetic program,

specifically created to exercise the CPU in a unique way. The model features do not contain enough

information for accurately predicting this workload and its uniqueness means that the coe�cients

are not optimal for predicting this workload, with other workloads having a larger influence on the

model fit. Section 4.4.2 discussed this outlier and the model influence further. The fact that there

is one outlier shows the need to use a large number of workloads in power modelling. The error of

the presented model is very low, particularly considering the large variance in power consumption

between workloads (Figure 4.31, grey bars).

The model formulation allows one to see how the static power (which also includes the background

dynamic power) and how each PMC event contributes to the overall power (Figure 4.31). Moreover,

it can be seen that the information provided by the PMC events on the type of workload is essential

to producing an accurate model. Each PMC event makes a significant contribution to the dynamic

power prediction, working independently to identify di↵erent workload types (Figure 4.32), showing

the merit of the presented PMC event selection method (Step 2) and its importance.

4.4.7 Sensitivity to Sampling Frequency

In PMC-based models, events are sampled at intervals. However, if the sample period is too low, the

CPU frequency is too low, and there are very low levels of activity on the CPU core, then the PMCs

may not increment fast enough between samples to give accurate values to the power equation. To

observe the point at which this phenomenon occurs, the Cortex-A15 model was implemented and

run at various sampling frequencies while the cluster clock frequency was set to the minimum

value with no workloads running, except for the model itself and experiment monitoring software.

Even in this worst-case scenario, the model error does not increase until the sampling frequency is

beyond 500 Hz (Figure 4.33). Many techniques can, however, be employed to reduce this e↵ect,

such as adjusting the sampling frequency with the clock frequency, only relying on fast counters

when there are low levels of activity on the core or detecting when a particular counter is too

slow and sampling that particular counter at a lower rate. The proposed model formulation and
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5 Coefficients

Coefficient Weight
95% Confidence

Interval p-Value

Lower Upper

Intercept -7.526e+2 -8.858e+2 -6.193e+2 p <
.0001

EPH_0x11:Frequency_A15:Voltage_A15_Squared 5.721e-10 5.548e-10 5.895e-10 p <
.0001

EPH_0x1b_minus_EPH_0x73:Frequency_A15:Voltage_A15_Squared 7.297e-10 6.935e-10 7.659e-10 p <
.0001

EPH_0x50:Frequency_A15:Voltage_A15_Squared 8.115e-9 7.395e-9 8.835e-9 p <
.0001

EPH_0x6a:Frequency_A15:Voltage_A15_Squared 1.606e-8 1.462e-8 1.749e-8 p <
.0001

EPH_0x73:Frequency_A15:Voltage_A15_Squared 8.574e-11 6.271e-11 1.088e-10 p <
.0001

EPH_0x14:Frequency_A15:Voltage_A15_Squared 1.083e-9 9.974e-10 1.168e-9 p <
.0001

EPH_0x19:Frequency_A15:Voltage_A15_Squared 2.505e-9 2.220e-9 2.790e-9 p <
.0001

Frequency_A15 1.516e-1 1.161e-1 1.870e-1 p <
.0001

Voltage_A15 2.506e+3 2.068e+3 2.944e+3 p <
.0001

Figure 4.30: Average error (mean absolute percentage error [MAPE]) across each DVFS level for
all 60 workloads (Cortex-A15 CPU model)
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Figure 4.31: Actual (measured) power vs. the predicted power for half of the considered workloads,
with the predicted power broken down into its constituting parts (Cortex-A15 CPU model)
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Figure 4.32: Contribution of each PMC event to the dynamic power prediction for six di↵erent
workloads
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Figure 4.33: Modelled power and measured power for the Arm Cortex-A15 cluster running at
200 MHz with various sampling frequencies and no other workloads

stability allows the contribution of each individual event to be accurately known and if, for example,

one PMC event is not occurring regularly enough (event 0x19 in this case), it can be dealt with

individually with limited knock-on e↵ects to the other coe�cients and therefore the overall power

consumption. Another source of error variance in this example is the overhead of writing the results

to a file (only required for this experiment); as the sampling frequency increases, the more time the

CPU spends running this workload, changing the type of workload running. The model accuracy

naturally changes with the workload (Figure 4.31).

Figure 4.33 also shows the worst-case power overhead, which includes extracting and recording data

from both the power sensors and the model for evaluation purposes; this is considerable compared

to the overhead of the model itself. This work presents a modelling methodology that can be used

with a variety of platforms and in many scenarios (both o✏ine and online). When implementing

the model, many optimisations and trade-o↵s can be made, depending on the number of available

counters, required accuracy, sample frequency, etc. For example, with a fixed sampling frequency

and known set of DVFS levels, many of the variables in the formula can be pre-computed and the

software using this model can simply switch equation when changing DVFS level.

4.5 Comparison with Existing Works

In this section, the presented Cortex-A15 model developed using the proposed approach is compared

to five models from four recent works in mobile PMC-based run-time power modelling.

The existing works are implemented in the hardware platform and are compared directly. To

be consistent, each model is re-trained and implemented (including the proposed model), using

data from the same experiment (the coe�cients are re-calculated using OLS regression). Although

the presented model formula works for any given voltage and frequency, existing works typically

consider a single DVFS level or each one separately, and so this comparison considers a single clock

frequency of 1 GHz. This simplification of the proposed model causes slight discrepancies between

the statistics reported in this section and those reported in previous sections. The power for the

quad-core Cortex-A15 cluster is modelled and the model inputs have been calculated considering
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Table 4.9: Parameters of models included in this comparison

Source No. Evts. n Adj. R2 Err. [%]

a Pricopi et al. [238] 6 6 0.747 12.5

b Walker et al. [305] 4 4 0.785 12.3

c Rethinagiri et al. [243] 5 3 0.672 12.7

d Rodrigues et al. [244] 3 2 0.760 15.2

e Rodrigues et al. [244] 6 4 0.897 9.7

P Proposed 6 + C 7 0.999 2.9

the activity of the overall cluster. The process for building and evaluating all of the models is

identical, with the only di↵erence being the choice of model inputs and the model equation.

Pricopi et al. [238] build a PMC-based power model for an Arm Cortex-A15, considering just a

single core of their multi-core cluster (Model a, Table 4.9). Walker et al. [305] present equations

for modelling an Arm Cortex-A8 single-core CPU using four PMC events (Model b, as presented in

Chapter 3). The dual-core Cortex-A9 model presented by Rethinagiri et al. [243] is also considered,

removing the frequency term as only one frequency is considered in this comparison. It is not clear

in the original work whether the cache miss rate term in their model should take the L1 instruction

cache into account, however, doing so would require more than six PMC events in total to implement

their model, which is not possible on the platform considered in this work or the Arm Cortex-A9 (the

original work used a simulator to obtain PMC data instead of recording it from a real board directly).

Rodrigues et al. [244] present several models with varying numbers of PMC events, concluding that

the same three PMC events (number of fetched instructions, L1 cache hits and dispatch stalls) can

be used to yield an acceptable error (< 5%) across multiple architecture types, including both high

performance and low power CPUs. They simulate two cores representative of an Intel Nehalem and

an Intel Atom processor using SESC and Wattch. Unfortunately, on this Arm-based platform, there

is no PMC event that represents dispatch stalls. This work therefore implements their model named

Exp 2 (Model d), which does not use dispatch stalls and uses just two model inputs (but requires

three PMC events to calculate on the platform), and Exp 6 (Model e) which uses five model input

events, but the unavailable dispatch stalls event has been omitted, meaning the implementation of

this model has just four model inputs. Two inputs to Model e each require two PMC event counters

to derive on the platform. One term in this model counts the L1 cache hits, which is implemented

as just the L1 data cache hits as all of the limited number of performance counters were in use. The

proposed model implementation uses all six PMCs and the separate cycle counter. The number of

required PMC events (No. Evts.) and the number of model independent variables (n) used in each

model is shown in Table 4.9.

These five models (a, b, c, d, e) and the proposed (P) model are trained using the small set of

diverse workloads (discussed in Section 4.3). The adjusted R2 is calculated to measure how well

the models fit their training data (Table 4.9). The high adjusted R2 value achieved by the pro-

posed model (Model P) demonstrates how the chosen inputs and model formula captures the largest

amount of useful data for predicting power consumption, allowing the proposed model to closely fit

the training data. Out of the implemented existing models, Model e captures the largest amount

of useful information and therefore most closely fits the dataset. The VIF of each independent

variable was analysed to give an indication of the model stability. Model e has four independent



4.5. Comparison with Existing Works 117

02/03/2016, 17:50Graph Test:Run-Time Power Modelling

Page 1 of 1file:///Users/user/Dropbox/ARM/Power_Modelling_Website/paper/comparison-graph.html

Filename: comparison-graph-data.csv

Comparison Graph

a [25] b [24] c [11] d [21] e [21] a+ b+ c+ d+ e+ P
0

2

4

6

8

10

12

14

16

18

20

22

P
er

ce
nt

ag
e 

E
rr

or
 (

%
)

Power Model

MeanExisting ProposedImproved Existing

Last updated:
Figure 4.34: Box plot of error distribution for each model, trained with 20 diverse workloads and
validated with 60 workloads, showing the median, lower quartile, upper quartile and arithmetic
mean

variables and two of the coe�cients have a VIF of 15.7 and 9.7, meaning that these coe�cients have

a standard error 4.0⇥ [
p
15.7] and 3.1⇥ larger than if no multicollinearity was present. Despite

capturing more useful data from the model inputs, the proposed model has less variance inflation,

signalling a small amount of repeated data in the seven inputs; the highest VIF of any coe�cient

in the proposed model is 4.8. The e↵ect of errors in the coe�cients can clearly be seen in Table I

of [243], where two power models (Exp 4 and Exp 5 ) for the same system feature the same input

(dispatch stalls, D) but with a coe�cient of +1.25 in one model and �0.47 in the other. This shows

how the modelling methodology is not capturing how each variable individually a↵ects the power

consumption, forming an unstable model.

Each model is then validated on the full set of 60 workloads (equivalent to the D bars in Figure 4.20)

and the resulting error distribution calculated (Figure 4.34, red and green boxes). The proposed

model best utilises the limited number of training workloads to achieve an average error of 2.9%;

3⇥ smaller than the next best model. Furthermore, the box plot in Figure 4.34 shows that the

proposed model has a significantly narrower range of errors across the 60 workloads. This means

that greater confidence can be placed in the proposed model to contain the error within a smaller

interval. For example, the error of Model e, which has the smallest average error out of the existing

works, has a maximum error of 49%, whereas the proposed model has a maximum error of 13%. The

approximate 95% prediction interval (explained in Section 4.4) of the proposed model is ±0.014 W

whereas the prediction interval for Model e is ±0.13 W.

Pricopi et al. [238] (Model a) report a low error of 2.6%. However, they build and validate with a

small number of 15 workloads and report a minimum and maximum power consumption of 4.54 W

and 5.16 W across their training workloads, respectively; a very narrow range when compared to

many of the testing workloads (Figure 4.31). It was found that two independent variables of the

model have VIFs larger than 130, contributing to the high average error across the diverse set of

60 workloads (Figure 4.34). This highlights the importance of considering stability and validating
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Figure 4.35: The di↵erence between the CPU idle voltage and the measured voltage, Vdiff , against
the CPU dynamic power consumption, Pdyn, for workloads running at various DVFS levels, fclk.

with a large number of diverse workloads when building reliable power models.

In Section 4.3 it was highlighted how the cycle count provides unique data to the model (it is used

to determine how much time the cores spend in a low-power [inactive cycle] state). However, this

event is not included in any of the existing models (they either use simulated data that may not

take this feature into account or an old development board that does not have this feature enabled).

The existing models (a, b, c, d and e) were therefore re-built with the cycle count and named a+,

b+, c+, d+ and e+, respectively. This improves the existing models but the proposed model still

achieves an error 50% lower than any other model (Figure 4.34, blue boxes). Note that the cycle

counter is not used to calculate the IPC (instructions-per-cycle) as it only counts active cycles on

this platform.

From implementing models of existing work on the platform, it was found that: 1) none of the

models considered the cycle counter, which has a significant power impact; 2) some of the model

inputs were not available in a single PMC event and needed to be calculated from several; and, 3) in

one case, a model input could not be deduced from the available PMCs on the hardware platform.

These three points highlight the importance of providing a detailed and automated methodology

that can be used on CPUs with di↵erent ISAs, microarchitectures and available PMC events, as this

work proposes. The overhead between the compared models is negligible compared to recording or

using the estimated power value; reading a PMC event counter requires a single instruction and

the simple model equations have similar complexity (note that models c, d and e all required extra

calculations to derive the required input on the considered platform).

4.6 CPU Voltage Model

The presented power models work with any specified frequency or voltage, which is important for

design-space exploration. In online run-time management scenarios, the voltage cannot be directly

measured and so the idle voltage for the current operating frequency can be used. However, the

voltage supplied to the CPU by the (non-ideal) voltage regulator varies under the power drawn by

the CPU (previously observed in Figure 4.29b). Furthermore, output voltage characteristics of the
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voltage regulator is di↵erent for each DVFS level (Figure 4.35). This phenomenon greatly a↵ects

the power consumption and needs to be taken into account when modelling the power.

This section presents a model built using multiple linear regression to predict the CPU voltage from

the current CPU clock frequency, target voltage (idle CPU voltage at that frequency), and dynamic

power calculated from the PMC events (Step 4 of the power modelling methodology, Figure 4.1).

The presented power model is first used to perform a preliminary prediction of the dynamic power

using the target voltage and then this is fed into the voltage model, along with the target voltage

itself (Figure 4.36). This voltage model then outputs the estimated run-time voltage and this is used

as the voltage input of the main (final) power model. This voltage model is specific to the platform

and each frequency needs to be separately considered. To the extent of the authors’ knowledge, this

is the first work in this area to consider voltage change due to the dynamic load and to demonstrate

how it can be modelled.

To give an example, at a frequency of 1800 MHz, the power model error is 2.6% when using the

measured CPU voltage. However, as the measured voltage may not be available to the run-time

manager of a real device, the target voltage is used, resulting in a significantly larger power error

value of 8.5%. If the voltage model is used, the changing run-time voltage can be accounted for

and the power modelling error is reduced to 3.0%. This section identifies the problem, quantifies its

e↵ect on the error, and demonstrates how a proposed solution is e↵ective in mitigating it. A more

detailed analysis of this phenomenon (including the e↵ects of temperature) is the topic of future

work (Section 7.2).

4.7 Conclusion

This chapter has presented a detailed and statistically-rigorous automated methodology and corre-

sponding software tools for building accurate and stable PMC-based run-time power models. The

approach was illustrated using measured data from two mobile CPUs with significantly di↵ering

microarchitectures: an Arm Cortex-A7 and Arm Cortex-A15. The resulting models achieved an

error of 3.8% and 2.8%, respectively, and both achieved an R2 value of over 0.99.

The approach uniquely considers model stability and this chapter demonstrates how it allows the

resulting models to make more accurate predictions on a vast set of diverse observations, even when

trained on a limited set of workloads. Techniques for applying unsupervised classification to PMC

event data are also presented.

Furthermore, the problem of heteroscedasticity in run-time CPU power models is identified and ad-

dressed and this chapter also shows how the model formulation and stability allows one to reduce the
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model formulation experiment time by 100⇥ while trading o↵ less than 0.6% error. Techniques for

identifying outliers and determining workloads that require di↵erent features for accurate estimation

are presented.

The models are deployed on a real device and the error and overhead as a function of sample period

analysed. A detailed comparison with the state-of-the-art was also conducted. This chapter also

highlighted how the CPU voltage supplied by the non-ideal voltage regulator is sensitive to the

dynamic activity of the CPU and a CPU voltage model is presented, which improves the accuracy

of the power model by as much as 5.5% in situations where the voltage cannot be measured.

To address the lack of an established method of collecting PMC data on mobile devices, the platform-

dependent experimental software tools were released to enable other researchers make use of high-

quality, measured data from mobile platforms for investigations requiring measured CPU PMC,

temperature, voltage or power data.

Chapter 5 extends the models presented in this chapter by modelling the e↵ects of the tempera-

ture (measured using the thermal sensors) on the power consumption, modelling CPU idle states,

decomposing the power consumption further, observing the power e↵ects of moving data in the

memory hierarchy, and proposing a temperature model.
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The power models developed in Chapter 4 were demonstrated to be accurate and stable, and absorbed

the e↵ects of temperature due to the CPU voltage, frequency and switching activity. However, the

e↵ects of ambient temperature on the power consumption were not captured, and idle power states

were not considered.

The methodology and models developed in this chapter were built on top of those presented in

Chapter 4, and rely on the robust model formulation (presented in Section 4.4) that captures the

relationships between the input features and the power consumption e↵ectively. Using this as a

solid foundation, a new methodology for adding thermal-awareness and analytically decomposing

the power into its constituting parts is presented. Experimental data was collected from the quad-

core Arm Cortex-A15 cluster of the Hardkernel ODROID-XU3 development board (as used in

Chapter 4) and the resulting model achieved a MAPE 3.7% across 39 diverse workloads, eight

Dynamic Voltage-Frequency Scaling (DVFS) levels and with a CPU temperature ranging from

31�C to 91�C. Moreover, the e↵ect of switching cores o✏ine was investigated and the power model

was further decomposed to estimate the static power of each CPU and L2 cache, the dynamic power

due to constant background (BG) switching, and the dynamic power caused by the activity of each

CPU individually. The power impact of moving data between levels of the memory hierarchy was

also analysed, and a methodology for developing a simple CPU temperature model proposed.

Much of the work presented in this chapter was published in the 26th International Workshop on

Power and Timing Modeling (PATMOS), 2016 [308].

5.1 Introduction

Chapter 3 highlighted the lack of existing work on top-down power modelling that used measured

PMC-data combined with power measurements collected on real mobile devices, largely due to

technical challenges involved in doing so. Chapters 3 and 4 overcome this and significantly improve

on the state-of-the-art by presenting a statistically-rigorous methodology that ensures stability, deals

121
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with heteroscedasticity and achieves a low error on three mobile CPUs of di↵ering microarchitecture.

However, the e↵ects of ambient temperature on power consumption are not considered and the

model could be improved by further decomposing the estimated power consumption, and therefore

providing more information on how the power is consumed.

This chapter uses the methodology in Chapter 4 as a starting point and models the e↵ects of

temperature on the CPU power consumption and adds more advanced thermal compensation.

Furthermore, a recent study by Zhang et al. found that most multi-core smartphone models were

ill-suited largely due to CPU idle states not being considered [334]. The e↵ect of switching cores

o✏ine on the CPU power consumption is measured and modelled in this chapter. This also enables

the power consumption to be analytically decomposed.

The proposed model significantly improves the accuracy across wide temperature ranges, results

in a more stable model with statistically significant coe�cients, and provides a breakdown of the

power consumption. This provides higher quality online data to a run-time manager. Moreover,

the power breakdown allows this accurate and validated top-down model to be combined with

bottom-up techniques (discussed in Chapter 6), allowing some flexibility in model specification for

research and design-space exploration applications. Using a combination of the two, as opposed to

relying fully on a bottom-up approach, means that more confidence can be placed in the resulting

estimations.

The methodology in this chapter focusses on mobile CPUs due to the significant importance of

energy-e�ciency in mobile applications and because the diversity of mobile workloads makes power

modelling particularly di�cult. However, the presented methodology is generic and applicable to

other systems (e.g. desktop and server CPUs). The resulting models themselves accurately model

the specific CPU implementation they were built on.

The key contributions of this chapter are:

1. A novel methodology for modelling the e↵ects of temperature on the static power consumption

in PMC-based power models;

2. An accurate, thermally-compensated, PMC-based power model for an Arm Cortex-A15 that

takes CPU idle states into account;

3. Decomposition of the state-of-the-art PMC-based power models to give static and dynamic

power estimations for individual components;

4. An evaluation of the power e↵ects of accessing various levels of the memory hierarchy;

5. A proposed temperature modelling methodology for use in systems without thermal sensors

(such as full-system simulation frameworks).

5.2 Experimental Setup

The ODROID-XU3 development board by Hardkernel, which contains an Exynos-5422 SoC (System-

on-Chip) featuring a quad-core Arm Cortex-A7 and quad-core Arm Cortex-A15 CPU is used. This

is the same hardware platform as used in Chapter 4, and is described in detail in Section 2.4. In this

work the higher-performance Arm Cortex-A15 cluster is used to illustrate the presented approach.
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Thirty-nine diverse workloads were used from several benchmarking suites: MiBench [116], which

is a suite of representative embedded workloads; LMbench [190], which contains microbenchmarks

for activating and testing specific microarchitectural behaviours, such as memory reads at a specific

level of cache; Roy Longbottom [179], which contains many multi-threaded workloads that make

heavy use of the NEON SIMD processing unit and OpenMP; ParMiBench [132], which is a multi-

threaded version of MiBench; and, ALPBench [173], which contains complex, parallel multimedia

workloads.

5.3 Regression-Based Modelling Methodology

The power modelling methodology presented in Chapter 4 was used to develop the baseline power

models, which were the starting point to the work presented in this chapter. The Powmon software

tools (implementing the methodology presented in Chapter 4) were used to create power models.

The models were therefore identical to those presented in Chapter 4 with the exception that they

were trained with a di↵erent set of workloads (discussed in Section 5.2). The selected PMC events

were kept the same as those selected in Section 4.3 (see Table 4.2) and the model terms were identical

to the ones specified in Table 4.4.

The baseline models achieved a MAPE of 3.34% and an adjusted R2 of 0.998 across the 39 workloads.

The model equation for this baseline model is:

Pcluster =

 
M�1X

m=0

�mEmV 2
DDfclk

!

| {z }
dynamic activity

+ f(VDD, fclk)| {z }
static and B.G. dynamic

(5.1)

where M is the total number of PMC events in the model; m is the index of each event; E is the

cluster-wide PMC event rate (events-per-second) after being divided by the operating frequency in

MHz, fclk, and averaged across all cores; and VDD is the cluster operating voltage. Pcluster is the

power for the overall quad-core Cortex-A15 cluster. This model formula breaks down the power

consumed by the dynamic CPU activity and the idle power (which includes the static power and

background (BG) switching power, and hence includes the fclk term).

Such a model formulation is built by understanding the relationships between the variables. For

example, a known component of CMOS power consumption is the dynamic power caused by switch-

ing activity, which is proportional to V 2
DDfclk. Therefore, the PMC events, which indicate dynamic

activity, should only be included in the dynamic power calculation and be inserted into the model

after being multiplied by V 2
DDfclk (dynamic activity, Equation 5.1). Note that the PMC event rates

have already had their frequency component removed in post-processing.

This approach has several benefits: it allows the power consumption to be broken down; results in a

more stable model with more accurate coe�cients; results in a model with more physical meaning;

and allows relationships and power contributions to be deduced.

For example, it can be shown that there is a constant dynamic power component (BG switching)

present by building the model with and without the constant V 2
DDfclk (BG dynamic, Equation 5.2).

When this component is added, the accuracy of the model increases significantly and the corre-

sponding p-value of its coe�cient is very low (p < 0.0001), indicating strong statistical significance.
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One can therefore infer that there is a constant dynamic power component (i.e. present even when

there is no activity on the cluster) and its magnitude can be estimated. The equation can therefore

be rewritten as shown in Equation 5.2. Later in this chapter, it is shown how this can be used

to decompose the power model further and understand the L2 cache behaviour when all cores are

switched o✏ine. This is not possible with the typical approaches.

Pcluster =

 
N�1X

n=0

�nEnV
2
DDfclk

!

| {z }
dynamic activity

+�bV
2
DDfclk| {z }

BG dynamic

+ f(VDD)| {z }
static

(5.2)

5.4 Temperature Compensation

This section describes how the power models are extended to make use of the instantaneous tem-

perature readings from the on-board thermal sensors to significantly improve the power prediction

accuracy. The e↵ect of CPU temperature on the static power consumption is modelled.

In Section 2.1 it was found how the static power consumption is made up of several leakage mech-

anisms which are dependent on temperature, including the sub-threshold leakage current, Isub, the

gate-oxide leakage current, Igate, and the band-to-band tunnelling leakage current, Ibtbt:

Ileak = Isub + Igate + Ibtbt (5.3)

The sub-threshold leakage current increases exponentially with temperature (Equation 2.6, page 12)

and was the largest leakage power component. However, with more aggressive technology scaling

the gate-oxide leakage current and band-to-band tunnelling current have become the dominant

leakage power components. While the gate-oxide current has little dependence on the temperature,

the band-to-band tunnelling current increases with temperature due to the narrowing band-gap

(Equation 2.12).

The models built in Chapter 4 do not include any temperature compensation from the thermal

sensors, despite its large e↵ect on the static power consumption. The temperature of the device

is mainly influenced by the CPU voltage (VDD), the CPU switching activity, and the ambient

temperature conditions. A relatively accurate model is achieved in this previous work by including

higher order terms related to VDD and fclk in the static power equation (e.g. V 3
DD) to absorb the error

in the static power estimation caused by the temperature changing due to the DVFS level. It does

not absorb the error caused by temperature changes due to the ambient temperature. This section

uses recorded thermal data to build a thermally-aware model that has superior accuracy, even with

extreme ambient temperature di↵erences. As well as the accuracy being significantly improved,

this temperature-dependent model is better-suited for combining with bottom-up approaches and

applying theoretical equations to further decompose the model.

Three experiments were run: one with the default fan settings on the ODROID board; one with the

fan set to its maximum speed; and one with the fan o↵ completely. All experiments were conducted

under the same ambient conditions (though the environment was not thermally-controlled) and 39

di↵erent workloads were run at clock frequencies from 200 MHz to 1600 MHz in steps of 200 MHz.
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Table 5.1: Comparison of three models using di↵erent model equations and under di↵erent thermal
conditions.

Model Eqn. V. T Avg. Error (%) Adj. R2 SER (W)

a 5.1 N 3.34223 0.997691 0.0423673

b 5.2 Y 5.97732 0.994498 0.0604720

c 5.5 Y 3.67805 0.997418 0.0414211

Two models were then built (labelled a and b, Table 5.1) using the methodology and software tools

presented in Chapter 4; the first one using data collected at normal ambient conditions and built

using Equation 5.1, and the second one using data from all three experiments (varying temperature,

V. T) and Equation 5.2.

When observations taken with di↵erent fan settings are used with a model without thermal com-

pensation (model b), the average error increases to 6%. This average value is optimistic as many

of the observations have similar temperatures, particularly at lower frequencies. However, for ob-

servations with significantly varying temperature, the errors can be large. For example, when idle

at 1600 MHz, the three experiments (automatic fan setting, fan on, fan o↵), which have average

temperatures of 43.5�C, 40.2�C and 73.5�C, respectively, achieve average errors of 1.6%, 2.7% and

25%; despite the relatively low average error, individual observations with significant temperature

deviations can have large errors. The thermally-aware power model, which is presented later in

this section achieves errors of 1.2%, 0.96%, and 5.0% for these observations, respectively, therefore

improving the accuracy by as much as 20%.

This dependence on temperature needs to be approximated in the regression model and the static

power model requires the CPU temperature, T , as an input feature (Equation 5.5). When the

residuals, e, of model b were plotted against the temperature, it could clearly be observed that this

relationship was not being captured by the model (Figure 5.1). A regression model was then built

to predict the residuals using the CPU temperature. It was found that Equation 5.4 adequately

estimated the residuals, without requiring a more computationally complex exponential term. These

terms were then incorporated into the power model.

Residuals = ↵aT
2 + ↵bT + c (5.4)

Pcluster =

 
N�1X

n=0

�nEnV
2
DDfclk

!

| {z }
dynamic activity

+�bV
2
DDfclk| {z }

BG dynamic

+ f(VDD, T )| {z }
static

(5.5)

As previously stated, the model created in Chapter 4 does not use temperature as an input but

does indirectly compensate partially for temperature. As VDD increases, the temperature, T also

increases. The model in Chapter 4 includes V 2 and V 3 terms in the static power equation to absorb

the temperature e↵ects due to the cluster voltage. An important step is to remove all the terms that

absorb these temperature e↵ects before adding the new temperature compensation. Not doing so

would result in a model with too many inputs and the same e↵ect being captured by a combination

of several inputs. This would result in both a less stable model and over-fitting of the temperature

relationship.
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Figure 5.1: Residuals of model b plotted against temperature. Red line shows an equation predicting
this trend.

Table 5.2: Cortex-A15 Model Coe�cients and p-values, grouped into three components: dynamic
activity (Dyn. act.) power; constant background dynamic power (BG Dyn.); and static power.

Comp. Coe�cient Weight p-value

Dyn. act. 0x11⇥V 2f 5.966e-10 p < 0.0001

Dyn. act. 0x1b-0x73⇥V 2f 8.885e-10 p < 0.0001

Dyn. act. 0x50⇥V 2f 1.091e-8 p < 0.0001

Dyn. act. 0x6a⇥V 2f 1.622e-8 p < 0.0001

Dyn. act. 0x73⇥V 2f 3.445e-10 p < 0.0001

Dyn. act. 0x14⇥V 2f 4.413e-10 p < 0.0001

Dyn. act. 0x19⇥V 2f 2.900e-9 p < 0.0001

BG Dyn. V 2f 1.508e-4 p < 0.0001

Static Intercept -1.785e+0 p < 0.001

Static V T 2 8.894e-4 p < 0.0002

Static V T -6.877e-2 p < 0.003

Static V 1.850e+0 p < 0.0009

Static T 2 -8.592e-4 p < 0.0003

Static T 6.807e-2 p < 0.004

All of the V 2, V 3 and fclk terms were removed from the static power components of the existing

model, and the temperature compensation terms were added. The static power equation now only

contains a combination of V , T 2, and T components, in addition to an intercept (Table 5.2). A lower

apparent average error can be achieved by including every combination of these three components

as input features. However, doing so reduces the quality of the model and it over-fits mechanisms

within the model. Six terms are carefully selected (including the intercept) to predict the static

power consumption, all of which have an associated p-value of less than 0.003 indicating that they are

all statistically significant [201]. The dynamic power due to activity uses the PMC events (indicated

by their hexadecimal identifier, Table 5.2) selected in Chapter 4, which should be referred to for a

detailed explanation of the PMC events and the selection method.

The resulting temperature-compensated model equation (Model c, Table 5.1) achieves a 10-fold

cross-validated mean absolute percentage error of 3.7% with observation temperatures as low as
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Figure 5.2: Residuals of model c (temperature-compensated) plotted against temperature. Red line
shows an equation predicting this trend.

Table 5.3: Model results

Parameter A15 Value

R2 0.9974

Adjusted R2 0.9974

No. Observations 1014

Std Err. of Regression (SER) [W ] 0.0414

F-Statistic 14103.8

p-Value for F-Statistic p < 0.000001

Avg. VIF (PMC events only) 2.78

Avg. VIF (inc. V and f) 3.56

30.9�C and as high as 90.6�C.

The same graph was re-drawn to show the residuals against temperature and there was no longer a

trend between the two, confirming that the model has successfully captured the e↵ect of temperature

on the power consumption (Figure 5.2). The cone shape of the residuals indicates the presence of

heteroscedasticity (non-constance variance, see Section 3.1.6), which is inherent to PMC-based

power modelling. This problem is addressed by using a heteroscedasticity-consistent standard error

(HCSE) estimator as described in Section 4.4.2.

Figure 5.3 shows how the modelled static power varies with temperature at several fixed voltages,

while Figure 5.4 shows how it varies with voltage at several fixed temperatures. Later in this

Chapter it will be shown how temperature impacts the static power for measured observations. A

summary of the model results is presented in Table 5.3 while the cross-fold validated results are

presented in Table 5.4.

5.5 Model Decomposition and O✏ine Cores

In the previous section a thermally-aware model that estimates the overall power of a quad-core

Arm Cortex-A15 cluster has been described. In this section, that model is decomposed, allowing it
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Table 5.4: Model results from k-fold cross-validation

Parameter A15 Value

No. Folds (k) 10

Fold Group Size 101

Avg. Err. (MAPE) [%] 3.73

Mean Sq. Err. (MSE) [W 2] 0.00186

Root Mean Sq. Err. (RMSE) [W ] 0.0384
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Figure 5.3: Model output response when varying the temperature input at various cluster voltage
points.
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Figure 5.4: Model output response when varying the voltage input at various temperature points.

to give accurate estimations of the static and dynamic power consumed by each core and to predict

the power consumption when cores are switched o✏ine.

In Chapter 4, the PMC events used to estimate the dynamic activity power consumption are av-

eraged across all four cores in the cluster. Therefore, the assumption is that the dynamic power

impact of a PMC event is the same, whether, say, 95% of the cluster-wide events come from one

core and 5% from the rest, or each core contributes to 25%. This is confirmed by estimating the

dynamic activity power of each core individually and comparing this directly with the measured
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power consumption. The modelling methodology presented in Chapter 4 calculates the arithmetic

mean of the PMC events across all four cores and uses this data to calculate the model coe�cients.

Therefore, the counters from each core are taken and then divided by four, before multiplying each

event by the calculated coe�cient. This per-CPU estimated dynamic activity power consumption

includes the dynamic activity of the CPU itself and the dynamic power of the L2 cache caused by

that CPU.

The quad-core Cortex-A15 power is then measured when it is idle and each core is switched o↵

one-by-one to observe how static power is consumed (Figure 5.5). This experiment is conducted at

every DVFS level to see how it varies with voltage (plotted in red) and frequency (x-axis). The blue

line shows the measured cluster power consumption when all four cores are online but idle. The

purple line shows the power when only one core is online and the brown line shows the power when

all cores are switched o✏ine.

The power decreases significantly when the last core is switched o↵. At first glance one may assume

that this may be because the shared 2 MB L2 cache is switched o↵ at this point. However, it is

observed that, even when the voltage is constant (e.g. 200 MHz-800 MHz), the power (when more

than 0 cores are online) increases with frequency, showing that there is a component of dynamic

power. As shown in Section 5.3, a constant dynamic component (BG dynamic) is present. This

component occurs even when there is no activity (e.g. the system is idle) and it is therefore present

in Figure 5.5. This component is calculated using V 2
DD and fclk as well as the static power of the

final online core (by subtracting the average power between n=4, n=3, n=2 and n=1 from n=1).

It is found that the magnitude of these two components at each frequency fit the gap between

the measured power when all four cores are o↵ and n=1. The di↵erence between n=1 and n=0

is therefore due to the BG dynamic power. It can therefore be inferred that the drop in power

when the last core is switched o↵ is due to a constant dynamic power (BG dynamic) component

disappearing (possibly due to clock gating in the L2 cache and bus) and that the L2 cache remains

powered but inactive, as there is a significant static power component remaining.

The idle power can therefore be broken down into the following components:

• static power of the L2 cache and cluster-wide logic;

• constant background (BG) dynamic power which is present when one or more cores is online;

• static power of each of the four cores and their respective L1 caches.

Unlike with the dynamic power consumption, the proportion of static power consumed by each

component remains constant, with respect to the total static power, across each DVFS level. Each

core and its L1 cache consumes 11.8% and the remaining static power consumption, consisting

largely of the L2 cache, makes up 52.6%.

It is therefore possible to break down the static power estimation, which takes both voltage and

temperature into account. The base static power (mostly consisting of the L2 cache static power)

is calculated using the average temperature value recorded from all four thermal sensors, while the

static power for each CPU is calculated using its respective thermal sensor.

With this idle power breakdown added to the model, it can be seen how the static power is broken

down across di↵erent DVFS points when the fan was manually switched on (Figure 5.6) and when

the fan was permanently o↵ (Figure 5.7).
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Figure 5.5: The measured idle quad-core Cortex-A15 cluster power at various clock frequencies
(fclk) when all four cores are online (n=4) and switching each o↵ in turn until no core is online
(n=0). The cluster voltage is also shown.

Note how the static power remains almost constant at 400 MHz, 600 MHz and 800 MHz whereas

BG dynamic power increases as it is proportional to the clock frequency. There is a small increase in

static power from 400 MHz to 800 MHz due to the temperature increasing with the faster switching

activity.

At 1600 MHz with the fan on, the static power consumption is less than 0.14 W (temperature:

40.2 �C) and with the fan o↵, the static power consumption is over 0.33 W (temperature: 73.5 �C).

This illustrates the importance of considering temperature within a model, particularly if the model

is providing per-component static and dynamic power predictions. When summing the individual

components of static power and the BG dynamic component, the model achieves an average idle

power prediction error of less than 7% across the full range of temperatures considered and every

DVFS level.

Each component of power is calculated and summed to obtain the overall cluster power and it is

then compared with the measured cluster power. As previously reported, the model achieves an

average error of 3.7%. Figure 5.8 shows the error of each individual workload (aggregated over

DVFS levels and fan settings). The power consumption and its breakdown of each workload is also

plotted, again aggregated over every DVFS level and fan setting (Figure 5.9). The static power

varies across di↵erent workloads because the intensity of the workloads a↵ect the temperature. It

also varies because the voltage provided by the non-ideal voltage regulator changes with the dynamic
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Figure 5.6: Idle power consumption across di↵erent clock frequencies, showing the contribution
from the static power and BG dynamic power. Fan switched on. Average temperature is 35.5 �C.
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Figure 5.7: Idle power consumption across di↵erent clock frequencies, showing the contribution
from the static power and BG dynamic power. Fan switched o↵. Average temperature is 60.1 �C.

CPU current draw. This e↵ect was identified and addressed in Section 4.6.

5.6 Thermal Modelling

This chapter has presented an improved power modelling methodology to that presented in Chap-

ter 4 which models the e↵ects of temperature, as measured from the thermal sensors (therefore

including the e↵ects of ambient temperature), on the leakage power consumption. However, some

platforms, including simulation frameworks, do not have temperature sensors. This section extends
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10

p < .0001

EPH_0x1b_minus_EPH_0x73:Frequency_A15:Voltage_A15_Squared 8.885e-10 8.520e-10 9.250e-
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Figure 5.8: Average error (mean absolute percentage error [MAPE]) for all 39 workloads, aggregated
across each DVFS level and three fan settings 25/03/2016, 20:31Graph Test:Run-Time Power Modelling
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Figure 5.9: Power breakdown for all 39 workloads, aggregated over every DVFS level and three
di↵erent fan settings
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the methodology and software tools to enable empirical thermal profiling.

The HotSpot [127] tool enables thermal modelling for design analysis, as well as run-time thermal

management, or dynamic thermal management (DTM) [269]. Mesa-Mart́ınez, Ardestani and Re-

nau [195] characterise an AMD K8-based processor using an infrared (IR) imaging system to provide

insights and recommendations to researchers working on thermal modelling. Lee and Skadron [170]

present a PMC-based thermal model for an Intel Pentium 4 processor, which can be used for on-

line temperature sensing. However, they conclude that many challenges in developing a reliable,

low-overhead temperature sensing mechanism remain.

This section proposes a simple equivalent circuit (lumped element) temperature model (Table 5.5).

The ground potential is made equal to the ambient air temperature, which is, in practice, influenced

by heat dissipation of other components in the device. Note that this technique is modelling the

value of the built-in thermal sensors, it is not deriving the core temperature, which varies between

the specific components inside the CPU. GemStone was extended to enable monitoring of the

thermal sensors. The power modelling analysis and gem5 calibration (see Chapter 6) analysis

extracted average workload samples. GemStone therefore had to be heavily extended for the time-

series thermal analysis, which also required fusing data from multiple sources that used di↵erent

sampling rates. A RaspberryPi board was set up to record ambient thermal conditions while

the GemStone software tool captured PMC events and on-board thermal readings while running

workloads (Figure 5.10). Workloads were run while di↵erent numbers of cores were idle, on di↵erent

cores, and at di↵erent DVFS levels. GemStone was configured to add a period of idle workload

execution before and after running each workload so that the transient thermal e↵ects could be

monitored (Figure 5.13).

Once the thermal capacitance and thermal resistance (between the sensor and ambient temperature)

have been derived, the simple, yet abstract temperature model can be used to provide run-time

thermal estimations using the basic equivalent circuit (Figure 5.11). The input of the thermal

model is the estimated power consumption of the power model.

There are certain practical factors that must be considered. For example, the thermal sensors

corresponding to each core are not all aligned in the same way to their corresponding core. Fur-

thermore, there are other components on the chip, including the GPU and memory controller, that

significantly impact the temperature.

Once a thermal capacitance and resistance has been derived, the thermal model can be used to pro-

vide online temperature predictions and improve the accuracy of the power model leakage estimation

(Figure 5.12).

5.7 Energy Cost in the Memory Hierarchy

In this section it is shown how it is possible to derive the energy cost of the movement of data

between di↵erent levels of the memory hierarchy. The lat mem rd [189] micro-benchmark from

LMbench [190] was used measure the read latency of accessing various sizes of arrays. As the array

size increases, the memory latency increases as the CPU is accessing more distant memory (L1 data

cache, L2 cache and main memory; details of the memory hierarchy are provided in Section 2.4).

The e↵ects of TLB misses and prefetching can also be observed in the latency plots. A modified
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Table 5.5: Thermal variables with their electrical equivalents

Thermal Electrical

Temperature at spatial location (K) Node Voltage (V)
Heat Flow (W) Current (A)

Thermal Resistance (K/W) Resistance (⌦)
Thermal Capacitance (Ws/K) Capacitance (F)

ODROID XU3 Development Board

GemStone

PMU
Thermal

Sensors 

Raspberry Pi Board

DS18b20  Temperature

Sensors
PMC and CPU

Temperature Log

Ambient Temperature

Log

Figure 5.10: Overview of the thermal characterisation setup

I ⌘ Pcpu

Vcpu ⌘ Tcpu

C ⌘ Cth

R ⌘ Rth

VREF ⌘ Tamb

Figure 5.11: Example of the most basic from of an equivalent circuit CPU temperature model

HW/gem5 Events
Power Model

Static and Dyn.
Temperature

Model

Power Model

T

Pstatic

Tamb

Pdyn

P̂tot

T

Figure 5.12: Online thermal and power prediction block diagram



5.7. Energy Cost in the Memory Hierarchy 135

Temperature
1 Cluster and Correlation

All

0

42
8

11
33

18
37

25
42

32
46

39
50

46
55

53
68

60
72

67
77

74
82

81
86

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
idle

0

42
8

11
33

18
37

25
42

32
46

39
50

46
55

53
68

60
72

67
77

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
basicmath

0

51
3

12
18

19
22

26
27

33
31

40
36

47
40

54
45

61
49

68
54

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
bitcount-small

0

31
8

10
23

17
27

24
31

31
36

38
40

45
45

52
49

59
54

66
58

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
stringsearch

0

42
3

11
27

18
32

25
36

32
41

39
45

46
50

53
54

60
59

67
63

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
par-susan-smoothing

0

24
0

94
4

16
49

23
53

30
58

37
62

44
66

51
71

58
75

65
80

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
rl-linpack-neon-small

0

58
4

12
89

19
93

26
97

34
02

41
06

48
11

55
15

62
19

69
24

0

10

20

30

40

50

60

70

80

90

100

Te
m

pe
ra

tu
re

Time (ms)
dhrystone

50

60

70

80

90

100

Te
m

pe
ra

tu
re

University of Southampton, UK  | ARM Research

Ambient Temperature

CPU Cores A,B,C,D

GPU Core

(a) Set of workloads

Temperature
1 Cluster and Correlation

All

0

42
8

11
33

18
37

25
42

32
46

39
50

46
55

53
68

60
72

67
77

74
82

81
86

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
idle

0

42
8

11
33

18
37

25
42

32
46

39
50

46
55

53
68

60
72

67
77

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
basicmath

0

51
3

12
18

19
22

26
27

33
31

40
36

47
40

54
45

61
49

68
54

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
bitcount-small

0

31
8

10
23

17
27

24
31

31
36

38
40

45
45

52
49

59
54

66
58

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
stringsearch

0

42
3

11
27

18
32

25
36

32
41

39
45

46
50

53
54

60
59

67
63

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
par-susan-smoothing

0

24
0

94
4

16
49

23
53

30
58

37
62

44
66

51
71

58
75

65
80

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
rl-linpack-neon-small

45

50

55

60

65

70

75

Te
m

pe
ra

tu
re

Time (ms)
dhrystone

65

70

75

(b) Parallel Susan implementation (ParMiBench)

Figure 5.13: Temperature (degrees Celsius) readings from the four CPU core sensors, a GPU core
sensor, and an ambient temperature sensor while running selected workloads on the Arm Cortex-A15
cluster

version of the Powmon software was used to simultaneously record specific PMC events related to

the memory hierarchy as well as the power consumption. All experiments were conducted on the

Arm Cortex-A15 cluster of the ODROID-XU3 board. By carefully tuning micro-benchmarks and

combining the latency data with the PMC data and the measured power, it is possible to derive the

energy cost of moving data between di↵erent levels of the memory hierarchy. The stride of the reads

could be adjusted which a↵ected how e↵ectively the memory prefetchers operated. The examples

in Figures 5.14, 5.15, 5.16 and 5.17 use a small stride of 8 bytes and the L2 prefetcher can be seen

to be active, which a↵ects the power consumption and event rates. The stride was used to obtain

samples with di↵erent amounts of prefetching to aid the decomposition of the power consumption.

As the array size increases, the memory latency increases in steps as it accesses more distant levels of

the memory hierarchy. The Cortex-A15 cluster power consumption (which contains the four cores,

their respective L1 instruction and data caches, as well as the shared L2 cache) varies as di↵erent

levels of the memory hierarchy are accessed (Figure 5.14).
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(a) Cortex-A15 Power (W)

Figure 5.14: Memory latency (left axis) plotted with Cortex-A15 power consumption (right axis).
Maximum array length of 100 MB and a stride of 8 bytes.

The first level of graph shows the memory latency of accessing the L1D cache (4 ns), as confirmed by

the PMC event rate of L1D cache accesses (Figure 5.15a). After the size of the array becomes larger

than approximately 32 KB (the size of the L1D cache), the rate of the L2 cache accesses increases

(Figure 5.15b). The maximum Cortex-A15 power consumption occurs at this point as the energy

cost of reading data from the large L2 cache is very high. After the array size exceeds approximately

2 MB, the main memory is accessed, as indicated by the bus accesses (Figure 5.15c). At this point

the main memory power consumption also increases dramatically (Figure 5.16b). After the array

size increases to above 7 MB, there is another increase in power consumption (both Cortex-A15 and

memory power) and the number of bus accesses. This is due to the L2 prefetcher (see Section 2.4)

activity (Figure 5.16a), which is higher than the case where the stride is set to a higher level (such

as 128 bytes).

This analysis enables the energy required to access various levels of the memory hierarchy to be

understood and quantified. Furthermore, Chapter 4, experimentally demonstrated the importance

of diverse training observations, which can be obtained by taking samples at these four identified

levels. The LMbench lat mem rd benchmark was modified to enable a specific point of the memory

latency plot to be identified and held for accurate power sampling. This workload was also used

in Chapter 6 for measuring the memory latency of a full-system simulator (where sweeping the

entire range requires an impractical amount of computation time). In Section 7.2, an adaptive

model training workload is proposed by building on this idea and code.

5.8 Conclusion

This chapter presented a methodology for developing accurate and decomposable thermally-aware

run-time power models which have uses in both online energy management and design-space explo-

ration. The approach was illustrated using measured data from a mobile device utilising an Arm

Cortex-A15 quad-core CPU. This chapter demonstrated how it is possible to build stable models

that can e�ciently capture the relationships between the model inputs and power, allowing one
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(c) 0x64 Bus Accesses (rate)

Figure 5.15: (continued) Memory latency (left axis) plotted with various PMC event rates (right
axis). Maximum array length of 100 MB and a stride of 8 bytes.
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(c) 0x08 Instr. Arch. Exec. (rate)

Figure 5.16: (continued) Memory latency (left axis) plotted with PMC event rates and memory
power consumption (right axis). Maximum array length of 100 MB and a stride of 8 bytes.
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(a) 0x05 L1 TLB Refill (rate)

Figure 5.17: (continued) Memory latency (left axis) plotted with a PMC event rate (right axis).
Maximum array length of 100 MB and a stride of 8 bytes.

to decompose the power model into smaller components, by significantly improving on the model

formulation presented in existing works. The e↵ect of temperature on the static power consump-

tion was analysed and thermal compensation was added to the model. This chapter demonstrated

how it improves the accuracy by as much as 20%. The power impact of switching CPUs o✏ine

was evaluated and power components were analytically devised to infer internal CPU behaviour

and break down the power consumption. The presented models are able to accurately predict the

temperature-compensated static power of each CPU and the L2 cache, the background dynamic

switching power, and the dynamic power caused by the workload of each CPU. The validity of the

analytical methods and assumptions were verified by testing the proposed model using measured

data with large temperature deviations, a diverse selection of workloads, eight di↵erent voltage and

frequency (DVFS) levels and with di↵erent numbers of CPU cores utilised. Each component of the

model was calculated individually and summed together to form the cluster power estimate, which

was found to have an average error of 3.7%. Furthermore, a temperature model was proposed for

situations where thermal sensors are not available, such as simulation tools, and a technique for

analysing the energy cost of data movement within the memory hierarchy was proposed, which can

also be used to collect diverse training observations for power model training.

The novel techniques and methodologies proposed in this chapter, and the previous two chapters,

enable accurate and stable power modelling for guiding RTM. Chapter 6 explores the applicability

of these empirical power models for design-space exploration purposes and develops techniques for

improving the performance models that provide inputs to the power models.





Chapter 6

Hardware-Validated Performance

and Energy Modelling

Full-system simulation frameworks such as gem5 are used extensively to evaluate research ideas

and for design-space exploration. Moreover, energy-e�ciency has become the key design constraint

in recent years and many works use a separate power modelling framework to evaluate energy

consumption. While such tools are convenient and flexible, they are known to contain sources of

error which are often not fully understood and potentially impact the conclusions drawn from in-

vestigations. This chapter enables accurate, hardware-validated performance, power, and energy

modelling of CPUs by first presenting a methodology to evaluate and identify sources of error in

CPU performance models, and secondly integrating and optimising the empirical models developed

in Chapters 3, 4 and 5 for use with such performance models. This chapter proposes coupling

top-down empirical power models with performance simulators, and postulates that this approach

provides more accurate and reliable results for studies using simulation tools when compared with

the typical approach of using a performance simulator in conjunction with a high-level bottom-up

modelling framework, such as McPAT. Hierarchical clustering, correlation analysis, and regression

techniques are used to identify sources of error without requiring detailed CPU specifications and en-

able existing models to be improved, new models to be developed, validation of simulator changes,

and testing of model suitability for specific use cases. Furthermore, the GemStone open-source

software tool is presented, which automates the process of characterising hardware platforms, iden-

tifying sources of error in gem5 models, applying power analysis, and quantifying the e↵ect of errors

on the performance, power, and energy estimations. In addition, the mean percentage error in

execution time was found to swing from �51% to +10% between two versions of the same gem5

model, underlining the need for an automated tool to validate models against reference hardware,

ensuring accuracy and consistency.

The work presented in this chapter was published in the 2018 IEEE International Symposium on

Performance Analysis of Systems and Software [304].
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Figure 6.1: Proposed simulation methodology

6.1 Introduction and Literature Review

Architectural and micro-architectural CPU simulators are heavily relied upon in both academia

and industry to evaluate new ideas and proposals in many fields, such as: system-level design [40],

microarchitecture [221], compilers [83], benchmark suite analysis [301], scheduling and run-time

system management [320], reliability [64], emerging memory technologies [61, 181], persistent main

memory [142], genomic algorithm acceleration [258], high-performance computing [49], cloud com-

puting [264], and distributed systems [200]. Due to its active development community and support

for many Instruction-Set Architectures (ISAs), including x86 and ARM, gem5 [30] has become a

widely used simulation framework (see Section 2.7.1)

In recent years, energy e�ciency has become a primary design constraint in modern computer

systems, and architectural simulators are often coupled with an energy simulation tool. For example,

McPAT [174] is a widely used power, area and timing simulation tool that is often used with gem5

to provide energy analysis. Many recent works have used gem5 to provide performance statistics

to McPAT for energy analysis [218, 56, 318, 289, 246, 239], despite large sources of error in McPAT

being well documented [315, 216, 48, 171].

While such simulation tools are invaluable to research, they inherently contain errors which can

impact the conclusions drawn from research, particularly if the sources of error are not well under-

stood. This potentially a↵ects the quality and integrity of research that relies on the tools. Recent

works have focussed on these errors and their e↵ects [315, 216, 117, 171]. While not as flexible, the

carefully developed models in Chapters 3, 4, and 5 demonstrated superior accuracy and a higher

level of confidence when compared to high-level bottom-up frameworks.

6.1.1 Simulation Use Cases and Baseline Models

When evaluating research ideas or conducting design-space exploration, accurate performance and

power baseline (i.e. reference) models are key to ensure representative results and correct conclu-

sions. A common use case of a full-system simulator is evaluating a proposal for a specific part of the
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system. This could be a change in hardware within the CPU itself, such as changing the behaviour

(e.g. modifying the way instructions are re-ordered, the cache coherency protocol or replacement

policy) or changing the size of components (e.g. the re-order bu↵er, a TLB, a branch prediction

history table, or a cache). The changes could also be related to other system components, such

as evaluating emerging non-volatile memory (NVM) technologies for main memory. The proposed

change could also be in the software running on the system, for example, system software evalua-

tion (e.g. di↵erent scheduling policies or run-time management algorithms), compiler assessment or

application software evaluation.

To evaluate such proposals, a baseline model is first used to obtain baseline results, the changes are

then applied to the model, and the new model is used to evaluate the changes (e.g. any improvements

or deterioration in performance or energy are measured). A baseline model based on a typical

system is therefore a critical component of a simulation framework. The gem5 simulation framework

provides the flexibility required to make the proposed changes to the model, either through changing

the configuration scripts, or extending the framework itself. However, if there are significant errors in

the reference model, it may not respond in a representative way to the change under test, potentially

leading to incorrect or misleading results.

This chapter proposes calibrating a gem5 model, ensuring it is representative and suitable as a

baseline model, before pairing it with an accurate and stable empirical power model. A researcher

would apply the changes proposed in their investigation to the calibrated gem5 model and it would

provide the modelled impact of the changes on the execution time and the architectural and micro-

architectural event counts. The modelled events of the before and after scenario would be used

as inputs to the empirical power model for evaluating the power and energy (and optionally also

temperature, using the techniques outlined in Chapter 5) change.

While the accurate, hardware-validated empirical model is fixed for a particular implementation,

the model does capture the power changes due to the change in system behaviour (captured in the

gem5 events). In many use cases there is zero or negligible power change due to a physical hardware

change compared to the power di↵erence due to the change in behaviour. For example, there

would be zero power di↵erence due to software changes in works investigating HMP scheduling,

RTM, compiler optimisation or software improvements. In many works investigating hardware

changes, the hardware change itself will have minimal impact on power consumption compared

to the behavioural changes (the “knock-on e↵ects”), which are captured by the empirical model

through the input statistics. Therefore, using an inflexible, but highly accurate, empirical power

model is preferable in many situations to a flexible bottom-up simulation framework that is known

to contain significant sources of errors in many subcomponents of the system.

In cases where the hardware change power impact could not be considered negligible, the power

consumption of the a↵ected component (which is typically the component of interest to the inves-

tigation) can be considered separately. For example, there are two di↵erent types of power impact

on the system when doubling the size of the branch predictor global history table:

1. The prediction accuracy would likely increase, causing fewer wasted cycles and unnecessary

cache and TLB accesses. These “knock-on” behaviour changes are captured accurately by the

fixed empirical power model.

2. The increased size of the table will increase the leakage power consumption and the dynamic

power of accessing the table will also be higher. This power change is not captured by the
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empirical power model and must be modelled using bottom-up approaches such as SPICE,

RTL-level, gate-level, or higher-level CACTI simulation. While estimating the power of the

whole system using SPICE, RTL, or gate-level simulation may be infeasible due to the sim-

ulation time and the lack of publicly available IP, simulating the single component under

investigation is feasible and would be the most accurate method of understanding the power

impact of the proposed change. In many situations, back of the envelope calculations con-

sidering the area change would su�ce (it is the “knock-on” e↵ects that are more di�cult to

model). Once the power impact of the individual component under investigation has been

found, it can be analytically combined with the empirical power model.

Many changes that have significant (when compared to the total power consumption) direct e↵ects

on the power consumption due to the physical power consumption would likely be related to large

structures within the CPU, such as the caches, the TLBs, or the mBTB. Modelling the physical

power delta of changing these components is relatively straight-forward using the techniques listed

above. Furthermore, unlike small components in the system that have parameters that are not

publicly disclosed, the sizes of these large components are typically published in datasheets.

6.1.2 Performance Simulation Error

This work augments the gem5 simulation framework with accurate, hardware-validated empirical

PMC-based power models of a real hardware platform. However, through extensive experimental

evaluation, significant errors in the workload execution time are found when validating existing

gem5 models on a wide selection of workloads. Furthermore, analysis of individual event statistics

from the model (e.g. L1D cache misses), which are required as inputs to power modelling tools

(including both McPAT and the PMC-based power models), have even larger errors. A key cause

is specification error, which explains errors caused by incorrectly setting model parameters due to a

lack of information about the device being modelled (see Section 2.7.3). To address this problem, a

comprehensive methodology for systematically evaluating gem5 models against hardware platforms

and identifying sources of errors is presented (Section 6.4), along with a corresponding software

tool, GemStone, which automates the process. GemStone collects data from hardware platforms;

combines the data with gem5 simulation results; identifies sources of error in the gem5 model using

statistical techniques; and evaluates performance, power and energy accuracy (as well as their scaling

across frequencies) using the aforementioned power models. While some works have evaluated gem5,

its accuracy and usefulness depends on the specific model being used and the purpose it is being

used for. Furthermore, the active development community constantly improves gem5, meaning

that running the same setup with two di↵erent versions of gem5 can produce di↵erent results;

inevitably, bugs can also be introduced occasionally (Section 6.7). There is therefore a need for

an automated tool that compares gem5 models against reference hardware platforms to ensure its

accuracy, consistency and applicability for specific use cases. All graphs in this chapter, with the

exception of Figure 6.6, are generated by GemStone.

By building and integrating empirical hardware-validated power models into the gem5 simulator

itself, sources of error in the power simulation are reduced and the accuracy for a specific CPU is

known (Section 6.5).
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6.1.3 Contributions of this Chapter

The result is a framework for building accurate, reliable and hardware-validated gem5 models for

performance and energy evaluation. This is important as results from performance and energy sim-

ulators underpin the results and conclusions of many works of research and development; limitations

in simulation tools can lead to incorrect conclusions and reduce the quality of research if they are

not understood.

The key contributions of this chapter are as follows:

1. a methodology for evaluating performance models and identifying specific sources of error

(Section 6.4);

2. empirical power models of an Arm Cortex-A7 CPU and Arm Cortex-A15 CPU, optimised for

gem5 events (Section 6.5);

3. evaluation of how modelling errors a↵ect performance, power and energy estimations, including

how they scale with DVFS changes, between micro-architectures, and between di↵erent types

of workloads (Section 6.6);

4. the GemStone open-source software tool is presented, which characterises hardware platforms,

evaluates gem5 models, identifies sources of error using statistical methods, and applies power

and energy analysis. Software, models, datasets and full results are made available.

6.2 Methodology Overview

The existing gem5 model of a Hardkernel ODROID-XU3 (included in the gem5 simulation frame-

work itself) was first validated against a hardware platform. Significant errors both in the estimated

execution time and estimated micro-architectural events were identified and this motivated the de-

velopment of a methodology for identifying sources of error in the gem5 model (Section 6.4). Existing

techniques of identifying model errors were first attempted and their shortcomings demonstrated

(Section 6.4.1). The proposed methodology, which builds on findings and techniques developed in

Chapter 4, does not require detailed knowledge of the CPU being modelled or require the hardware

PMC events to be directly mapped to the modelled events. Once the errors in the existing model

were understood, the power models developed in Chapter 4 were adapted and optimised for use

within gem5 and the e↵ects of gem5 model errors on the modelled power and energy were evaluated

(Section 6.5).

Many use cases of a performance simulator involve changing the DVFS level or HMP core type. The

models must therefore accurately capture the performance and power scaling between DVFS levels

and between di↵erent microarchitectures. The modelled performance, power and energy scaling as

the DVFS level and HMP core types are changed was compared to that measured on the hardware

platform (Section 6.6). As well as simply considering the average scaling across all of the workloads,

individual workload clusters were considered.

The identified sources of error were then evaluated in more detail (Section 6.7) and the e↵ect of

addressing the key identified source of error on the performance, power and energy evaluated.
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Figure 6.2: Experimental setup and methodology overview

The full experimental methodology, including the running of experiments and collecting data on

both the hardware platform and simulation framework; evaluating the gem5 model; identifying

the sources of error in the gem5 model; applying the empirical power models to the hardware

and simulation data; exporting power equations for run-time analysis in gem5; and evaluating the

performance, power and energy across clustered groups of workloads, DVFS levels and HMP core

types was automated in the GemStone software tool.

While the methodology is demonstrated on the gem5 simulation framework with mobile CPUs im-

plementing the ARM architecture, the methodology itself is applicable to any simulation framework

or CPU architecture.

6.3 Experimental Setup and Workflow

The methodology presented in this chapter is demonstrated on the same Hardkernel ODROID-XU3

development board used in Chapters 4 and 5 as well as [48]. It contains a quad-core Arm Cortex-

A7 CPU cluster (optimised towards low-energy), and a quad-core Arm Cortex-A15 CPU cluster

(optimised towards high-performance), and is described in detail in Section 2.4.

A set of 65 workloads from several benchmarking suites were used to evaluate the gem5 models

and empirical power models, including MiBench [116], ParMiBench [132], LMbench [190], Roy

Longbottom’s PC Benchmark Collection [179], PARSEC [29], Dhrystone [11] and Whetstone [72].

PARSEC workloads were run both with a single thread and four threads. The LMbench and Roy

Longbottom benchmarking suites were not included in the workloads used for execution time error

characterisation.
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Figure 6.3: Software tool for applying power models to either hardware collected data or gem5 data

The overall experimental setup comprises of four key experiments for data collection (Figure 6.2):

1. collection of performance and PMC data from the hardware (HW) platform for a baseline to

compare the gem5 models against; 2. running of the gem5 model simulations; 3. collecting power

and PMC data for every workload and PMC event (for power model PMC event selection); and

4. collecting power and PMC data (across the events selected in 3) for every frequency to build the

empirical power models. Experiments 3 and 4 and the corresponding post-processing and analysis

(boxes i and m) are automated by the Powmon software tools (Chapter 4). The power sensors on

the ODROID-XU3 provide readings at 3.8 Hz (the sensors internally sample at a higher frequency

and provide an average). While this rate can be increased, it comes at a cost of overhead. The

workloads were therefore repeated so that they exercised the CPU for at least 30 seconds to obtain

accurate and repeatable power measurements.

Experiment 1 (box a) collects data for evaluating the gem5 models and has di↵erent requirements

to Experiments 3 and 4. Single runs of MiBench, ParMiBench, PARSEC (both single threaded and

multi-threaded), Dhrystone and Whetstone (45 workloads in total) were run on the ODROID-XU3

board. Each workload was run five times and the observation with the median execution time

used. The experiment was repeated to capture 68 PMC events (only a limited set of PMC events

can be measured simultaneously) and the standard deviation of workload execution time between

the runs was checked. When running at 2 GHz on the Cortex-A15 (the maximum Cortex-A15

clock frequency), throttling occurred due to high CPU temperatures. A frequency of 1.8 GHz was

therefore the highest used and a 5 second delay (where the CPU was idle) was inserted between

workloads to allow the CPU to cool down. This experiment was run at 200 MHz, 600 MHz, 1 GHz

and 1.4 GHz on the Cortex-A7 and 600 MHz, 1 GHz, 1.4 GHz and 1.8 GHz on the Cortex-A15.

Throughout this chapter the ODROID-XU3 hardware platform will be referred to as HW.

The ex5 LITTLE.py and ex5 big.py CPU models built into the gem5 simulator were used in this

work for Experiment 2. They are designed to represent the Exynos-5422 SoC found in the ODROID-

XU3 board and are based on the work presented by Butko et al. [48] (Section 2.7.3). The simulator

was running Ubuntu 11.04 (kernel: 4.4). The simulations were run with the same workloads and

DVFS levels as Experiment 1. This gem5 model will be referred to as the model throughout this

chapter for simplicity.

The results from the gem5 experiments and the gem5 hardware validation experiments were collated

and combined (box f ), and the workloads clustered to identify patterns and errors between workload

types (box g). Knowledge of PMC events that are not available or reliable were fed back to the

PMC event selection algorithm so power models can be formulated with events that work well in

gem5. Equivalent gem5 events were found to the PMC events chosen in the model (box l) and a
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software tool is presented to apply the power model to both the hardware collected data and the

gem5 simulated data for power and energy analysis (part of box k). This software tool (Figure 6.3)

is compatible with the Powmon model building software [309], allowing the models created by that

software to be applied to gem5 simulations or HW data. The advantage of this tool is that power

models can be applied to gem5 results after the simulation, meaning that the selected power model

or the voltage for a selected frequency can be changed without re-running the gem5 simulation.

Note that the software tool can also export equations that can be inserted into the gem5 simulation

platform for simulated run-time estimation. The methodology for deriving the sources of error in

gem5 (box h) is described in the next section and allows the gem5 models to be iteratively improved

to match the hardware platform.

6.4 Identifying Sources of Errors in gem5

This section evaluates the existing gem5 models against the hardware (HW) platform and describes

a methodology for identifying sources of error. A key problem in CPU simulation is specification

error (Section 2.7.3), where models cannot be specified accurately because of insu�cient (publicly

available) information about the device being modelled. Moreover, there are di�culties in precisely

matching many HW PMCs to gem5 events as the hardware documentation is not detailed and the

specifics of many events are implementation defined [180]. This section applies several statistical

methods to analyse relationships between modelling errors and workload types, HW PMC events,

and modelled events to identify the sources of error, without requiring detailed CPU specifications

or matched events.

For workloads from the PARSEC suite the gem5 model predicts program execution time with a

MAPE of 25.5% and a Mean Percentage Error (MPE) of �7.5% across both CPU clusters and at all

tested DVFS levels. A negative MPE indicates that the gem5 model underestimates performance

(overestimates the execution time). However, when testing on a larger set of workloads (45 in

total) from di↵erent benchmarking suites, the MAPE is 40% and a MPE is �21%, highlighting

the importance of considering many diverse workloads. The Cortex-A7 model achieves a higher

accuracy and tends to underestimate execution time (MAPE and MPE at 1 GHz of 20% and 8.5%,

respectively) while the Cortex-A15 model significantly overestimates execution time (MAPE and

MPE at 1 GHz of 59% and �51%, respectively).

The workload errors have a similar pattern across all frequencies tested, and the MPE on both

the Cortex-A7 and Cortex-A15 becomes gradually more positive with frequency. The workload

par-basicmath-rad2deg has the highest MAPE of 285% at 600 MHz (264% at 1.8 GHz and 268% at

1 GHz, it has an MAPE of 69% at 600 MHz on the Cortex-A7).

Hierarchical Cluster Analysis (HCA, see Section 4.3.4) was used to group workloads of similar be-

haviour together, using the inter-correlation between the measured hardware PMCs from the HW

platform. The clustering in the resulting dendrogram concurs with intuition of the types of work-

loads (Figure 6.4). The measured execution time MPE between the gem5 model and the hardware

platform was combined with the workload clusters (Figure 6.5) and the following observations were

made:

1. the MPE varies significantly between di↵erent workloads;
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Figure 6.4: Dendrogram of workload clustering. (MiBench prefix: mi, ParMiBench prefix: par,
PARSEC prefix: parsec)
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Figure 6.6: Measured memory latency with a stride of 256

2. workloads of the same cluster exhibit similar MPEs (e.g. cluster 4: +47%, cluster 8: -66%,

cluster 10: -3%);

3. workloads with significantly large MPEs tend to be in a cluster of their own (as they exhibit

specific and repeated micro-architectural behaviour). For example, HCA showed that par-

basicmath-rad2deg had the largest distance from the other workloads (Figure 6.4), and it also

has the largest execution time MPE (Figure 6.5).

Clearly, by understanding the common properties of workloads in a cluster with a high MPE, an

intuition of what parts of the model could contain errors can be obtained. Section 6.4.1 looks at

the traditional approach of using microbenchmarks to understand model errors while the remainder

of Section 6.4 reapplies HCA and other techniques to understand the key sources of error in the

model.

6.4.1 Micro-Benchmarks

Micro-benchmarks are often used to identify specific system metrics. The LMbench micro-benchmarking

suite was run on both the hardware platform and the model and the results were compared. For

example, the latency of accessing specific parts of the memory hierarchy was measured using the

lat mem rd benchmark. However, the simulation time to run this was not practical and the modified

version of this benchmark developed for Section 5.7 was used to simulate three fixed points on the

memory latency graph after being derived and measured on the hardware platform (Figure 6.6).

Di↵erent stride lengths were used to influence the behaviour of the prefetcher. It was found that

the DRAM memory latency was too low in the model and that the Cortex-A7 L2 cache latency

was too high, with the other measurements being very close between the gem5 model and HW

platform. Memory latency, operation latency and memory bandwidth tests corroborate the tests

conducted in [48]. They show several aspects of the model that can be improved (such as DRAM

memory latency, as also highlighted in [48]) but these results do not explain the significant negative

execution time MPEs (as extra memory latency would push the error in the positive direction).

While micro-benchmarks are well suited for measuring specific micro-architectural metrics, they do

not give an idea of where the large sources of error are for di↵erent workloads or which sources

are most significant. The remainder of this section employs statistical methods to accomplish this,

and focusses on the Cortex-A15 to demonstrate the approach. For example, it will be shown how

fixing the memory latency problems actually makes the error significantly larger if other sources of

error, which are not apparent from the LMbench results, are not addressed first. Furthermore, the
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Figure 6.7: Correlation of each HW PMC (rate) with the execution time MPE, labelled and coloured
by clusters derived from HCA of the correlation between PMC events across di↵erent workloads.
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1 Cluster and Correlation
The graph below shows how each PMC event correlates with the Cortex-A15 cluster power. Cluster analysis has been conducted in order to group PMC events that correlate with each other. Each
cluster is represented by a different colour (click on the Clustering  buttons below). The PMC events chosen by our automated PMC selection methodology are highlighted in bold. Usually, the selected
PMC events come from differing groups.
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Figure 6.8: Correlation of each HWPMC (total) with the execution time MPE, labelled and coloured
by clusters derived from HCA of the correlation between PMC events across di↵erent workloads.

analysis conducted later in this section also shows that the optimistic memory latency is partially

due to a problem with how memory barriers are modelled.

6.4.2 Cluster and Correlation Analysis (HW PMC Events)

The HCA of the workloads (Figure 6.5) demonstrated how the execution time MPE was closely

related to the type of workload, as indicated by HW PMC events. In this section, HCA is used to

identify clusters of PMC events that correlate with each other across the workloads. This enables

groups of PMCs with similar behaviour to be identified and shows the relationships between the

events. The correlation between each PMC event and the execution time MPE was calculated and

then combined with the HCA to establish how the workload execution time is a↵ected by the PMC

event cluster rates (Figure 6.7) and the total number of cluster PMC events over the whole workload

(Figure 6.8). A positive correlation means that the execution time of a workload with a high rate

of the event in question tends to be underestimated.

The event rates with the largest positive correlation all appear in Cluster 1, which contains events

related to memory barriers and exclusive instructions (0x6C, 0x6D, 0x7E, see Figure 6.7), which

occur frequently in concurrent applications, suggesting the cost of inter-process communication

could be too low. Cluster 28, which contains events counting unaligned memory accesses, also has

a large positive correlation.

As discovered earlier in this section, many of the larger errors are associated with workloads whose
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execution time is overestimated. Cluster 5 has the largest negative correlation and contains events

related to the rate of branches and control flow operations (0x12, 0x76, 0x78). However, the rate of

branch mispredictions (0x10) has a negative but notably smaller (in magnitude) correlation. Note

that execution time of workloads with a high total number of mispredicted branches on HW tends

to be underestimated by the model (Figure 6.8). Cluster 7 (instructions retired and instructions

speculatively executed), Cluster 8 (integer data processing speculatively executed) and Cluster 26

(floating point operations speculatively executed) also have notable negative correlations, showing

that CPU, integer and floating-point intensive workloads tend to have large negative MPEs. This

does not necessarily mean, for example, that the integer operation latencies are incorrect; workloads

with many integer operations may also have many branch instructions which could be a source of

error. Note that both Cluster 8 and Cluster 26 have a similar negative MPE. The HCA helps

identify whether event errors are likely to be from the same source of error or not; the HCA groups

these into separate clusters (with a significant distance between them), showing that these are two

separate sources of error. Additionally, the correlation between execution time and execution time

error was tested and found to be negligible, showing that the duration of a workload does not impact

the error.

6.4.3 Cluster and Correlation Analysis (gem5 Events)

The previous section analyses how the error is correlated with HW PMC events. Conducting the

same analysis using the estimated gem5 events gives a di↵erent insight and is contrasted with the

analysis of the previous section to identify di↵erences between the modelled system and the hardware

platform. The gem5 simulation outputs thousands of statistics compared to the tens of hardware

PMC counters. The analysis scripts automatically identify the same statistics for di↵erent CPUs of

a cluster and create a new event counter which is the sum of the counts of each CPU. The events

with an absolute correlation of over 0.3 were extracted, resulting in a total number of 94 events.

The largest cluster in these selected events was Cluster A, which was made up of 31 events and had

the largest negative correlation with every event in the cluster having a correlation lower than -0.51.

The vast majority of the events were related to the ITLB (Instruction Translate Lookaside Bu↵er,

see Section 2.4). Most of the events concerned accesses to the itb walker cache specifically, which

is designed to approximate the L2 ITLB component in the real hardware. Included in these were

both hits and misses in the L2 ITLB. There were, however, also events related to the itb component

(modelling the L1 ITLB) but these events were only related to misses, showing that large negative

execution time errors tend to occur when there are many L1 ITLB misses in gem5, and the L2

ITLB is accessed (resulting in a hit or a miss). This could suggest that the latency in the L2 ITLB

is too high in the model, or that the source of error is highly correlated to this event. There are

several events in Cluster A that are not directly related to the ITLB: iew.exec nop, fetch.TlbCycles,

iew.predictedTakenIncorrect, fetch.PendingTrapStallCycles, and branchPred.RASInCorrect. Note

that the fact that events related to branch mispredictions are in the same cluster as events related

to L2 ITLB accesses shows that there is a strong relationship between these two components.

Fourteen events with large negative correlations (between �0.46 and �0.31) appear in Cluster B.

Most of the events are related to predicted and mispredicted branches, e.g.: commit.branchMispredicts,

fetch.predictedBranches and branchPred.usedRAS (Return Address Stack).

The next largest cluster is Cluster C, the events in which all have a smaller negative correlation of
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�0.35 or �0.36. All events in this cluster are related to L1I cache misses. Other gem5 events with

negative correlation are related to both the L2 MSHR (Miss Status Holding Registers), uncacheable

latency due to CPU data and the L2 overall miss rate.

Forty of the gem5 events have a positive correlation and the largest cluster has three gem5 events,

which are related to the fetch rate and the number of instructions committed per cycle. Other gem5

events with a positive correlation relate to the L2 cache writebacks and the L2 cache miss latency,

again suggesting the DRAM memory latency is too low.

This disparity between this analysis (analysing the modelled events with execution time error) and

the analysis of profiled HW PMCs with execution time error (Section 6.4.2) identifies di↵erences

between HW and the model, and also allows an understanding of which events are the source, and

which ones are simply correlated with the source. For example, the di↵erences in branches and

mispredicted branches between the two analyses suggest a significantly larger misprediction rate in

the model; the BP is a potential source. The di↵erence in L1 ITLB misses and the high correlation

between modelled branch mispredictions and L2 ITLB accesses suggest that a high L2 ITLB latency

is not a key source; though it could exacerbate the errors. There are inconsistencies in the TLB

events between the HW and model.

6.4.4 Regression Analysis

Regression analysis was used to approximate the relationship between the hardware PMC events

and the gem5 model error. The regression analysis is an important step in the methodology as

events with a large correlation are not necessarily the most useful in identifying the sources of error.

A forward-selection stepwise approach (see Section 4.3.6), using the R2 value (see Section 3.1.5)

as an optimisation metric, was used to identify which hardware PMC events to use as inputs to

the model. Both the total event counts and the rates were made available as candidates to the

selection process. The dependent variable was set as the di↵erence between the measured hardware

execution time and the estimated gem5 execution time and a frequency of 1 GHz was considered

in this analysis. The process adds events to the model until the p-value of any of the terms rises

above 0.05 (a common rule of thumb is that terms with p-values above 0.05 are not statistically

significant).

The model selected seven events and achieved an R2 and Adjusted R2 (compensating for the num-

ber of predictors) of 0.97, showing that a model just using the hardware PMCs can accurately

predict the gem5 model execution time error. The single best PMC event to predict the error was

PC WRITE SPEC (total), showing that the gem5 model error is highly dependent on workloads

that have (when executed on HW) the largest number of branches. The regression analysis finds

SNOOPS and L1D CACHE REFILL WR to be important in predicting error, despite not being

found to be significant in the PMC correlation and cluster analysis. The other events in this se-

lection (which include LDREX SPEC and BR RETURN SPEC) largely corroborates the previous

analysis.

The same analysis is conducted using the gem5 event statistics, and eight events were automatically

selected, resulting in a model that achieved an R2 and Adjusted R2 of 0.99. The eight selected

events included commit.commitNonSpecStalls, branchPred.indirectMisses, dtb.prefetch faults and

l2.ReadExReq hits (data). The first one is the total number of times the commit unit has had
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Figure 6.9: Total gem5 events normalised with their HW PMC equivalent (bars over 1 indicate that
gem5 overestimates the PMC event). Results shown for selected clusters. The mean bars exclude
Cluster 16.

to stall due to a non-speculative instruction reaching the head of the re-order bu↵er (ROB). The

second again highlights branch misprediction.

The regression analysis shows how the gem5 error can be accurately predicted simply from the

hardware PMC events. It has also largely reinforced the conclusions from the previous analysis and

identified some parts of the system to look at in more detail (e.g. snoops, DTLB prefetch faults,

L1D cache writebacks, L2 data hits).

6.4.5 Event Comparison

The previous analysis has shown that the key sources are related to the Branch Predictor (BP) and

the ITLB hierarchy, specifically when accessing the L2 ITLB. While many of the PMC events could

not be directly mapped to gem5 events due to the reasons described above, some events related to

the branch predictor and TLB hierarchy, could be directly equated. Key gem5 events were matched

and normalised to their HW PMC equivalents (Figure 6.9). As well as comparing gem5 and PMC

events for the mean of all of the workloads, the mean of selected clusters was also observed. As

expected, there was a negligible di↵erence in the total number of instructions committed (0x08)

between HW and the gem5 model. Significantly fewer (0.06⇥) ILTB misses (0x02) occurred in

the model and they are very workload dependent (Cluster 1 has 0.7⇥, while Cluster 7 has 0.01⇥,

Figure 6.9). However, the gem5 model predicts 1.7⇥ L1 DTLB misses. The model has 1.1⇥

predicted branches (0x12) and this is relatively consistent between clusters (Cluster 1 has 1.32⇥

while Cluster 10 has 0.93⇥). However, the gem5 model has a significantly higher number (mean:

21⇥) of branch mispredictions (0x10). In fact, for Cluster 16 (not shown in Figure 6.9) the model

has 1402⇥ branch mispredictions than HW. Interestingly, while the MPE is correlated highly with

modelled L2 ITLB accesses, these occur less often in the model; branch mispredictions occur more

often.

In HW, the BP has a mean prediction accuracy of 96% while in the gem5 model it is 65%. The

lowest prediction accuracy in the gem5 model is 0.86%, which occurs for the same workload (par-

basicmath-rad2deg, Cluster 16) that achieves the highest prediction accuracy in HW (99.9%). This

workload has an execution time MPE of �268% (at 1 GHz).

The number of active CPU cycles (0x11, Figure 6.9) closely follows the per-cluster errors (Fig-

ure 6.5). On average, the gem5 model only executes 1.1⇥ more instructions speculatively than

HW, meaning that the overestimated execution time is largely due to stalled cycles (this was also
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identified in Section 6.4.3 with the fetch.PendingTrapStallCycles and iew.exec nop events being

in the same cluster as the L2 ITLB accesses that was highly correlated with MPE, as well as in

Section 6.4.4 where the commitNonSpecStalls event was selected) and only partially due to more

instructions being speculatively executed. This does vary with cluster though, with clusters 4, 10

and 12 having 1.3⇥, 0.9⇥ and 1.4⇥, respectively. Despite this, there are over 2⇥ more L1I cache

accesses in the model, assumed to be due to gem5 accessing it for every instruction, as opposed to

decoding the entire cache line, but this is a topic for further investigation, and is not identified as

being a key source of error. Other events that diverge significantly are the L1D REFILL WR:0x43

(9.9⇥) and L1D WB:0x15 (19⇥). The number of L2 prefetches are also significantly overestimated

by the gem5 model.

This section has concurred with findings from the previous sections that did not rely on matched

PMC and gem5 events, and quantified ITLB misses and BP performance metrics.

6.4.6 Summary

This section has presented several methods that together evaluate the gem5 model performance and

identify sources of error without requiring detailed CPU information or direct equivalents between

the HW and modelled events.

While microbenchmarks found the modelled DRAMmemory latency to be too low and discrepancies

in the operation latencies (Section 6.4.1), statistical analysis techniques found the larger sources of

error in the BP accuracy and TLB. Other sources of error were found to be related to the L1I cache

misses, operations for concurrent programs (memory barriers and snoops), L1D cache writebacks,

the L2 cache miss rate and the L2 prefetcher.

It was found that the performance loss in the gem5 model was due to stalled cycles, rather than

executing too many incorrect instructions speculatively. This was identified in both Section 6.4.3 and

Section 6.4.4, and was confirmed when directly comparing the number of instructions speculatively

executed in Section 6.4.5.

In the gem5 cluster and correlation analysis it was found that events related to the ITLB were most

highly correlated with error. However, in the same cluster were branch mispredictions, showing a

strong dependency between branch mispredictions and L2 ITLB accesses. The disparity in branches

predicted and branches mispredicted between the HW cluster and correlation analysis, and the gem5

cluster and correlation analysis showed the significant di↵erence in branch prediction accuracy of

the HW and model. Importantly, while the error was highly correlated with HW branch predictions,

it was not highly correlated with hardware mispredictions or L1 ITLB misses. This points to the

branch predictor as being the key source of the error, while there is clearly also a large di↵erence in

ITLB behaviour. From the direct PMC comparison, it was seen that there are many more branch

mispredictions in the gem5 model than in the hardware and there were actually, despite their large

correlation with error, fewer ITLB misses in the gem5 model than in the hardware.

The TLB discrepancies found by the automated methodology can be explained with the CPU’s

documentation [13], which shows that the TLB hierarchy in the hardware di↵ers significantly from

the one specified in the model (Figure 6.10). The Cortex-A15 has a shared 512-entry 4-way set-

associative L2 TLB whereas the model has two separate 1 KB 8-way set-associative caches simulating
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(a) Cortex-A7 HW TLB Hierarchy (b) Cortex-A15 HW TLB Hierarchy

(c) Cortex-A7 gem5 TLB Hierarchy (d) Cortex-A15 gem5 TLB Hierarchy

Figure 6.10: Comparison of the Translate Lookaside Bu↵er (TLB) Hierarchy between HW and the
gem5 for both the Arm Cortex-A7 and Arm Cortex-A15 CPUs in the Samsung Exynos-5422

the L2 TLBs (one for instructions, one for data). The latency of these caches (4 cycles) appears

high compared to the Cortex-A7 L2 TLBs (also 1 KB, latency of 2 cycles, albeit it is 4-way set

associative) as well as the L1D cache (2 cycles, 32 KB, 4-way set-associative). Additionally, as they

are not unified they will have a lower combined hit ratio than a single TLB of double the size. The

low number of simulated L1 ITLB misses results from a 64-entry L1 ITLB being specified when HW

has a 32-entry one (also highlighted in [117]). However, changing this to the correct value results

in a significantly larger MAPE, as expected, due to other errors present in the gem5 model.

Other, less significant, sources of error were also identified, including with integer and floating point

operations. HCA identified that these two errors were from di↵erent sources, which was confirmed

when it was later found that the error correlation with floating point operation was due to the gem5

model classifying all floating point operations as SIMD operations. Other identified sources of error

related to the memory latency, inter-process memory communication, and the instruction cache.
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Model
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Analysis
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Figure 6.11: Iterative model improvement

There is interaction between the components of the model and changes to each part of the system

have knock-on e↵ects. It is therefore important to work on each component individually, and

evaluate the full system after each change. It is also necessary to address the most significant

sources of error first, otherwise changes to other parts of the system may not show a representative

di↵erence. Once the key sources of error have been identified, they can be addressed. This may

require further investigation, for example, the targeted use of specific microbenchmarks or through

adjustments of model parameters in a trial-and-error fashion (the e↵ect of the changes can clearly

be visualised). The process is then repeated in an iterative fashion, addressing the most significant

source of error each time until the model converges to an acceptable accuracy for the use case

(Figure 6.11). GemStone automates the process of re-running gem5 experiments, comparing with

the HW data, and re-analysing the sources of error to make the iterative approach of improving

gem5 models straightforward. Furthermore, as well as enabling improvements to the model, the

output from GemStone allows the errors, and their potential impact on the specific model use case,

to be understood. While many of the graphs and stages of analysis generated by GemStone have

been omitted for brevity, the key types of analysis and uses of them have been demonstrated. The

key source of error was identified to be the BP and Section 6.7 discusses improvements that have

since been made to it.

6.5 Power Modelling

This section presents empirical power models designed to use the output statistics from gem5 to

calculate the power consumption. The PMC-based model building methodology and corresponding

Powmon software presented in Chapter 4 was used, which automates the two key stages of the

methodology: PMC event selection and model formulation. The models were first developed and

validated on HW using PMC events before being integrated into gem5 using modelled events.

The models were therefore developed using PMC events found to have accurate and reliable gem5

equivalents.

Chapter 4 demonstrated that the produced models are robust and maintain their accuracy even with

unforeseen CPU workload patterns. The first step was to verify the e↵ectiveness of the existing

models by using the existing model coe�cients with the data collected from this experiment, which

uses workloads that were not considered in Chapter 4 (PARSEC and ParMiBench). A MAPE of

5.6% was achieved, larger than the quoted 2.8%. However, there are several reasons for this: the
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Figure 6.12: Comparison of estimated power between using the HW PMC events (left bar) and
the gem5 events (right bar) for each cluster (number of workloads in cluster in brackets in X-Axis
labels) as per Figure 6.5 (Cortex-A15 CPU). The power MAPE is above each bar pair in bold, with
the energy MAPE below it in brackets. The bars are colour-coded to show the power contribution
from each model component. fclk = 1 GHz
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Figure 6.13: The same graph as shown in Figure 6.12 but with the Power MPEs (bold typeface)
and energy MPEs show above the bars.

board is not identical and components such as the SoC, power sensors and voltage regulators are

subject to variation; the model can be a↵ected by di↵erences in storage media (the read write

speeds of the SD card/eMMC); and the ambient temperature conditions have a large e↵ect on the

leakage power, as modelled in Chapter 5. The coe�cients were re-trained using the same PMC

event selection from Chapter 4 and the data collected from the HW platform. A MAPE of 2.8%

was achieved, corroborating the observation that the PMC event selection is e↵ective on workload

sets that were not used in the selection process.

However, there were some PMCs in the original selection that were not readily available in the

gem5 statistics (e.g. unaligned memory accesses) or that were found to be particularly inaccurate.

The PMC event selection experiment and algorithm (from Chapter 4) was run with no restrictions

on which PMC events could be chosen to obtain a baseline model. Because this experiment uses

di↵erent workloads to Chapter 4 the PMC event selection di↵ered. The new model achieved a

slightly higher MAPE of 4%, but the R2 value, which measures the goodness-of-fit and is the metric

that the model building process is optimising for, is improved, as expected. However, there were

some issues with the chosen PMC events: 0x15 (L1 data cache writebacks) had an MPE of over
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Figure 6.14: Comparison of estimated power between using the HW PMC events (left bar) and
the gem5 events (right bar) for each cluster (number of workloads in cluster in brackets in X-Axis
labels) as per Figure 6.5 (Cortex-A7 CPU). The power MAPE is above each bar pair in bold, with
the energy MAPE below it in brackets. The bars are colour-coded to show the power contribution
from each model component. fclk = 1 GHz
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Figure 6.15: The same graph as shown in Figure 6.15 but with the Power MPEs (bold typeface)
and energy MPEs show above the bars.

1000% for both the total and rate; 0x75, (floating-point speculatively executed) were misclassified

in the gem5 model as SIMD floating point instructions. The approach used was to remove PMCs

from the selection pool if it was not readily available in gem5 or if it had a significant error and

there was an alternative event available. A trade-o↵ had to be made as selecting only events that

were modelled well in gem5 resulted in selecting events with a large inter-correlation (resulting in a

poor model). The chosen events for the Cortex-A15 model are shown in the legend of Figure 6.12.

Event 0x1B has 0x73 subtracted from it to reduce multicollinearity. The model was built using all

65 workloads (Section 6.3) and validated against the HW platform. It achieved a MAPE of 3.28%,

standard error of regression (SER) of 0.049 W, and Adjusted R2 of 0.996. The mean Variance

Inflation Factor (VIF) across all model inputs was 6, indicating a low level of inter-correlation,

as required. The p-values for all coe�cients were lower than 0.0001 with the exception of two,

which were lower than 0.02. Substituting PMC events with ones that were readily available and

modelled with reasonable accuracy caused some degradation of the model but its accuracy and

VIF is still within an acceptable level. The maximum MAPE out of all 621 observations was 14%

(parsec-canneal-4 at 1400 MHz).
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The Cortex-A7 model achieves an adjusted R2, MAPE and SER of 0.992, 6.64%, and 0.014 W,

respectively.

This section has built power models for the Cortex-A7 and Cortex-A15 clusters using PMC events

suitable for the gem5 models and validated them using power measurements from the hardware

platform. While the model parameters are omitted from this chapter for brevity, all the parameters,

an extended set of model quality statistics as well as software implementing them are made available.

6.5.1 Alternative Approach

An alternative approach is to run identical workloads on both HW and the gem5 simulator, take the

measured workload power from hardware and add it to the gem5 data, and build the models using

the gem5 statistics instead of the hardware PMCs. This is a poor approach for several reasons.

Unlike the hardware PMCs, there are (significant) errors in the gem5 statistics, meaning that the

model is formulated with erroneous data but fitted to the accurate HW power value (it is e↵ectively

using PMC data from one CPU to model the power of another).

Furthermore any improvements to the gem5 model result in an unpredictable (and incorrect) change

to the estimated power and energy consumption. The key goal of the stable model building method

is to reduce coe�cient errors. By training the model with erroneous inputs (with respect to the

power) from the outset, it is impossible to reduce coe�cient errors. Testing this with the same

model building software resulted in a poor model with a low perceived error of 12%, but when

employing cross-fold validation (testing on workloads that are not in the training set) resulted in

an error of 104%. Coe�cient p-values were greater than 0.2.

6.6 Performance, Power and Energy Evaluation

This section combines the gem5 model analysed in Section 6.4 with the hardware-validated power

models presented in Section 6.5 and evaluates the e↵ect of gem5 modelling errors on the resulting

power and energy estimations. The power model application software tool (Section 6.3, Figure 6.3)

applies the same power model to PMCs collected from HW and gem5 modelled event statistics.

The resulting power and energy is then compared. The gem5 estimated power is not compared to

the hardware measured power for two reasons:

1. the power sensors do not provide accurate power readings for short workload durations and

repeated workloads behave di↵erently to single runs;

2. the measured power depends heavily on the temperature and voltage conditions which are not

modelled in gem5.

Therefore, a fair comparison is achieved by using the equivalent PMC events and modelled gem5

events with the same model, with the same voltage-frequency lookup values. The power model uses

the event rate to estimate the power consumption, as opposed to the total number of events. The

chosen events and their MAPEs are shown in the legend of Figure 6.12 (first number is the rate

MAPE, the second is the total MAPE).
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(e) HW Energy
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(f) gem5 Energy

Figure 6.16: Performance, power and energy scaling normalised to 200 MHz on the Cortex-A7 CPU.
Cluster numbers and colours correspond to Figure 6.5. Line x (black line) is the mean of all clusters
(excluding cluster 16).

The estimated power from the HW PMC events and the gem5 modelled events was compared for

each cluster (Figure 6.12). Despite large errors in the gem5 modelled events, the mean power MPE

and MAPE for the 45 workloads are 3.3% and 10%, respectively. The reason for this is clear when

observing each predicted power component; the largest components are the intercept (static and

constant dynamic power) and 0x11 rate (which has a low MPE). Many of the other components

cancel each other out. For example, in Cluster 13, 0x43 in the gem5 model is 9.7⇥ larger than the

measured HW equivalent. However, the error in this component is o↵set by 0x1B-0x73 and 0x16

being 2⇥ and 6.7⇥ larger, respectively, and a power MAPE of just 0.7% is calculated.

While the power error is low, the energy errors, which are dependent on the estimated execution

time, are significantly larger. The energy MPE and MAPE are -43.6%, and 50.0%, respectively.

The energy MAPE of each cluster varies significantly; from as low as 0.6% (Cluster 13) to as high

as 266% (Cluster 16) (Figure 6.12 [energy MAPE in brackets below the power MAPE]). Moreover,

a cluster can have a very low power error but a very large energy error.

The Cortex-A7 model achieves a power MPE and MAPE of -5.48%, 7.97%, respectively, and an

energy MPE and MAPE of 5.85%, and 14.6%, respectively. The Cortex-A7 model achieves lower

power and energy errors due to the higher accuracy of the Cortex-A7 gem5 model.

The trade-o↵s between DVFS levels and di↵erent cores (e.g. in an Arm big.LITTLE [13] system) are
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(f) gem5 Energy

Figure 6.17: Performance, power and energy scaling normalised to 600 MHz on the Cortex-A15
CPU. Cluster numbers and colours correspond to Figure 6.5. Line x (black line) is the mean of all
clusters (excluding cluster 16).

important for many investigations. The performance, power and energy, normalised to the lowest

frequency (200 MHz) of the Cortex-A7 cluster was calculated to see how the scaling of the gem5

model compared with HW (Figure 6.16). Selected clusters from the HCA were also considered

to see how di↵erent workload types scaled. A key observation is that the modelled Cortex-A15

performance is lower, with respect to the Cortex-A7, than measured from HW.

When considering only the Cortex-A15 scaling, the mean speedup running at 1800 MHz compared to

600 MHz is 2.7⇥ and 2.9⇥ for HW and the model, respectively, showing that the model accurately

estimates the mean speedup. However, the model does not capture the workload diversity; the

speedup range is 2.1⇥ to 3.2⇥ for HW and 2.8⇥ to 3.0⇥ for the model. The minimum speedup

is Cluster 9 in both cases, but the maximum speedup is Cluster 2 for HW and Cluster 11 for the

model. The energy increase estimated on HW has a range of 1.7⇥ to 2.3⇥ (mean: 1.8⇥), while

the model estimates a range of 1.6⇥ to 1.9⇥ (mean: 1.7⇥). This would need to be considered for

studies that consider the scaling of frequencies, or trading o↵ between the ‘little’ and the ‘big’ CPU.
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6.7 Improvements to the gem5 Models

Its active development community means that gem5 is constantly being updated and improved.

Since the analysis in Section 6.4 identified significant errors in the BP, a change (bug fix) has been

made to the BP used in the ex big (Cortex-A15) CPU model. GemStone allows the latest version

of gem5 to be pulled, and the experiments and analysis repeated automatically with less than 15

minutes of user time required. Once the gem5 simulations have completed and the analysis run,

the results can be compared directly, side-by-side. Running GemStone with the new model results

in a significantly improved MAPE and MPE of 18% and +10%, respectively, meaning that the new

gem5 model underestimates execution time on average. The energy MAPE improved from 50% to

18%.

The individual workload MPEs have improved significantly, particularly those workloads in clusters

16, 14, 12, and 11 (Figure 6.19, when compared to Figure 6.18). On closer inspection, it can be seen

that, while the branch predictor fix improved the workloads that originally had a negative MPE

(Figure 6.20), the workloads with a positive MPE still have large positive MPEs (Cluster 4) while

workloads that previously had a small positive or negative MPE now have a large positive MPE

(clusters 7, 2, 9 and 10). Note that some workloads have a di↵erent classification in the more recent

experiment due to the shown workloads being part of a larger set being run and analysed.

Running the same cluster and correlation analysis on the HW (as described in Section 6.21) with

the new model shows that events related to memory barriers and inter-process communication now

have the highest correlation with MPE. Events related to the L1D cache have the largest negative

correlation with the MPE. HW events related to branch predictions still have a large (though not

quite as large) negative correlation with MPE. However, since the fix, there is a larger negative

correlation between the mispredicted branches and the MPE. Furthermore, branch predictions and

mispredictions are in the same event clusters (29). The branch prediction performance has improved

and it is no longer the key source of error. The measured HCA distance between event cluster

29 (branch prediction and misprediction) and clusters 32 (VPF), 33 (DP), and 31 (instructions

speculatively executed and instructions retired) has reduced. There are large and negative errors

in workloads that tend to have high rates of instructions, control flow events, and floating point

operations. The workload with the largest MPE is the only workload in Cluster 15 (par-basicmath-

cubic, note that cluster 15 contains a di↵erent workload to that in cluster 15 of the model before

the branch predictor fix). From looking at the power model comparison after the branch predictor

fix (Figure 6.23), it can be see that cluster 15 has a much higher rate L1I accesses and integer data

processing instructions, while simultaneously having a much lower rate of instructions speculatively

executed, when compared with HW. There are a higher number of instruction cache accesses in the

gem5 model, which was already identified in the previous analysis. After the branch predictor was

fixed, this became a more dominant source of error.

The events with the largest negative correlation with MPE in the gem5 cluster and correlation analy-

sis (described in Section 6.4.2), after the branch predictor fix, were commit.op class 0::SimdFloatMisc

and iq.FU type 0::SimdFloatMisc (correlation of �0.48). This is related to the earlier identified is-

sue of floating point operations being misclassified as SIMD instructions, which requires more L1

cache accesses in the gem5 model. From looking at the direct PMC event comparison (Figure 6.22),

it can be seen that, while for some clusters the number of L1I cache accesses was much higher, for

others it was lower (as expected from the previous observation). Clusters 1 and 11 have a slightly
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Figure 6.18: Execution time MPE for each workload running at 1 GHz on the Cortex-A15 (grouped
and labelled by workload cluster allocation) before branch predictor modification (reproduction of
Figure 6.5 for comparision purposes)
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Figure 6.19: Equivalent to Figure 6.18 but after branch predictor modification
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Figure 6.20: Equivalent to Figure 6.19 but with adjusted axis scaling for closer inspection of MPE



6.7. Improvements to the gem5 Models 165

1 Cluster and Correlation
The graph below shows how each PMC event correlates with the Cortex-A15 cluster power. Cluster analysis has been conducted in order to group PMC events that correlate with each other. Each cluster is represented by a different colour (click on the Clustering  buttons below). The PMC events chosen by our automated PMC selection methodology are highlighted in bold. Usually, the selected PMC events
come from differing groups.
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Figure 6.21: Correlation of each HW PMC (rate) with the execution time MPE (after branch
predictor change), labelled and coloured by clusters derived from HCA of the correlation between
PMC events across di↵erent workloads.
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Figure 6.22: Total gem5 events normalised with their HW PMC equivalent (bars over 1 indicate
that gem5 overestimates the PMC event). Results shown for selected clusters. The mean bars
exclude Cluster 16.

higher number of L1I cache accesses in the model, while clusters 14, 15 and 16 have a significantly

higher number of L1I cache misses. These clusters all have a significant number of floating point

operations.

Comparing Figures 6.9 and 6.22 confirms that the modification to the branch predictor significantly

improves its performance to be closer to that of the real hardware. In fact, the modelled branch

predictor outperforms the one in hardware. Furthermore, after making this change, the number of

ITLB misses has decreased dramatically, confirming the conclusion from the previous analysis that

the branch predictor induced L1 ITLB misses. Modelled ILTB misses are now even more infrequent

than their occurrence on the HW platform, caused by the 64-entry L1I TLB being specified in the

model. However, due to the fact the performance penalty of accessing the L2 ITLB is far too high,

amending the size of the L1 ITLB actually makes the model perform worse.

Despite the improvements in the gem5 model, it actually causes the power error to increase, largely

due to the L1D miss write event now having a large rate error on the par-bitcount workload. This

event error appears in all repetitions at the same DVFS level as well as the other DVFS level

experiments. The power MAPE at 1 GHz was 10.3% before the branch predictor fix and 12.8%

after the fix. Note that the large deviation between the modelled and measured rate of event 0x14

for Cluster 15 in Figure 6.23 explains the high mean for 0x14 in Figure 6.22.
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Figure 6.23: Comparison of estimated power between using the HW PMC events (left bar) and the
gem5 events (right bar) for each cluster (number of workloads in cluster in brackets in X-Axis labels)
as per Figure 6.5 (Cortex-A15 CPU, after branch predictor change). The power MAPE is above
each bar pair in bold, with the energy MAPE below it in brackets. The bars are colour-coded to
show the power contribution from each model component. fclk = 1 GHz. Note that the workloads
in some clusters have change and so Figure 6.20 must be checked before comparing with clusters in
Figures 6.13 and 6.12
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(f) gem5 Energy

Figure 6.24: Performance, power and energy scaling normalised to 200 MHz on the Cortex-A7 CPU.
Cluster numbers correspond to Figure 6.5
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The performance scaling across HMP cores and DVFS level was significantly improved after the

branch predictor fix (Figure 6.24). The Cortex-A7 performance scaling does not capture the diver-

sity of the workloads of di↵erent clusters. However, the average scaling from 200 MHz to 1400 MHz

in the model is very close to that on hardware. The scaling between the Arm Cortex-A7 and Arm

Cortex-A15 has improved significantly. The Cortex-A15 scaling is close to that of hardware and the

diversity between workloads of di↵erent clusters has been captured. The workloads in CPU-bound

workload clusters scale very accurately as the DVFS level is increased. However, the e↵ect of the

optimistic memory latency is clear from the scaling. The workloads that do not scale well on HW

have a far more linear curve in the gem5 model. For example, the performance of cluster 4 (which is

also the cluster with the largest MPE, see Figure 6.20) scales far to quickly on the model, whereas

on HW the slowdown with frequency due to being memory-bound is clearly observed. While the

power scaling is accurate across DVFS levels and HMP cores, this optimistic memory latency causes

large errors in the energy scaling. For example, the energy increase of Cluster 4 (from 200 MHz on

the Cortex-A7 to 1800 MHz on the Cortex-A15) is 12⇥ on HW but the gem5 model reports it as

< 8⇥.

The largest source of error is now related to the memory latency and inter-process communication

latency being too optimistic in the model. Large sources of error were also found relating to floating

point operations and L1I cache accesses. While the TLB inaccuracies persist, the incorrectly sized

L1 ITLB covers this from being a significant source of error in the model.

As well as a�rming the identified errors in the BP (and their relationship with the ITLB), this

also underlines a key motivation for a tool such as GemStone, that automatically evaluates a gem5

model against a fixed HW platform. In this case, a researcher would see very di↵erent results for

their study depending on when they downloaded gem5. The GemStone tool can be run after a

change has been made to the simulator to verify the model behaviour against the HW reference

(i.e. ensuring no major bugs have been introduced). It can also be run by the user to ensure the

model gives the required level of accuracy and is suitable for their use case. Furthermore, a model

correction can cause a larger MAPE due to other errors present (e.g. increasing the L1 ITLB size),

necessitating a tool that analyses sources of error. Remaining sources of error can be reduced by

making changes and iteratively analysing the result with GemStone.

6.8 Conclusion

This work has presented a systematic methodology for comparing CPU performance models to

reference hardware platforms and identifying sources of error, allowing such models to be improved,

extended to other CPUs, validated after changes, and applicability tested for specific use cases. It

employs statistical analysis and does not require detailed CPU specifications to be known. The

GemStone open-source software tool has been presented, which automates the full methodology

with gem5. Accurate energy analysis has been enabled in gem5 by developing and integrating

empirical power models of an Arm Cortex-A7 and Arm Cortex-A15, achieving MAPEs of 6.6% and

3.3%, respectively. Furthermore, a tool that allows power and energy analysis to be retrospectively

applied to gem5 simulations is presented. Additionally, the e↵ect of errors in the gem5 models on

the performance, power and energy has been analysed, including the scaling with DVFS levels and

between core types. It was also shown how a low power MAPE can be achieved despite significant

errors on certain model inputs, thus showing the importance of using a more detailed evaluation
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of model quality. This work has also highlighted many aspects of the gem5 models to analyse in

more detail, including the TLB hierarchy, classification of floating-point and SIMD operations, and

how the L1I cache is accessed. The methodology identified significant errors in the existing Arm

Cortex-A15 gem5 model and found the branch predictor to be the key source of error. A later

version of gem5 included a fix for a branch predictor bug and the mean percentage error swung

from �51% to +10%, further motivating the use of the presented methodology to validate simulator

changes.



Chapter 7

Conclusion and Future Work

Mobile devices have become ubiquitous in modern society, and are becoming increasingly more

integrated with people’s work and personal lives. The processors in modern devices are becoming

more complex in order to attain the performance required to enable new applications, such as aug-

mented reality, 3D vision, machine learning, and advanced photography and filmography. However,

mobile processors must operate under strict energy budgets and thermal limits. Not only does im-

proving the energy-e�ciency increase the battery-life of such devices, but is required to allow them

to achieve a higher peak performance while remaining within their thermal design power (TDP)

and energy budgets. Mobile processors experience extreme diversity both in the type of work-

load and the level of computation required. To ensure they can provide a high peak performance

when demanded and maintain maximum energy e�ciency across all operating scenarios, modern

mobile CPUs employ a large number of DVFS and DPM options, in addition to being able to

dynamically migrate between HMP cores that have di↵erent micro-architectures aimed at di↵erent

performance/power-e�ciency trade-o↵ points. More recently, Arm DynamIQ has been introduced,

which supersedes Arm’s big.LITTLE technology and enables cores of varying micro-architectures

to reside in the same cluster, allowing them to be more tightly-coupled.

However, in order to exploit the vast number of energy-saving options available, these power and

performance management mechanisms must be controlled e↵ectively and e�ciently at run-time.

Many works have proposed run-time management systems that optimise device performance, power,

energy, temperature and/or life-time reliability, while considering the current requirements and

conditions. In order to make e↵ective decisions, run-time knowledge of workload and core power

consumption is required. The importance and applicability of this to modern systems has been

highlighted by the recent development of the Energy-Aware Scheduler (EAS) that enhances Linux

by enabling power management decisions to be made alongside scheduling decisions. Moreover the

EAS requires a task load and energy model to make decisions.

Accurate performance and power models also underpin micro-architectural research, system-level

design and optimisation, and the testing of future technologies. While valuable to research, high-

level and flexible modelling tools inherently contain limitations and errors that can a↵ect the results

and conclusions drawn from research, if the limitations are not fully understood by the users.

Chapters 3-5 of this thesis presented several novel methodologies and insights for developing accurate

and stable run-time CPU power models that are able to provide online energy estimates to RTM and

169
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EAS system software. Chapter 6 identified significant errors in widely used performance simulation

tools and presented methodologies for understanding and identifying the sources of such errors.

The accurate power modelling techniques were then combined with the performance simulator

calibration tools to enable accurate, hardware validated performance, power and energy simulation

for design-space exploration.

More specifically, Chapter 3 developed empirical run-time power models for an Arm Cortex-A8

single-core device that used hardware performance monitoring counters (PMCs) as input features.

While PMCs have long been shown to be e↵ective for run-time CPU power estimation, only a

handful of works focussed on mobile devices, despite energy-e�ciency being of particular importance

on such devices, and the fact that mobile processors and mobile workloads tend to have higher

power variation, making power estimation more challenging. This was found to be largely due

to the technical challenges involved in obtaining PMC events from mobile CPUs and accurately

measuring the power consumption directly. Chapter 3 presented openly available software tools

for extracting PMC events from Arm-based mobile processors, and presented a methodology for

measuring CPU power consumption, combining it with the PMC event data, and post-processing.

The first PMC-based power model for a mobile device that uses measured (as opposed to simulated)

data and that has realistically high workload and power variation, was presented. It was found that

existing works typically used a relatively small set of workloads to train and test the models. In

real-life usage, the power models must estimate the power consumption of phases of the workload

execution, as opposed to the whole workload itself. These workload phases are much more diverse

and it is therefore more di�cult to predict the power consumption. A method for extracting diverse

workload phases for training and validation using a CPD algorithm was also presented. Another

finding was that selecting events using correlation, as has been presented in existing works, is

ine↵ective as it increases the intercorrelation in the model input features. A method for selecting

model input features while reducing intercorrelation was presented. Later in Chapter 4, the e↵ect

of intercorrelation on coe�cient stability and model error under di↵erent training and validation

scenarios is analysed and event selection methods are investigated further. A separate model for

each of the four DVFS levels on the platform considered in Chapter 3 was built and achieved a

cross-fold validated MAPE of 1.91%, 1.93%, 1.49% and 1.40%, for 300 MHz, 600 MHz, 800 MHz

and 1000 MHz clock frequencies, respectively. It was also demonstrated how a model developed

using the presented methodology and diverse workload phases is able to accurately estimate the

power consumption of the real-time power traces with a MAPE of less than 2.2% without a moving

average filter and 1.3% with a moving average filter, demonstrating the responsiveness of the model.

Chapter 4 improved on the setup and methodology outlined in Chapter 3, identified and addressed

significant shortcomings in existing methodologies, used a single model for all DVFS levels, and

demonstrated the approach on an Arm big.LITTLE system containing a quad-core Arm Cortex-A7

InO CPU and an Arm Cortex-A15 OoO CPU. The methodology for developing PMC-based power

models in this chapter uniquely considered coe�cient stability, which allows the resulting model

to make more accurate predictions across a wider range of observations, even if they are not well

represented in the training data. This is an important property for real-world power models as

the power consumption of individual, and diverse, phases needs to be estimated. The two key

requirements for stable model coe�cients were found to be:

1. Minimal multicollinearity between the input features;

2. Diverse training observations that exercise each input feature individually.
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As identified in Chapter 3, existing works tend to train and test with a small set of workloads from

typical benchmarking suites, such as MiBench and SPEC, and typically use the correlation of each

event with power consumption to select PMCs, which leads to a PMC event selection with high

multicollinearity. Chapter 4 proposed the use of the VIF to evaluate a PMC event selection and

presented a novel methodology for selecting and transforming PMC events that captures as much

information as possible while reducing coe�cient errors. It was experimentally demonstrated how

a model with a stable PMC event selection using the presented methodology makes more accurate

predictions when tested on a larger set of diverse workloads. For example, a model with a typical

selection of PMC events achieved a MAPE of > 8% and a maximum error of > 45% when trained

with a small set of diverse workloads and tested on a large set of diverse workloads. An otherwise

identical model using the proposed PMC event selection methodology and PMC event processing

achieved a MAPE of < 3.5% and a maximum error of < 15% for the same training and testing

scenario. It was also demonstrated how the same unstable model achieves an apparent low MAPE

when trained and tested with typical benchmarks (i.e. from MiBench), showing that the common

practice of reporting MAPE alone can be misleading, as it is highly dependent on the training and

testing scenario, as well as the power variation in the system and workloads. Other input feature

selection techniques were also considered, and insights from applying techniques, such as PCA and

HCA, to PMC event data was presented.

The methodology presented in Chapter 4 creates a single model for all DVFS levels, which means

it must correctly understand how voltage, frequency, activity, and temperature (which changes

with voltage and frequency, as well as with activity and ambient conditions) relates to the power

consumption. Furthermore, the experimental setup must provide consistent results when repeated

to capture changing variables. The model specification was found to be critical in developing

an accurate power model and significant errors in model equations presented in existing works

were identified. Chapter 4 used knowledge of the various power components, calculated statistical

significance, and the studentised residuals to develop the model equation. While the CPU thermal

sensors were not used in this model, the e↵ect of temperature due to switching activity and the

voltage was considered. It was shown how it is possible to train the model by only running the

full training set at a single DVFS level, and running only idle observations at the other DVFS

levels, demonstrating the robustness of the model equation. This thesis identified the problem

of heteroscedasticity in CPU power modelling, which impacts the reliability of reported statistics

in existing works, including the confidence intervals, standard errors and p-values. Chapter 4

addressed this using a heteroscedasticity consistent standard error (HCSE) estimator, and also

proposed Weighted Least Squares (WLS) regression as a method to investigate.

Another novel finding in PMC-based run-time power modelling was that the voltage supplied to the

CPU from the voltage regular was not constant at a fixed DVFS level. In run-time power estimation

applications, the voltage cannot usually be measured and is assumed to be fixed to a pre-determined

value, which resulted in a MAPE of 2.6% (using the measured voltage) increasing to over 8% (using

the idle voltage) in the case of the highest DVFS level considered. A novel voltage model was

proposed that reduced the MAPE by up to 5%. Techniques were also presented to analyse how

the specific workload observations in the training set influenced the fit, and which workloads were

under-represented in the training data.

In addition to the methodology, Chapter 4 presented an Arm Cortex-A7 (InO) and Arm Cortex-
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A15 (OoO) power model with MAPEs of 3.8% and 2.8%, respectively, and VIFs of under five.

A simplified version of the Cortex-A15 model (to work at a single DVFS level, as most existing

works consider separate models for each DVFS level) was compared with models presented in

existing works, including the one presented in Chapter 3. All of the models in the comparison

were re-trained with 20 diverse workloads and tested with 60 diverse workloads, using 10-fold cross

validation. The model proposed in Chapter 4 achieved a superior MAPE and R2 of 2.9% and 0.999,

respectively. After the Cycle Count event was added to the existing models (as it is required on

platforms implementing more advanced power management), the two closest performing models

achieved MAPEs of over 6%. One of these was the model presented in Chapter 3, despite it only

using four PMC events to the other model’s six events.

While the methodology presented in Chapter 4 was demonstrated on an Arm mobile platform,

it is applicable to CPUs implementing other architectures, and later works have developed power

models for Intel x86 desktop and HPC platforms directly based on the approach presented in

Chapter 4 [58, 234]. Furthermore, works have made use of the presented software tools and models

to obtain experimental data and CPU power estimates for their investigations [215].

Few existing works consider the relationship between the static power consumption and the tem-

perature. The model presented in Chapter 4 absorbs the temperature e↵ects due to the voltage

and switching activity by including extra polynomial terms (the statistical significance of model

components as well as the leakage mechanism equations in Section 2.1 were used to derive these

terms). Chapter 5 presented a novel methodology for modelling the e↵ects of temperature on the

static power consumption and incorporating this into the run-time power model, using data from

the built-in CPU thermal sensors. On a testing set with large changes in ambient thermal con-

ditions, the model MAPE was reduced from 6.0% to 3.7% by adding the thermal compensation.

Furthermore, Chapter 5 modelled the e↵ect of switching cores o✏ine, decomposed the empirical

power models, measured the energy required to access di↵erent levels of the memory hierarchy, and

presented a methodology for estimating temperature, using the power model and a simple equivalent

circuit model. As well as allowing the models to be used on platforms without thermal sensors, the

temperature model enables thermally-compensated power estimation and temperature estimation

in simulation tools, such as gem5. The model decomposition allows the models to be combined with

bottom-up techniques, such as RTL simulation and CACTI for component-level energy analysis.

The power models presented in this thesis, and the majority of existing works, are built using linear

regression. Chapter 3 discusses the benefits of using a linear modelling method over a non-linear

approach, such as a neural network or k-nearest neighbours, and Chapters 4 and 5 demonstrate

how a correctly specified linear modelling approach can accurately estimate the power consumption,

including the e↵ect of voltage, frequency and temperature. As illustrated in Chapter 3, non-linear

models are more susceptible to overfitting, require larger amounts of training data, and are more

di�cult to interpret as the e↵ect of each feature on the response is di�cult to derive, p-values are

not available, and the R2 is invalid. While linear approaches require more knowledge of the system

being modelled, they provide more insights into the underlying relationships being modelled. For

example, Chapter 4 identified the presence, and estimated the magnitude, of a constant background

dynamic power component using the model equation, R2 value, and p-values. Chapter 5 verified

this through measurement when the cores were switched o✏ine. In another example, Chapter 5

used the residuals and p-values to model the relationship between the temperature and the leakage

power. The linear model also allowed the power model to be decomposed into its constituting parts,
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and the non-ideal voltage regulator behaviour to be understood. With a non-linear approach, these

important observations would likely not be identified.

The residual plots in Chapters 3, 4 and 5 show that there are no clear non-linear relationships

between the features and the dependent variable that are not being captured by the model. The

use of a linear model is not a limiting factor for further improvements in accuracy, but the number

of PMC events that can be used as inputs, the training data for modelling diverse thermal envi-

ronments, modelling the non-ideal e↵ects of the voltage regulation, remaining (albeit significantly

reduced) presence of multicollinearity, and the number of diverse training workloads. By refining

these aspects of the presented approach, an even higher accuracy could be obtained.

Computing research in both industry and academia heavily rely upon simulation tools for evaluating

new ideas and design-space exploration. These simulation tools underpin the results and conclusions

drawn from these works of research. Concerns in the research community regarding the accuracy

and reliability of power and energy simulation tools motivated Chapter 6 to propose using the

empirical power models developed in Chapters 3, 4 and 5 with widely used performance simulation

tools, such as gem5, to enable accurate performance, power and energy modelling to the research

community. However, Chapter 6 identified significant errors in the tested performance model and

this motivated the development of a methodology for analysing and identifying sources of error.

The methodology, which employs HCA and correlation analysis, enables existing CPU models to

be improved, models for other micro-architectures to be developed, validation of changes made

to the simulator, and users to understand how errors in the model may a↵ect their specific use

case and decide whether the models are suitable. For example, when the key error identified by

the methodology was addressed, the MPE swung from -51% to +10%. In this case, the identified

error was a bug that had been present for several months within the gem5 simulation framework,

potentially impacting the results of many (published) investigations. It is inevitable that bugs are

introduced in large, complex, open-source software tools with an active development community, and

this further motivates the need for the presented methodology. Once the methodology of hardware-

validating and calibrating the performance models had been developed, the empirical power models

were optimised for use in the simulator, therefore enabling accurate performance, power and energy

simulation. Furthermore, the GemStone software tools were released, which collect experimental

data from both hardware platforms and the gem5 performance simulator; compare the two and

utilise statistical and machine learning techniques to identify sources of error in the models; apply

the empirical power models to both the performance model and hardware data; export power

equations for online power estimations in gem5; and evaluate the performance, power and energy

scaling across multiple DVFS levels and HMP core types, while simultaneously considering di↵erent

types of workloads (clustered using unsupervised machine learning techniques). Finally, remaining

sources of error in models were identified and discussed.

It is hoped that the techniques and insights presented in this thesis encourage greater statistical

rigour when developing and validating models for system power and performance estimation, as

well as in other fields.
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7.1 Research Questions

This thesis aimed to answer the research questions outlined in Chapter 1. Direct answers to the

questions, as well as the questions themselves, are listed below:

1. How robust are the current state-of-the-art power modelling methodologies and how applicable

are they to mobile CPUs?

Several shortcomings in existing approaches were identified that impact how well the model

can make predictions across a wide range of scenarios, the validity of reported statistics, and

the sensitivity of the model to changes in the input features. In particular, problems related

to multicollinearity, coe�cient stability, model specification, heteroscedasticity and training

data diversity are highlighted and addressed in this thesis.

Most existing approaches for run-time power estimation focus on desktop and server systems.

In mobile devices, energy-e�ciency is of particular importance and, due to the in-built power-

saving techniques and diversity in workload intensity, there is greater power variation, making

estimation more di�cult. The few examples of PMC-based power models aimed at mobile

devices had low power variation due to training workload selection and using early device im-

plementations without key power management features enabled. Furthermore, they typically

used simulated data, due to the di�culties in obtaining PMC data. Chapter 3 presented a

methodology for identifying diverse workload phases using an unsupervised CPD algorithm,

and Chapter 4 used a HMP system with more power-saving techniques enabled and a large

set of diverse workloads, including manually tuned micro-benchmarks. Furthermore, existing

approaches did not consider coe�cient stability, which was experimentally demonstrated in

Chapter 4 to be critical in developing a model that can make accurate and reliable predictions

across a wide range of workload phases, which is of particular importance in mobile applica-

tions. In particular it was also shown that the validation techniques used in many existing

works resulted in optimistic MAPEs and generally did not employ cross-validation, statistical

significance tests, inspection of the residuals or tests for bias and variance.

Modern mobile devices and operating systems put CPU cores into idle states when not in

use, which is particularly important considering the growing number of HMP cores they

include. However, the impact of switching cores o✏ine was not considered in existing PMC-

based mobile power models. In addition to this, most existing PMC-based power models do

not consider temperature, which has a significant impact on the leakage power consumption,

which is also of particular importance in modern mobile devices.

Finally, Chapter 4 identified that the voltage being supplied to the CPU varied with the

CPU load, due to the non-ideal characteristics of the voltage regulator, which increased the

model error by up to 5%. Chapter 4 addressed this with a novel voltage model. While the

complexity and power requirements of mobile devices is constantly increasing, the available

physical space is reducing. Reducing the area and increasing the current handling capabilities

of the voltage regulator means that its performance, i.e. its ability to provide a stable and fixed

voltage, is reduced. This is likely to get worse over time, particularly as newer devices are

using integrated voltage regulators (iVRs), also known as integrated on-chip voltage regulators

(OCVRs), to further reduce the area and cost.

This thesis has highlighted several areas where existing approaches are not robust and suitable

for mobile devices and has presented methodologies that address these areas.
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2. How e↵ective are PMC-based power models when applied to mobile CPUs in terms of accuracy

and responsiveness?

After identifying and addressing the shortcomings described in the previous answer, linear

PMC-based power models were found to provide accurate power estimations across a wide

range of workloads and workload phases. A MAPE of less than 2% was achieved using the

methodology presented in Chapter 3 when tested on a single-core mobile CPU using a diverse

set of workload phases extracted using a CPD algorithm. Furthermore, the responsiveness

was demonstrated by applying the same model to run-time power traces, achieving a MAPE

of less than 2.2% on the 10 ms samples and less than 1.25% after applying a moving average

with a window size of 20 samples.

Chapter 4, which made further improvements to the methodology, used a single equation

across all DVFS levels, and demonstrated the approach on an 8-core HMP system, achieved

a cross-validated MAPE of 3.8% and 2.8% for the Arm Cortex-A7 quad-core cluster and

the Arm Cortex-A15 quad-core cluster, respectively, when cross-validated with 60 diverse

workloads. These models achieved significantly lower errors when compared directly with

existing approaches, and were able to maintain their low accuracy when trained with a small

number of workloads, and when the training workloads were only run at a single DVFS level.

The proposed model in Chapter 5, which enhances the model presented in Chapter 4 by using

the thermal sensors as input features, achieved a MAPE of 3.7% with ambient temperatures

ranging from a minimum of 31�C to 91�C and across eight DVFS levels on the OoO quad-core

Arm Cortex-A15.

3. Which micro-architectural event statistics are most e↵ective in estimating the power consump-

tion across a wide range of workloads and workload phases, and how many input features are

required?

This thesis has employed and evaluated several techniques for analysing and selecting model

features (PMC Events) that extract the maximum amount of useful information for predicting

power, while avoided repeated information that increases multicollinearity and gives rise to

unstable coe�cients.

Previous works prescribed a selection of events (e.g. [244]) that work across multiple micro-

architectures. However, this thesis found the event selection critical and specific for a partic-

ular CPU, and varied considerably between inO and OoO micro-architectures. Furthermore,

even CPUs from the same manufacturer have di↵erent events implemented between di↵erent

micro-architectures due to diverging micro-architectural features, and also had varying num-

bers of counters. This thesis therefore proposed an automated PMC event selection method-

ology that identifies a suitable set of PMC events for a specific micro-architecture, adapting

to the available events and number of counters.

An event indicating the number of instructions executed (e.g. Event 0x1B) was found the most

important in estimating the power consumption, as expected. In Chapter 3 and previous

works, the cycle counter (which counts the number of active cycles) was not included, as it

was not required on the platforms being considered. However, in devices with more advanced

power management options enabled, the cycle counter is essential in estimating the power

consumption accurately. A MAPE of less than 15% can be achieved with these two events

alone with the methodology proposed in Chapter 4.
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With the proposed PMC event selection methodology, over 95% of the power variation in

the training data could be explained from just three events for the OoO Arm Cortex-A15

cluster. Without the proposed event transformations, only four events (including the cycle

counter) could be used without the VIF exceeding an acceptable level. With all seven events

selected and the inter-correlation reduced using transformations, the MAPE is reduced from

over 6% to less than 3%. While the transformations would allow up to ten events to be

selected in this example before the VIF rises too high, only seven events can be monitored

simultaneously by the hardware. If more counters were available, the error could poten-

tially be reduced much further using the presented methodology, providing that the e↵ects

of temperature and non-ideal voltage regulation are carefully accounted for. In addition to

the events identified by the automated methodology, the residual plots in Chapter 4 showed

where some sub-events would improve the accuracy. For example, accuracy would be improved

if the UNALIGNED LDST SPEC:0x6A event (unaligned loads and stores) was replaced by

both the UNALIGNED ST SPEC:0x69 (unaligned stores) and UNALIGNED LD SPEC:0x68

(unaligned loads).

4. Do the existing run-time PMC-based power models address practical considerations and how

suitable are they for real-world deployment?

Existing approaches did not take coe�cient stability into account and typically validated the

model on a small set of typical benchmark suite workloads, reporting the MAPE. In run-time

management, the estimated power of workload phases, as opposed to the total power con-

sumption of the whole workload duration, is required. Workload phases are significantly more

diverse than the whole duration of the workload and this thesis experimentally demonstrates

how training and testing with typical benchmarking suites produces an optimistic MAPE.

Furthermore, it is shown how models built without considering coe�cient stability are overly

sensitive to small changes in the input features and have large errors when tested on a diverse

set of workloads. This thesis uses CPD algorithms and tuned micro-benchmarks for extracting

workload phases for diverse training and testing data, and the methodology reduces errors in

the model coe�cients to improve accuracy across a wider range of observations. They are

also tested rigorously using diverse testing observations and cross-fold validation. This en-

sures that the models are more suitable for real world execution phases, and that the reported

MAPE is realistic.

Another finding of this thesis was that the voltage supplied to the CPU by the voltage regulator

was not constant at a fixed DVFS level. This voltage variation, which is dependent on the CPU

current consumption, significantly a↵ects the power consumption. In real world applications,

the CPU voltage cannot usually be measured and so this thesis presented a novel voltage

model that models the non-idle voltage regulator behaviour.

In real-world deployment, the ambient thermal conditions are not stable, particularly because

mobile devices are carried with people in diverse thermal environments. Furthermore, the

other components in the device impact the temperature of the CPU itself. Another consid-

eration is that mobile devices make heavy use of CPU idle states, where unused cores are

switched to a low power mode. The methodology presented in Chapter 5 uniquely considers

both of these in mobile PMC-based power models.

Another practical consideration is the time required to train the models. As well as allowing

the input voltage, frequency, and temperature to be independently changed (unlike a per-

frequency model), the presented model equation reduces the training data collection time



7.1. Research Questions 177

from over 40 hours to less than 20 minutes by only training the full set of workloads at a

single DVFS level.

In order to implement run-time power models, a module in the OS kernel must sample the

PMC registers on each CPU core at the sample frequency and calculate the linear equations.

As well as the overhead, the maximum sampling frequency is a↵ected by the event rate. For

example, memory events occur significantly less frequently than CPU core events. Therefore

the sampling frequency must be su�ciently low compared to the rate of the events. The over-

head was verified to be negligible in Chapter 4, and the models were tested to work e↵ectively

at sample frequencies between 10 Hz and 100 Hz at the worst-case DVFS level of 200 MHz and

with a non-optimised equation. Further optimisations for run-time estimations are possible,

such as pre-computing fixed values. The linear equations derived from OLS provide models

with minimal computational complexity. Furthermore, the PMC event selection methodology

presented in Chapter 4 also provides an analysis of the trade-o↵ between the number of events

and the R2, VIF, and the MAPE, and enables a smaller set of events to be chosen, for a lower

overhead, if required. The coe�cient stability and model specification make it straightforward

to remove the events with a low rate at lower CPU clock frequencies, if a faster model sample

frequency is required.

5. Are current performance and power simulation frameworks accurate and reliable and, if not,

how can they be improved?

A literature review in Chapter 2 identified significant sources of error in both performance

simulation frameworks and, in particular, power modelling frameworks. The results from a

performance simulator are used as the inputs into the power simulation framework and the

errors therefore compound. Chapter 6 compared an existing gem5 model against the same

hardware platform it was modelled on and identified errors much larger than those reported

in existing works. For example, the Arm Cortex-A15 model had a MAPE of 59%.

This motivated this thesis to present a methodology for identifying sources of error in simulator

models by comparing them to a hardware platform and employing statistical and machine

learning techniques. Several key sources of error were identified and a later version of the

gem5 simulation framework had a bug fix for the one identified as being most significant,

which reduced the MAPE to 18%.

The methodology allows users of the simulation tools to understand how inevitable errors can

impact their specific use case, as well as enabling the models to be periodically validated and

improved.

6. How applicable are empirical PMC-based power models to design-space exploration?

While high-level bottom-up power, area and timing models are flexible, they su↵er from

significant sources of error in all of the CPU sub-components. Although the PMC-based

power models are characterised for a specific hardware platform, they have a high accuracy

that has been validated against the hardware platform itself.

In a typical scenario where a researcher or system designer is proposing a new idea, they first

take a baseline performance and energy estimate of an example system, and then implement

their changes to the models before evaluating the change in performance and power.

A more accurate simulation approach would be to use gate-level or even SPICE simulations.

However, due to the required amount of computation time, this is usually impractical for
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design-space exploration of modern CPUs. Furthermore, the IP required to run such simula-

tions is often not available to research teams.

A typical approach is to use a performance simulation framework, such as gem5, to model

performance and the PMCs, and then use a power simulation framework, such as McPAT,

to analyse the energy. This thesis proposes the use of a hardware-validated gem5 model,

using the presented methodology for identifying sources of error, with a PMC-based empirical

power model. After being validated against hardware, the gem5 model should respond in a

representative fashion to the change being made, including how the change impacts di↵erent

types of workloads. The empirical power model will more accurately estimate the power

di↵erence from the changes in the input PMC events. Any power changes due to hardware

changes themselves (e.g. di↵erent size of a component, or extra logic added) must be accounted

for separately, for example, by using empirical analysis, high-level bottom-up techniques (e.g.

CACTI) or (as it is usually a small component) low level SPICE or gate-level simulations.

7.2 Future Work

This thesis has identified further challenges that remain to be addressed, as well as provide tech-

niques, insights and methodologies that can be applied to solving other research problems. This

section outlines avenues for future work that were unable to be completely addressed due to time

constraints.

7.2.1 Adaptive Training Workloads and Enhanced Stability

Chapter 4 demonstrated the importance of training set diversity in developing stable power models

and made use of manually tuned micro-benchmarks to activate specific micro-architectural activity.

Chapter 5 developed a method of observing the power required to access various levels of the memory

hierarchy and of memory prefetching. This results in four diverse observations that provide a model

with memory access energies (Figure 7.1). However, the points at which these regions occur depend

on the design of the memory hierarchy. The methodology in Section 5.7 could be extended to

automatically identify these points (labelled A, B, C, and D in Figure 7.1) using the feedback

from the PMC events, resulting in an adaptive training workload that identifies the most diverse

observations for the specific CPU being characterised. This could then be extended to trigger other

events such as branch mispredictions and instruction cache misses and be combined with CPU

intensive micro-benchmarks to generate a full set of training data. Moreover, the experimental

setup in Chapter 4 required the training workloads to be repeated many times in order to obtain

accurate power readings from the sensors (which had a low sample rate). The proposed adaptive

microbenchmark could address this as it can sustain specific (constant) operations, enabling accurate

and repeatable power readings from fewer samples (this functionality was utilised in Chapter 6 to

measure the memory latency at specific array sizes, to reduce simulation time).

It is expected that, in addition to reducing device characterisation time and increase the qual-

ity of the experimental data through the ability to sustain specific operating points, the diverse

observations would significantly improve model stability, resulting in ultra-stable power models.

Research questions include:
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Figure 7.1: Diverse observation from memory latency experiments of Section 5.7

• How much does this technique reduce multicollinearity (considering a fixed set of features)?

• Is the adaptive training workload (including CPU micro-benchmarks) e↵ective in training

the model alone, or does the model benefit from including other workloads and workload

micro-phases in the training data?

• How e↵ective is this technique in identifying specific, diverse, operating points across a wide

range of CPUs?

• Does using this adaptive training workload improve, and if so, by how much, the model

accuracy when tested on a large set of diverse workloads?

7.2.2 E↵ects of Voltage Regulation on Power Consumption and RTM

Decisions

Chapter 4 identified how the voltage supplied by the voltage regulator varies under di↵erent CPU

loads. The relationship between the voltage deviation and current draw was not simply due to a

voltage drop across a resistance; the voltage regulators (or power management integrated circuits,

PMICs) use a feedback loop to control the supplied voltage. Assuming a fixed voltage at a DVFS

level results in a significant increase in error. This is addressed in Section 4.6 with a voltage model.

However, there is a large amount of further research to be conducted in this area. For example, a

deeper analysis into how these non-ideal e↵ects impact the CPU energy e�ciency, whether an RTM

can improve energy-e�ciency by using the presented voltage models and considering the voltage

regulator behaviour, and whether other modelling techniques or methodologies can improve on the

accuracy of the presented voltage models.

Furthermore, to reduce physical space and cost, modern mobile devices include integrated on-chip

voltage regulators (OCVRs) [99, 282, 207]. These consume both energy and area, and there are

therefore trade-o↵s in their design which determines the maximum current they can provide to the

CPU as well as the maximum voltage swing within a certain period of time. This should be con-

sidered when making run-time management decisions, such as the ones highlighted in Section 7.2.5.

However, currently these problems are not the subject of much research, with the exception of a

recent work by Sayadi et al. [255].
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A related consideration is the battery characteristics of mobile devices [303, 262], which should

also be considered when estimating run-time power consumption and guiding RTM decisions. For

example, the charge reduction in a battery is not directly proportional to the power consumption and

therefore battery capacitance can be saved by considering the battery characteristics and making

RTM decisions accordingly.

7.2.3 Combining Top-Down and Low-Level Bottom-Up Techniques

The empirical power models developed in Chapters 3, 4 and 5 can be accurately decomposed further

using information from RTL and gate-level simulation. This could be applied to the full design, or

just large components, such as the caches and branch prediction tables. This would also enable the

top-down power models to be more flexible when used with full-system simulation tools, such as

gem5.

7.2.4 Power Estimation in Diverse Thermal Environments

Section 4 presented power models that compensate for thermal changes due to CPU voltage, fre-

quency and activity changes. Chapter 5 added ambient temperature compensation by modelling the

e↵ect of the CPU temperature on the leakage and using the temperature sensors from each CPU as

inputs to the model. The CPU thermal conditions were modulated by changing the settings of the

on-board fan, resulting in observation temperatures ranging from 31�C to 91�C. However, the use

of a temperature chamber to provide a more controlled thermal environment would likely improve

both the model and the results. Chapter 5 also proposes a basic electrical circuit thermal model that

combines a preliminary power estimation with an empirically-derived thermal capacitance. How-

ever, while the model itself could accommodate variable ambient temperature, the required data

was not available. Therefore, by utilising a temperature chamber and repeating the experiments

(automated in GemStone) at various temperatures, the heat flow between the CPU and external

temperatures can be modelled. An extension would be to repeat the experiments (and re-calculate

the thermal capacitances) with di↵erent heatsinks and fan settings. GemStone already has the

ability to collect and combine data from external sources while running at various ambient ther-

mal conditions. This would enable improved power modelling accuracy when running on systems

without thermal sensors in the CPU (including simulation tools, such as gem5).

7.2.5 Event Forecasting for Performance, Power and Energy Prediction

Modern mobile processors are becoming increasingly complex and intelligent run-time management

and control (RTM) of performance and power consumption is required to improve energy-e�ciency,

extend battery-life and increase peak performance, while respecting thermal and power constraints

(see Section 2.3). For example, devices implementing Arm big.LITTLE technology (described in

more detail in Section 2.3.3) contain CPUs of a common ISA that have di↵ering micro-architectures

that are optimised for di↵erent performance-energy trade-o↵ points; higher performance cores allow

the device to have a high peak performance when necessary while more power-e�cient cores enable

the device to be more energy e�cient, when possible. Each type of CPU can be run at di↵erent

DVFS levels or put into sleep states in order to make energy savings, if possible, while achieving the
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Figure 7.2: EAS Motivation: Cluster A at a medium DVFS level with three tasks running on three
active cores, while Cluster B is o✏ine.
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(a) Cluster A at a high DVFS level with three tasks
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(b) Cluster A at a medium DVFS level with two tasks
on two active cores, while Cluster B is at a high DVFS
level with one task on one active core.

Figure 7.3: Two scheduling options to the situation where the task running on CPU0 in Cluster A
requires a higher performance.

required level of performance. Chapters 3, 4, and 5 presented techniques for developing accurate

and stable run-time power and thermal models for providing the RTM with the information required

to make informed decisions.

However, the task of RTM is di�cult and no ideal solution exists. Chapter 6 (see Figure 6.24)

demonstrated how di↵erent workloads respond di↵erently to a change in DVFS level or being run

on a di↵erent micro-architecture. Several existing works have proposed techniques for estimating

the impact of RTM decisions on performance or power consumption [260, 280, 238, 156]. This is

particularly problematic in mobile devices, which must operate within a tight thermal budget, and

where only a certain amount of power can be instantaneously provided to the CPU in a reliable

manner (see Section 7.2.2). These limits must be proactively respected; reacting to exceeding

the limits is not su�cient. A key challenge in RTM and scheduling is therefore predicting the

performance, power, thermal and energy impact of making a decision in advance.

While many run-time management algorithms and approaches have been proposed (see Chapter 2.3)

challenges in proactively maintaining thermal and power limits while considering shared voltage

domains have not been su�ciently recognised or addressed. For example, it is usually not possible

to independently change the DVFS level of each individual core of a CPU cluster; each core of

a cluster in an Arm big.LITTLE configuration shares the same voltage domain and so the DVFS

a↵ects all cores of the cluster simultaneously. It is therefore important that energy-saving techniques

are controlled in conjunction with scheduling decisions, which has motivated the recent e↵orts to
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implement Energy-Aware Scheduling (EAS, see Section 2.3.4) into Linux [8]. For example, consider

a CPU cluster Cluster 1, running at a medium DVFS level with 3 tasks, A, B, C running on its three

active cores (Figure 7.2). If application A requires a higher level of performance, one option is to

increase the DVFS level for the current cluster (a↵ecting all the cores and applications, Figure 7.3a).

However, if tasks B and C do not benefit from the high DVFS level, it may be more energy e�cient

to bring another cluster online (at a high DVFS level) and migrate task A it (Figure 7.3b). This

decision is more complex when considering that there are di↵erent HMP core types available (e.g.

big or LITTLE). The CPU power or thermal budget may mean that task A must be migrated (and

the core it was previous running on switched o✏ine) before the DVFS level is increased, therefore

significantly increasing the latency of switching DVFS level (a↵ecting the granularity at which the

decisions should be made). Furthermore, Arm DynamIQ technology [7], which allows big and

LITTLE cores to reside in the same cluster and some cores of the cluster to have separate DVFS

domains, provides more energy-saving opportunities but requires more complex RTM to e�ciently

exploit them. It is not possible to e↵ectively make accurate RTM decisions (and proactively respect

power and thermal limits) unless the way the specific workloads will respond to a change in DVFS

or di↵erent HMP core types is known in advance.

The insights and methodologies presented in this thesis can be combined and applied to run-time

management approaches to aid the decision-making processes. Key to understanding how a workload

will respond (in terms of performance, power and temperature) to a change in DVFS level, or being

migrated to a di↵erent HMP core, is modelling the impact on the micro-architectural events for the

type of workload being considered. Fundamental to achieving this are:

1. Techniques for accurately extracting and post-processing PMC event data (Chapter 3);

2. Methods for selecting and transforming PMC events to obtain optimal information while

reducing multicollinearity (Chapter 4);

3. Change-point detection methods for identifying workload phases (Chapter 3);

4. Workload classification techniques (Chapter 6); and

5. Methods of identifying patterns between workload types and micro-architectural activity

(Chapter 6).

Once the PMC events have been predicted, the predicted performance is known. These events

can then be combined with power and temperature modelling methodologies to provide predicted

power, energy and temperature.

7.2.6 Using Workload Classification in Power Estimation

The power modelling methodologies presented in Chapters 3, 4 and 6 identify a single set of PMC

events that generalise well across all types of workload. A previous work by Mair et al. [185] uses

workload classification to adapt the PMC event selection at run-time. However, the modelling

techniques in this work are simple and the trade-o↵s involved in workload classification are not

explored. The methodology presented in [185] uses correlation alone to select PMC events and

does not consider coe�cient stability, meaning that the coe�cients in the models, including the

model developed for the baseline comparison, will not necessarily generalise well. Furthermore,

temperature, heteroscedasticity, and the residuals are not considered, and outliers are removed to
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improve accuracy without justification. The classification technique employed is very primitive;

classification is performed online using if statements to compare the magnitude of one PMC event

against another, and branch accordingly.

The approach proposed by this thesis would first use the unsupervised machine learning techniques

employed in Chapters 4 and 6, to identify workload classes. Separate PMC-based power models

would then be developed for each class of workload, using the methodology presented in Chapters 4

and Chapter 5. The potential improvement in accuracy when using a specific set of PMC events de-

pending on the type of workload (assuming an oracle workload classifier), compared to a model with

a fixed set of PMC events, can be calculated. Supervised machine learning techniques would then

be employed to develop an online workload classifier using the labels identified with unsupervised

learning. The accuracy of the classifier, and the speed at which di↵erent phases can be identified

and adapted to, a↵ects how close the model accuracy is to the case considering an oracle workload

classifier.

A key challenge in this approach is keeping variance low when training, and e↵ective validation;

once the full set of training data has been clustered, a model must be trained and validated on those

clusters, and a su�cient number of workloads within those clusters must be used.

Another possible approach would be to train all of the models with all of the workloads, but use

Weighted Least Squares (WLS) to focus accuracy on training observation of the cluster that the

feature selection is optimised for.

Example research questions include:

1. How many classes are required?

2. What is the overhead of adding the workload classification and changing the monitored PMCs?

3. After a workload phase change, can any active PMC event selection identify the new correct

selection, or must a specific set of ‘classification’ events first be used?

4. What are the trade-o↵s between allowing each PMC event set to contain any events versus

constraining all sets to contain a subset of common events?

5. What is the prediction improvement when switching from a fixed set of PMC events to a

variable set of PMC events?

6. How close can the power estimation error come to the case of an oracle workload classifier and

instant PMC event selection switches?

7. What impact does a misclassification have on the power estimation?

8. How does the threshold of a PMC selection change e↵ect the accuracy and overhead?

9. How can the problem of requiring many more workloads for training and validation be ad-

dressed?

10. Should each model optimised for a subset of the workloads be trained solely on the workloads

in that subset, or should all of the models be trained on all of the data, perhaps using WLS

to focus accuracy on the workloads in the subset?
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7.2.7 Dynamic Micro-Architectural Feature Extraction

Only several of the many events can be simultaneously monitored, as described in Section 3.2.

Chapter 4 identifies methods for selecting PMC events for use as input features into the power

model. However, this thesis also proposes the use of PMC events for other tasks, such as workload

phase detection, PMC event prediction, and workload classification. Therefore, there needs to

be a mechanism for extracting the most useful set of PMC events that are most suitable for all

purposes simultaneously and sharing the information between these units. As demonstrated in

Chapter 4, it is essential to minimise multicollinearity by making careful event selections and making

transformations to the selected events to remove repeated information. For example, if the RTM

algorithm requires a specific PMC event that has a high correlation to events that the power model

is already using, the power model must either:

• Not use the new event (worst-case scenario);

• Make linear transformations between the new selection to remove multicollinearity (if possible)

• Reselect the existing (unconstrained) events to ones that compliment (and do not correlate

with) the new event;

The requirements from the RTM, or other units that require information from the PMCs, may

change at run-time, and therefore this process must be dynamic.

7.2.8 Validating Newer CPU Performance and Energy Models

The current example models in the gem5 simulator for Arm-based platforms are for the Arm Cortex-

A7 and Arm Cortex-A15, which implement the ARMv7 architecture. The methodology for com-

paring simulator models to hardware platforms and identifying the sources of error can be used to

develop models of newer ARMv8 CPUs implementing Arm DynamIQ. Furthermore, an up-to-date

comparison with McPAT (similar to that in [48]) could be conducted, with a direct comparison

between employing top-down empirical power models and high-level bottom-up approaches.

7.2.9 Applying Power Modelling to New Systems

Mobile processors are developing rapidly, becoming more powerful and employing new features. As

highlighted and addressed in Chapter 3, there are challenges in obtaining reliable PMC data (and

power measurements) from mobile platforms. An interesting avenue of future work would be to

apply the power modelling methodologies to newer, 64-bit mobile platforms with Arm DynamIQ

technology and machine learning accelerators. Furthermore, while the models are agnostic to the

operating system, applying the models to Android while running typical smartphone workloads

would further demonstrate the capabilities of the models.

A proposed setup would use Workload Automation [271] for automating the process of running

realistic workloads, and the new Simpleperf API [109] for accessing PMC events. Furthermore, this

would provide a platform for interfacing the models with EAS.



References

[1] A. Akram and L. Sawalha. A comparison of x86 computer architecture simulators. Computer

Architecture and Systems Research Laboratory (CASRL), July 2016.

[2] S. Alawnah and A. Sagahyroon. Modeling of smartphones’ power using neural networks.

EURASIP Journal on Embedded Systems, 2017(1):22, Feb 2017.

[3] S. Albers and A. Antoniadis. Race to idle: New algorithms for speed scaling with a sleep

state. ACM Trans. Algorithms, 10(2):9:1–9:31, Feb. 2014.

[4] F. A. Ali, P. Simoens, T. Verbelen, P. Demeester, and B. Dhoedt. Mobile device power models

for energy e�cient dynamic o✏oading at runtime. Journal of Systems and Software, 113:173

– 187, 2016.

[5] S. Aminikhanghahi and D. J. Cook. A survey of methods for time series change point detection.

Knowledge and Information Systems, 51(2):339–367, May 2017.

[6] Arm. CycleModels: Implementation Accurate Models of Arm IP. https://developer.arm.

com/products/system-design/cycle-models. [Online; accessed 20-Nov-2017].

[7] Arm Developer. DynamIQ. https://developer.arm.com/technologies/dynamiq, 2018.

[Online; accessed 08-March-2018].

[8] Arm Developer. Energy aware scheduling. https://developer.arm.com/open-source/

energy-aware-scheduling, 2018. [Online; accessed 08-March-2018].

[9] ARM Holdings. Arm processor architecture. https://www.arm.com/products/processors/

instruction-set-architectures/index.php, 2017. [Online; accessed 12-June-2017].

[10] Arm Ltd. Cortex-A8 technical reference manual r3p2. http://infocenter.arm.com/help/

topic/com.arm.doc.ddi0344k/DDI0344K_cortex_a8_r3p2_trm.pdf, May 2010. [Online;

accessed 04-October-2014].

[11] Arm Ltd. Dhrystone and mips performance of arm processors, 2011.

[12] Arm Ltd. Cortex-A9 technical reference manual r4p1. http://infocenter.arm.com/help/

index.jsp?topic=/com.arm.doc.ddi0388e/index.html, June 2012. [Online; accessed 07-

December-2014].

[13] Arm Ltd. Cortex-A15 technical reference manual r4p0. http://infocenter.arm.com/help/

topic/com.arm.doc.ddi0438i/DDI0438I_cortex_a15_r4p0_trm.pdf, June 2013. [Online;

accessed 04-January-2015].

185

https://developer.arm.com/products/system-design/cycle-models
https://developer.arm.com/products/system-design/cycle-models
https://developer.arm.com/technologies/dynamiq
https://developer.arm.com/open-source/energy-aware-scheduling
https://developer.arm.com/open-source/energy-aware-scheduling
https://www.arm.com/products/processors/instruction-set-architectures/index.php
https://www.arm.com/products/processors/instruction-set-architectures/index.php
http://infocenter.arm.com/help/topic/com.arm.doc.ddi0344k/DDI0344K_cortex_a8_r3p2_trm.pdf
http://infocenter.arm.com/help/topic/com.arm.doc.ddi0344k/DDI0344K_cortex_a8_r3p2_trm.pdf
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.ddi0388e/index.html
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.ddi0388e/index.html
http://infocenter.arm.com/help/topic/com.arm.doc.ddi0438i/DDI0438I_cortex_a15_r4p0_trm.pdf
http://infocenter.arm.com/help/topic/com.arm.doc.ddi0438i/DDI0438I_cortex_a15_r4p0_trm.pdf


186 References

[14] Arm Ltd. Cortex-A7 technical reference manual r0p5. http://infocenter.arm.com/help/

index.jsp?topic=/com.arm.doc.ddi0464f/index.html, April 2013. [Online; accessed 04-

January-2015].

[15] Arm Ltd. White paper: big.LITTLE technology, the future of mobile. Technical report, 2013.

[16] Arm Ltd. Cortex-A53 technical reference manual r0p4. http://infocenter.arm.com/help/

topic/com.arm.doc.ddi0501f/DDI0501F_cortex_a53_cryptography_trm.pdf, December

2015. [Online; accessed 16-March-2017].

[17] Arm Ltd. Cortex-A72 technical reference manual r0p3. http://infocenter.arm.com/help/

index.jsp?topic=/com.arm.doc.100095_0003_06_en/index.html, December 2016. [On-

line; accessed 16-March-2017].

[18] Arm Ltd. Cortex-A75 technical reference manual r3p0. http://infocenter.arm.com/help/

index.jsp?topic=/com.arm.doc.100403_0200_00_en/woi1483519316976.html, June

2017. [Online; accessed 10-February-2018].

[19] M. Asri, A. Pedram, L. K. John, and A. Gerstlauer. Simulator calibration for accelerator-

rich architecture studies. In 2016 International Conference on Embedded Computer Systems:

Architectures, Modeling and Simulation (SAMOS), pages 88–95, July 2016.

[20] J. Bai. Least squares estimation of a shift in linear processes. Journal of Time Series Analysis,

15(5):453–472, 1993.

[21] R. Basmadjian and H. De Meer. Evaluating and modeling power consumption of multi-core

processors. In Future Energy Systems: Where Energy, Computing and Communication Meet

(e-Energy), 2012 Third International Conference on, pages 1–10, May 2012.

[22] M. Basseville and I. V. Nikiforov. Detection of Abrupt Changes: Theory and Application.

Prentice-Hall, Inc., Upper Saddle River, NJ, USA, 1993.

[23] BeagleBoard. What is BeagleBoard-xM? http://beagleboard.org/beagleboard-xm, June

2014. [Online; accessed 20-July-2014].

[24] F. Bellosa. The benefits of event: Driven energy accounting in power-sensitive systems. In

Proceedings of the 9th Workshop on ACM SIGOPS European Workshop: Beyond the PC:

New Challenges for the Operating System, EW 9, pages 37–42, New York, NY, USA, 2000.

ACM.

[25] L. Benini and G. d. Micheli. Dynamic Power Management: Design Techniques and CAD

Tools. Kluwer Academic Publishers, Norwell, MA, USA, 1998.

[26] R. Bertran, M. Gonzalez, X. Martorell, N. Navarro, and E. Ayguade. Decomposable and

responsive power models for multicore processors using performance counters. In Proceedings

of the 24th ACM International Conference on Supercomputing, ICS ’10, pages 147–158, New

York, NY, USA, 2010. ACM.

[27] R. Bertran, M. Gonzelez, X. Martorell, N. Navarro, and E. Ayguade. A systematic method-

ology to generate decomposable and responsive power models for cmps. Computers, IEEE

Transactions on, 62(7):1289–1302, July 2013.

http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.ddi0464f/index.html
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.ddi0464f/index.html
http://infocenter.arm.com/help/topic/com.arm.doc.ddi0501f/DDI0501F_cortex_a53_cryptography_trm.pdf
http://infocenter.arm.com/help/topic/com.arm.doc.ddi0501f/DDI0501F_cortex_a53_cryptography_trm.pdf
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.100095_0003_06_en/index.html
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.100095_0003_06_en/index.html
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.100403_0200_00_en/woi1483519316976.html
http://infocenter.arm.com/help/index.jsp?topic=/com.arm.doc.100403_0200_00_en/woi1483519316976.html
http://beagleboard.org/beagleboard-xm


References 187

[28] K. Bhatti, C. Belleudy, and M. Auguin. Power management in real time embedded sys-

tems through online and adaptive interplay of dpm and dvfs policies. In 2010 IEEE/IFIP

International Conference on Embedded and Ubiquitous Computing, pages 184–191, Dec 2010.

[29] C. Bienia. Benchmarking Modern Multiprocessors. PhD thesis, Princeton University, January

2011.

[30] N. Binkert, B. Beckmann, G. Black, S. K. Reinhardt, A. Saidi, A. Basu, J. Hestness, D. R.

Hower, T. Krishna, S. Sardashti, R. Sen, K. Sewell, M. Shoaib, N. Vaish, M. D. Hill, and

D. A. Wood. The gem5 simulator. SIGARCH Comput. Archit. News, 39(2):1–7, Aug. 2011.

[31] N. L. Binkert, R. G. Dreslinski, L. R. Hsu, K. T. Lim, A. G. Saidi, and S. K. Reinhardt. The

m5 simulator: Modeling networked systems. IEEE Micro, 26(4):52–60, July 2006.

[32] W. L. Bircher and L. John. Predictive power management for multi-core processors. In

A. L. Varbanescu, A. Molnos, and R. van Nieuwpoort, editors, Computer Architecture, pages

243–255, Berlin, Heidelberg, 2012. Springer Berlin Heidelberg.

[33] W. L. Bircher and L. K. John. Complete system power estimation: A trickle-down approach

based on performance events. In 2007 IEEE International Symposium on Performance Anal-

ysis of Systems Software, pages 158–168, April 2007.

[34] W. L. Bircher and L. K. John. Complete system power estimation using processor performance

events. IEEE Transactions on Computers, 61(4):563–577, April 2012.

[35] W. L. Bircher, J. Law, M. Valluri, and L. K. John. E↵ective use of performance monitoring

counters for run-time prediction of power. Technical report, The University of Texas at Austin,

2004.

[36] W. L. Bircher, M. Valluri, J. Law, and L. K. John. Runtime identification of microprocessor

energy saving opportunities. In ISLPED ’05. Proceedings of the 2005 International Symposium

on Low Power Electronics and Design, 2005., pages 275–280, Aug 2005.

[37] S. Bischo↵, A. Hansson, and B. M. Al-Hashimi. Applying of quality of experience to sys-

tem optimisation. In 2013 23rd International Workshop on Power and Timing Modeling,

Optimization and Simulation (PATMOS), pages 91–98, Sept 2013.

[38] C. Bishop. Pattern Recognition and Machine Learning. Springer, New York, 1 edition, 2006.

[39] B. Black and J. P. Shen. Calibration of microprocessor performance models. Computer,

31:59–65, 1998.

[40] E. Blem, J. Menon, and K. Sankaralingam. Power struggles: Revisiting the risc vs. cisc debate

on contemporary arm and x86 architectures. In 2013 IEEE 19th International Symposium on

High Performance Computer Architecture (HPCA), pages 1–12, Feb 2013.

[41] G. E. P. Box and D. R. Cox. An analysis of transformations. Journal of the Royal Statistical

Society. Series B (Methodological), 26(2):211–252, 1964.

[42] D. Brand and C. Visweswariah. Inaccuracies in power estimation during logic synthesis. In

Proceedings of International Conference on Computer Aided Design, pages 388–394, Nov 1996.

[43] L. Breiman and J. H. Friedman. Estimating optimal transformations for multiple regression

and correlation. Journal of the American statistical Association, 80(391):580–598, 1985.



188 References

[44] D. Brooks, V. Tiwari, and M. Martonosi. Wattch: a framework for architectural-level power

analysis and optimizations. In Proceedings of 27th International Symposium on Computer

Architecture (IEEE Cat. No.RS00201), pages 83–94, June 2000.

[45] M. Bruno, A. Macii, and M. Poncino. Rtl power estimation in an hdl-based design flow. IEE

Proceedings - Computers and Digital Techniques, 152(6):723–730, Nov 2005.

[46] T. D. Burd, T. A. Pering, A. J. Stratakos, and R. W. Brodersen. A dynamic voltage scaled

microprocessor system. IEEE Journal of Solid-State Circuits, 35(11):1571–1580, Nov 2000.

[47] D. Burger and T. M. Austin. The simplescalar tool set, version 2.0. SIGARCH Comput.

Archit. News, 25(3):13–25, June 1997.
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[215] M. Novaes, V. Petrucci, A. Gamatié, and F. M. Q. Pereira. Compiler-assisted adaptive

program scheduling in big.little systems. CoRR, abs/1903.07038, 2019.

[216] T. Nowatzki, J. Menon, C. han Ho, and K. Sankaralingam. gem5, gpgpusim, mcpat,

gpuwattch, ”your favorite simulator here” considered harmful, 2014.

[217] J. Nunez-Yanez and G. Lore. Enabling accurate modeling of power and energy consumption

in an arm-based system-on-chip. Microprocessors and Microsystems, 37(3):319 – 332, 2013.

[218] T. Odajima, Y. Kodama, and M. Sato. Power performance analysis of arm scalable vector

extension. In 2018 IEEE Symposium in Low-Power and High-Speed Chips (COOL CHIPS),

pages 1–3, April 2018.

[219] F. M. of Education and Research. likwid: Performance monitoring and benchmarking suite.

https://github.com/RRZE-HPC/likwid/, Nov 2017. [Online; accessed 28-Nov-2017].

[220] Open Virtual Platforms. Technology OVPsim. http://www.ovpworld.org/technology_

ovpsim. [Online; accessed 16-Nov-2017].

[221] S. Padmanabha, A. Lukefahr, R. Das, and S. Mahlke. Dynamos: Dynamic schedule migra-

tion for heterogeneous cores. In 2015 48th Annual IEEE/ACM International Symposium on

Microarchitecture (MICRO), pages 322–333, Dec 2015.

[222] D. Pandiyan and C. Wu. Quantifying the energy cost of data movement for emerging smart

phone workloads on mobile platforms. In 2014 IEEE International Symposium on Workload

Characterization (IISWC), pages 171–180, Oct 2014.

[223] S. Park, J. Park, D. Shin, Y. Wang, Q. Xie, M. Pedram, and N. Chang. Accurate modeling of

the delay and energy overhead of dynamic voltage and frequency scaling in modern micropro-

cessors. IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems,

32(5):695–708, May 2013.

[224] A. Patel, F. Afram, S. Chen, and K. Ghose. MARSS: A full system simulator for multicore

x86 CPUs. In 2011 48th ACM/EDAC/IEEE Design Automation Conference (DAC), pages

1050–1055, June 2011.

[225] A. Pathania, A. E. Irimiea, A. Prakash, and T. Mitra. Power-performance modelling of

mobile gaming workloads on heterogeneous mpsocs. In 2015 52nd ACM/EDAC/IEEE Design

Automation Conference (DAC), pages 1–6, June 2015.

[226] D. Pelleg and A. W. Moore. X-means: Extending k-means with e�cient estimation of the

number of clusters. In Proceedings of the Seventeenth International Conference on Machine

Learning, ICML ’00, pages 727–734, San Francisco, CA, USA, 2000. Morgan Kaufmann Pub-

lishers Inc.

http://ufldl.stanford.edu/tutorial/unsupervised/PCAWhitening/
http://ufldl.stanford.edu/tutorial/unsupervised/PCAWhitening/
https://github.com/RRZE-HPC/likwid/
http://www.ovpworld.org/technology_ovpsim
http://www.ovpworld.org/technology_ovpsim


References 201

[227] T. Pering, T. Burd, and R. Brodersen. Dynamic voltage scaling and the design of a low-power

microprocessor system. In Power Driven Microarchitecture Workshop, attached to ISCA98,

pages 96–101, 1998.

[228] N. Peters, S. Park, S. Chakraborty, B. Meurer, H. Payer, and D. Cli↵ord. Web browser

workload characterization for power management on hmp platforms. In 2016 International

Conference on Hardware/Software Codesign and System Synthesis (CODES+ISSS), pages

1–10, Oct 2016.

[229] K. B. Petersen and M. S. Pedersen. The matrix cookbook, January 2005.

[230] D. T. Pham, S. S. Dimov, and C. D. Nguyen. Selection of k in k-means clustering. Proceed-

ings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering

Science, 219(1):103–119, 2005.

[231] F. Picard. An introduction to process segmentation. Technical report, March 2007.

[232] F. Picard. A not so short introduction to process segmentation, 2010.
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