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Abstract General Terms Measurement, Performance, Energy Con-

Making energy consumption data accessible to software de-SUmption

velopers is an essential step towards energy efficient soft-Keywords Abstraction, EACOF, Energy Aware Comput-
ware engineering. The presence of various different, despo ing, Energy Profiling, Energy Transparency

and incompatible, methods of instrumentation to obtain en-

ergy readings is currently limiting the widespread use of 1. Introduction

energy data in software development. This paper presents jmiting energy use is important in situations such as
EACOF, a modular Energy-Aware Computing Framework ohotics, portable devices and data centres. Traditignall
that provides a layer of ab_stractlon betw_een sources of en-yaquctions in energy usage have been achieved through im-
ergy data and the applications that exploit th&®COFre-  proved hardware design, however hardware designers must
places platform specific instrumentation through two APIS— make conservative assumptions about usage patterns to en-
one accepts input to the framework while the other provides gre that their devices remain suitable for a wide range of
access to application software. This allows developers 10 ;se cases. There is a far greater potential for energy saving
profile their code for energy consumption in an easy and ywhen the requirements of software are considered [8]. This
portable manner using simple AP calls. We outline the de- js pecause the control over the computation ultimately lies
sign of our framework and provide details of the API func- ithin the software and algorithms running on the hardware.
tionality. In a use case, where we investigate the impact of  peyelopers can produce more energy efficient software
data bit width on the energy consumption of various sort- py implementing their data structures and algorithms appro
ing algorithms, we demonstrate that the data obtained usingpriately, basing decisions on their knowledge of the neéds o
EACOF provides interesting, sometimes counter-intuitive, in- 5 particular application with respect to runtime, spact- uti
s_lghts. All the code is available online under an open source gtion and energy consumption. Knowledege of a user’s spe-
licensehttp://github.com/eacof cific usage patterns and priorities provides further opport

Categoriesand Subject Descriptors  D.2.8 [Software Engi- nity to reduce energy consumption either by passively moni-
neering]: Metrics—complexity measures, performance mea- toring a user’s interaction with a device and adapting acor
sures; D.2.2 $oftware Engineering]: Design Tools and  ingly [1C], or by providing direct feedback about the energy
Techniques—modules and interfaces, software libraries; Needed to perform different tasks, enabling users to make

D.2.13 [Software Engineering]: Reusable Software—reusable informed decisions about their behaviour [12].
libraries In order to leverage this domain specific knowledge to

produce more energy efficient software, developers firsd nee
to know how much energy is required to execute their code.
Energy usage profiles must be created separately for each
targeted platform as it is not possible to generalise from on
to anotherl[6]. In some instances it is possible to creatsthe
profiles through the use of static analysis [3]; however, in
general, dynamic measurement of energy usage is required
due to the limited availability and usability of static tech
[Copyright notice will appear here once "preprint’ optianrémoved.] nigues. While dynamic measurement techniques are more
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widely available than static analyses, the overhead ofinst  challenges in attributing the energy usage of hardwareegto th
menting code is greatly increased by the low level of ab- correct application.

straction at which energy usage is measured, analogous to Each of these systems, many of which are designed for
requiring machine-specific code to measure execution time. mobile devices, uses a bespoke method of instrumentation

This paper presentsacoF, our modulaiEnergy Aware tailored to a specific source of data. WiEACOF, we pro-
COmputingFramework, which provides a layer of abstrac- vide a standard method of accessing sources of energy data,
tion between sources of energy data and the applicationsincluding these and others, designed primarily for desktop
that exploit them, allowing developers to profile their code systems. We also address the stated limitations of each ex-
for energy consumption in a simple and portable manner. isting source.

This abstraction replaces platform specific instrumeoitati
through the use of two APIs. The first is used to make en-
ergy mfprmaﬂon avalla_lble to other software in a portab!e 3. Data Source Considerations
way while the second is used to access energy information

without the need for bespoke instrumentation on each plat- For EACOF to succeed as an abstraction layer for sources
form. By separating these two key tasks in a modular man- of energy information, it is important that its design does
ner, our framework is designed to both be easily extensible not preclude the use of any particular data source since
and encourage the development of maintainable code. doing so would force developers to use platform specific

EACOFIs designed to be used on a genera| purpose multi- instrumentation in their applications. Below we outline th
process Operating System with functional Inter-Process considerations that different data sources plac&anoF.
Communication capabilities. It allows sophisticated data Section 4.l shows howAcOF has been designed to meet
collection methods to provide energy consumption data to these considerations.
applications through a simple API. The provided data can  Resolution. The operating system on a laptop might pro-
be as specific as per-process values for individual hardwarevide a new value for the current charge of the battery once
components. This energy data may be utilised by a devel-per second, while counters built into a CPU may update
oper during the development process for energy consump-thousands or millions of times per second.
tion testing. Alternatively, it may provide the end usertwit Precision. The values regarding the current charge of a
indications about energy consumption at run time or allow battery may only be specified to 3 or 4 significant figures
the development of applications which adapt based on mea-Within system files, while hardware counters can be signifi-
sured energy consumption. cantly more precise.

The rest of this paper is structured as follows. Existing ~ Accuracy. While some data sources take measurements
work upon whicheAcoFr builds is discussed in Sectigh 2. directly from hardware, others utilise a more indirect ap-
The characteristics of the different sources of energyrinfo Proach. Tools such as PowerTGP [4] are able to provide
mation that are available tbACOF are considered in Sec-  estimates of energy consumption based on usage statistics
tion[3. The various components that makesscor, and  Provided by the operating system, after a calibration jerio
their interactions, are described in Sectidn 4. The APIs to Because the data is not gathered directly from hardware, ac-
allow interaction between components are specified in Sec-curacy needs to be taken into account when making use of
tion [8. In Sectio B we present a use case showing howthe provided values.

EACOF can be used to analyse sorting algorithms to help a  Probes. A Probe is a means of defining one or more
developer to select the most appropriate algorithm or datahardware sources of energy data (devices). Energy data can
type for a given task. Sectigmh 7 concludes and gives an out-cover a range of devices. This can range from individual
look on future work. CPU cores to an entire system, with various steps along the
way. Sometimes, a single hardware probe will be attached to
multiple devices, causing the energy information provitted

2. Background be ar?aggregate ofa nu?nber of dg\)//ices. P

Tools, such as PowerScope [1], provide functionality to Units. The units in which data is collected can vary from
monitor the energy usage of code, while requiring additiona one source to another—one source might provide energy
hardware for this task. On Android devices, AppScaope [13] data in Joules while another provides power data in Watts.
estimates energy consumption of each process based on a Temporal Continuity. Some sources of data may tem-
static model; however, this data is not available to the ap- porarily be unavailable when attempts are being made to use
plication itself. The Intel Power Gadget ARI [5] allows for them. For example, plugging a laptop in to charge will elim-
the measurement of energy consumption on modern Intelinate the ability to use the discharge rate of the battery as a
CPUs, although does not provide access to data from othemeasure of whole system energy usage.

hardware components. JouleUnit|[11] is designed to be a Proliferation. As we place greater demands on systems
generic framework, however has a specific focus on testingto be energy-efficient, we will see an increasing number of
during development. The authors of Epraf [7] describe the sources of energy data built directly into the hardware-plat
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forms we use. Many of these will have a higher resolution  Precision. Use ofdoubles for energy consumption data

and accuracy than current data sources. provides precision for decimal values with up to 15 signif-
) icant digits, as specified in IEEE 754. This is the greatest

4. System Architecture level of precision obtainable with portable data types.

In this section we describe the components of our framework ~ Accuracy. Since a Provider may encapsulate any data

and how they interact with each other. source,EACOF provides no guarantees about the accuracy

Providers (§411) abstract the details of a data source,Of a Provider’s data. It is up to the developer of a Prpvider
making it available to higher level components in a portable © €nsure the data output is as accurate as possible and
manner. Consumers [E4.2) of energy data are able to acthe developers of Consumers to cope with data of varying
cess the information made available by Providers. The Cen-&ccuracy. , _ _ _
tral Authority (8[Z:3) marshals data between the Providers = Probes. Providers definérobes that specify their func-
and Consumers as well as providing several additional ser-tionality. Sectiofl 4 describes in detail the method byoluhi
vices. Each of these components can be developed and comd€vices may be defined withencor.
piled independently and run as separate system processes, UNits It is a role of a Provider to convert the value
providing a simple method of modularly extending the func- gathered from its datg source into Joules before passimg it 0
tionality of EACOF. Our device classification system[{§l4.4) to the Central Authorlty. Tr_ns ensures that Consumers only
provides a common method for the componentsstor ~ N€ed to handle a single unit, Joules.
to describe the hardware being monitored. We have utilised ~ 1eémporal Continuity. A Provider lets other components
various strategies (§4.5) to minimise the overhead incurre KNow when its capabilities change, either temporarily ¥ pe
from use OfEACOF. manently. Section 5.1 describes the APl we have specified to

A library, libeacof, is provided to abstract the mecha- &llow this functionality. , ,
nisms underlying the communication between components  Proliferation. New sources of energy information can
from the programmer, providing procedures that can be read-2€ supported through the development of new Providers.
ily integrated into portable application code. The two APIs These néw Providers can be integrated Ew@OF without

provided bylibeacof are described in Sectiéh 5. the need to modify the Central Authority or pre-existing
Providers due to the modular framework design. Our device
4.1 Data Providers classification system (E_4.4) ensures that Consumers can

automatically make use of new Providers without alteration

CPU [—| CPU monitor

libeacof

Central

/ Authority

\ 4.2 Data Consumers

HDD HDD monitor
Web Browser

libeacof
libeacof

H_/%/_/

Data Sources Providers Central g
Auter?orrﬁy & | Video Player
Figure 1. Central Authority with multiple Providers =
A Provider is software that provides energy information 8| Background
to EACOF. The Central Authority acts as a single point of £| Fiesync

contact between all componentseacor. Figure[1 shows
how a Provider acts as a wrapper for a source of energy in- Consumers
formation, collecting data in a platform specific way before
passing this data to the Central Authority in a portable for-
mat. Itis relieved of the need to separate out per-procgéasda A Consumer is an application that makes use of energy
by the Central Authority, which undertakes this task on be- data provided byeAcor. Figure[2 shows how the Central
half of all Providers. Since Providers act as a wrapper for a Authority is able to connect to a number of Consumers
data source, they are designed to handle possible vasation simultaneously. Each Consumer has no awareness of the
between existing and future sources of data. The following Providers that feed energy information irgecorF—as far
describes our solutions to considerations about datassurc as it is concerned, all the information accessed is provided
Resolution. Providers push their data to the Central Au- by the Central Authority itself.
thority rather than waiting for it to be requested. This easu Consumers determine their energy consumption through
that sampling is performed in the most appropriate way for a the use of Checkpoint€heckpointsare a means of sampling
given data source. For example, if a data source updates in ahe energy used by a combination of one or more devices
non-linear manner, the Provider can ensure that the Centralbetween multiple points in time. They are added into an
Authority always has the latest data no matter what the gapapplication’s code through the use of the Consumer API
between updates. (8[5.2), allowing the energy consumption of sections of code

Figure 2. Central Authority with multiple Consumers
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to be determined. There are three key points in the timeline
of a Checkpoint: creating, sampling, and deleting.

To use a Checkpoint, it must first be created, setting a
point in time to use as a baseline for the energy being mea-
sured. When creating a Checkpoint, the devices and pro-
cesses that are to be measured must be specified. A Check-
point can be used to measure the Consumer itself or all run-
ning processes. Upon creation of a Checkpoint, the Con-
sumer must communicate with the Central Authority to ac-
quire a unique identifier for the Checkpoint and to ensure
that the requested devices can be monitored.

To obtain energy readings, a Checkpoint must be sam-

pled. When a Consumer samples a Checkpoint, the Central
Authority will provide the number of Joules used by the H ]
specified processes on associated devices since the Check-

point was last sampled by the same Consumer. Creating a
Checkpoint is deemed to be the first sample point. Figure 4. Classification of a subset of devices

It is possible for a single Consumer to have multiple
active Checkpoints, each monitoring one or more devices.
Likewise, it is possible for multiple Consumers to be moni-
toring the same device.

it easier to integrate the full capabilities BACOF into an
application.

4.4 Device Classification

4.3 Central Authority The definition of a particular device is key to a clear common
understanding between components witwt OF. A device
classification system must be precise enough that data re-

5 : . X .
§| Web Browser ceived by Consumers meets their expectations while also be-
cPU cPU monitor | § - ing flexible enough to allow switching of Probes with equiv-
= \ Central Bl \ideo I alent functionality in a manner transparent to Consumers.
= Authority §| Video Player . e .
oo v0D monitor | & / 2 Figurel4 shows a subset of the classification system used
monitor . . .
£ . by EACOF. While starting at a very high System level, our
e o g B;ngsfsggd classification system provides scope to zoom in on specific
t r rovider: E=] H
claources Trovider = components. Energy can be provided and consumed for de-
— vices at any level of this classification tree, for example at
Consumers .
the whole System level, for all CPUs, or for a single core of
Figure 3. EACOF System Architecture a particular CPU.

The classification system sets expectationstwdt is be-

The Central Authority acts as a single point of contact ing monitored rather thalow it is being monitored. For ex-
between all other components incor. Figure[3 shows  ample, readings from energy countersinthe CPU in Socket 0
how these components fit together, with data flowing from and the power supply to Socket 0 itself would both be clas-
a data source all the way through to a Consumer, as directedsified as Socket 0.
by the arrows. It is the responsibility of a Provider to specify which

By communicating with all other components, the Cen- devices theProbes it contains represents. Similarly, it is up
tral Authority is able to perform operations that Providers to each Consumer to make it known to other components
and Consumers would be unable to complete alone. For ex-which devices it is interested in obtaining data for.
ample, let there be two Probes defined by Providers—one
measuring both the CPU and Memory, the other measuring
only the Memory. If a Consumer then defines a Checkpoint When running with a single Provider sampling CPU energy
to track energy consumption of the CPU, the Central Author- consumption at a rate of 50HEACOF increases system
ity is able to derive this requested information by reading power consumption by less than 1 Watt on an 2012 Mac-
data from both Probes and calculating the difference. bookPro 13" with a 2.5GHz Intel Core i5. This is lower

The Central Authority is also able to keep track of recent than the idle power consumption of many common appli-
readings from multiple Providers and extrapolate from them cations|[9].
to estimate future energy consumption even if the resaoiutio WhenEACOFis used to profile code during development,
of available Providers is low. A Consumer could perform these overheads are of little concern as they will not be
this task, however, performing it in a central location meke incurred by the final application. However, wheacor is

4.5 Dealing with Overheads
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an integral part of the application it is vital that develope While aProbe is inactive to begin withactivateProbe()

are able to mitigate these overheads when necessary. Thignd deactivateProbe() may be used to toggle whether it

can be achieved by sampling fewer devices less frequentlyis active. Once finished withdeleteProbe() will delete a

or by instrumenting only the most critical sections of code. Probe and stop further attempts at trying to access the data
The overheads incurred when usipgcoF must always it provides.

be weighed against the benefits. While static analysis can addSample() provides the amount of energy used, in

deliver results without runtime overhead, there are lindts ~ Joules, by the devices associated with the supptietbe.

what can be determined in this manner. In such situations, The sample is the amount of energy used since the latter of

the only alternative is to use a method of dynamic analysis a) the last point at which thBrobe was activated; ob) the

such aEAcoF, where the inherent overheads are necessarylast point at which a sample was added.

to achieve the desired outcome. The return value of all API functions in this section and
The Central Authority plays a key role in minimising the the following is an error code. This allows users of the API

overheads incurred when usisgCcoFrby reducing the num-  to know when a requested operation failed, making it clear

ber of communication channels that need to be establishedwhen alternative action, such as retrying the functionaall

More formally, let the number of Consumers 6eand the entering a non-energy-aware state, should be taken.

number of Providers b&. In a naive configuration, where

Consumers communicate directly to ProvidedC' * P) 5.2 Consumer API

communication channels are required. This is reduced to a Checkpoint is an abstract data type representing a Check-
O(C + P) by introducing the Central Authority. In adding  point as described in Sectibn %.2. The API functions shown
an extra step between the Provider and Consumer, latencyjp Figure® are used to create, sample and d€lbéekpoints.

is increased, however this design prevents a poorly dedigne  setCheckpoint() is a variadic function used to specify a
Provider blocking a Consumer request for a long period—it set of devices to be monitored along with the processes they
is easier to ensure predictable latency within a singlei@ént  should be monitored for, creating a Checkpoint with the
Authority than within many Providers. given configurationpspec should either bALL or SELF de-
pending on whether the caller wishes to monitor all running
processes or itself respectively.

5. Interface sampleCheckpoint() is used to query the amount of en-
To allow components ofACOF to interact with each other  ergy in Joules used by the process-device combination spec-
we have developed two APls—one for Providers, the other ified by checkpoint since the latter of) the last call to

for Consumers. The Provider API[§5.1) is used to extend sampleCheckpoint(); or b) the point at which the Checkpoint
the framework with additional sources of energy informa- was created.

tion independently of the development and compilation of  deleteCheckpoint() is used to signal that th€heckpoint

the framework itself. The Consumer API[(§5.2) is used by checkpoint is no longer required, deleting it so it may not be
software developers wishing to exploit the gathered inferm  used again until recreated.

tion, either for the purposes of profiling or as an integrat pa

of the design of their application—perhapsto provideeyperg g Use Case Example

awareness to end users. These APIs have been designed to

work together and may be used simultaneously by a singleAS an examp!e,_thl_s se<_:t|0n demonstrates Bawor can be .
application applied to gain insight into the energy usage of code. While

Our implementation of the API is available in an online energy-efficient software design is beyond the primgry:goal
repository athttp: //github. con/eacof pf EACOF, the_ framework makes energy consumption dur-
ing computation transparent, so as to enable developers to
. gain an insight into the energy usage of code. This use case
5.1 Provider API demonstrates that our framework provides data for develop-
A Probe is an abstract data type representing a capability ers to make more informed decisions about software energy
of a Provider and can be thought of as a virtual description consumption. It is not, however, designed to provide an ex-
of a physical Probe used to monitor one or more devices. haustive demonstration of all the capabilitieserfcor—
The API functions shown in Figurg 5 are used to create, a demonstration of multi-provider and multi-platform func

manipulate and deleferobes. tionality is available in the online repository.

createProbe() is a variadic function used to specify the We use a Provider based on the Intel Power Gadget API,
configuration for @robe. libeacof will allocate a newProbe with a resolution of 20ms, to measure the energy usage of
and populate it with the devices provided by the caller. A the CPU in Joules.
unigue identifier for the newProbe is acquired from the Our application is a Consumer designed to sort an array
Central Authority and the address of the neésbeis stored of integers in the rangl, 255]. The same array of numbers
in the location pointed to bgewprobe. is represented using data types containing varying numbers
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int createProbelProbe *x newprobe , DeviceCount dcount, ...);
int deleteProbeProbe *x probe);

int activateProbeProbe =probe);

int deactivateProbeRrobe xprobe);

int addSampleProbe *«probe, double joules);

Figure 5. Provider API Function Prototypes

int setCheckpointCheckpoint *»» newcheckpoint, ProcessSpecifier pspec, DeviceCount dcount ,
L)

int sampleCheckpointCheckpoint »checkpoint , double »joules);

int deleteCheckpointCheckpoint »checkpoint);

Figure 6. Consumer API Function Prototypes

Data Type
uint8.t uintl6t uint32.t uint64.t
Total Total | Average|| Total Total | Average|| Total | Total | Average|| Total Total Average
Time | Energy | Power || Time | Energy | Power || Time | Energy| Power || Time | Energy | Power

Algorithm  Num Elements| (s) J) (W) (s) J) (W) (s) J) (W) (s) ) (W)
Bubble Sort 50,000 5.53 66.66 12.03 || 5.39 65.29 12.09| 5.66| 69.05 12.19| 5.78 71.83 12.41
Insertion Sort 200,000 7.98 | m102.18 12.75| 7.98 | m103.00 12.85| 7.46 | m98.81 13.21| 7.54| m105.03 13.89

Quicksort 2,000,000 5.51 61.73 11.20| 5.53 61.90 11.19| 5.52| 61.60 11.15| 5.51 62.90 | ¥ 11.42
Merge Sort 60,000,000 || «6.06 | 72.33 11.93| 6.07 72.46 11.93| 6.12| 75.65 12.36 || ©5.93 | 76.98| % 12.98
gsort 100,000,000 || 5.84 | 72.39 12.37| 6.15 76.90 12.48| 6.79| 86.29 12.69|| 5.69| 73.25 12.86
Counting Sort 200,000,000 0.23 $2.92 12.75| 0.24 43.16 13.23| 0.25| 43.58 14.15|| 0.35 $#5.12 14.44

Table 1. Comparison of the energy required to sort integers of dfiebit widths

of bits and sorted using a number of standard deterministic Insertion Sort where the standard deviation for both Time
sorting algorithms. Checkpoints are set and sampled tirect and Energy is around 10% of the mean values.

before and after the sorting occurs. This setup allows us The data collected withACOF demonstrates that, against
to examine the difference in energy consumption causedcommon intuition, time and energy consumption are not nec-
by using different data types to perform a task, a typical essarily directly correlated. It can be seen in the cellsethr
problem that a developer may wish to US&COF to solve. with a e in Table[d that with Merge Sort angsort() from
Since the focus is that of differences between data types,stdlib [2], sorting 64 bit values takes less time than sorting
comparisons between rows should not be made for Time orvalues with fewer bits, however more energy is consumed in
Energy in Tabl¢1lL. the process.

We ran the code on a 2012 MacbookPro 13" with a 2.5 It can also be seen that the average power consumption
GHz Intel Core i5 and 8GB RAM running OS X 10.8.4 when using a single data type varies between algorithms
to gather results. All code was compiled on the target ma- (¥ ). In a situation where there is a limited power supply,
chine using the vendor’'s standard compiler with an op- it may be desired to choose an algorithm with lower power
timisation level of-O3. The instrumented code used to consumption even if it means the time taken or energy used
gather the results is available in an online repository at: is higher.
http://github.com/eacof Another insight that can be gained is that the amount of

Table[d shows the results gained from running our pro- energy used to perform a sorting task will generally inceeas
gram. Time is measured in Seconds (s) and Energy is mea-as the number of bits in the data type increases. In our data,
sured in Joules (J). The average power consumption, en-marked with a¢, Counting Sort uses 75% more energy to
ergy over time, is measured in Watts (W). Each algorithm sort the same 200 arrays of numbers when they are repre-
was run with the specified number of elemeft$ times sented as 64 bit rather than 8 bit values. Similar increases
for each data type. The displayed figures are the calculatedare not consistent for all algorithms—Insertion Sort broke
means over al200 runs. We keep run time similar by pro- an otherwise increasing trend when values were represented
viding each algorithm a different length array as input,s0 a using a 32 bit data typea.
to allow measurement of algorithms of differing algoritlemi Each of these examples highlight insights that can be
complexities. Counting Sort takes significantly less tirre p  gained by having access to the energy consumption informa-
run than the other algorithms because it is memory limited tion provided byEACOF. To take a step further, one would
and would require an array containing around 4 billion el- want to investigate why Insertion Sort uses less energy when
ements to take a similar amount of time as the others. Theusing 32 bit values. This investigation is beyond the scope
standard deviation of all result values is low, apart from fo

A Framework for Providing Energy Transparency to enable Energy-Aware Software Deveopment 2018/9/23



of this project, however the issue would not have come up

without access to the data.

7. Conclusions and Future Work

We have createdACOF, a framework which allows access
to information about the energy consumption of software
through the use of simple API calls. This allows the develop-

ment of code that may portably provide energy transparency
to both the end user and developer. In turn, it enables in-
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