A Survey of Software Based Energy Saving Methodologies for
Handheld Wireless Communication Devices

Kshirasagar Naik

Tech. Report

No. 2010-13

Dept. of ECE, University of Waterloo

Abstract— Advances in computing hardware, communica-
tions technologies, and novel multimedia applications are
spurring the development of smart phones and personal digital
assistants. There is world-wide accessibility to 2G, 3G, and Wi-
Fi networks. Some examples of well-known wireless handheld
devices are BlackBerry, iPhone, iPad, iPod, and Kindle. On
the one hand, small size and light weight are their attractive
features for high mobility and accessibility. On the other
hand, the same features impose significant constraints on their
processing, memory, and energy storage capabilities, thereby
limiting the device’s general functionalities and availabilty. User
expectations in terms of performance from handheld devices
are ever increasing. In addition to performance expectations,
the requirement of portability imposes severe constraints on
size and weight of a handheld system. Consequently, batteries
too are small and light, and, therefore, the system energy
budget is severely limited. The amount of energy in a fully
charged battery is one of the important resources of a handheld
system, and battery lifetime is an important characteristic.
Unfortunately, improvements in energy density of batteries
have not kept pace with the advancements in microelectronics
technology.

Therefore, researchers have proposed novel architectures,

are gaining much popularity. The recently releasedd
falls in between a smart phone and a laptop, in terms of
functionalities, processing capabilities, and mobilityhile
supporting thousands of third-party developed applicatio

Today’s handheld devices come with a number of wireless
interfaces, namely, 2G, 3G, Wi-Fi, and Bluetooth, for a
variety of applications. The 3G interface is used outdoor,
whereas the Wi-Fi interface is for indoor applications. The
Bluetooth interface is for shortrange communications be-
tween a handheld device and another personal device. Wi-
Fi networks support high data rates in small regions, with
limited mobility, whereas 3G networks support lower data
rates in wide regions and with high mobility.

Handheld devices have been offering faster processors,
more memory, multiple radio interfaces, and powerful oper-
ating systems (OS), and, consequently, heavier applitatio
Moreover, specialized operating systems have been devel-
oped for handheld devices. Microsoft&indows Mobile
Google’s Android, and LiMo (Linux Mobile) are example

strategies, methodologies, and techniques to make handheld Operating systems designed for mobile devices. Some popula

devices energy efficient. In this paper, we study the results

applications on mobile devices are voice calls, email agces

published in about 200 reserach papers to have a comprehensive |nternet browsing, video games, and video playing.

understanding of the various approaches to make handheld
devices energy efficient. We present our study in the form of 15
cohesive sections that include the following topics: related sur-
veys, smart batteries, energy-efficient graphical user interfee

design, the concept of a sleep state for an operating system,

power efficient communication, proxy assisted energy saving,
source-level power control, transport control protocol base
energy saving, upper-level power management, virtual memory
on the network, programming and compilation techniques, inte-
grated power management, energy estimation models, impacts
of dynamic power management (DPM) strategies, and future
directions in energy saving.

I. INTRODUCTION

The past decade has witnessed tremendous growth in tha

With advances in microelectronics, there is every effort,
subject to size constraint, to make a handheld device appear
like a laptop computer in terms of application delivery. In
addition to performance expectations, the requirement of
portability imposes severe constraints on gieeandweight
of a handheld system. Portable devices commonly run on
rechargeable batteries to support user mobility. gtnall size
andlight weightrequirements of a handheld device imply that
its battery be proportionately small in volume. Conseqiyent
the system energy budget is severely limited [5]. A battery
must be charged before its remaining energy falls below a
threshold level to keep the device running. Battery chargin
its the mobility of users and the usability of the device.

p(_)pularity of the Internet and wirgless handhgld devices. FThe full charge of a battery is one of the key resources, and
wireless Internet access, there is almost universal Cg@erahatrery lifetime is an important characteristic of handr-

with 2G, 3G, and Wi-Fi networks. The commonly used,
handheld devices are smart phones and PDAs (persopgl

digital assistants), with Internet browing capability. n$®
of the popular ones arédAQ, BlackBerry iPhone iPod,

ices [39]. While computing and communication capabilities
handheld devices have increased by orders-of-magnitude
in the past two decades, battery energy density has only
tripled in the same period of time [2].

iPad, andKindle. Application specific handheld devices, such Therefore, hardware and software designers have adopted

as iPod for music andKindle for electronic book reading,
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a variety of methodologies and techniques to reduce the
amount of energy drawn from the battery. These method-
ologies and techniques include low-power electronics,rsma



batteries [3] to report their state of charge (SoC) [4] tdy Access Points (AP), and power management in WiMAX
operating systems and applications, power-saving modes safbscriber stations.
operation of processors, wireless network interface cardSection VII. Proxy Assisted Energy Saving:A proxy
and displays, efficient algorithm design and implementatjo machine is a computing system located between user devices
and efficient graphical user interface (GUI) design. Thand their servers on the Internet. A proxy can enable a
concepts of proxies between servers and handheld devi¢esndhald device to save energy in a number of ways, for
and source level (i.e. server level) media stream contrekample: reduce the volume of contents to be downloaded
have been introduced to make handheld devices energy user devices and make downloaded data traffic bursty so
efficient. Researchers have worked on TCP-based enengt the intervals between bursts are long enough for device
saving in handheld devices. A number of techniques hawe put their communication interfaces to sleep state. The
been introduced at the application level to save energy. apabilities of alransforming Proxyan HTTP-levelPower
order to run applications on handheld devices with virtughware Web Proxya Power Aware Streaming Proxyand
memory requirements, energy efficient network-based swag-Streaming Audio Proxyo enable hand-held devices and
ping has been proposed. At the coding and compilation levehptops to save energy have been explained in this section.
techniques have been developed to reduce the energy cggktion VIII. Source-level Power Control: In this section
of programs. Finally, system models have been developgg summarize the energy saving techniques applied at the
to predict the energy cost of applications. In this papegource level, that is by the media servers. Examples of serve
we review the main research results published along thoggsed techniques are: (i) traffic shaping to enable a user
directions. device to put its communication interface to sleep state;
We remind the reader that our focus is on handheldnd (ii) resolution control of video frames. These techeigu
wireless devices and not individual sensors. We ddo not involve any proxy between the media servers and
recognize that much work have been done in routingandheld devices.
message in sensor networks to make sensors energy efficigaktion IX. TCP Based Energy Saving:The Transmis-
[64]. However, we will exclude those results from thissjon Control Protocol (TCP) is widely used in web-based
paper. Similarly, we will exclude the techniques for energgpplications to transport data between clients and servers
saving in wall-powered personal computers [75]. We havig a reliable manner. TCP-related energy efficieny of hand-
organized this paper on a section-by-section basis assllo held devices are categorized into two groups: computdtiona
energy cost of TCP and TCP-assisted controlling the wiseles
Section Il. Related Surveys In this section, we will discuss network interface card (WNIC) for energy saving. In Section
the scopes of four survey papers that have appeared in € we review the computational energy cost of TCP, TCP-
literature over the past ten years, without going into theipased state control of WNIC, and the concept of a power
details, in order to avoid overlaps. Readers with specifisaving transport protocol.
interest in the subject matters of those surveys may refglection X. Upper-level Power Management:A num-
to those papers for additional details. ber of techniques have been studied at the application-
Section Ill. Smart Batteries: Smart batteries play a key role level to achieve energy efficiency in hand-held devices.
in making applications adaptive to the amount of energy lefflhose are data compression and download scheduling at
in the battery, that is its SoC, and its present rate of energye application-level and computation offloading. In thetfir
draining. We discuss the idea of smart batteries in Sectiapproach, the decompression tasks on a client device are
Il appropriately interleaved with downloading activies toxina
Section IV. Energy-Efficient GUI Design In this section mize energy saving. In the computation offloading approach,
we summarize the strategies and techniques that have b&eme computation-intensive tasks are migrated from a user
developed to make displays, user interactions, and gralphieclevice to a server. Details of those approaches and their
user interfaces (GUI) energy efficient. We will provide arenergy saving potentials are discussed in Section X.
understanding of human-computer interactions and a psoceSection XI. Virtual Memory on the Network: In hand-held
for predicting user interaction time and energy. devices, storage memory is small or absent due to weight,
Section V. Sleep to Save EnergyThe architectural details size, and power constraints. In Section XI, we discuss the
of adding asleepstate to a processor and the concept offficacy of implementing a network-based virtual memory
wake-on-wirelesshave been discussed in Section V. Thesystem for handheld devices.
former concept is useful in saving energy while applicagionSection Xll. Programming and Compilation Techniques:
are idle, while the latter saves energy in the communicatidn this section we discuss a number of coding and com-
module of a hand-held device. pilation techniques to reduce the energy cost of executing
Section VI. Power Efficient Communication: In this sec- a program. In addition, we provide the overview of an
tion we summarize the power saving mode of the IEERrchitecture for energy-aware programming.
802.11 series of medium access control (MAC) protocolSection XIll. Integrated Power Management: Power man-
newly proposed power saving techniques for IEEE 802.14gement has been studied both at component level and
based hand-held devices, MAC-level download schedulirigigh level. In additional, several solutions for energy -effi



ciency have been proposed at variagsnputationallevels, low power states. The concept obeeak-even timél'zg)has
namely, cache and external memory access optimizatidmeen introduced to study the effectiveness of DPM policies
dynamic voltage scaling, dynamic power management fdrecause of the non-negligible cost of state transitiong Th
disk and network interfaces, efficient compilers, and applbreak-even timas defined as the minimum inactivity time
cation/middleware adaptations. Some integrated appesactrequired to compensate the cost of entering a power saving
combining the energy saving potentials of multiple techstate.Izr can be expressed as the sum of two components:
nigues have been summarized in Section XIII. (i) the time required to enter and exit the low-power state
Section XIV. Energy Estimation Models: Energy con- (i.e. Trg); and (ii) the minimum time that must be spent in
strained devices should be able to estimate the energy ctis¢ low-power state to compensate the additional tramsitio
of an application to be executed. The capability to estimaower Prp.

the energy cost of an application can be utilized to make General energy saving approaches are built upon the
subsequent decision about its activities based on uset ingallowing premises:

and sustainable battery life. Therefore, there is a need for, systems experienceonuniformworkloads while run-

robust energy cost models. In Section XIV, we disclase- ning an application. In other words, components remain
level energy modelinchigh-level energy modelingystem- idle from time to time:idle(t;) —busy(ts) —. .. idle(t;)
level energy modelingandcharacterization of applications — busy(tit1) — . .., whereidle(t;) means a component
Section XV. Impact of DPM Strategies: In general, a remains idle for a duration of..

DPM component is expected to raise the energy-related, By observing the workload it is possible to predict its
quality attributes of the system without impacting the eyst fluctuations with some confidence.

original functionality. In other words, there is a need toifye
that the added component does not interfere with the ofligin
functionality of the system, while, at the same time, makin
the system energy efficient. In this section, we explain ho
high-level system description languages, namélgmilia,
Real-time Maude and Generalized Stochastic Petri Nets
can be used to model and analyze systems with a DP
component.

Section XVI. Summary: This section provides a summary Power Manager

of the paper. mTTTTTIT Workload |
Section XVII. Future Directions: In this section, we discuss | information l
new opportunities to develop novel approaches to making ' | Observer = Controller| |
handheld devices more energy efficient. 1 :

The structure of a generic power management mechanism

Ras been illustrated in Fig. 1, where ti@bserverblock

Bollects information about the workload of all PMCs in the

\Qlystem, and theController implements DPM policies and

issues commands to cause state transitions. For example,

imeoutis a simple policy that smartphones implement to
rnoff their displays after a fixed inactivity period.

Il. RELATED SURVEYS

Considering the profound need for energy saving and the
tremendous progress made on the topic, survey papers have
appeared in literature from time to time. In this section,
we summarize two such papers: one about system-level
DPM [196] and one about power-aware mobile multimedia
applications [191]. Both the papers are very informative,
and it is useful to get broad perspectives of those articles.
We remind the reader that we will exclude energy saving’r/

in wireless sensor networks [64] and wall-powered person
computers [75]. « Predictive schemesPredictive schemes assume that

components are essentially modeledtas-statesys-

A. Survey of Design Techniques for System-Level DPM [196] tems: one active state (sa@n) and one low-power

Benini et al. [196] have surveyed system-level DPM  state (sayOff). For the SA-1100 processor, tln state
approaches for the hardware portion designed with power is a high-level state representing two low-level states,
manageable components (PMC). The key characteristic of a namely,Runandldle, whereas th®©ff state corresponds
PMC is the availability of multiplemodes of operatiotve- to theSleepstate. Power management approaches falling
tween the two extremes of high-performance high-power and in this category make the prediction, by observing the
low-power low-performance. Note that transitions between past history of the workload of a component, that the
modes of operations have two associated costs, nadedly idle time of the component is highly likely to be greater
(we denote the time required to enter and exit the low-power than the break-even time in the near futuiiey. >
state byTrg) and power (we denote the transition power Tgg. The predictive schemes are further divided into
cost by Prg). It is the transition costs which may prevent static and adaptive techniques. The effectiveness of
system designers from frequently moving a system into its  predictive schemes in saving eneregy depends upon the

Fig. 1. Abstract structure of a system-level power manages][19

Power management approaches have been classified into
0 broad classes as follows:



accuracy of workload prediction — and accuracy caand SoC computation logi¢zuel gaugingis a fundamental

be increased by designing specialized, workload-specfioncept in the design of smart batteries. Intuitively, fuel

predictors. Predictive schemes are heuristic and thegauging means how much charge is left in a battery and at

parameter tuning is difficult to achieve, and those cannethat rate the battery is draining. The conceptual relatigns

finely control performance penalty. of an application program with a smart battery has been
o Stochastic optimum control schemeBhese schemes illustrated in Fig. 2. The operating system interfaces with

can: (i) take advantage of the multiple low-power statethe smart battery logic to obtain the SoC value and makes it

of some components; (i) better handle uncertaintieavailable to the application.

in workload, state transition times, and modeling pol-

icy optimization. Consequently, policy optimization in- ‘

Energy supply to hardware
N

volves bothwhento make state transitions anhich

transition. Power management problems are studied_ Application

with controlled Markov processeby assuming that _ ggtn‘:a’

workload can be modeled as Markov chains. Thereforg, | S°C Information dsee | —
one can: (i) model the uncertainties in system powgr _ Request for SoC| _| Computatior Battery
consumption and transition response times; (i) mode! Operg;l;gem Response about| Logic

more complex systems with multiple power states, JEe Smart Battery

buffers, and queues; (iii) compute globally optimum Hardware

power policies; (iv) and tradeoff between performance
and powetr. Fig. 2. Conceptual relationship between a smart battery arapplication.

Finally, the survey discusses various DPM implementation . '
techniques in the form oftimers clock gating supply It is important for software designers to understand the dis

shutdown and operating system-based power managemeffarge be_havior of batteries,_ because the energy drawn from
(OSPM). Industrial standards have been facilitating thetle @ battery is not always equivalent to the energy consumed
opment of OSPM techniques. Thedvanced Configuration in device circuits. In other words, a battery is a non-linear

and Power InterfacdACPI) standard is an OS-independentdevice, meaning that the remaining energy in a battery is

power management standard for personal computers (PC*%SSs tharthe present amount of chemical energy in a battery
minus the amount of electrical energy consumed by circuits.

B. Survey of Power-Aware Mobile Multimedia [191] Rao, Vrudhula, and Rakhmotiv [1] have identified important
The three components of wireless handheld devices tHagttery attributes as follows:

account for most of the power consumption to run multime- « Full design capacity: It is the remaining capacity of a

dia applications are processor, WNIC, and display. Much pro-  newly manufactured battery.

cessing power is needed to perform a wide variety of tasks:« Full charge capacity: It is the remaining capacity of

signal processing in the codec unit for motion estimatioth an
compensation, forward and inverse discrete cosine tres)sfo
and quantization. Similarly, video encoding consumes much ,
power. Communication cost depends not only on the amount
of data to be downloaded/uploaded, but also on time-varying
channel and rate of data transfer. Zhang et al. [191] have,
summarized the advances in video coding and delivery for
power-aware mobile multimedia applications. Specifigally
they focus on the following aspects of wireless multimedia: «
power-aware wireless video communication [204], [177],

a fully charged battery at the beginning of a discharge
cycle.

Theoretical capacity: It is the maximum amount of
charge that can be extracted from a battery based on
the amount of active materials it contains.

Standard capacity: It is the amount of charge that
can be extracted from a battery when discharged under
standard load and temperature conditions.

Actual capacity: It is the amount of charge a battery
delivers under given load and temperature conditions.

[84], [157], [203]; power-aware video coding [101], [102],

Battery discharge behavior is affected by a number of
[100]; and power-aware video delivery [206]. y @ g vior | y N

factors, including the discharge rate, temperature, aed th
C. Survey of Energy Conservation in Sensor Networks [s4)umber of charge-recharge cycles. Those factors affect a
battery as follows. First, battery capacity decreases as th
discharge rate increases. Second, below room temperature,
Handheld devices use rechargeable electrochemical battdue to decrease in chemical activity and consequent inereas
ies. Their charging time is between 1.5-4 hours and they run internal resistance, the full charge capacity decreases
for a few hours, though newer pocket personal computers rdst much higher temperature, the actual delivered capacity
as long as 14 hours. For efficient and effective utilization oreduces too. Third, the popular, high density Lithium-lon
a battery, it is important to treat the battery as a measeralidatteries lose a portion of their capacity with each disgaar
resource whoseattributes are available to the operating charge cycle due to electrolyte decomposition. This loss in
system and applications on demand. A smart battery apacity is known asapacity fading Therefore, accurate
a rechargeable battery augmented with additional sensiegtimation of the SoC parameter of a batter is a difficult task

Ill. SMART BATTERIES



[2]. All the data in a typical smart battery are extrapolateanodels complex and difficult to configure. A battery model
from voltage, current, and temperature measurements3], [ in the form of six non-linear differential equations havebe
Predicting the lifetime of a battery is a difficult problemdeveloped by Fuller et al. [18Pualfoil is a Fortran program
due to the fact that the amount of delivered charge, thatés, tthat computes how the battery propertiedtageandcurrent
actual capacityof the battery, is a complex function of the change over time for the load profile set by the user. It is a
physical and chemical characteristics of the battery aed tltomplex task to use the model because the user has to set
time-varying load that is applied. During execution of useover 50 battery-related parameters [11], and to be able to do
tasks, the hardware components draw a certain amount sif one needs to have a detailed knowledge of the battery to
current from the battery. This time-varying discharge eotr be modeled.

is referred to as #oad profile as shown in Fig. 3. C. Electrical-circuit Models: In these models, the electrical

properties of the battery are modeled using PSpice circuits

consisting of voltage sources, lookup tables, and linear pa
1011 sive elements, such as resistors and capacitors. At theo€ore
814 the modesl are: a capacitor that represents the capacitg of t
battery, a circuit that discharges the battery, a voltagensg
SoC lookup table, and a resistor that represents the battery
internal resistance. Much experimental data are requived t
set the parameters of a circuit model, and the models are less
accurate in predicting battery lifetime. Hageman [19] wees t
first to propose a circuit model.

D. Stochastic Models: Chiasserini and Rao [20], [21]

The lifetime of a battery depends on the rate at whichave developed stochastic battery models with discrete-ti
energy is consumed and the usage pattern of the batteMarkov chains and applied them to communication systems
Continuous drawing of a high current results in an excessiy&2], [23]. In the simplest model [20], the battery is mod-
drop of the remaining quantity of charge, and batteries deled with a discrete-time Markov chain witN' + 1 states,
recover to a certain extent during intervals with no or verjjumbered O throughV. The state number corresponds to
small currents. There is a need for a bettery model tthe number of charge units available in the battery, and one
describe the effects of the load profile and other operationeharge unit corresponds to the amount of energy required
parameters, such as temperature, on the state of the battésytransmit a single packet. Therefor®, is the number of
Jongerden and Haverkort [11] have studied a number coharge units directly available based on continuous use. In
battery models, and we summarize their key findings in thilnis model, every time step either a charge unit is consumed
following. with probability a; = ¢ or recovery of one unit of charge
A. ldeal Model: Voltage (V) and charge capacity(C) are takes place with probabilityy = 1 — ¢, where the value
two important properties of a battery. The charge capacigf ¢ is to be determined analytically. This model is too
of a battery is expressed in ampere-hour (Ah). The quantigimplistic, because the rate of recovery is not constarihgur
V x C is a measure of the energy stored in the battery. ldischarge, and, in general, the discharge current chavges o
the case of constant load curreht the lifetime (L) of a time. A more accurate stochastic model has been developed
battery with capacityC is calculated ad. = C/I. Due to in reference [23] and compared with the electrochemical
non-linear effects, a simple approximation for the lifedim model implemented iDualfoil. The results of the stochastic
under constant load ist = a/I°, with @ > 0 andb > 1. model deviate from the electrochemical model by at most
For variable loadi(t), battery lifetime is approximated as 4%. However, no numbers for the computed lifetimes have

Load, mA

518

222

0 15 25 45 60 Time

Fig. 3. An example of load profile [5].

follows: been reported in [23].
a E. Kinetic Battery Model (KiBaM): The kinetic battery
= LD (Zaant (1) model uses a chemical kinetics process and was introduced
((1/L) [y i(t)t) by Manwell and McGowan [24]. The key idea in the model

Equation 1 suggests that all load profiles with the samigas been illustrated in Fig. 4, where the total battery aharg
average current lead to the same battery lifetime. Howeverapacity is distributed over two wells: thavailable charge
experimental results show that this is not the case, becausell and thebound chargewell. A fraction ¢ of the total
the recovery effechas been ignored. Recovery effect meansapacity is put in the available charge weli (¢)), and the
that the battery regains some of the "lost” charge capacitgmaining fractionl — ¢ in the bound charge welly§(t)).
during its idle period. Charge flows from the bound charge well to the available
B. Electrochemical Models: The electrochemical models charge well through a “valve” with constant conductarice
are developed by considering the chemical processes takihige load current is denoted byt) and is supplied from the
place within a battery, and those describe the batteries @vailable charge well. When a load is applied to the battery,
great detail. Consequently, those are the most accura@rpat the available charge reduces and the height differénee
models. However, their highly detailed descriptions mdiee t (hy — h;) increases. Next, when the load is disconnected,



charge flows from the bound charge well to the availablioss at high discharge rates, charge recovery, and capacity
charge well untilé = 0. Therfore, more charge is availablefading.

when there is no load connected, and, in this way the model

takes into account the recovery effect. The height diffeeen Electrode Electrolyte ' _

6 is a measure of the replenishing capability of the battery, Electro-active species

and for a constant loafl, § has been shown as a function of

time t in Eq. (2).

AR R RS
L4+

I 1—e*t
X T o (2

wherek’ = k/c(1 — ¢). Let the battery remain idle for a
periodt; after a loadl has been applied for a length 6f
Thend(t;) evolves as given in Eq. (3).

I —k't; _ —k't
_L e (1—e l)‘
c k'

(b) Before recovery

3 (c) After recovery (d) Discharged state

Fig. 5. Physical Picture of the Diffusion Model [5].

G. Other Models: Jackey, Plett and Klein [15] have reported
an ESC (Enhanced Self-Correcting) cell model. They de-
scribe the construction and simulation of the battery madel
h2 ) ml | oy the form of aSimulinkdiagram. They have proposed a semi-
Y automated process for parameterizing a lithium polymer bat
K tery (LiPB) cell simulation model. Saslow [17] has proposed
LU a simple battery discharge model for lead-acid cell thdtigie
bound charge available charge bahavior similar to what is observed in real life. Rong and Pe
dram [13] have proposed a high-level battery model to ptedic
the remaining capacity of a battery considering tempeeatur

E. Diffusion Model: The diffusion model was developed byEﬁECt and the Cycle aging effect. Their model relies onramli
Rakhmatov et al. [5],[6] and it is based on the diffusiorfu/Tent and voltage measurements, and the result has been
of the ions in the electrolyte, as explained in Fig. 5. In thi¥alidated by comparing it wittbualfoil simulation results.
model, the chemical processes at both electrodes are agsuribeng et al. [8] have proposed a physically justified iteeati
identical, and only one of the electrodes is considered. FGPMPuting method, based on the model of Rakhmatov et al.

the fully charged battery, the concentration of the electrd®] tO illustrate the discharge, recovery, and charge @ssc

active species is constant througout the electrolyte oonte®! Li/Li-lon batteries. Rao et al. [7] have proposed a fast

(Fig. 5(a)). When current is drawn from the battery thétochastic model as a 3-dimensional Markov process which
electrochemical reaction results in a reduction of the eanc 'S & Stochastic extension of the KiBaM analytic model. Benin

tration of the electro-active species near the electrodg (F &t - [16] have proposed an abstract, discrete-time moxel f

5(b)). When the load is disconnected from the battery, thatteries, which is efficient to enable simulation-baseteba

concentration of the species at the electrode will increadd€time estimation. They have described their model in
due to the diffusion, and the battery is said to recovef!€ form of VHDL (Very High-level Description Language)
(Fig. 5(c)) with a lower concentration. Finally, when theCOde' The model has been validated by actual measurements

concentration at the electrode drops below a cutoff valu¥v!th a numbgr of d|ffe.rent batteries, Sl‘!Ch as Lllthlum-lon,
the chemical reaction can no longer be maintained and tméckeleadmmr.n, Alkaline, and Lead-Acid batteries.

battery is said to be fully discharged [11]. The details @ith  Having studied a few battery models, Jongerden and
model in the form of differential equations can be foundtaverkort [11] have reached at the following conclusions:
in references [5] and [6], and have been further explained « The analytic models, namely KiBaM and diffusion, are
in [11]. Rakhmatov and Vrudhula [5] have addressed the best suited to be used in battery lifetime predictions.
issues of energy management for battery powered embedded The KiBaM model is in fact an approximation of the
systems, composed of a processor, a voltage regulator, and a more complex diffusion model. Therefore, it is more
battery. They have studied the problem of task scheduling suitable to use the KiBaM model.

and selecting supply voltages, so that the resulting load . In predicting battery lifetime, it is more accurate to
profile yields maximum improvement in battery lifetime. make use of stochastic workload models, so as to be able
Rakhmatov [14] has developed a more accurate battery to capture the full range of different possible workload
model that relates the battery voltage to the load current, traces.

by capturing well-known nonlinear phenomena of capacity « A multi-battery system with an appropriate scheduling

Fig. 4. Two-well Model of the KiBaM.



scheme can be used to design dependable networke®M policy leads to longer battery life than what a battery-
system [12]. aware DPM policy gives. For example, for both fine-grained
It is important to understand that load profile has 4< 10 ms) and coarse-grained- (30 min) tasks, battery-
significant impact on battery lifetime. Some load profilegyma@ware task scheduling methods to prolong battery life are
let a battery to recover from time to time, thereby maxingin ineffective.
the actual capacityof the battery, whereas some other load !N summary, software designers need to be aware of
profiles may not let the battery to recover. Therefore, tasie battery characteristics in order to be able to schedule
scheduling is an important system-level activity to prgjon the major energy consuming tasks in such a way that the
battery lifetime. For communication-centric systemsjsas resulting load profile leads to the longest battery lifetime
handheld devices, transmission and reception of data fsack&he concept of a smart battery gives designers an oppaytunit
consume much energy, thereby presenting opportunities & Perform design trade-off, namely, performance versus
schedule those activites to improve battery lifetime. Chiapplication completion delay.
asserini and Rao [22], [23] have identified the phenomena of |\, ENeErRGY-EFFICIENT USERINTERFACE DESIGN

charge recovery taking place under bursty or pulsed digehar hical ; f desk dl
conditions as a mechanism that can be exploited to enhanceGralo ical User Interfaces (GUI) of desktop and laptop

the actual capacity of the battery. They explore stochast?c?mzmers Cork“t.'n#e to Ibe plor}ular, anq user? exper(]: t_the sa|||”ne
battery models to track charge recovery in conjunction with and even a higher — [evel of convenience rom t eir smatl,
bursty discharge processes caused by bursty data traﬁp@blle_handheld devices, irespective of resource congira

on the communication link of a device. They have shOWt_:rhe higher level of e_xpectatlon_ IS sgc_cmctly represe_nted
improvement to actual capacity of the battery resultingnfro in th? formh of a m(;)bfne l::o;n3pu:|ng_ vision V\éherg deypes
pulsed discharge driven by bursty stochastic load. Negy th can 'see, hear, and lee [43] or Its user oy | entn‘y.lng
have proposed discharge shaping techniques in order to! dynamic context anq supporting mult|med|a} mtgracstpn
able to trade-off energy efficiency with delay [22]. ]. As handheld devices become smaller in size, it is

Rakhmatov and Vrudhula [5] have given an analyticaﬁorg d|f(f:|cult for ustelrs ;[jo |nt|eract with e:ppllcaft:jonstrl?ylt:e
relationship among the load curreiit), battery life-time ands. Lonsequently, developers must consider theé human

L, and two experimentally determined battery parameters,faCto_r and_apphcatlon controllablllty with flexibility. iem
and 3 as follows: the viewpoint of energy cost evaluation, a GUI can be broken

down into two conceptual components, nameligplay and
L L ad user interactionsas shown in Fig. 6.
a:/ z’(t)dt+/ i(t) (2 > e_ﬂ2m2(L—t)> dt, (4) g
0 0 m=1

GuUI
where « is the battery’s full charge capacity in coulombs,

B denotes how quickly electroactive species (see Fig. 5(b))

are able to reach the electrode surface (the uniofis Display User Interactions
second ). Next, they have given a battery cost functieft)

as follows: Fig. 6. Two conceptual components of a GUI.

t ot 0
o(t) :/ i(T)dT+/ i(7) (2 > 652m2(tﬂ> dr. (5) A. Efficient Displays
0 ‘ m=1 Color and its manipulation are important considerations in
The first term of the right hand side of Eq. (5) is thedesigning interfaces for enjoyment and aesthetics in W8 [3
actual load or charge consumed in tiédenoted byl(¢)), Despite the limited energy available in a wireless handheld
whereas the second term denotes tievailable chargeat device, its display must have enough resolution and color
time ¢ (denoted byu(t)) due to load profilé(t). Intuitively,  depth to support for enjoyment and aesthetic use. A color
unavailable charge is the amount of charge that cannot T (Thin-Film Transistor) LCD (Liquid Crystal Display)
extracted by a load from the battery. Now it is useful to makeisplay is common in handheld devices. An LCD display
a distinction between the following two types of policies: is composed of the following key components: an LCD
« Battery-aware policyA battery-aware DPM policy tries panel, a frame buffer memory, an LCD controller, and a
to minimize the unavailable charge (the second term iacklight inverter and lamp. A number of techniques have
Eq. 5.) at the end of a given workload. been proposed to minimize the energy consumption at the
« Energy-aware policy:An energy-aware DPM policy component level:
only minimizes the energy consumption (the first term « brightness control of the backlight
in Eq. 5.) « frame buffer compression
Battery-aware DPM policies generally ignore the rest miwio  » dynamic control of color depth and refresh cycle
of loading a battery — and the rest periods can be user en-» dark window optimization.
forced, naturally occurring due to application charasters, Backlight Control: The dynamic luminance scaling (DLS)
or due to finite load horizon [9]. Sometimes an energy-awaitechnique proposed by Chang, et al. [41] keeps the perceived



contrast of the image as close as possible to the origindéwhiaccesses and thus saves energy. Shim, Huang and Pedram
achieving 20-80% power reduction from the backlight systerf82] have shown that frame buffer compression reduces the
for still images. The extended DLS technique of Shim, edisplay energy cost by about 50-66%, and the methodology
al. [30] performs on-the-fly image compensation for stillsaves about 10-15% of total power consumption in their
and moving images to achieve an average backlight powprototype, where the LCD controller was implemented with
saving of 25%. Their technique is implemented in additionan FPGA. An adaptive run-length-encoding (RLE) algorithm
hardware integrated into the LCD controller. Cheng, et als presented in reference [32], whereas Shin, Cho and Chang
[29] propose a concurrent brightness and contrast scalifi@b] present a compression technique based on differential
(CBCS) scheme to achieve a 3.7X backlight power sawmoffman coding, which gives better performance than the
ing with 10% of contrast distortion. They formulate andadaptive RLE algorithm. The compression technique based
optimally solve the CBCS optimization problem with theon differential Hoffman coding reduces the frame buffer
objective of minimizing the fidelity and power metrics. Gatt activity by 52-90%.

et al. [45] propose a technique to adaptively dim the babklig Dynamic Control of Color Depth and Refresh Cycle:

in response to changes in the ambient luminance. On tk#hoi, et al. [44] propose the idea of dynamic color depth
otherhand, the backlight adaptation scheme proposed bgntrol to reduce the energy cost of display. Color depth
Pasricha et al. [42] is for streaming video, and it is exedutecontrol involves pixel reorganization in the frame buffer,
on a network proxy serverobviating the need to modify which enables half of the frame buffer memory devices to
the decoder on the device. They performed experiments orga into power-down mode at the cost of a decreased color
Compagq iPAQ 3600 series mobile handheld device with TF@iepth. Moreover, reduced duty-ratio of refresh cycles kead
LCD screen and MPEG-1 video streams and showed energgduced energy consumption by the pixels on the TFT LCD
saving of 9-60% in the handheld device’s backlight. Corneaanel.

Nicolau and Dutt [157] propose software annotatiotbased Dark Window Optimization: It is not unusual for users to
approach to enable a handheld device to control its badkliglopen multiple, overlapping windows while interacting wéh
Their technique is based on the following observation: hildevice. However, not every window is of current interest to
playing video, in many cases, the entire luminance rangbe user. lyer et al. [33] propose the idea of modifying the
is not used, that is, there are many scenes in which onWindowing environment to allow changes to the brightness
a few pixels are very bright. They suggest to increase thand color of areas of the screen that are not of current sttere
brightness of such images while simultaneously dimming thi® the user. They performed a detailed analysis of display
backlight. The technigue involves analyzing video streains usage traces from 17 users, representing a few hundreds of
the source (i.e. server) before they are transmitted to ctenp hours of active usage. Their analysis revealed two impbrtan
the required level of backlight and annotating the frameh wi observations:

that information. A drwaback of the approach is that reduced « On average, the window of focus uses only about 60%
backlight luminance degrades picture quality. However in  of the total screen area.

many scenes a small number of pixels with high luminance « In many cases the screen usage is associated with

level may be sparsely distributed, thereby allowing cliygpi content that could have been equivalently displayed,
of some of those pixels without noticeable quality loss. One  with no apparent loss in visual quality, on much simpler
heuristic for pixel clipping is to randomly select a fixed lower power displays.

percent of the very bright pixels to be clipped, which is @ased on the above two insights, they proposed energy-
measure of the quality degradation metric. This approanh cadaptive display systems that match energy use to the
be viewed as providing trade-off between quality and energfunctionality required by the workload/user to obtain much
Both theoretical analysis and simulation studies showupat energy saving. They proposed several dark windows opti-
to 65% of backlight power can be saved with minimal or nanizations that allow the windowing environment to change
visible quality degradation while running video applicai$ the brightness and color of portions of the screen that are
on an iPAQ 5555. not of interest to the user.

Frame Buffer Compression: Even in power-hungry appli- B- Efficient User Interactions

cations such as movie players, the display system dominatedMore than fifteen years back, when GUIs were in their
power consumption [32]. A frame buffer memory and busesascent state, user interface code consisted of an average
are busy all the times due to the continuous sweep operationis48% of the application code [49]. These days the user
while an LCD panel is turned on. The energy consumption adfiterface is almost always graphical, which only increases
the frame buffer and associated buses is directly propwtio its fraction (i.e. share of code) and resource usage. GUIs
to the number of frame buffer accesses during the sweepe direct users of the display — and a display is one of the
operation. The number of frame buffer accesses is detedminkrgest power consumers in a mobile device. Zhong and Jha
by the screen resolution, the sweep rate, and the color depi#6] were the first to study the concept of energy-efficient
which are generally constant. Therefore, the number ofédranand energy-aware GUI. They analyzed the energy cost of
buffer accesses is constant in a typical architecture. €ran®Ul from three perspectives, namely, hardware, operating
buffer compression reduces the number of frame buffeystem, and application, as explained in the following.



1) Hardware: A hardware perspective of energy con-schedule [48]. The user thinks for a while, gives an input to
sumption by a GUI has been illustrated in Figure 7. Théhe device, and waits until the device makes a responser. Afte
energy cost of the LCD is dependent upon the displathe device makes a response, the user looks at the response,
contents and their changes with time. At the pixel levelthinks for a while before giving another input to the device,
the energy cost of a pixel is a function of its color andhe device takes a while to process the response, and thee cycl
the changes in the color as time passes. As a result ofntinues. While the user is in the think state, the processor
user interactions, GUI related interrupts are generated fand the communication module are idle, whereas the display
the processor to produce new contents in the frame buffés.on. On the other hand, while the user is waiting, the device
The LCD controller (LCDC) periodically refreshes the LCDis computing a response and the display is on as well.
with the contents of the frame buffer.

Processor { Frame Buffer
Generate Scree

Device Response

Data :4— ‘,4——» :4——>
Interrupts Fetch Pixel , Wait y | Wait  Wait >
Data - | Think Think Time
Refresh Think - LS
Screen
LCD and LCDC

Touch Screen
User Input

Fig. 7. A hardware perspective of GUI energy consumption.[46] Fig. 9. An application perspective for GUI energy consumptio

2) Operating SystemAn OS perspective of energy con- Zhong and Jha [46] make the following recommendations
sumption by a GUI has been illustrated in Figure 8. [t0 make GUI design energy-efficient and make a comparison
is argued [196] that an operating system’s kernel is th#ith the traditional GUI design philosophies [50].
best location to implement software-based energy savinge Accelerate user interactionEven an idle system con-
approaches (also, see [205]). The figure shows three seftwar sumes much energy so reducing the usage time for a
components: a GUI application, the GUI platform, and the task is an effective way of energy reduction. Programs

OS. For a Unix-like OS the GUI platform is an X-server,
and a GUI application interacts with the X-server in a
client/server mode. User responses cause hardware [pierru
to be generated for the OS to handle. As a part of interrupt
handling, the OS causes the GUI application to execute
its code. Execution of GUI application code makes it to
communicate with the GUI server which may ask the OS
to change the display screen.

GUI Platform
Update
Screen

GUI

Hardware Application

Interrupt Drive LCD

User

and functions should be placed in the GUI so that a user
can find them quickly.

Do something while waiting for user inpusince idling
costs much energy, the system can be proactive to accel-
erate user interaction by speculating the user input and
get the result ready before the next input is provided. An
example of speculation is the auto-completion feature of
the virtual keyboard.

Minimize screen changesA screen change leads to
changes in a subset of the pixels. Because it costs
energy to change even a single pixel, it is recommended
to minimize screen changes. Animation and window
scrolling should be avoided.

Avoid or minimize text inputSince text input is much
slower, the amount of text input should be minimized.
Instead, if the range of inputs is known beforehand, a
list can be supplied to ask the user to choose from.
Reduce redundancyfeatures that do not accelerate
usage should be avoided.

All the above recommendations, except the one to minimize
screen changes, are also recommended by the traditional GUI

Fig. 8. An OS perspective of GUI energy consumption [46]. design wisdom [50].

3) Application: An application (or, task) perspective of C- Understanding Human-Computer Interactions

energy consumption by a GUI has been illustrated in Figure Handheld devices spend much time in idle periods, waiting
9, which shows an interactive session of a user with a devicir user input. Displays have to be on in those idle periods
A taskis defined to be a set of user actions and systemand it is known that displays are known to be one of the
responses, as illustrated in Figure 9, to achieve a meaningfargest single power-consumers in mobile computers [46].
goal, such as adding information on a contact or viewing H a device assists its user in producing a quick response,



then the user’s task will be completed by consuming less « Hybrid.

energy. According to thenodel human processgbl], the  The main task performed by a input-centric GUI is to obtain
response time of a user is influenced by three fundamenigder input. For example, messaging and calculator appli-
processes, namelgerception capacitycognitive speedand  cations have input-centric GUIs. The main task performed
motor speedIn the following, we briefly explain the three py an output-centric GUI is to deliver contents to the user.
concepts while referring the reader to references [51]}, [46For example, map viewers and web browsers have content-
[27], [53], [54], [26] for more details. centric GUIs. Some applications, such as text editors and
« Perceptual CapacityA better visibility of the material configuration menus, require significant input and display
being read has a positive impact on reading speed [52Jpmponents, thereby falling into the hybrid category. An
and visibility depends on the font type and size, coloinput-centric GUI should be designed for ease of input,
scheme, contrast ratio, and luminance. GUIs with bettevhereas an output-centric GUI should be designed for ease
color schemes and contrast ratios are easier to read.of browsing.
« Cognitive Speedif there are N distinct and equally Specific techniques to reduce energy consumption by a
possible choices, then the reaction time required to mak&UI are divided into three categories:

a choice is given by the Hick-Hyman law agaction « Power reductioniow-energy color scheme and reduced
time = a + b.loga N, wherea andb are constants. An screen changes

interpretation of the law is that to accelerate the human « Performance enhancemeiot keyS, user input caches,
cognitive process, a GUI should present as few choices  and content placement

as possible. Thus, the concept gflit menus[25] is « Facilitators: paged displays and quick buttons.

useful in realizing the above interpretation. ... Two power reduction techniques dosv-energy color scheme

» Motor Speed.The motor speed,'goverr)ed by the ,F'tts andreduced screen changethose are called power reduc-
Lav_v [26.]’ of humar_1 USers positively 'T“pa"t their "®tion technigues because they cause the display to consume
action time. User interactions often involve movinggqg energy. For example, on TFT-LCD displays, a white por-
a control point (sa_y, t_he mouse) from one pqsmgqion consumes more energy than a black portion of equal size
to a}r_lother and activating a button at the destinatio 6], [44]. For future organic-LED (OLED) based displays,
position. The faster the motor speed of a user to mo ffie energy consumption of a display will be proportional to

from the current position to the destination, the smalleg,e 1\ mper of on-pixels and their luminance [28]. Reduced

is the idle time of the_qlewce. The t'm? ta!<en to mov creen changes mean reducing the total number of changes
from th_e cm_Jrrent posmon_to the destmgﬂon, denote the states (that is on, off, color, and luminance) of all
by T, is given by th% Fitts' Law and is expressedthe pixels. Screen changes can be reduced by reducing the
as: T = 1 + caloga(yy + 1), wherec, and c, are usage of progress bar, scroll bar, and animation, becalse al
experimentally deterrr.n'ned conste}nB,ls the distance of those features cost additional computation and cause the
between the two positions, anid is the width of the creen state to change.
target. An interpretation of the law is that a GUI shouldS Three performance enhancement techniqueshatekeys
{S’ser input cachesand content placemenfThe performance
enhancement techniques significantly reduce the totat-inte
action time of the user for a given task, thereby reducing the
total idle time of the device and the total energy cost. A hot
Gong and Tarasewich [36] have discussed the charagay js a key combination (e.g. Alt + Ctrl + Delete) that the
teristics and limitations of mobile device interfaces, &sp yser can press to perform an action quickly. Hot keys inereas
cially compared to the desktop environment, and providegser interaction speed on desktops, but not on mobile dgvice
eight guidelines for designing user interfaces. Two of thejowever, the technique is viable through the use of quick
guidelines aredesign for top-down interactionand design  pytton facilitators. User input caches speed up user inter-
for enjoyment Reading large amounts of text from mobileactions by storing the most recent or most frequent inputs
devices with small screens can require large amounts gf ysers. This technique is most useful when a small set
scrolling and focused concentration. To reduce the amdunt gf known inputs occurs frequently [48]. The autocompletion
distraction, interactions, and potential information ead, mechanism is a good example of the technique. For cellular
it is suggested to present information through hierar¢hicgnones, a good use of user input caches is to store commonly
mechanisms [40]. GUIs provide a way for users to interagfsed phrases for text messaging. This will enable longer
with applications, and there are differences among GUlgtrings of text to be entered with fewer keystrokes, thereby
Before applying energy saving techniques to GUI designincreasing the speed of user interaction. Contents on éaglisp
it is useful to classify GUIs based on their primary interacpage must be organized to reduce perception latency, motor
tions. Vallerio, Zhong and Jha [48] divide GUIs into thregatency, and cognition latency. The perception latencyhmzan
categories as follows: reduced by decreasing the amount of eye movement, which
« Input-centric can be achieved, for example, by using the whole screen for
« Content-centric up and down buttons, so the user does not have to focus on

utilize as much screen area as available for widgets
be rapidly hit [27].

D. Techniques for Designing Energy Efficient GUls



the scroll bar on one side. To reduce motor latency, the' Fittto perform an interactive task. The KLEM method is an

law explained before in this section is useful. Motor latencextension of the Keystroke-Level Model (KLM) [59] which

can be reduced by making frequently pressed buttons &sa cognitive modeling technique that predicts the time it

large as possible and using the whole screen to control paigdes a user to perform a given task with a given method on

scrolling. Cognitive latency can be reduced by decreasiran interactive computer system. Thasic ideaof KLM is to

the number of options from which users make selection$ist the sequence of keystroke-level actions that the uset m

and split menus are a way to implement this concept. perform to accomplish a task, and sum the time required by
There are two facilitator techniques, namgbaged dis- each action [57]. The KLM describes task execution in terms

plays and quick buttons Facilitators do not reduce energyof four physical-motor operators (K, P, H, D), one mental

directly; rather, those enable other techniques to be used moperator (M), and one system response (R):

effectively for energy efficiency [48]. For example, paged , k: pressing a key or a button

display increases the effective display size and allows the , p. pointing with the mouse to a target on the display

buttons to be larger, which can reduce energy consumption, - moving hands to the home position on the keyboard
by increasing motor speed. or mouse

Not all the energy saving techniques can be applied to, p: grawing lines using the mouse
all three categories of GUI. The associations between GUI, - mentally preparing for a task
categories and energy saving techniques have been idéntifie, R. time-varying system response.
in Figure 10. Vallerio, Zhong and Jha [48] conducted
variety of experiments to show that the energy consumptiot
of GUIs can be reduced by 16.4-45.2%.

, P, H, and D are determined by the actions necessary
0 accomplish the task. The KLM assumes that the first
five operators take constant time for each occurrence, and

Input-centricg ~~~~~- 7 Pawer reducton ———————— provides a set of heuristic rules for plqcing M’'s in the
N Retuoed awsen changes sequence of Ks, Ps, Hs, and Ds, set by prior psychology and
human-computer interface (HCI) research. The R operator

GuUI ) Performance enhancement—— Optimization

— Content—centri\i _
~_

Categorizatior #H; 77 = - Hotkeys Techniques must be estimated by the designer, and it includes only the
7 '\ - User input caches . .
"X~ _ Content placement time that the user must wait for the system after any M
o X it operator has comple’;ec_i. Demgn_ers can (stgTool_ [60],
_Zagekddqisﬁ"ay [62] to generate predictive cognitive models of skilled ruse
= Quicl Isplays . .
P performance by demonstrating their task etoryboards
Note: A iati ith Facilitat impli iati ith all it ts. H e
> Similarly, an association with Power reducion and Performance enhancementmpic ~ O1 tN€ N@W design. The predictions made by CogTool are
associations with all of their components. based on KLM, and are generated with a computational

cognitive engine called ACT-R [61]. To make a prediction

Fig. 10. GUI categories and energy saving techniques. - . . .
9 9 i 9 a of interaction time, the following steps are followed by the

A straightforward way of evaluating a user interface is t§!€Signer:

build a product and perform usability testing on the inteefa  « Create aStoryboardfor the interface design. A story-
by having a large number of users actually use it. A similar ~ board contains a series ¢ramesthat represent the
approach has been take in [48] to evaluate the effectiveness changes of the display between user operations. A frame
of energy saving GUI techniques. Hyun, Kumazawa and Sato can be a sketch of the proposed user interface design.
[37], [38] propose a new method to measure the positions of « Identify the set ofTasksto be performed upon the
hands and the fingers when a user is manipulating button interface.

controls of a handheld device. They developed a hardwares Demonstrate on the storyboard the steps a user would
system for tracking each fingertip position by means of perform to accomplish a task. The demonstration is

three strings and an artificial reality technique for moniitg recorded to a script for CogTool to generate prediction.
the hand movements by tracing the hand in motion images | uo and Siewiorek [56] (also see [55]) propose a mea-
captured by a camera. surement based approach to obtain the energy profiles of

E. Predicting User Interaction Time and Energy Cost KLEM operatrors by runni_ng a set of benchmarks_on the
d devi h ed by thei target platforms. They define the energy consumption of a

f Mofern userd er\]wces are ¢ aracterl_ze ; yt e|rd SIT“_ LEM operator, the sum of the KLM operator energy, and

orm factors and heterogeneous user interface mo a'“jﬁe system activity energy it invoked. Specifically, letbe

including .pen—lbased touch screen, touch pads, trackbalify gor of power states of the system activity following an
Gyroscopic mice, and hands-free interface, and there 35“

inued devel ) | tert 8 ﬁeratoro , P; be the power level of each state, ahgdbe
continue eve opments.ln nove' user Inter aces [5 ,]' MuGhe time the system stays in stateThen the system energy
heterogeneity of interaction modalities makes it diffictat

consumption triggered by the operatby is predicted usin
predict and make decisions on energy consumption at desi]g.pe foIIoSving ex?:)gr]ession:y P . g

stages. Luo and Siewiorek [56] have presented a quanétativ
method, called Keystroke-Level Energy Model (KLEM), EOZZPsTs- (6)
to predict the user time and system energy consumption ses



Let T, be the total task time predicted by the CogTool,  Interactions Interactions
O be the sequence of KLEM operators in the tagk,be | j Wireless cache
the time of operatoo, and P; be the power level of the idle ! _|Handheld | Y O‘* Handhelg
state of the device hardware. Then, the total system energy| device Wireless| 9€Vice

consumption during idle statg; . is:

comm.

User User
Eidle - Pi (Ttask - Z To) (7) @ (b)
0€O
. Now, the total task energ¥;..; predicted is: Fig. 11. (a) Standard user interactions with a handheldceeand (b) user
interactions via a wireless cache.
~Etask = Z Eo + Eidle~ (8)
0€O

V. SLEEP TOSAVE ENERGY

KLEM can predict user time and energy consumption from .
: . ) Hardware subsystems, namely, processor and communica-
storyboards of proposed user interactions with good acgura .

The predictions are within 13% of measured user time ar{I ;y 2?;”;(:{:/ l;crllnletsh?seggggzr:n J:;'(;izlceuespsStfetesot:?gp\ghgp
system energy for two different popular handheld device%, micro-sleep s:tate for process:ors and the wake-on-wireles
namely, iPAQ and Tungsten. The time and energy for doin]%r 2 handheld device are discussed

the same task in different user interaction modalities @n th '

same platform (List Hardware Button vs. List Key) can varyy uSleep — Another Sleep State

by a factor of two to three. . , )
A state-transition diagram of a processor with three com-

F. Impacts of Human Factors on Energy Efficiency mon states has been shown in Figure 12. If the operating

As illustrated in Fig. 9, handheld devices spend muchystem (OS) scheduler has an executable process, thread, or

time and energy waiting for user responses, because k#rnel code to execute, the processor remains in the normal
speed mismatch between computers and human users.Runningstate for as long as necessary. If the scheduler has
this subsection we explain the limits of user ineterfacesothing to execute at the moment, the processor moves to the
in becoming energy efficient primarily because of humafrocessor Idlestate. When an interrupt occurs, the processor

factors [47]: moves back to th&®unningstate. The processor is explicitly

. Sensory Perception-based limiA handheld device put into theSleepstate by the user or by the executing code.
communicates with its user through the latter's sensoryor battery operated handheld devices it is useful to move
channels, namely, visual and auditory, and the devid&e processor frorRunningto Sleeprather than td°rocessor
must spend some energy above some threshold levéde because of the significant difference in energy costs of
for sensory perception. Details of those threshold enerde Sleepand Processor Idlestates. The energy cost ratio
levels as functions of viewing/hearing distance an@®f the Sleep(with LCD off) to the Processor Idlestate can
wavelength of viewing light can be found in referencebe 1:6.8 — 1:12.8 [106]. Therefore, it is useful to move the
[47]. processor to th&leepstate as often as can be.

« Input/Output-based limitAs illustrated in Fig. 9, user
response speed impacts the total time of task execution,
thereby determining the energy cost. Typical values
for user interactions, namely, speaking/listening/regdi
speeds, text entry speed, and stylus/touch-screen speeds
can be easily measured. As an example, for reading no process to run
printed English text, 250-300wpm (words per minute) interrupt
is considered typical. Similarly, one can assume 0.5-1
second delay in GUI operations on handheld devices.
The reading speeds and GUI operation delay translate
to some minimum energy cost while the device is idle. Fig. 12. State diagram of a processor without power savingemod

Zhong and Jha [47] have proposed the concept wfira-

less cachgas illustrated in Fig. 11, to reduce the energy To take further advantage of the significant difference
cost of waiting for user responses. The wireless cache iis energy costs of th&leepand the Processor Idle states,
another piece of low-power communication device that acBrakmo et al. [106] have introduced the concept gfSleep

as a bridge between the user and the handheld device. Btate so that under certain conditions the processor can be
example, the wireless cache can be implemented in the foqmat in the ySleepstate instead of the Processor Idle state,
of a wrist watch, and Bluetooth can be used to connect &s illustrated in Figure 13. If there is no process to run, the
with the handheld device. The handheld device can entprocessor is moved into th@S ldlestate and the scheduler
into a low-power mode while the wireless cache is waitingnakes a decision to move the processor to,;iBéeepstate

to receice user response. or to the Processor Idlestate. Entering sleep mode and

RTC alarm or
leep button

sleep button or
sleep timeout




exiting it immediately after consumes a lot more energy tha®nce awake, the device accepts the call over its normal data
keeping the system idle for the same duration. Thereformterface.
the transition fromOS Idle to pSleepshould be made if . . .
. .. The model of operation of the wake-on-wireless technique
the scheduler determines that the processor can remain in . S : .
) has been illustrated in Figure 14. The technique requires
the uSleepstate for more than &dreakeventime and the L :
; . a second radio interface on each UCoM device, one or
devices allow the processor to sleep. A real-time clocknalar .
more UCoM Proxy, and one UCoM Server. The server is
or an external event causes the processor to move back {0 . : i
. . . available on the Internet and is common to all UCoM client
the Runningstate. Their experiments have shown th8teep . X
. evices, whereas one Proxy serves all those clients who
can reduce energy consumption by more than 60% when thé : L :
experimental Itsy pocket PC is lightly loaded can communicate with it over their low-power, secondary
' radio interface. The Proxy too is connected to the Internet
so that the Server and the Proxy can communicate. Figure 14
shows the three phases of operation of a device. In the first
phase, that is initialization phase, all the client devitss
the Server know of their presence and inactive devices, such
as Alice, switch themselves off, except their secondarjorad
interfaces. The low-power radio module, callbtniBrick,
of a client registers the device with the Proxy as shown in
the figure. In the second phase, when an active client, say,
Bob, wants to communicate with an off client Alice, the
Server and Alice’s Proxy collaborate to wake up Alice. In the
third phase, Alice responds to Bob’s invitation to estdbhs
connection.

RTC alarm or
leep button

RTC alarm or
external even

sleep button or

no process to rul -
sleep timeout

interrupt

Processor
Idle

State diagram qiSleep (RTC: Real-Time Clock).

next_timer > break_even
and devices allowp Sleep

Fig. 13.

With an actual implementation and measurement-based
) , , . evaluation of the technique, the authors showed that the

Wireless unlversal' communicators (UCoM) fall Intostandby lifetime of an iPAQ PDA can be increased by 115%
two general Categorles_, namely, cell phones and P[_) ver an unmodified iPAQ. With a normal talk of 25 minutes
PDAs have the following advantages [108]: PDAs withy, 5 gay the above gain in standby time reduced to 40%.
IEEE.802.11b cards have high speed indoor-access 10 Hfie main drawback of the technique is that it will require a
Interngt; PDAs are able to interoperate with a large numb%r e number of Proxy machines to be deployed, because of
of devices because they use open standards, such as TCR{R.short range of the secondary radio interface of eachtclie
a PDA-based phone affords the user access to a large numgglice A secondary drawback of the approach is the need to

of mature, data and multimedia applications. In spite Gf5intain |ogical associations between an UCoM Server and
the advantages of PDA-based phones over cellular phonﬂ§

: e numerous Proxy machines.
cellular phones outperform PDA-based phones in power
consumption. A large part of the power drain in a PDA
can be attributed to the WLAN card. A PDA connected to
an access point (AP) drains its battery after a few hours
even in the power-save mode, whereas cellular phones have

B. Wake on Wireless

UCoM
Proxy

UCoM
Client (Alice)

UCoM
Client (Bob)

UCoM
Server

Register as Proxy

standby lifetimes of a few days. For PDA-based phones to
be successful as a UCoM, their battery lifetime must be
comparable to that of cell phones. To extend the battery
life of a UCoM device, Shis, Bahl and Sinclair [108] have
proposed that when a UCoM device is not actively used, the
device with its wireless network interface card be powered
off. The device is powered on only when there is an incoming
or outgoing call or when the user needs to use it. The above
technique is callegvake-on-wirelessand its goal is to almost
eliminate the power consumed when a IEEE 802.11b-enabled
device is idle. The technique is broadly explained as fadlow

A PDA communicates with an AP over two distinct radio
interfaces, one for carrying normal data and one for cagryin
control information. The control channel is implementedrov

a low-power radio interface. When the device is not used,
the device and the high-power wireless interface cards are
shut down. To handle an incoming call, they use the low-
power channel to send a wakeup message to the device.

Fig. 14.
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V1. POWER EFFICIENT COMMUNICATION
A. Standard IEEE 802.11 Power Saving Mode (PSM)
The IEEE 802.11 [107] protocol has a built-in mechanis

mode of operation. Time is divided intoeacon intervals
similar to the PCF mode of operation. One purpose of the
beacons is to synchronize all the user WNIC cards [107].

. . e power-saving feature of DCF requires that at the start
to allow user devices to perform dynamic power managemen ;
S . of each beacon interval, each WNIC must stay awake for a
of their wireless network interface (WNIC) cards. Such : . ) L
. . . . . ixed time interval, calledATIM (Ad-hoc Traffic Indication
card has five major statepower-off idle, transmit receive

andsleep A WNIC card does not consume any energy inMessage) windowAll nodes are awake during the ATIM

the power-offstate. Thedle state means that a WNIC cardWIndoW' A node, sayA, utl_llzes the ATI.M window to
; I . . dvertize data frames pending transmission to other nodes,
is powered on and it is ready to transmit or receive, and i

L : say B. The said advertisement is done in the form of an
consumes a significant amount of energy. Ttamsmitand . : .
! g ATIM frame transmitted during the ATIM window by means
receivestates are together known as thetive state, and a

WNIC card consumes the highest amount of enerav in thof the standard CSMA/CA (Carrier Sense Multiple Access/
g 9y (Follosion Avoidance) mechanism. The receiver of an ATIM

state. Most of the circuitries of a WNIC card are turne rame (i.e. nodeB) responds with an ATIM-ACK frame and

off in the sleepstate, thereby consuming much less e emains awake for the remaining duration of the beacon
than theidle state. Thesleepstate has been introduced in.

. . interval. If nodeA receives an ATIM-ACK frame, it remains
the protocol design to enable a device to perform dynamic . . :
) awake for the remaining duration of the beacon interval.
power management as follows: : :
A . . Node A sends data frames ® during the beacon interval,
In a Wi-Fi hotspot, all communications occur via the .
after the ATIM window.

Access Point (AP). In othgr words, the AP rglays every The key characteristics of the MAC-level power manage-
frame to/from all user devices. Power saving is achieved

. . “ment technique are as follows [80]:
by exploiting the central-controller role of the AccessRoi ] )
That is, in the PCF (Point Coordination Function) mode of * The technique does not completely switch off the card

operation, each user device lets the AP know whether or
not it utilizes the PSM. The AP buffers all frames addressed *
to user devices that have opted for the PSM. The general
behaviors of user devices in PSM and the AP are summarized®

for additional power saving.

The sleep duration is fixed, and it does not reflect
variability in received data traffic.

The maximum sleep time supported by implementations

in the following. is usually less than one second, in order to reduce the

o Access PointWhile a user's WNIC is sleeping, data risk of AP buffer saturation.
packets for the user are buffered by the AP. The AP It is important to be aware of the drawbacks of an
periodically broadcast8eaconframes, usually every aggressive power saving policy, such as completely switchi
100 ms. ABeaconframe contains araffic indication ©ff the WNIC card.
map (TIM) that indicates PSM user devices having at « The policy will introduce longer delay in data traffic
least one data frame buffered at the AP. The AP sends between a user device and an AP, because of the addi-
data to a user after the user device makes a request by tional time needed for synchronization, authentication,
means of aPS-Pollframe. and authorization.
« User's WNIC:If the PSM feature of the card is enabled, « The energy cost of state transition froswitch-offto
the card sleeps for éixed periodupon the elapse of activeis high, and it must be compensated with a long
a fixed timeoutsince the last received packet. Upon off duration.
expiration of a sleeping period, the card wakes up to « An application-level protocol with knowledge of device
listen for aBeacon Therefore, PSM user devices are (e.g. buffer size), data traffic (e.g. play rate and frame
synchronized with the AP. If a user device is indicated  size), and network (e.g. link speed and core network
in the TIM of a Beacon the PSM user device sends delay) characteristics must be involved in making deci-
a PS-Poll frame to the AP by means of the standard sions to switch on and off a WNIC card.
DCF (Distributed Coordination Function) mechanism to . ] ]
request the AP to send data. As illustrated in Figure l§,- Novel Power Saving Techniques for 802.11 Based Devices
a user device with no data to send or receive sleepsKrashinsky and Balakrishnan [120] have shown by means
between twoBeaconframes. of simulation studies that the IEEE 802.11 MAC’'s PSM can
_ save around 90% of the energy spent by the WNIC at the cost
} Beacon period of increased delay in web-page downloads. To cope with the
| Sleep time of delay problem, they propose a Bounded Slowdown protocol
Beacon/ a user's WNIC Beacon/ (BSD) in which a user device (i.e. mobile host) listens for
™ ™ E—_— the AP beacons with decreasing frequency during idle times
so that it can be mostly sleeping during uignk times The
Fig. 15. General Idea of Beacon Period. time instants for waking up to listen for beacon frames are
statically determined. As illustrated in Figure 16, think times
The power-saving feature is also supported in the DC&re the time intervals when there is no network activity at th




MAC level. The BSD protocol trades off energy for lower
additional delay. However, if the maximum tolerable delay
is small, the protocol incurs more energy cost than the PSM. «
Qiao and Shin [121] have enhanced the BSD protocol — they
call it Smart Power Saving Mode (SPSM) — by proposing a
technique fordynamicallyestimating the time instants when

independently chooses its own ATIM window size based
on observed network conditions.

Longer sleep timeA WNIC card enters thesleepstate
after completing the announced data transfers, rather
than stay awake for the entire duration of a beacon
interval.

a user device wakes up to listen for beacon frames. Thge graw the attention of the reader to two important aspects
Dynamic Beacon Penod (DBP) algorithm of Nath, Anderso%f the above study: (i) evaluation of their technique is base
and Seshan [122] tries to reduce the delay by letting eagl Ns-2 simulations; and (i) the proposed power saving
user device select its own beacon interval and having thggode does not work well with TCP traffic.
AP generate separate beacons for each user device. TQ\ y mber of proposals have been made to put a WNIC
coupter the delay problem, Anand et al. [123] propose a Seflard to the sleep state after overhearing an RTS (Request-to
Tuning Power Management (STPM) protocol to explofts  geng) or a CTS (Clear-to-Send) frame [111], [112], [113].
provided by network applications. The hints describe thene technique in reference [111] needs a separate control
near-fu_ture network activities of apphcatlons._ One camm_ channel to determine when to power off the second, data
such hints as knowledge of the download times and thinkanster channel and for how long. The technique in refezenc
times as |IIustrat§d in Figure 16. The hints are used.to Say£13] is for sensor networks and it fragments long messages
energy by managing the states of the WNIC. An applicationn:, many small fragments. The technique in [114] requires
specific energy optimization technique that enables asingq time ‘slots for beacons to be transmitted in each beacon
(or few) burst of data transfer for an application over thgyeryal: an ETS (Earlier Time Slot) beacon and an LTS (Late
WLAN interface has been proposed in reference [124]. Theime siof) beacon. Presence of data traffic is announced in
technique has been modified in reference [125] to estimalg, ET5 peacon, whereas, if no node has data to transmit, the
the idle periods of WINC cards so that it is applicable t0 @15 peacon is used to announce a sleeping period for all.
class of applications, rather than a single application.  thjs approach leaves less time for data transfer in a beacon
interval, and heavily relies on all nodes having zero nekwor
traffic at the same time — an event whose probability is very
low.

Anastasi, Conti, Gregori and Passarella [126] propose a

Download intervals

| = = = |

Think intervals

Cross-layer Energy Manager (XEM) that dynamically tunes
its energy-saving strategy based on the application behavi

and network parameters. The general idea of the XEM

Fig. 16. Application-level Traffic Model.

technique has been illustrated in Figure 17 and summarized

in the following:

The energy saving techniques in references [118], [116] ,
and [119] use inactivity timers to decide when to switch off
the WNIC. Stemm and Katz [118] use knowledge of applica-
tion behavior to compute the timeout duration. Kravets and
Krishnan [116] use an Indirect-TCP architecture [117] and
buffer data at the AP while the user device is switched off.
On the other hand, Yan et al. [119] estimate the interarrival
times in a dynamic fashion to switch off the WNIC card.

Woesner et al. [110] have shown that the ATIM window
size critically affects throughput and energy consumption
and a fixed ATIM window does not perform well in all situ-
ations. A too small ATIM window size may not allow a user
device to successfully transmit ATIM frames to announce its
buffered data frames, thereby degrading throughput. On the
other hand, if the ATIM window is too large, there would
be less time for actual data transfer. Moreover, large ATIM
windows can also result in higher energy cost since all nodes
remain awake during the ATIM window.

Jung and Vaidya [109], [115] propose a dynamic mecha-
nism for choosing an optimal ATIM window size for energy
saving in the DCF mode in an IBSS (Independent Basic
Service Set) with the following characteristics:

o Dynamic ATIM window adjustmenEvery user device

The technique assumes that the MAC level behavior
can be described by an alternating sequence of network
activity bursts and idle times, as illustrated in Figure
16. A burst represents data that are downloaded after
the user device has sent a request to the fixed host on
the Internet. It is further assumed that the first segment
of a burst is sent by the user device, and it can be easily
detected at the user device and identified by the request
sent by the client application.

« Detection of the start of a think interval is performed

in two different ways:agentbased [124] andimeout
based [125]. In the first approach, agenton the user
device spoofs the web traffic generated by the user
[124]. For each web page, the agent is aware of the
set of files composing the page. Once all the files have
been downloaded, a think time is assumed to start. In the
secondtimeoutbased approach, if no data is received
by the user device after one TCP RTT (round-trip time),
it is assumed that a user think time has started.

During think intervals, XEM lets the device stay in the
off mode.

When an application-level request is detected, XEM
switches the device to the standard PSM mode.



« XEM is able to achieve energy saving between 20% anathether or not a packet is the last one by inspecting the
96% with respect to the standard PSM. MORE DATA bit field in the packet header. After receiving
the last packet in this BP, the STA goes into sleep mode. It is

assumed that the idle mode power consumptiBry( ) of
an STA is the same as the receive mode power consumption
(Prx), and the sleep mode power consumption is negligible.
It is further assumed that the energy consumption due te stat
change is negligible, and a timeslot is long enough for the
AP to transmit one data packet. Data packets arrive at the
AP continually, and packets arriving in a BP are scheduled
for transmission in or after the next BP.
The scheduling problem has been formulated as an opti-
Time mization problem: find an optimal scheduling disciplinettha
minimizes the average total power consumption of all the
STAs per BP. In other words:
Fig. 17. The Conceptual Model of XEM [126]. ) P M
_ L q
minimize £ = lim FZZE]., (9)

— 00

PSM: Power Saving Mode
XEM: Cross-layer Energy Manager

g=1j=1

C. MAC-level Download Scheduling by Access Points

In Section VI-A we discussed the power saving strategiéghereqP, is the number of BPs)M is the number of STAs,
in the IEEE 802.11 (WLAN) standard and some of it@Nd£j is the energy consumption of théh STA during the

enhancements. Two key attributes of those strategies are%a BP- To optimize power consumption, they have developed
follows: two heuristic policies: (i) Longest Processing Time in stle

oo . . . ing stations, Shortest Processing Time in scheduling piacke
« Power saving in user stations (STA) is achieved du ) n : - .
; - PTSPT); and (ii) Dynamic Energy Efficient Semi-work-
to the STAs themselves making decisions to put thel : . )
. conserving (DEES). The performance metrics of interest (se
WNIC cards into sleep or off modes, and the STAs ASable [) are: the average energy consumption per time slot
assisted by the AP. 9 9y P P

- . (denoted byErgs), the average delay (denoted I#/[D]),
o The STAs try to maximize power saving for themselves .
without consideration for other STAS. and the optimal value of the lengh of BP (denoted/y;),

where M is the numbers of STAg = A.M, X is the packet
On the other hand, Lee, Rosenberg and Chong [136] propoggival rate (number of packets/slot time),= [N/L], and
an AP-centric power saving scheme: N is the total number of packets buffered at the AP.

« The AP is given a more central role in scheduling

transmissions on the downlinks for more power saving. [ Performance Metrics LPT<PTAS+ 5 DE<E§+Q>
« The scheme aims to minimize the total energy consump- Ers y ol B sl B %50
tion due to communication of all the STAs, rather than E[D] FDA+2 D 42
the energy cost of individual devices. Aopt 2l e
A generic power management model (GPMM) has been TABLE |

introduced in [135] and further studied in [136] They asSBUM MoDELS OFPERFORMANCEMETRICS OF THEGPMM MODEL [136].

that the downlink and the uplink are separated, and the AP

is in full control of the downlink. A STA can associate with

the AP either in normal mode or in the GPMM mode. In The two policies have been analytically modeled and
the normal mode, an STA stays awake all the time. All thextensively simulated to study the energy saving and delay
STAs are assumed to be GPMM enabled. A burst period gerformance as functions aifffered load(p), length of BP
composed ofA (= L + 1) timeslots: one for transmitting the (A), andnumber of stationgAf). They have shown how to
TIM and L for scheduling data packets. T schedules dimension the optimal length of BRA,;).

which STAs are going to receive their buffered packets in Stine and Veciana [139] have proposed three alternative
the coming BP using its own scheduling policy; next, the ARlirectory protocols that may be used by an AP to coordinate
prepares a TIM and transmits a beacon packet when the tiniee transmission of data and the dozing of STAs. They
comes. It is further assumed that the STAs have to wake uptay to optimize the power consumption of STAs by using
the beginning of each BP to listen for the TIM. If the bitmapschedulingand protocol parameter tuning. Their overall
for an STA is not set in the TIM, then the STA goes back tstrategy is as follows: the AP first learns what traffic needs t
sleep immediately. Otherwise, the STA remains awake untile transmitted in a contention period (CP) and then directs
the last packetscheduled for it in this BP is delivered. Thethe transmissions in a contention free period (CFP). They
MAC layer uses the concept dést packetto be able to assume that the AP has learnedkdfansmissions in the CP,
transmit a long PDU (protocol data unit) from its upper layeand focus on the CFP portion. They determine the control,
by segmenting it into many smaller packets. The STA knowscheduling, and error handling schemes that offer the best



energy conservation for the delivery of thas@ackets. The contiguous slots because of the time it takes for nodes to
AP manages transmissions by broadcasting a directory — atndnsition between states.

the purpose of directories is two-fold: (i) manage who has Havinga and Smit [137] have proposed a TDMA (time
access to the channel; and (i) help STAs not involved in theivision multiple access) based energy efficient MAC pro-
transmissions to doze. A variety of directory structuregeha tocol in which the AP schedules packet transmissions. The
been proposed. At the very least, the directory identifies gbhysical channel is divided into time slots, a data packst ca
transmitters that will be active during the subsequent CFBpan multiple slots, STAs can reserve slots for connections
At most, the directory will list the source and destinatidn oand aframe consists of a certain number of slots. @oS

all transmissions, their sizes, and the order in which thily w managerrunning on the AP receives transmission requests
take place. With this information, nodes can make informeftom the STAs. The QoS manager establishes, maintains, and
decisions on when they may doze. The directories fall intreleases wireless connections between the AP and the STAs,
two broad classedraffic indication mapgTIM) and traffic  and it broadcasts a schedule so that the STAs know when
lists. The AP assigns every STA a position in the bitmaghey should transmit or receive. In the scheduling of the MAC
when the STA first associates with the network. Dependingrotocol they apply the following two mechanisms to reduce
on the number of bits used in each position of the TIMthe energy consumption:

a TIM may indicate which nodes will participate in a data , Mopile grouping strategyThis strategy means that an
exchange, whether they will transmit or receive, or even how 1A has a concatenated uplink and downlink phase, and
many data exchanges they will make. The TIM does not  tnat the transceiver will enter a low power mode for the
normally indicate the order of transmissions or with whom remaining time of a frame.

the data will be exchanged. Consequently, the AP is required, schedule traffic in burstsThis strategy allows a

to direct each transmission during the CFP using a POLL  transceiver to stay in a low-power mode for an extended
packet. On the other hantaffic lists provide all information period of time. Essentially, it enables frequent switch-
about the CFP: each transmission has an entry in the list — jhg among the different modes of operation, namely,
and an entry specifies the source and the destination of each tansmitting, receiving, idle, and sleep.

transmission and its duration. The tradeoff between TIMb a . . .
- . X he QoS manager assigns bandwidth and determines the
traffic lists are the length of the directory itself, the dvead : . A .
e . . .required error coding for individual connections. The same
to control transmissions, the amount of information that S uthors araue in reference [138] that QoS mechanisms are a
available to help nodes to doze, and the ability of the praitoc g

- . i i iciency in multimedia systems.
to adapt to transmission errors. Four kinds of traffic havteOOI to achieve energy efficiency Y

been identified as follows: D. System Level Power Management of WNIC Cards
« Type I: This is peer-to-peer traffic among STAs.
« Type Il: This represents data traffic to and from a AP.
o Type llI: This is downlink traffic from a AP.
« Type IV:This is uplink traffic to a AP.

Simunic et al. [179] have studied a system-level joint
power management and power control strategy for WLAN
interface cards. For power management, they consider four
states of WNIC cards: two active states, namédgnsmit
They model the transmission time and energy consumptieamnd receive and two low power states, namelgpze and
of the 1-bit TIM, multiple-bit TIM, and list protocols for off. Doze mode consumes much less power than the active
Type Il and IV traffic. Type Il traffic is considered to states, and it can be entered into and exited from with a
be a combination of Type Ill and IV traffic. For Type | small performance penalty (e.g. 0.8ms). When a WNIC card
traffic, four scheduling algorithms have been presentedyThis off, it consumes no power, but it takes longer (e.g. 60ms) t
observed that scheduling transmissions between the samer into an active state. A power manager (PM) observes
nodes contiguously and ordering such transmissions stortethe workload (e.g. the input queue to the WNIC card) of
processing-time-first (SPTF) results in good performanceéhe system and decides when to put the WNIC card in its
The most critical feature that contributes to an acces®protoff state. They define the concept ménewal timeof the
col’s effectiveness in power saving is its ability to minzei system as the last time the system entered the doze state.
the time it takes to inform STAs that they may doze. Th@he problem of power management policy optimization is
mathematical model introduced by Chlamtac, Petrioli antb determine the optimal distribution of random varialble
Redi [144] to analyze centrally controlled access prot®colwhich specifies when the transition from the doze state to off
has been utilized in [139]. state should occur from the lasénewal timel' is assumed

The Energy Conserving MAC (EC-MAC) protocol pre-to take on discrete values i, h,2h,. .., jh,...), wherej
sented in references [143], [142] also uses the AP to put tiean index of time from reset state ahds a fraction of the
STASs to lower energy states. The EC-MAC protocol providetime it takes for a system to make a transition from doze to
a list mechanism to schedule data transmissions between i Smaller the value of, more accurate is the solution. By
base station and the STAs. After the list (i.e. the schedsle) using renewal theory they formulate an optimization proble
transmitted, the STAs in the network are awake only duringy means of liner programming to minimize the average
the periods that they exchange data. The mechanism performsnber of jobs waiting in the input queue of the WNIC card.
efficiently when data to or from the same STA are sent ifhus, the goal of their power management optimization is



to minimize performance penalty under energy consumptidh Power Management in WIMAX Subscriber Stations
constraint. The optimal solution is a table of probabifite .. |EEE 802.16e standard commonly known as

p(j), wherep(j) is the probability of transition from doze to \yimax, is an emerging broadband wireless access system
off at time jh. Now the power manager works as follows: anq gefines both physical and MAC layers for combined
« As soon as the system enters the doze mode (this occiiked and mobile operations [127]. Since a mobile user
when the WNIC has no transmit or receive task), the PMevice, called a Mobile Subscriber Station (MSS) in WIMAX
starts keeping track of the elapsed time. parlance, is powered by batteryskeepmode operation has
« The decision to turn off the WNIC card is evaluatedoeen specified in the MAC protocol. The alternatiwgke
at jh for which the table givee(j) > 0. For each andsleepmodes of operation of an MSS has been illustrated
p(j) > 0, the PM generates a random number. If thén Fig. 18. The WIMAX standard defines three different types
number generated is less thafy), the WNIC card is of Power Saving Classes (PSC) as follows:
switched off. Otherwise, the card remains in the doze , PSC I: Power saving for best effort and non-real-time
state until the next evaluation or there is a need to make variable bit-rate applications.

a transition to an act_ive state. _ « PSC II: Power saving for real-time applications.
« Once the card is switched off, it stays off until a need « PSC Ill: Power saving for multicast and management
arises to turn on the card. connections.

On the other hand, the WNIC card performs power contrdlote that the above power saving classes are essentially
by adjusting its transmission power level with support frondlifferent sleep mode operations of MSSs. The first two sleep
the AP. Essentially, the AP measures the recesigdal to modes are about data traffic, whereas the third one is for
interference and noise rati¢SIR) andbit error rate (BER) management procedure. A class can be activated by either
and calculates the transmit power level for each user at eag8h MSS or the base station (BS) as follows:
time instantt. In summary, the proposal [179] saves energy « MSS initiated procedure: The MSS sendsleep request
in two additive ways: (i) by switching off the WNIC card (MOB-SLP-REQ) message to the BS with the following
from time to time and (ii) using less energy in its active sleep parameters: the initial sleep windd#,.(,,), the
state. final sleep window T,...), and listening window £).
Simunic et al. [85] have presented the time-indexed semi- The BS can accept, refuse, or change those parameters
markov decision process (TISMDP) to turn off components in a sleep respons¢MOB-SLP-RSP) message. After
to save energy for non-exponential user request integdrriv receiving a confirmation, the MSS can enter the sleep
times. Simulation results showed large saving in energy for mode.
three components: SmartBadge portable device and Sonys BS initiated procedure: In this procedure, @msolicited
Vaio laptop hard disk and WLAN card. Specifically, the sleep responsenessage is sent by the BS to the MSS,
TISMDP model resulted in three times less energy consump- and the parameters cannot be re-negotiated by the MSS.
tion compared to the default algorithm for the WLAN card.n order for the BS not to send data to an MS during its sleep
windows, the BS is required to keep opewer saving sleep
class which is uniquely identified by a sleep ID (SLPID).
The idea of SLPID will be used later in this section to explain

Raghunathan et al. [190] have proposed the idea of RPWer saving. A class can be deactivated by either the BS
wireless personal server to readily store and access the d9f @1 MSS as follows:
and appplications users carry with them through commonly « Deactivation by MSSThis is done when the MSS
found interfaces. A personal server is void of display and detects uplink traffic, and it is performed by sending
keyboard, but is equipped with multiple radio interfacethwi a special MAC header containing information about the
varying capabilities. For example, a personal server cae ha ~ amount of backlogged data.
a WiFi link and a Bluetooth link. On the one hand, the « Deactivation by BS:A BS deactivates a class only
WiFi link is more efficient for bulk data transfers in terms of during a listening window of the MSS, and this is done
energy per bit transferred, bit it has a high idle power drain by sending a positiveraffic indicator (MOB-TRF-IND)
and state transition overhead. On the other hand, Bluetooth message to the MSS during a listening window.
consumes low power, but it does not support high data rate. As illustrated in Fig. 18, an MSS comes out of its sleep
System designers can combine the advantages of the tw@de from time to time to listen for the traffic indication
radio technologies to support high data rate with a loweahessage called MOB-TRF-IND and broadcasted from BS.
idle power consumption. Device discovery and connectiolhe message indicates whether there is data addressed to the
establishment can be performed with Bluetooth, and dafss. If MOB-TRF-IND indicates an absence of data for an
transfer can be done with WiFi. MSS, then the MSS continues to sleep after the listening

We remind the reader that we are excluding the discussiamterval .. Otherwise, the MSS makes a transition to the
of energy saving protocols for ad hoc networks (e.g. [140jake mode. A sleep interval plus the following listening
[141)]). interval is known as a cycle. If an MSS continues to sleep

E. Multi-radio Interfaces



after not finding an indication of data in a MOB-TRF-IND time greatly (up to 80% to 99%) at not much expense of the
message, it doubles the sleep duration in its followingpsleeenergy efficiency. Moreover, i’ is small, very small values
cycle, and the maximum sleep duration saturateé§ at.. In  of 7,,,;,, does not much sacrifice the energy efficiency while
other words, the duration of sleep interval in th#h cycle preserving a very low frame response time.

is given in Eq. 10. Anastasi et al. [134] have introduced the conceptdid
, time (7"%¢) to reduce energy consumption and frame re-

T, = { T”.”"’n_l it n=1 (10) sponse delay. Th&''e parameter is used to deténactivity
min(2""" Tnin, Tmaz ), 1f 7> 1 by both the BS and MSS as follows. When a MAC Service

Data Unit (MSDU) belonging to a connection of a SLPID

(sleep ID) is received by the MAC layer, a timer is started
------- equal to7"¥ frames for that SLPID. On the other hand,
if another instance of the same timer is running, then it is
reset to the initial valug¥¢. When the timer expires it is

Wake mode| Sleep mode | Wake mode Sleep mode

/,

Lstcycle 2nd cycle nth cycle assumed that the connections of that SLPID will continue
seepTt | 2| sleep2 | 2| seeptn | 2 to remain |dIe_ for more time, e_md a power saving class is
g é g activated. Their simulation studies have shown that,, =
- = = 256 gives a good trade-off between delay and energy saving.
L: Fixed length listening window Also, T_“”e should be set as low as _possible since it affects
only slightly the delay, but has a noticeable effect on eperg
Fig. 18. Wake and Sleep Modes in IEEE 802.16e. saving.

In case there are incoming frames to a sleeping MSS, th&1l. PROXY ASSISTEDENERGY SAVING IN HANDHELD
device exits from the sleep mode in thextlistening interval. DEVICES

On the other hand, if an outgoing frame reached the MAC A proxy is a request and content processing machine

!ayer dyring th? sleep interval, the sleep mode is tgrnmat% pearing between the server and the base station as illus-
immediately. Xiao [128] has modeled the expected time spefbied in Figure 19. A proxy can be located anywhere in

bg at? MSS |r! Its fsleehp T/Iosdse fgr P_o:j:son arrival of(;‘rar?es e communication network between the server and the base
the base station for the » DUL It does not consider fram tion, but it is generally located close to a base station

to be uploaded to the base station. Zhang and Fujise [123 d on the same access network as the base station. A

g'.vﬁ egn a;]nalync model ofdp(cj)wer consump;on fc\)]r appl'ﬁa'ongaoxy works as an intermediary between mobile hosts and
with both up stream and down stream data. Jang, Han a eaming servers. Applications running on the mobile user

Choi [130] propose to maké,;, and Ty, adaptive 10 o iea send requests for streaming media objects to thé loca

traffic types. For constant bit-rate (CBR) traffic, they mep roxy. In this section, we discuss how a number of different

to computeT’,;, based on average pgcket inter-arrival tim inds of proxies enable handheld devices to save energy.
(T7). On the other hand, for FTP (File Transfer Protocol)

traffic, they suggest to compute the valuedpf,, and7;,...  A. Energy Saving with a Transforming Proxy
basdedl %rql;]eue emptyime. K'm_' Kag? and Choi [1311(;‘6:\'6 Shenoy and Radkov [65] have proposed the concept of
modeled theenergy consumptioandirame response delay o, object transformation proxy to save energy in handheld

as functions Qmei”' Tm”.’ anq TI'. Energy consun_"lpt|on devices. The proxy services a request locally if the regukst
is expressed in terms o_f I|sten!ng _mtervals,-sleep interva object is cached or fetches the object from the server if the
and energ;(; ?ostg pehr time units 'In thoze _mter\[/)als. Frame che does not have it [65]. In both the cases, the object is
response delay Is the average elapsed time between {ig,qfqrmeq by the proxy to make the device energy-efficient

arrival of a_frame at the_B_S (or, MSS) MAC layer andTo enable the proxy to transform the objects, the devicesend
the completion of transmission of the frame to the MS§nree parameters to the proxy:

(or, BS) [134]. They show that a largef,,;, consumes
less energy but leads to longer frame response delay. Whe . .
they setT},.;,, > Ty, energy consumption does not reduce ° the ava|I.abIe energy budget .forA recept_mEtn(,), and
significantly, but frame response delay sharply increa®es.  ° the maximum spatial resolutiodj that it can support.

the other hand, wherT},,, is a half of T; or T,,.. is ©Giventhe types of the CPU and the radio interface on the user
equal toT}, energy consumption is not very high and framdlevice, the proxy is in a position to translate the decoding
response delay is moderate. Nga, Kim and Kang [133] givdhegy budget into CPU time that the device is willing to
an algorithm to quickly find the optimal value @t,,., in spend and the reception energy budget into the size of the
order to minimize the energy Consumption with respect to gbject that the device is Wllllng to receive. The authorsehav
given frame response delay constraint. Han, Ming and JeoR§oPosed two techniques to reduce the energy consumption
[132] model energy consumption and frame response de|gf,a user device while it is downloading streaming objects.
due to PSC | and PSC II. They conclude that small values of « First, reduce the original size of an object to an appro-
Tin (1 or 4 frames) can make PSC Il reduce the response priate size constrained by the amount of energy the user

" the available energy budget for decodirfgdgc),



device is willing to spend in decoding and receiving the
object.

« Second, enable the user device to put its radio module sever
into the power-saving, doze mode of operation by
“intelligently” transmitting individual data packets so

Internet -
~~~~~~~ =

that the user device knows the arrival times of those Y ‘
data packets and goes into the doze mode. Access || pace
. . .. N k ;
Power-friendly Transformation: To reduce an original etwer Station

User Device

object to a desired size, they give two models for the decode
energy costE4..) and reception energy cosk{,,) of video Fig. 19. A Model for Proxy-Assisted Energy Saving. The dittines
frames for a one-second interval at tirhas follows: represent flow of data and control packets.

(t4+1).p—1

Bgec(t,t +1) = c1. Z D(fi),t=0,12.. (11) device to put its radio module in the doze mode for longer.

=tp The authors present two ways to make reception predictable:
« Proxy-based smoothing/ideo streams employing com-
rpt pression formats such as MPEG can cause a variable bit
Epu(t,t +1) = c2. Z 5(fi),t=0,1,2,...  (12) rate (VBR) transmission from the base station, making
=t it difficult for a user device to predict the next transmis-
where¢; and ¢o are constantsS(f;) is the size of frame sion. The proxy transforms the VBR data stream into
fiy D(f;) is the decode time off; on the client device, a constant bit rate (CBR) stream within an interval
and p is the play rate of frames. After determining the by setting the data rate fp,_, S(f;)/I. With such an
energy requirements’,;.. and Ey, and the spatial res- approach, a client device needs to estimate the arrival
olution (R) of the original stream, the proxy transforms time of each packet and switch on its interface before
the stream ifEyo. > Euee, Epw > Fpw, OF B > R. the first bit of the packet arrives. One technique to

Frames are transformed in each one-second interval where predict the arrival time is to maintain a history of packet
the device-specified constraints are exceeded to generate a inter-arrival times and use the mean inter-arrival time

new stream of frames such that. th:t_lg'p’l D(f;) < (A) of the previousk packets to predict the arrival time
Bjee, c2. El(-t:t,lp)'p*l S(fi) < FEy., and spatial resolution is of the next packet. If the previous packet was completely

received at time, then the predicted arrival of the next
packet ist + v.A, where0 < ~ < 1. The value of

~ represents how conservative or aggressive the device
wants to be.

Proxy-assisted predictionn this approach, all frames
within an interval I are transmitted in one burst, fol-
lowed by acontrol packetspecifying the start time of
the next burst of frames. Specifically, if the proxy starts
transmitting the next burst at timg the user device
goes into the active mode &t +.d, whered is the link
delay between the proxy and the user device.

less thank. A key challenge for a proxy to transform frames

is to estimate the energy cost of decoding frames on the user
device. They give an empirical model of the energy cost of
frame decoding on a user device.

If an MPEG stream does not satisfy the client-specified °
parameters, the proxy transforms the stream to meet the
energy consumptioni{.., £,,) and the spatial resolutioR.

A key functionality of the proxy is to determine transcoding
parameters to produce the transformed stream. The transcod
ing process essentially degrades the stream quality to meet
the client needs in terms of energy cost. Video stream qualit
can be degraded along two dimensiospatial resolution The proxy-assisted approach yields an idle uptime of 2-20%,
(i.e. picture size) andhroma resolutior(i.e. picture quality). Whereas the proxy-based smoothing yields an idle uptime of
Shenoy and Radkov give an algorithm that searches vario8-35% — smaller idle uptime means larger energy saving.
combinations of spatial resolutions and chroma resolstiorf-ompared to an always-on radio module, the power-friendly
by degrading along each dimension in each step until ffansmission results in 65-98% energy saving in its radio
finds an appropriate combination of the two. Essentially, fonodule.

frames in each one-second interval, the algorithm uses the
energy-cost models to examine the energy requirements fr
various combinations of spatial and chroma resolutiorckpi  Cornea, Nicolau and Dutt [157] have proposed a technique
one that satisfies the client needs, and invokes a transcoder reducing display energy by analyzing video frames.
The algorithm produces frames with constant resolution blllisplay energy is saved by simultaneously dimming the
varying picture quality to make the video more pleasing tdacklight while increasing the luminance of the image in
the eyes. order to compensate the lost brightness due to dimming

Power-friendly Transmission: This means assisting the the backlight. Brightness compensation can be performed
user device in predicting packet reception, because arbetfer each individual pixel color (Red, Green, and Blue),
prediction leads to greater energy saving by allowing thand they propose to multiply all pixels in the image by a

Backlight Control Based on Display Data Analysis



constant amount to maintain the same perceived intensiiyne the client- or server-side module changes the global
(I): I = px L xY, wherep is the transmittance of the state module, the decision module is activated. The decisio
LCD panel, andL andY are the luminance of backlight module determines when a client request can be forwarded
and displayed images, respectively. Brightness compensatto the server, when a response can be sent to the use device,
may lead to loss of picture quality due to pixel saturationand when to reuse a TCP connection. The behavior of the
Therefore, picture quality degradation is defined in terins aecision module is controlled by an extensible set of rules.
the percentage of pixels in the high luminance range to be A user’s perception of page viewing quality may degrade
clipped (their luminance is represented by a lower value.) Ibecause of data buffering at the PAWP. This is addressed
many cases, one can safely allow clipping for some pixelsy applying application-level rules in the decision modide
without noticeable loss of video quality while saving muctshape user traffic: (i) data is released to the user devite if i
display energy. The technique is applied at the server @& available before the WLAN card switches ppower save
proxy as follows: mode, which is computed as the last time a client request was

« Identify the scenes in a movie: a scene is a sequencefgPeived plusT}imcout; (ii) NO object is delayed for more
video frames in which the maximum luminance levelshan a maximum delay, calledi/axDelay; (iii) whenever
do not vary significantly. more thanMinObjects number of objects are ready to be

« For each scene compute the required brightness lev&@nt, they are forwarded to the client; and (iv) if enougladat

of backlight and annotate the information to the videds buffered to justify the overhead of switching the WLAN
stream. to the active mode, data is forwarded to the access point.

Their results show that up to 65% of backlight energy can b-ghe authors performed a large number of experiments with

saved through the aforementioned technique, with minim@CPular sites, such &NN, NY TimesBBC AmazoneBay
or no visible quality degradation. Citibank andAmerican Expressand reported energy saving

for the WLAN cards on PDAs between 9% and 61%.
C. An HTTP-level Power Aware Web Proxy (PAWP)

Normally a user device puts its WLAN card in the sleep
state (i.e.dozemode), if there is no communication activity
for a predetermined interval df;;,.cous, Which is about 100 | i /
milliseconds. If data frames arrive at a user device from ! K
| e

Decision
Module

an access point with arbitrary time gaps between them, aw.an - [ l: Web
. ; ; i . Client | | - Server | © Servers
user device cannot take full advantage of energy saving in acClients : Module soloeal = Module

WLAN card in its doze mode. Rosu, Olsen, Narayanaswami
and Luo [66] propose the concept of a power aware web
proxy to enable a user device to put its WLAN card in doze Fig. 20. Architecture of a Power Aware Web Proxy.
mode for longer durations. A PAWP is located on the access
network as illustrated in Fig. 20, and it works as follows:

A PAWP splits up a WLAN client-server TCP connection,p A power Aware Streaming Proxy (PASP)
buffers web pages requested by the device, and aggressively )
prefetches all the embedded objects in the pages. ConseRR0SU, Olsen, Luo, and Narayanaswami [67] have extended
quently, data traffic between an AP and a user device is burdf}e PAXP (Power Aware x-Proxy) architecture to handle
in nature and the idle periods of communication between tHaTSP (Real Time Streaming Protocol)/RTP (Real Time Pro-
two become longer, rather than fragmented, and the |O,{@col) r_nultlmedla streams tunneled over HTTP. The extended
idle periods result in longer sleep times and more enerdlfoXY is called Power Aware Streaming Proxy (PASP). The
saving for the WLAN card. The proxy works at the HTTPtUnneling process has been illustrated in Figure 21, where a

level, rather than the TCP level, allowing to exploit trafficclient opens two TCP connections with a multimedia server
information that is available only in the application layer Dy means of thePOSTand GET HTTP commands. The

Figure 20 shows the architectural details of a PAWMeY difference between the PAWP and the PASP proxies is

with four modules: client-side module, decision module€*Plained as follows:

global state module, and server-side module. The cliel®-si « The PAWP architecture shapes traffic between an AP
module accepts HTTP requests from user devices, and it and a client device to be bursty, thereby making the
builds a response if the requested objects have already been lengths ofidle times of communication to be longer
prefetched. If the requested objects have not been prefibtch whereas the PASP proxyansformsthe server-to-client
the request is added to the data structure of the global state multimedia stream to adapt it to client capabilities:
module. The server-side module handles interactions with the current WLAN link bandwidth, screen resolution,
remote servers: manages TCP connections, constructs HTTP computing resources, and battery energy left.
requests, adds HTTP responses to the global state modules To hide the effects of stream transformation from the
parses the responses to generate prefetch requests for the media server, PASP intercepts and alters the client-to-
embedded objects and adds them to the global state. Every server stream tunneled on the POST connection.



Figure 22 shows the architecture of the PASP proxy witls annoying and it can drive clients away from streaming
four modules: the client-side module, the server-side redu services. Partial caching approaches have been developed
the stream transformation module, and the monitoring argince full-object caching is not feasible for streamingeabs
control module. The first two modules are similar to thg76]. A caching strategy becomes more useful if it can serve
corresponding modules of the PAWP proxy. In additionmany users for a long period of time. In other words, if a
the client-side module collects information about the linicached object remains unaccessed for a long time, it simply
bandwidth between the AP and the user device. The trartskes up storage space with no use. The idea of partial
formation module handles streams between client and serveaching is commonly adopted in caching streaming objects
in both ways. The monitoring and control module select® tackle the storage problem due to full caching [77]. The
the stream transformations using available informati&f&P typical partial caching techniques are categorized into tw
performs the following transformations on the media streangroups, also called dimensions, as follows [68]:

« It forwards only the video layer that is most appropriate « Viewing Time DomainThe techniques falling in this

for the client rendering capabilities. category advocate the caching of the first few objects of
« It selectively drops the B- and P-video object planes a stream to reduce the client perceived startup latency.
while forwarding as many I-planes as it can. The subsequent objects are fetched while playing the

o For streams with multiple video object planes (e.g. initial objects. Prefix caching uniform segmenatation
synthetic video), it may apply different transformations and exponential segmentatioare typical techniques
to different objects. For example, objects that are too  with a focus to reduce startup latency.
small to be displayed on a mobile device screen may « Quality Domain:In this category, streams are organized
be deleted from the stream. in the form of multiple layers and multiple versions.

« Individual video packets can be dropped from a stream. Layered caching requires media objects to be layer
No further details about the performance of the PASP proxy encoded to enable the caching of the base layer, while
have been reported by the authors. enhancement layers are downloaded if there is network

bandwidth. Multiple version caching statically caches

_ different versions of a media object with different en-
GET Connection . . .
, coding rates, each one corresponding to a specific type
Media and control messages Media . .
Client Server of client network. After a proxy knows about the client
Control messages type, the corresponding version is streamed.
POST Connection Thus, a good caching strategy needs to be adaptive to

dynamically changing popularity of objects. Chen et al.][68
have proposed two techniques to make a streaming proxy
adaptive: (i)adaptive and lazy segmentatjcand (ii) active
—————————————— prefetching The first technique identifies and caches the
Monitoring and Control Module I . . .
! most popular segments of each media object in the proxy,
] thereby maximizing cache utilization. The second techaiqu
_ % proactively prefetches the uncached segments which slient

Fig. 21. HTTP Connections Used for Tunneling.

Monitoring Database

are very likely to access. The caching techniques have not
considered the energy saving aspect of user devices.

-~ —+— /K F. Streaming Audio Proxy

WLAN | : | Client | 7 Server | : Media . .

Clients' - | Module A Modulel  Servers Anastasi et al. [70] have proposed a proxy architecture and
-~ —+— : an energy-efficient streaming protocol to minimize the gper

consumption of the Wi-Fi interface on a device. The proxy
service runs on access points (AP), as illustrated in Fig8re
The data path between the streaming server located on a fixed
host on the wired network and the mobile device is split at the
proxy on the AP. Real-time data is encapsulateRéal Time
Fig. 22. PASP Architecture. Protocol (RTP) packets [71] while control information are
exchanged with thdReal Time Streaming ProtocdRTSP)
[72]. The TCP-Friendly Rate Control (TFRC) protocol [73]
E. Proxy Caching for Streaming Media Delivery is used to control network congestion, because the underlyi
A proxy is located near end-users between servers atm@nsport protocol UDP (User Datagram Protocol) does not
users as illustrated in Fig. 19. If a data object is popular arperform congestion control. RTP and RTCRefél Time
it is expected to be downloaded by many users, it is usef@lontrol Protoco) [74] packets carry TFRC information.
to cache the data object on the proxy. Users receiving text- The Real Time Power Savin¢RT_PS protocol running
based objects can tolerate network delay and jitter, ket jit on top of UDP and between the device and the AP is key to

Module
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Fig. 24. The ON/OFF Model of the Streaming Proxy Architecture
Fig. 23. Streaming Proxy Architecture.

A. Remote Power Control from Servers

energy saving. The proxy component of R& PSprotocol  acquaviva, Simunic, Deolalikar and Roy [69], [78] have
employs an ON/OFF model, as illustrated in Figure 24, anﬂroposed aroxylessapproach to enabling a client to move
the protocol works as follows: its WNIC to sleep state. In this approach, they exploit the
« Calculate the initial playback delay. server knowledge of the client workload, traffic conditions

« Keep track of the WLAN bandwidth and the level ofand feedback information from the client to perform traffic
the user buffer. shaping over the wireless interface so that the client @evic

« Keep transmitting in the ON state as long as the WLANan put its WNIC to sleep to save energy. The architecture
bandwidth is high. If the WLAN bandwidth becomesof the server-assisted strategy has been illustrated iaréig
low, send a command to the client to switch off its25. The architecture involves a power manager (PM), called
wireless network interface card (WNIC) and move tcClient PM, running on the client device and another power
OFF state. By monitoring the buffer level and knowingmanager, calleerver PM running on the server. The two
the play rate the proxy knows how long the WNIC carmmanagers exchange power control information through a

sleep. dedicated TCP connection, whereas the client application a
« When the playback buffer falls below a threshold, makenhe server application use a separate protocol/connetion
a transition to the ON state. communicate. TheClient PM interfaces with the network
The client component of thRSPS protocol works as fol- driver of the client device, the local client applicatiomda
lows: the remoteServer PM On the other side, th&erver PM

« Request the proxy for an audio file. Let the proxy knov\}nterfaces with theClient PM and the server appligation.
the buffer size. Start playback after an initial delay. ~The Server PMsends power control commands to tDkent

« Let the proxy estimate the WLAN bandwidth currentlyPM to: (i) switch off the WLAN; (ii) set the off time; (iii)
available. enable the 802.11b power policy; (iv) set the 802.11b power
« Put the WNIC to sleep mode when asked to do so bjpanagement parameters, namely, the period between wake

the proxy, and bring it back to ON when the sleep timéps and the timeout before going back to doze mode. The
elapses. Server PMperforms the following tasks:

The authors implemented a prototype of the proxy and ® Client Adaptation:The Client PM informs the Server
performed experiments to show that the technique allows PM about the application: input buffer size, the expected
energy saving from 76-91% of the total consumption due value and variance of the service rate (that is, rate at
to the network interface while maintaining a good user- ~ Which the user device empties data from the buffer),
level quality of service. The fraction of frames discarded =~ WLAN card on/off transition time, and WLAN card
by the proxy — those frames were estimated to arrive late  Status.

for playback — or lost during transmission was below 5% of ¢ Traffic Adaptation:The Server PMmonitors both the
the total frames, and this fraction is considered acceptabl wired and wireless traffic conditions. The server decides
because up to 20% loss in audio streaming is acceptable if Wwhen to enable the WNIC power saving mode. For

loss concealment techniques are used. example, in ||ght traffic Conditions, the WNIC power
saving might be used instead of a switch-off policy.
VIII. SOURCELEVEL POWER CONTROL « Traffic ShapingThe Server PMschedules transmissions

All of the power saving strategies discussed in Section to the client in bursts in order to take advantage of
VII share a common attribute, namely, proxy-assisted power the sleep state of WNIC. The burst size and delay are
saving. In other words, a proxy running between a client precomputed at the server. The delay should be large
device and a media server assists the client device in moving enough to almost empty the client input buffer, whereas
its WNIC to sleep state. On the other hand, in this section, we the burst size should avoid overflow while keeping the
summarize the energy saving strategies applied at the media buffer sufficiently filled. The idea is to maximize the off
sources on application servers. time of the WNIC and reduce the number of transitions



between on and off states.
The Client PM cooperates with th&erver PMas follows:

« Server InterfaceThe Client PM obtains thebuffer size
depletion rate and backlog level from the application
and forwards them to th8erver PM The device drivers
report the transition time between off and on states.

« Device InterfaceThe Client PMresponds to commands
from the Server PMby calling the appropriate device

driver functions to change the parameters of the 802.11b

power manager, switch the WLAN on/off, and read the
interface statistics such as signal-to-noise ratio.

Media Server

User Device
o Data .
i Protocol |

Client
Application

Server
Application

Fig. 25. Server Controlled Power Management.

The authors performed experiments by having the server

transmit MPEG4 video data to a portable client. The RTSP e«

protocol was used for session initiation and termination

between the client and server. Media data units were carried
using the RTP protocol over UDP (User Datagram Protocol).
Two kinds of benchmarks were used to evaluate the energy

saving strategy: (i) Benchmark 1 consisted of 12 bursts ande

ran at 15 frames/sec; (ii) Benchmark 2 had 402 bursts and

ran at 30 frames/sec. Some frames were transmitted as single

packets, whereas others required to be transmitted inlaulti
packets.

The delay between bursts, denotediby,,.s;, is computed
as follows:

M
Dyurst = frame,time.(z %), (13)
i=1

where frame_time is the play time interval between succes-
sive framesp; is the number of frames consisting opack-
ets, andM is the maximum number of packets per frame.

The first benchmark yielded a delay of 4 seconds between
successive bursts. The strategy was tested on SmartBadge

IV wearable device running a streaming video application.

The strategy saved 67% of energy as compared to leaving
the client WNIC always on, and 50% as compared to the

802.11b’s built-in power saving policy.

B. Application-level Scheduling by Media Servers

Acquaviva, Lattanzi and Bogliolo [80] present two
scheduling policies to exploit the information availabtehe

application level to save energy. The two policies have been
developed in the context of the system model illustrated in
Figure 26. The elements of the system model and their key

parameters are explained as follows:

Producer: This represents the source of multimedia
data and generates data packets. For each packet, three
attributes are generated — randomly or from a trace:
packet size in bytes, the frame it belongs to, and the
total number of packets representing the same frame.
Packets belonging to the same frame are produced in a
burst.

Access PointAn AP consists of two elements, namely,
packet buffer and scheduler. The buffer is a FIFO queue
with a tunable size. If the buffer is not full, the output
packets of the producer are put into the buffer. Oth-
erwise, the packets are dropped. The scheduler moves
packets from its input queue to the buffer of the client
device. If the client device is in power saving mode,
then the scheduler remains idle, causing its incoming
packets to be queued up in its buffer.

Wireless ChannelThe wireless channel between the AP
and the user device is represented by channel latency,
loss probability, and bandwidth.

Wireless Network Interface Cardihe WNIC card is
assumed to have two operating modasvays on(ON)

or power-save protoco(PSP). The details of the two
modes have been represented as finite-state machines
(FSM) in reference [80].

Power Manager (PM):This models the actual imple-
mentation of the power management protocol of the
IEEE 802.11b standard. The PM module generates
events, namely, ShutDown and WakeUp, to notify the
beginning and end of sleep periods.

User Device:The user device has two key elements,
namely, buffer and consumer. The buffer models the
protocol stack buffer or the application buffer. The con-
sumer represents a streaming application, and it decides
how many packets to read within a frame period based
on the information associated with incoming packets.
Late frames and incomplete frames, caused by network
delay or packet loss, are discarded by the consumer.

The two application-level dynamic power management
(DPM) policies are as follows:

Closed-Loop DPM:This policy has been illustrated in
Figure 27. The client buffer is monitored with respect to
two thresholds, namelyhigh-water mark(HWM) and
low-water mark(LWM). The server continues refilling
the client buffer. When the HWM threshold is reached,
the client tells the server to stop sending and prepares
to shut down the WNIC. It continues to receive pack-
ets until a timeout for the last packet occurs. When
such a timeout occurs, it shuts down the WNIC to
a radio-off state. The HWM value is made less than
the buffer capacity to avoid buffer overflow caused by
packet queuing at the AP. The video decoder on the
client device consumes packets from the buffer until
the level reaches the LWM, when the client wakes up
the WNIC and informs the source to resume packet
transmission. The effectiveness of the approach depends
upon the distance between HWM and LWM and on



Buffer Capacity

the transmission rate of the source. The source uses

the LWM and HWM notifications to handle the packet

Consumer

needs of all the clients. LWM and HWM are estimated Packet
Transmission
as follows: HWM LWM
HWM: High-water-mark
LWM = (Too + Tc)-/\s (14) LWM: Low-water-mark

HWM = BS(Tn+Te).(Aa = As),  (15) Fig. 27. Closed-loop Scheduling.

whereT,, is the off/on wakeup time of the WNICI,

is the cushion time used to avoid that the buffer emptie?] b imilariti ith thelosed
completely because of network uncertaintias,is the that bears some similarities with th€losed-Loop DPM

average packet consumption rate at the client and it fg:ﬂlamed n Section IV “",B' Trr:elr slt(ratggy cafn be apl:))plf[fed
given by A\, = frame_rate x average framesize, BS :‘I'\{I Ide rlf”r:nlc?g ar& appllcztlodn ft at takes Inpu;\ rom a Iu e'};
is the client buffer size7;,, is the time needed for the lled with data downloaded from a server. An example o

client to send a HWM message to the source, apd such a scenario is playing a video stream. The application
is the arrival rate of packets. entity can _ask the unde.rlying QS to switch. off the .WNI.C
. Open-Loop DPM:In this approach, a client does notfor & certain length of time while a streaming multimedia
send the HWM and LWM notifications to the serveraPplication is in progress. The WNIC is switched off until
Rather, the server predicts when the client buffer will pdhe playback buffer at the client is above a certain threbhol

empty by exploiting its knowledge of the workload. TheFO(rj this tzChni?L:F to.be effective, several issues need to be
server schedules the transmission to each client in bur?{g ressed asio OWS'I . o
to create WNIC idle periods long enough to exploit the « Network connectivityBy switching off a WNIC card
radio-off state of the WNIC. The client switches off the ~ the device loses network connectivity at the physical
WNIC once the source has sent a burst that will keep the  (PHY) layer level. Upon expiry of the switch off
client busy until the next burst. THeurst sizeandidle periuod, the device's PHY/MAC layer must perform
time between bursts are decided by the source in order channel Scanning, authentication, and association with
to exploit the application buffer. The server transmits ~ the AP once again. . .
a burst of data preceded by a special control packets SynchronizationThe PHY layer of a device loses time
containing information about the burst size and the idle ~ Synchronization information when the WNIC card is
time D.ien:. The upper bound on burst size is given by ~ powered off. When the card is powered on and an
the application buffer, whereas the idle time is bounded ~ @ssociation is made with the AP, the PHY layer must
by the time taken to play a full buffer. It is important to reinitialize the synchronization information obtained
note that the burst size is a trade-off parameter between from a beacon frame. . _
energy saving and quality of application service. The « Power-up overheadMuch energy is consumed in the
key parameters are estimated by the source as follows: form of a spike when a WNIC card is powered on. The
) power-on phase introduces some latency as well.
Burst size= BS — N, (16) Switching on a WNIC card costs certain amount of energy
Deiient = Teons — Too, (17)  so the number of switch on/off must be minimized, which

where N, is a constant needed to avoid buffer overflovJS achigved by having a buffer of at least a certain size,
andT.,,. is the time needed to consume the burst. determined by the play rate and download speed. The paper

Experiments conducted with three independent clien r?fsent_s S|mu(Ijat|0r_1t_reSl:_Its forfene(rjgy sa\_/tmg a;]aLur;fcﬂon
accessing the same MPEG4 server show that up yitier size and waiting time of media units in the butter.

75% energy saving in the WNIC card can be achievef)  source-level Resolution Control of Video Frames

without any frame miss. L . .
y Video applications in the forms of sports, news clips,

Access Point User Device movies, and personal videos, are becoming increasingly
Bufer retess popular on PCs, laptops, and handheld devices. Transgortin
+ \H 71/ wniC a and playing streaming video are resource intensive tasks in
m' Bufer terms of processing power, storage, and communication —
WakeUp and, consequently, energy. The experience of a digitalovide
PM: Power Manager stream is characterized by three attributes [99]:
Fig. 26. Source-level Scheduling of Streaming Data in WLANS. « Temporal resolutionThe number oframes per second

(FPS) is a measure of temporal resolution. A larger FPS
o value makes the scenes appear smoother. A standard
C. Application-level Power Control of WNIC Card value of FPS is 30.
Bertozzi, Benini and Ricco [84] have studied an . Spatial resolution:The total number of pixels, obtained
application-level, client-driven power control of WNIC dast by multiplying the row and column sizes (e.g. 352



288), on a screen is a measure of spatial resolution. thereby giving an opportunity to put the card in a low-

« Quantization parameterThis denotes the quantization power state. Therefore, it is useful for the OS to monitor

scale of the video under consideration, and it is repre- TCP activities to switch the states of the WNIC card
sented by a certain number of bits (say, 32) to describe [96].
each pixel.

A dynamic technique for computing the optimal fram
rate to deal with coding distortion has been presented byAdrawal and Singh [90] have examined TCP's energy
Takishima et al. [102]. Dynamic techniques have been pr@,pnsumption behavior over wireless links and suggested
posed to compute frame rates to deal with fluctuations #Provements to save enegy. They performed experiments in
available network bandwidth [103], [104], [105]. On thewhich two laptops opened a TCP connection over a WLAN
other hand, for a given frame rate and spatial resolutiofterface between the two, and one laptop continuouslysiran
a video encoder is able to control the picture quality b)mitted data over the TCP connection to the other. Both the
adjusting the quantization parameter to meet a specified bi@Ptops solely ran on battery, and théfetimesandvolume
rate [101], [100]. None of the above work considers th®f data successfully transmitted were recorded. The gknera
energy cost of handheld devices. improvements are as follows: (i) larger MTUs (Maximum

Lee, Lee and Shin [99] propose to control spatial resolransfer Units) lead to a larger volume of data transmitted,
lution at the video source when the available bandwidth Ut cause the lifetime of the sender to be reduced, while
low. Once a video encoder (i.e. the video source) or a prodycreasing the lifetime of the receiver due to energy saving
detects that the communication bandwidth is lower than @) smaller MTU sizes lead to longer lifetime with SACK
certain level, it starts encoding with reduced horizonted a (Selective ACK) on, because SACK option only increases
vertical dimensions of the target device display. If a vide&fficiency when there are multiple losses in a single window,
decoder finds that the incoming video stream is spatialfyhereas for larger MTU size it is better to have the SACK
reduced, the display component resizes the decoded pict@,@tion turned off because a window contains fewer number
to meet the target dimensions. The authors have shown ti#dt Packets of larger size and the probability of multiple
use of reduced spatial resolution when the bandwidth is lol@sses is low; (iii) performheader prediction[91] before
allows handheld devices to provide the same, or even bettéfecksum testing to execute less code; and (iv) delayed
video quality with much lower energy consumption. TheiACK leads to fewer ACKs being transmitted, thereby saving
approach did not have an advantage for spatial resoluti@iergy at both the ends. Their experiments showed that the
above 176:144 because the energy required to resize a r@bove improvements together can achieve energy efficiency
duced frame is very high compared to the requirement of tH about 25%.
decoding process. Resizing requires a lot of multiplicatio [N & wireless network it is difficult to distinguish packet
and addition operations, and the majority of those openatio loss due to network congestion from packet loss due to
are ﬂoa‘[ing-point calculations Consuming much CPU t|meb|t error in the wireless medium. As a reSUIt, the classical

In Section IV-A, we explained how a server can assist &oncept of network congestion on fixed networks must be
handheld device to dim its backlight [157]. The techniquéeVisited for better TCP performance in wireless networks.
involves the source analyzing video streams and calcglatif here are six major variants of TCP for wirelss networks:

the required backlight luminance levels while marginallyfahoe, Reno, New-Reno, SACK, Vegassd WestwoodNR
sacrificing video quality. (see [87] for their salient fatures). Seddik-Ghaleb, Ghamr

IX. TCP BASED ENERGY SAVING Doudan_e and Senouc_i [87] have stud_ied the effect of those
' TCP variants’ congestion control algorithms on the folliogyi
The Transmission Control Protocol (TCP) is widely usegnhree performance metrics for different loss types that may
in web-based applications to reliably transport data betwe gceur inad hocnetwork environments:
clients and servers. Flow control, congestion control, and .
error control by means of retransmissions are important
functions performed by TCP. TCP’s decisions to perform
(re)transmissions cause packet transmissions at the MAC,
level, thereby influencing the energy cost of communication
of a handheld device. As illustrated in Figure 28, we cate-
gorize the studies of TCP-related energy efficiency into two
groups as follows:
o Computational energy cost of TCPrhis represents
the energy cost incurred due to executing the protoco

eA' Computational Energy Cost

Energy consumed in transmission, reception, forward-
ing, and retransmission. The energy cost is normalized
to per-bit cost.

Averageconnection timeof TCP sessions between ar-
bitrary pairs of nodes in an ad hoc network; and

« Averagegoodput

The loss types were

o BER(bit-error rate) values of 5%, 10%, and 15%; and
| » lost link scenarios, where a node is programmed to
details, such as congestion control, ACK generation, disappear for a while at a certain moment during the

checksum computation, and round-trip time (RTT) mea- ~ Simulation to simulatéursterrors.
surement [90], [87], [86]. Their findings are summarized as follows:

« Controlling the WNIC for energy savingithe WNIC « Congestion control algorithms allow for greater energy
card will remain idle if TCP stays inactive for a while, savings by backing off during error bursts.



o TCP New-Reno performs the best among the six varlaptop and iPAQ, and developed approaches to reduce the
ants. energy cost of running TCP on handheld devices. They

In a recent paper [86], the same authors have report&d experiments on three different platforms: T_oshibadppt
the results of a measurement study of the computation4fth @ 650 MHz P3 Celeron processor running FreeBSD
energy cost of TCP New-Reno, Vegas, SACK, and Westwodt2 and FreeBSD 5.0, and a Compaq iPAQ H360 PocketPC
in more general packet loss models, namelgngestion with a StrongARM processor running Linux 2.4.7. The
link loss signal loss and interferencewith different ad Network card was a 2.4GHz Lucent 802.11b WaveLAN
hoc network routing protocols. They run TCP between twoolver” 11Mbps card. Power management was turned off
laptops connected over a wireless link. Toemputational Poth in the computers and the network card. The total power
energy cost of senderTCP is obtained by subtracting the COnsumed by TCP was determined by subtracting the idle
measured communication energy cost of the WNIC card frolf0Wer consumption with power management turned off from
the total energy cost of the CPU unit. They used a minimdh€ total power consumed during a TCP run. Their study
Linux distribution and processes that were not relevant @howed that: (i) thesopy operation between the OS kernel
TCP operations were disabled. Their idea was to ensure t@td the WNIC accounted for 60-70% of the energy cost
the remaining energy consumption is mostly due to executif§" transmission/ reception; (i) the copy operation betwe
congestion control algorithms and timer adjustments. NS45€r space and kernel space accounted for about 15%;
[89] trace files were fed to the SEDLANE [88] system todnd (i) TCP processing accounted for the remaining 15%.
emulate the loss and delay effects within their test-bed im-n€y further broke down the 15% TCP processing cost to
plementation. They observed that the computational ener’%?ow that checksum computation accounts for 20-30% of
cost of the Fast Retransmit/Fast Recovery phase is low corhcP Processing cost. They have suggested the following
pared to both of the Slow Start and Congestion Avoidand€chniques to reduce the computational energy cost of TCP:

phases. TCP Vegas has almost no data loss compared to the Eliminating the user-to-kernel copy cosThe user-

other variants, because Vegas tries to avoid congestion by
calculating and modifying its transmission parameterswit

each received ACK. This reliability is achieved at a higher e
computational energy cost than the other variants. On the

to-kernel copy was eliminated by copying user data
directly from the user buffer to the WNIC.

Reducing the kernel-to-WNIC copy costhis was
achieved by: (i) maintaining TCP’s send buffer on the

WNIC; and (ii) maximizing the data transfer size from
the kernel to the WNIC card. The first mechanism
saves significant energy on all retransmissions since the
segments will not need to be copied from the kernel
space to WNIC. The second mechanism saves energy

other hand, TCP Westwood consumes less energy because
it modifies its transmission parameters only after detgctin
data packet loss. TCP Westwood and New-Reno have almost
the same energy cost even if the loss ratio is higher for New-
Reno. Finally, though TCP SACK is capable of resending lost
segments faster than New Reno, the cost of SACK processing because of reduced number of interrupts and context
and storage is high. switches as a result of copying data in larger chunks.
We are not summarizing their [86] observations about thghe above two techniques allowed the reduction of TCP
impacts of traffic interference and link losses on energy coprocessing cost by 20-30%.
in a mobile ad hoc network (MANET) while running routing  Singh and Singh [94] have compared the energy costs of
protocols (e.g. AODV, DSDV, DSR, and OLSR). Bansakhree implementations of TCP: Reno, Newreno, and SACK
et al. [92], [93] have studied how the transmission energiSelective Acknowledgement). They performed experiments
efficiency decreases with an increase in the average numbgy a wirless testbed and measured the energy costs at the
of hops for TCP sessions in a MANET. However, in thissender. The energy cost metric was calculated as the total
paper we stay away from further details of MANET relatecenergy cost of running TCP minus the idle energy cost.
energy efficiency. Experiments were performed under many network condi-
tions: variable round-trip times, random loss, bursty |essl
packet reordering. Using total energy cost as the compariso
metric, their conclusions are as follows: (i) in most cases,
SACK outperforms Newreno which in turn outperforms
Reno; and (ii) if a mobile device has a very low idle
power consumption, then SACK fares worse than the other
two implementations. However, given that devices consume
significant power even in their idle states, the SACK is the
best choice.

TCP related
energy cost

Controlling the states o
the WNIC by

utilizing TCP state
information

Computational
energy cost of TCP

WNIC: Wireless Network Interface Card
B. TCP-based State Control of WNIC Card
Bertozzi et al. [96] have observed that if an application

Wang and Singh [95] have given a detailed break dowreads data slowly from its local TCP buffer, then data flow
of the computational energy cost of running the TCP oat the TCP level remains idle for long periods of time. For

Fig. 28. Two Ways of TCP Based Energy Saving.



example, if a handheld device downloads a file and savesat mobile host and a fixed server is split up into two
into the local FLASH memory, then the application is forcedransport connections: (i) a power-saving transport falto
to read data slowly from the TCP buffer because of the loPS-TP) connection between the mobile host and the AP,
speed FLASH. With one TCP connection on a device, aand (i) a standard TCP connection between the AP and
idle TCP implies that the lower protocol layers, includingthe server. The interaction between the two TCP connections
MAC, remain idle. Specifically, there are two relevant caseis asynchronous. A daemon on the AP acts as a proxy by
in which TCP experiences coarse-grained idleniedisbuffer  transferring data between the two connections. The authors
and emptybuffer. The authors have proposed a technique toave reported up to 98% energy saving with the PSNA
turn on/off the WNIC card of a handheld device based on thepproach compared to the end-to-end, legacy TCP approach.
occupancy (or, utilization) of TCP buffer. The energy savin The daemon uses a buffer to absorb temporary differences
techniques are summarized as follows: in the speed of the two connections; a speed difference may
« Full buffer: When the receive buffer is full, the receiverarise during the congestion recovery period for the connec-
TCP advertises aerowindow size in an ACK segment, tion between the AP and the fixed server. Since the PS-TP
thereby preventing the sender from transmitting morgonnection operates over one hop, it has been simplified as
segments. If the application reads data slowly from théllows: (i) congestion control mechanisms are not neagssa
TCP buffer, a small window size is not immediately(ii) efficiency of the error detection and recovery mechansis
advertised to avoid thesilly window syndromeThe are enhanced; (iii) it has been made connectionless. Thus,
normal procedure followed by the receiver to handle théhe PS-TP is a light weight transport protocol consuming
silly window syndrome is to test if it can accommodatdess power to execute. For optimal power saving the PSNA
one full-sized segment or half of the buffer is emptystrategy supports two high-level data transfer operations
whichever is less. To save energy, the OS puts the WNIBead Accesand Send AccessThe Read Accesand the
card to the sleep state if the buffer is full. The applicaSend Accessownload and upload data from and to the fixed
tion continues to empty the buffer. When the receivegerver, respectively, in an energy-efficient manner asvi|

TCP advertizes a non-zero window size, as determined, Read AccessA Read Access is performed in two steps.
by the rules guiding the silly window syndrome, the OS | e first step the mobile host delivers the read request
wakes up the WNIC card, as illustrated in Figure 29. to the end system by utilizing the services of the daemon
« Empty buffer:A TCP buffer can remain empty for a on the AP. In the second step the mobile host retrieves
long time if there is no application-level data transfer  he requested data from the AP by using the PS-TP
activity. In other words, an empty buffer is an indication protocol, without any interference from the congestion
of network inactivity, and the WNIC card can be putto jpside the Internet. The WNIC card of the mobile host
the sleep state. When the OS recognizes data transfer js switched off between the above two steps for optimal
activity or an application’s read operation, it wakes Up  energy saving. The time interval between the two steps
the WNIC card. is estimated by the AP based on the throughput of the
The authors have performed experiments on a testbed con- TCP connection between the AP and the fixed host.
sisting of a Compaq iPAQ PDA running the Linux OS and , Send AccessThe mobile host requests the AP to open
a CISCO Aironet wireless adapter to validate the above g TCP connection between the AP and the fixed host.
proposed techniques. They reported energy savings ranging Next, the mobile host sends a burst of data to the AP
from 28% to 69% compared to the use of the state-of-the-art and gets an estimate of the residual time taken by the
MAC layer power reduction technigues, with little impacton AP to send the data to the fixed host. If the residual
performance. time is more than zero, the mobile host puts its WNIC
card to a low power state. After the expiry of the low-
power state, the mobile host wakes up the WNIC card
and starts sending another burst of data to the AP, and
the process repeats.

Window closing Data transfer activity

and opening and read operations
In references [97] and [98], some early work on TCP-
Decision based energy saving can be found. Conti et al. [97] intro-
duced the idea of using the indirect TCP concept to save
Switch ON/OFF WNIC energy by substituting a wireless link with a low-speed. (i.e
28-Kbps) serial line. However, the PSNA scheme is more
developed than the one in reference [97]. A transport-level
power management scheme for mobile devices has been
C. Power-Saving Transport Protocol proposed by Kravets and Krishnan [98]. Their idea is to shut
Anastasi, Conti and Lapenna [82] have presented a powelown the WNIC card after an inactivity timer has expired
saving network architecture (PSNA), as illustrated in Figand resuming it after a sleeping period. Inactivity timeout
30, based on the concept of indirect TCP. The end-t@nd sleeping times are application dependent but fixed. On
end transport-level connection between an application dhe other hand, the inactivity timeouts and sleep times are

Fig. 29. TCP Optimization for Energy Saving [96].



dynamically adjusted to the traffic conditions in the PSNATherefore, the key idea in lazy scheduling is to adapt the
scheme. transmission rate to the actual user requirements, whieh ar
periodically approximated as the number of packets in the
—— —— transmit queue. Lazy scheduling looks ahead, during a fixed
Application Application . . .
[ PS-TP Daemon j Process time window (I’,,), at the packet arrival from the upper layer
i i i of protocol. LetA,, be the actual queue backlog at the end
of time window T;,. At the end ofT,,, the transmit rate is

Mobile Host Access Point Fixed Host

Socket Interface Socket Interface Socket Interface .
given as follows:
PS-TP PS-TP TCP TCP A
D, w
IP P P P R= T (18)
WLAN Driver WLAN Driver | Ethernet Drive Ethernet Drive w

- To be able to control the average delay faced by packets,
" @ Bougard et al. [192] have proposed that the average rate
of transmission be proportional to the queue backlog. In

Fig. 30. Power-Saving Network Architecture [82]. other words,R; = KA;, whereA; and R; denote the queue
backlog and average transmission rate at time instafor

Akella, Balan and Bansal [83] have proposed the ided linear queue, that is a queue that never becomes empty or

of multi-modal protocols to conserve power by running infUll: the average packet delay=1/K.
different modes of operations: power limited, bandwidth Padnye et al. [195] have shown that the steady-state bulk
limited, and memory and/or computationally constrained! CP transfer rate' is given by:
Specifically, they have considered various ways in which 1 3
TCP can be redesigned to enable tkeeiverto conserve 5= RTT\/;’

power, without requiring sender-side modifications. The'\r/vhereRTT is the round trip time ang is the loss prob-

t”Ck.'S to use TCP to make the sender transmit in %bility of a sent TCP packet. If MAC retransmissions are
predictable manner. allowed, losses at the wireless link can be neglectedpaad
« Delayed ACK:DeIa)_/ed ACKs result in natural bunching gominated by the delays at the queue. AIBG;T is mainly
of packets, and this causes the sender to send packgtermined by the queueing delays at the bottleneck link,
in bursts. For the receiver to get into the sleep staighich is most likely the wireless link. In other words, when
and conserve power, one way is to force the send@fe proportional lazy scheduling policy is used, bptland
to transmit packets in bursts by using a delayed ACKz77 are determined by the control paramekérin the case
mechanism. Here, computation of an appropriate delay the normal lazy scheduling approach, delay is determined
value is important, because larger bursts may caugg 7, From Eq. 19, an average rate constraint can be derived
queue overflows at intermediate routers. and propagated to the radio link control layer, which can use
« Slow Start and Short Transfers: In the slow-start phasgye information to decide the transmit rate and power level
packets arrive in bursts separated by time intervals by 5 given channel attenuation for individual packets.iThe
the order of the round trip time (RTT), and the receivegjmyation studies show an energy-scalability range up%o 2

could sleep between bursts. They note that more thgiyresponding to a range of 2 in TCP throughput.
70% of Internet traffic is HTTP web transfer based, and

typical size of such a transfer is 8KB, which is about 7-8 X. UPPERLEVEL POWERMANAGEMENT
TCP segments. In TCP based web browsing applicationsIn this section, we discuss a few application-level en-
on handheld devices, most of the packets would falbrgy saving schemes, namely, data compression, download
in the slow-start phase throughout the duration of thecheduling, and task offloading.
transfer, and the received can sleep between bursts. 1) Data Compression and Download Schedulingata
compression is an attractive way for saving energy in a
wireless handheld device, because the device remains ac-
Bougard et al. [192] have studied the idedaxfy schedul- tive for a smaller duration to receive/transmit data over it
ing, originally introduced in [193] for a 1-hop wireless link, wireless interface. For a download-centric applicatioatad
at the TCP level for energy efficieny. The idea of lazycan becompressedy a proxy or the AP before download
scheduling is explained by using Shannon’s equation f@nddecompresseby the user device before using it. While a
the maximum data rate (R) that can be reliably transmitteaser device saves energy to receive a smaller amount of data,
over a Gaussian channel characterized by a given bandwidtlspends some energy to perform decompression. Thus, for a
(W) and signa-to-noise ratio (S/INR = Wlog,(1 + S/N). netsaving in energy, the energy saving in the communication
The capacity of the wireless channel increases monotdynicamodule must be more than the energy spent in decompres-
with the S/N ratio [194]. Therefore, reducing the requiredion. Xu, Li, Wang and Ni [145] have performed experiments
channel capacity allows decreasing the S/N ratio and ther@ith three universal lossless compression schemes to make
fore the transmit power. To what level the channel capacityade-off between the communication energy and the decom-
can be reduced is determined by actual user requiremengsession overhead. The three compression schemes are the

(19)

D. Lazy Scheduling Power Management



gzip based on the Lempel-Zib coding algorithm [146], the 2) Computation OffloadingThe key idea in computation
bzip2 based on the Burrows-Wheeler Transform [147], andffloading is to migrate some computation-intensive tasks
thecompresdased on the Lempel-Zib-Welch software [148]from the user device to a server on the network in order to
Compression factors defines as the ratio of the input sizesave energy on the handheld device, as illustrated in Figure
to the output size, and the tercompression ratiaefers to  31. Figure 31(a) illustrates the fact that an entire appboa
the reciprocal of the compression factor. executes on a handheld device, while Fig. 31(b) shows the
The experiments have been performed dbompaq iPAQ application to have been partitioned and distributed betwe
3650with a 206 MHz Intel StrongARM SA1110 processorthe handheld device and a server on the fixed network. The
and 32 MB RAM, and the proxy server is a Dell Dimen-offloaded portion causes the device to spend less computatio
sion 4100 with a 1 GHz P-lll processor. The experimenténergy, whereas the communication energy of the device
involved a large number of files typical for use on handheléihcreases. If the offloaded task consumes more energy to
devices, such as web pages, documents, machine code, gxelcute on the handheld than the additional communication
media files. The two machines communicate through TCeost, then the strategy will lead to net energy saving [150],
socket calls and Lucent Orinoco IEEE 802.11b interface. TH882], [151], [152], [153]. Rudenko et al. [150] performed
computing portion of the iPAQ is modeled as a two-state m@xperiments on Dell Latitude XP portable computers running
chine:idle andbusy On the other hand, the communicationLinux OS and equipped with AT&T Wavelan card with a
module has four statesend, receive, idleandsleep Their data rate of 2 Mbps. They chose three applications known
results are summarized as follows: to be fairly large and time-consuming: compilation of a
« If the raw file is large and compression factor is highIarge program, text formatti_ng of a 200-page d_ocument usin_g
all the three schemes save energy. For small raw file%aTeX’ and Gaussian solution .Of a system of linear algebrz_ilc
. efuations. A total of 220 experiments were made, consuming
compression fares worse.

« If the compression factor is low, energy saving is900 hours. The results demonstrate that portable computers

marginal, because the communication cost is not rébat execute their large tasks remotely can save significant

duced and decompression costs energy. amounts of battery power. They observed savings of up

. - L . to 51%. Efficient ways of moving data from the portable
« Decompression efficiency has a significant impact on
. computer to the server also save energy.

energy saving.

Handheld devices usually have simple hardware architec- T
tures with a single processor, and the processor is needed — i K
both for computation and for communication. The energy Application
consumed while downloading consists of two parts: (i) the
energy to receive and copy; and (ii) the energy consumed
in the processor idle intervals between packet arrivalenEv
with a full-speed downloading at 602 KB/s, the processa idl
time is about 40% of the total receiving time. Consequently,
about 30% of the total downloading energy is consumed L The other portion of
due to processor idling. Xu et al. [145] have proposed tO ( oneportionofthe | | K Access | | e Application

Access
Point

Handheld device @ To the Internet

improve energy efficiency by filling the idle periods with Application | ! | [ Point w
decompression workdecompress thé" block of the data & Communication |
when downloading théi + 1) block. SO | sorver

Interleaving downloading and decompression can be  Handheld device To the Internet
achieved in the following ways: ®)

« OS kernel levelimplement decompre_ssmn n .the .TCPFig. 31. (a) An Entire Application Runs on a User Handheld iDev(b)
stack so that the kernel performs interleaving in ap portion of the Application is Offloaded onto a Server.

explicit manner.

« User level:implement decompression as a USer-process apqther approach to computation offloading is to partition
to perform decompression block by block. Since the, angjication into two halves such that one runs as a
receiving process 1s in thg k.ernel interrupt handler, thElient on the user device and the other runs as a server
receiving of thez’_”i block will interrupt the decompres- on the network. Li, Wang and Xu [151] constructcast
sion of the previous blocks. graph for a given application program based on profiling

It is important to note that when the compression factanformation about computation time and data sharing at the

is low, even with interleaving, there iget energy lossn level of procedure call. Next, the cost graph is partitioned
the range of 2% — 14%, compared to no compression. Théy determine whether and how to offload the computation
have derived a formula to estimate the energy consumptiaf a given program, and offloading units are defined at
for a givenfile sizeand a givercompression factgisuch that the level of procedure calls. The partitioning algorithm is
compression decision can be made adaptively. based on the concept dfanch and boundand they have



given a pruning heuristic. Experiments have been performed concept of typed abstract memory locations.

on a Compag iPAQ 3650 handheld device with an Intel « Task scheduling between the user device and the server
StrongARM SA1110 206 MHz processor and 32 MB RAM, is formulated as anin-cut network flowproblem.

and a Plll 866 MHz Dell Dimension XPS. The two machines « An iterative algorithm has been given to solve the
communicated over a Lucent Orinoco Wavelan interface  parametric min-cut problem.

with 11 Mbps speed. The test programs were multimedia « Optimal partitioning decision is made at run time ac-
benchmark programs taken from tivediabenchwebsite. cording to the run-time parameter values.

They reported that, even in an uncontrolled wireless LAN Experiments have been performed on a iPAQ 3970 Pocket
environment, the scheme resulted in significant energygavipc client with a 400 MHz Intel XScale processor and a P4
for half of the benchmark programs. 2 GHz Dell Precision 340 desktop server. The test programs
Wang and Li [153] have studied a compiler-based tool tncluded rawcaudio, rawdaudio, encode, decode, find
partition a program into a client-server distributed peogr susan and those were executed with different options. For
such that the client code runs on the handheld device aaglample, the3 option for encodeuses G.723 coding for 24
the server code runs on the server. They use the concéf¥ps bandwidth, whereas thd option uses G.721 coding
of abstract memory locationscommonly used in pointer for 32 Kbps. Their results show that the optimal partitianin
analysis techniques, and build a directed control-flow lgragfor computation offloading varies with different program
for the programs such that each vertexié abasic blockand execution instances.
an edge ¢;, v;) represents the fact thay may be executed  Gitzenis and Bambos [180] have presented Markovian
immediately afterv;. The partitioning problem has beenmodels to optimize jointly task uploading to a server and
formulated as an optimization problem that can be reducgstocessor speed/power management. A task can be executed
to the min-cut network flow problenjl54]. They give a in three differeny scenarios as follows:
heuristic method to deal with different program partitiegi | 5ca Execution'This means the user's device executes
for different execution options. Experimental resultsvgho the task locally, and it may apply DPM policies to
that the scheme can significantly improve the performance {54e-off execution speed with energy cost. Dynamic
and energy consumption on handheld devices. Before Wang voltage/frequency scaling is an example of such trade-
and Li [153], Kremer et al. [182] introduced a compilation offs.
framework for power management. They only considered the | Remote ExecutionThis means the task is executed
procedure calls in the main routine as the candidates for ,, 5 remote server. Remote execution involves the
remote execution on the server and evaluated the benefit 5 0ning: (i) the device sends the task to the server

of remote execution of individual procedures_ separately.  gyer a wireless link: (ii) the server executes the task;
For procedures sharing common data, evaluation of remote 5 jii) the handheld device downloads the results over
execution of individual procedures may result in overcount 4 \ireless link. Therefore, even with remote executions,

of communicgtiorl cost. _ _ a handheld device incurs some energy cost.

Many applications can be invoked under different ex- , Combined ExecutionThis means both the device and
ecution options, input parameters, and data files, leading 3 remote server execute portions of the task.
to different execution instances. Wang and Li [152_] haVerhe net gain or loss of energy with remote executions
considered the concept @arametric program analysiso depends upon the cost of using the wireless link to send

dgal _W'th the pf°b'em of computgﬂon offioading of aPhe task and receive the results, which depends on network
pl|cat|ons. with different execution |_nst§1nces. They expre connectivity, and the server load. Therefore, the concépt o
computation workload and communication costs as funCtIO'&resshas been introduced to capture the quality of wireless

of F“”‘lﬂme _parameters, and dgive aré_:fllgorithm to fi:]‘fd thﬁnks for the uploading and downloading actions, and the
optimal partitioning corresponding to different rangesuot- priority level that the server assigns to the task. Prokigbil

time parameters. At run-time, the transformed, dlstrldutt_a()]c bit-error (denoted byP,) and probability of erroneous

program self-schedules its tasks on either the mobile dev'?rame reception (denoted b¥.) have been used to describe
or the server. The key ideas in reference [152] are as fOHOWﬁm level of wireless link stress. The Markovian models are

« A taskis defined as a consecutive statement segmeapplicable to tasks with stochastically independent |eceal
in a function that starts with a statement calledk remote operations, that is, local execution, task uploed, r
headerand ends with dask branch and there exist no mote execution, and result download. Their optimizatioalgo
task branches or task headers in the middle. is to identify an optimal sequence of actions that minimizes

« A program execution is modeled as a TCFG (taskhe average energy cost accrued throughout the execution of
control flow graph). the task, and the problem has been formulated in the context

« At compile time, all the memory accesses are abstracted Dynamic Programming. Further work needs to be done to
by typed abstract memory locations develop concrete DPM policies for task offloading.

o Four kinds of costs have been identifiesimputation Martin et al. [10] have shown that energy saving tech-
cost, communication cost, task scheduling castidata niques for communication and computation cannot be al-
registration cost The fourth cost is associated with theways studied in isolation. For example, one technique for



reducing communication energy usage is to perform moM/L110, while the AP connected to the swapping server was
local processing, which obviously increases the amount af Cisco 350 base station. The time bahevior of the supply
computation energy. Therefore, in the case of local versusirrent required by the PCMCIA card was monitored. In
remote processing, the communication and computation sulirder to characterize the cost of a page swap, benchmark
systems must be considered together. Reducing peak poweograms were developed to access data structures much
can increase the battery lifetime of the system by incrgasidarger than the available main memory without performing

the actual capacity of the battery. any computation on them. An example benchmark program
is as follows: allocate and initialize a large matrix anderth
XIl. VIRTUAL MEMORY ON THE NETWORK read by column in order to maximize the number of page

In desktops and laptops with a high capacity storag@ults.
memory (e.g. disk), the concept of virtual memory gives an The experiments measured thiene, energy and power
application the impression of having an almost unlimitedf€quired by each local and remote device to swap a page of
contiguous random access memory (RAM) block. A virtuaft Kbytes, both foread-onlyandwrite-backoperations. The
memory system makes the programming of large applicatioynamic power management support provided by the storage
easier. Using remote idle memory as secondary store f8Pd communication elements are as follows:
networked systems is motivated by the observation thate The CF has nanactive states, because its power con-
network speeds are getting faster more quickly than are sumption in wait mode is negligible.
disk speeds [172]. However, in handheld devices storagee The microdisk’s energy consumption in its wait state is
memory is small or absent due to weight, size, and power about 65% of its read/write states. Therefore, it has a
constraints. Therefore, it is useful to evaluate the effiaafc sleepstate in which it consumes negligible energy.
implementing a network-based virtual memory system for « The WNIC cards of the handheld device has a low-
handheld devices. A key characteristic of a network-based powerdozestate and a zero-power off state. An IEEE
virtual memory system is the need for additional energy cost 802.11b standard based WNIC provides MAC-level
incurred due to page swapping over the wireless link between dynamic power management support that can be enabled
a handheld device and a fixed network. Acquaviva, Lattanzi  via software.
and Bogliolo [156] have studied the performance and energy « The NBD driver module switches on and off the WNIC
cost of network swapping in comparison with swapping on  card between swapping requests by making requests to
local microdrives and flash memories using both synthetic the power manager module of an enhanced Linux.
and natural benchmarks. Experiments were conducted wifflis important to note that the effectiveness of any DPM
Linux OS that performs page swapping as follows: strategy is strongly dependent upon the workload character
« Page swapping is activated in two situations: (i) when &ation [156]: the higher the burstiness of the workloaa, th
kernel daemon, activated once per second, finds that tlenger the idle periods, and consequently, the higher is the
number of free pages has fallen below a given thresholdnergy saving.
and (i) when a memory request cannot be satisfied.
« In order to choose a page to be replaced, the procesé(”'
with the largest number of pages in RAM is selected. The potential for energy reduction through modification
« Among the page set of the selected process, the pagesoftware and compilation has been studied since the mid
to be replaced is chosen with an approximation of th@0s [186], [161], [184]. Tiwari et al. [161] have proposed
least recently use¢LRU) policy. a measuremenbasedinstruction level power analysis tech-

The experiments involved bomompact FIaS}(CF) andhard nique that makes it feasible to eﬁectively analyze the eyer
disk (mini and microdrives) on handheld devices aework Cconsumption of software. The concept of a sebae costs

file system(NFS) andnetwork block device$NBD) [81] Of instructions plays a key role in the aforementioned stsidi

on WLANSs. User Datagram Protocol (UDP)-based Remot&he base cost of an instruction is the energy cost associated
Procedure Calls (RPC) are used between the handheld dewWéth the processing needed to execute the instruction. A
and the NFS system, whereas TCP-based communicationigmber of energy reduction techniques have been proposed
used between an NBD client running on the user devidd the literature founded in the concept of base costs [186],
and an NBD server running on the WLAN. The user devic&l61], [184], [189]:

consisted of an iPAQ 3600 handheld PC, equipped with a « Reducing Memory AccessesDifferent machine in-
StrongARM SA1110 processor, 32 MBytes SDRAM and 16  structions consume different quantities of energy, and
MBytes of internal Flash. For local swap experiments, they instructions with memory operands have very high
used a 340 MBytes IBM microdrive and a 64 MByte Compaq  energy costs compared to instructions with register
Sundisk CF memory connected to the PCMCIA interface of  operands. Reduction in the number of memory operands
the handheld device. The remote server was installed on an can be achieved by adopting suitable compiler policies,
Athlon 4 mobile 1.2 GHz notebook. The WNICs used to  e.g. saving the least amount of context during function
provide wireless connectivity for the handheld device were call, and through better utilization of registers. Use of
a Lucent WavelLAN, a Cisco Aironet 350, and a Compaq register operands reduces energy further because it can
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Application Programs

also lead to shorter running time due to elimination of
potential cache misses. _ '
« Energy Cost Driven Code Generation:Here the idea Aglplél(l:)hzsgc:)ndVaI
is to select instructions based on their energy costs
instead of the traditional metrics of code size or running
time.
« Instruction Reordering for Low Power: In some
applications, namely, signal processing, instruction re-

ordering can lead to significant (e.g. 14%) saving ifkig. 32. An Architecture for Energy-aware Programming Envinent.
energy [185]. Arrows show information flow [183].

« Instruction Packing and Dual Memory Loads: Dig-
ital signal processing applications have a special archi-
tectural feature that allows certain pairs of instruction%Yh

StartOp  End

QueryEnergy

Data Recordingl*: Energy Predictign

Lo TS

Original OS Kernel \

. . . ' attery life. Odyssey captures the notion of data degradati
to be packed into a single instruction. The packe : . .
. : . : rough an attribute callefidelity that defines the degree
instruction executes in one cycle instead of two. Th

i . 0 which data presented to a user matches the reference
use of packing leads to 26—47% energy reductions. . .
copy at a server. The architecture monitors energy supply

Xian et al. [183] have proposed a programming enviand demand and selects a tradeoff between energy conser-
ronment by means of an architecture and run-time energwtion and application quality, where application quality
characterization, as illustrated in Figure 32. The fran&wo represented in terms of the multimedia data presented to
allows applications and OS to collaborate for energy savingsers. They have experimented with reducing the fidelity of
by exploiting the application knowledge of programmersvideo data, namely, frame size and resolution for multimedi
Programmers provide the OS with the values of applicatiorapplications, when the battery energy goes below a certain
level runtime conditions §pecifyCondVal(call), querying level. This approach can extend battery life by 30% while
the energy estimates of the options to decide what to chooggeeting quality goals.

(QueryEnergy(xall), marking the startStartOp()call), and

: {oDO . of h opfi 4 revising th i Tan, Raghunathan and Jha [149] have proposed a set of
stop StopOp()call), of each option, and revising the Options, iectyra| transformationso be applied to software ap-

that do not save energy. An energy-aware program identifi%
different ways, callecoptions to achieve desired function-
alities. The responsibilities of the OS include: measuring
the energy consumptions of options, obtaining the valu
of the runtime conditions at OS level, and integrating al
runtime conditions to estimate the energy consumption. The ,
framework of Fig. 32 has two parts: (i) an API library that
can be linked with programs; and (ii) a kernel module in
the OS to support the functionalities defined by the API.
The Data Recordingsubmodule records energy consumption
data, whereas thEnergy Predictionsubmodule predicts the
energy consumption of options.

The energy prediction submodule uses power parameters
of devices and the kernel information about tasks to deter-,
mine the energy consumption of individual programs. They
use recorded data for energy cost prediction. Energy cabt an
runtime conditions are recorded in five tables, correspandi
to CPU, disk read, disk write, network send, and network
receive. An example of a runtime condition about data
reading from a local disk isthe data are not in memory,
the disk is sleeping, and the bytes to read is 50 Kbyfes. .
prediction algorithm is viewed as @ecision tree The leaf
nodes represent the energy costs of the runtime conditions
represented by the paths from the root up to the leaves. They
have developed a Linux-based prototype of their framework
to demonstrate the proof of concept. .

Flinn et al. [181] have proposed a software architecture,
called Odyssey for implementing collaborative relationship
between applications and the operating system with the
objective of enabling an application to tradeoff its quefir

fications designed with multi-process software stylevetri

by an operating system. The resulting software design has
een shown to be more energy efficient. The objectives of
'TFansformation techniques can be summarized as follows:

Reduce the number of process@sio periodic events
occurring at the same can be handled in one process,
rather than two, thereby saving energy, because of fewer
context switches. In addition, two processes, that are
executed sequentially because one passes data to the
other, can be merged. This saves energy by executing
fewer context switches and inter-process communication
(IPC).

Reduce the number of IP@pportunities should be
exploited to merge code within a process so that miltiple
IPC writes (or sends) are replaced with a single write
(or send). This technique takes advantage of IPC calls
that can accept multiple messages, for example, the
msgsnd()system call in Linux. Fewer IPCs means less
execution of code and less energy consumption.
Substitution of IPC:A message passing-based IPC
can be replaced with a shared memory operation with
semaphore protection. Here the intuition is that mes-
sage passing costs more energy than accessing shared
memory.

Reduction of frequency of data transfer from device
driver: A device driver can buffer data for a while before
sending it to a process. This technique reduces the
number of times a process is activated, thereby saving
energy.



They implemented the above techniques in the context of @lynamic voltage scaling (DVS), dynamic power manage-
embedded system featuring the StrongARM processor antent of disks and network interfaces, efficient compilers,
the embedded Linux OS, and reported energy reduction @md application/middleware based adaptations [176],][175
to 66.1%. Power optimization techniques developed at each computa-
Heath et al. [187] have studied the potential benefits dfon level have remained largely independent of the other
application supported disk management for reducing energstraction levels, thereby not exploiting the opporiesit
consumption. They have proposed application transforméor further improvements achievable through cross-lemel i
tions that increase disk idle times and inform the OS abotggration. Lorch and Smith [171] have advocated the need
the length of each upcoming period of idleness. The kefpr software techniques for taking advantage of low-power
ideas in application transformations are as follows: hardware. Specifically, developers of solutions to compute

« The code is modified to cluster disk read operations S8"€rgy reduction should keep in mind:
that the processor could process a large amount of datas a hardware feature is rarely a complete solution since
in between two clusters of disk accesses. software modification is generally needed to make best
o Care is exercised to not group all disk read operations use of it;
into a single cluster, because this would increase buffer « energy consumption can be reduced not only by re-
requirements. ducing the power consumption of components, but also
« They propose the creation of a system call for an by introducing low-power, low-functionality modes for
application to determine how much buffer is available  those components;

to the application. « evaluation of a power management strategy should take
« The size of a read cluster is determined based on the into account not only how much energy it saves, but also
size of the buffer space available to the application. whether the trade-off it makes between energy savings

They have modeled the length of disk idle time and showed —2and performance is desirable for end-users; and .
that there are significant benefits to performing those trans * S€eémingly independent energy management strategies
formations for interactive applications. It may be notedtth can be made to interact.
the transformations do not lead to any benefit for noninteradlohapatra et al. [177], [31] have proposed a model, as
tive applications. They have proposed a compiler framewoillustrated in Fig. 33, for integrating hardware based arch
that can transform applications automatically. With egtem tectural optimization technigues with high level opergtin
experiments they have shown that the proposed transformsystem and middleware approaches for video streaming ap-
tions can achieve 70% disk energy savings with about 3ications. Multimedia applications havily utilize theggiest
degradation in performance. power consumers in modern handheld devices: CPU, WNIC,
Chung et al. [188] have studied the impact of two welland display. Therefore, hardware and software techniques
known code transformation techniques on energy saving: are integrated to induce power savings for those resources.
« Loop unrolling: This technique unfolds a loop by a They use quality and video encoding parameters of the
certain number of times, callednrolling factor, and video stream to optimize internal cache configurations, CPU
its aim is to reduce the number of processor cycles b@egisters, and external memory accesses. Knowledge of the

reducing the loop overheads. The cost of loop unro||in§mderlying architectural details is used by the compiler to
is the increase in I-cache misses. generate code that complements the optimizations at the low

« Loop blocking: This breaks large arrays into several€vel arhcitecture. Hardware design-level infromationg(e

pieces (tiles smaller than cache size) and reuses edd@fhe configuration) and user-level information (videolqua
piece. The cost of loop blocking is the increase in thdy perception) are utilized to optimize middleware and OS
depth of loop nesting. components for improved energy saving via effective video

Therefore. the source code transformation approach off transcoding, power-aware admission control, and efficient
P . 'on appro Sransmission over the wireless link. Power consumption of
some opportunities for energy saving while incurring som

the WNIC is reduced by putting it to sleep during inactive
additional energy costs. Their experimental results shaw t yp g b g

the transformation approach finds the ontimal eneray savi eriods. The middleware controls network traffic for optima
. N app P 9y wer management of the WNIC. Tests have been performed
transformations in 95% of the cases, and that the pena

. S € penagy study video quality and power trade-offs for handheld
\év(;en the non-optimal transformation is selected is W'th"aevices. Their architectural optimizations saved 47.5.5%/

- energy for the CPU and memory. The middleware technique
enabled 60 — 78% savings in the power consumption of the
WNIC.

Power consumption has been modeled both at componentPoellabauer and Schwan [158] have developed an energy
level (e.g. [161], [163], [169]) and high level (e.g. [162],saving approach that integrates a packet transmissioaypoli
[160], [170], [173]). Several solutions for achieving emer to increase traffic burstiness, CPU task scheduling, dymami
efficiency have been proposed at varimosnputationallev-  frequency scaling (DFS), and scheduling packet transmis-
els, namely, cache and external memory access optimizati@on. Their approach works as follows:

XII. I NTEGRATED POWER MANAGEMENT



to estimate the energy cost of an application can be utiliazed

77777777777777777777777777777777777777777 In this section, we discuss a number of energy estimation
:8t£g?amtir$guegt age ;—Vollage scaling imerfaceT mOdelS Wlth a Variety Of a.SSUmptionS.
s YT T A. Low-level energy modeling: The key concept proposed
Cache Memory | | Register ! by Sinha and Chandrakasan [163] is that the application

NETWORK DISPLAY Optimization || Access Allocation 1 . . H
|| carp : : T crul | that is downloaded has an associated energy model which

the handheld system can use to configure itself based on
Fig. 33. Conjunctive Low-level and High-level Adaptatidios Optimizing user specmcatlor_l an_d energy avallab”'ty' In order to wedu
Power and Performance of Streaming Video to Mobile Handheldiiters ~power consumption in low power hardware, supply voltages
[177]. are constantly being lowered. However, to be able to maintai
higher performance, the threshold voltage is also scaled

. . down proportionately to provide sufficient current drivedan
< A QO.S packet §chedu|_er transmlts_ packets aqcord"}%duce the propagation delay. For lower threshold volttmge,
to their schedullr!g gttrlputeseady t|m.estr (earliest subthreshold leakage current becomes increasingly domina
allowable transm_sgon .t|me) andeadlmgstd (Iatest. In reference [163] a simple energy model is presented for
allowable transmission time). Packets with no deadlineg .\~ e nased on frequency and supply voltage as param-
are transmﬂtethtt_ar real-time packets. L eters. The model incorporates explicit characterizatibn o
o Packet tra_nsmlss_lons are dela)_/ed_wnhout violating theléakage energy as opposed to switching energy. A technique
t4 constraints to increase the likelihood lmirstytrans- has been given to isolate the two components — leakage
missions. If no schedulable packets are in the pack

) ) Shergy and switching energy — at the transistor level. More
(rqnuoeduee’ the WNIC s switched to a low-poweloze work needs to be done to carry the transistor-level model

) . . . up to application layer. Kim et al. [169] have presented
« DFS is coordinated with data transmission such th tway of fast estimation of software energy consumption

When the packet scheduler's queue is empty, the lowel‘?‘lt off-the-shelf processor using IPI (Inter-Prefetch tagd)
possmlg CPU clock frequency is used tq delay th%nergy model, where IPI is the time interval between two
generation of new packets.. As soon as th? first packeF Bnsecutive instruction prefetches. The IPI energy moslel i
generated, the system switches to the highest possi §sed on instruction-based energy models [161]. The reason

.CIOCk frequency, in (_)rd_er to increase burstiness anl%ey use prefetch information is to report not only total but
increase data transmission.

o ? ,,,,,,, o ] make subsequent decisions about its activities based on use
§ i ,,,,,,,,,,, t,vfdf’f’,q,”f‘ﬁ‘ﬂ?ef‘f’??k, ,,,,,,,,, input and sustainable battery life. If the remaining batter
g D] Nework s s cono Distributed | energy is low, the system can run the application at reduced
g% | Management | | TANSCoqng ission Contro Middleware | throughput by reducing its voltage [164], or reduced actyra
Bl [165]. Here, throughput is measured in the number of instruc
5 :mg;ﬁ:;z?;';?:fo; Zﬁjfvﬂf‘ﬁ\i'.‘”we“”# gl T8 tions executed per second. The energy-accuracy-throtighpu
operatng e E g .g tradeoffs necessitate robust energy models for softwaseta
I Dynamic i ® g~ £ .
3 gﬁiﬁri;alions Voltage gg[i"nﬁ;'j;“ons ] 503 on target processors, operating clock frequency, andgalta
| Scaling ° 5E§
=3 < S
o] E S

(Register file sizes,

— WNIC power control - Architectural tuning knob:

reporting energy profile, the method offers an opportunit

are preferred while the packet queue is empty. When tFy
5>find energy hotspots so that the model can be used in

packet queue is non-empty, the task scheduler schedulgs

those t?SkS. that have_ a high probablhty of p‘FJ‘CketI)nergy optimization. The concept of IPl energy model is
generation, in order to increase data burstiness. useful to estimate energy cost of embedded processors.
In summary, the above appraoch increases the time a WNIC High-level energy modeling: Tan et al. [160] have
is kept in doze mode qnd minimizes the number of switcheg,died two high-level approaches to energy modeling: (i)
between doze and active modes. complexity-based macro-modeling and (i) profiling-based
macro-modeling. The complexity-based approach is pro-
) o posed for functions whose average-case computational com-
~Modern wireless handheld systems are high in commugqyiies can be easily expressed in terms of some parasneter
nication capabilities, namely, multiple wireless inteda (e.g. size of input data). For example, consider the inmerti

and bandwidth, and low in computing, storage, and battey, 5q0rithm, which has an average-case complexity of
energy. Such systems would not have all applications mmde@(nz)_ For this function, the energy macro-model is as
in their storage systems. Rather, applications would haygows:
to be downloaded from the network upon request [163].
For higher availability of handheld systems, the energy
constrained devices should be able to estimate the enengheres is the size of the input array. Regression analysis is

cost of an application that has to be executed. The capabiliised to obtain the unknown coefficients ¢, andcz. For

XIV. ENERGY ESTIMATION MODELS

E = ¢1 + co5 + c35° (20)



three different input sizes,, s, andss, we have: addressing of the energy consumption issue. To be ennergy-
efficient, a MUT should be equipped with a mechanism to

2
gl } ST /e choose the right interface for various types of communicati
2] = 52 52 Co (21) requirements, downloading a file of certain size, for exampl
e oy s Based on the idea of minizing the energy cost of downloading
En 1 Sn Sy

a file, the authors give an algorithm to choose the apprapriat
Equation (21) can be written in the form & = PxC, interface while initiating a communication session andreyr

whereC = (¢; ¢ 03)T. C is obtained using regression handover. The algorithm makes a number of assumptions: (i)
analysis:C = [P”P]~'PTE. The macro-model is evaluated the energy parameters of all wireless interfaces are known;

using the following relative error matric: (i) the device knows the available bandwidth for all the
interfaces.
(B — B)/Ey)?
€= Z n 22) c. System-level energy modelingPalit, Singh and Naik
=1 [170] present a model to estimate the energy cost of appli-
whereE;’s are the energy data values algs are the values Cations running on a portf_:lple Wirel_ess device_. To develop
given by the macro-model. the cost model, they partition a wireless device into two

On the other hand, the profiling-based macro-modelingPMPonents, namely, computation (i.e. processing) ané com
technique is applied if the average-case complexity of Bunication, as shown in Fig. 34 and Fig. 35, respectively.
function is not known. Abasic blockis a maximal block Each component is modeled by a state-transition diagram.
of instructions such that when control enters the blocksat iff WO attributes are associated with each state: an average
first instruction, all its subsequent instructions are exed¢ POWer cost and a state residence time. The cost of each
[161]. By measuring the energy cost of each basic block arijate of the state-transition diagrams is validated byahctu
counting the number of times each block is executed, of@éasurements. For a constant voltage supply, the average

can estimate the total energy cost of a function as followsPower cost of a state is denoted by the average current drawn
by the component. The state residence times are estimated

E = c1by + coby + ... (23) from the behavior of applications. The cost model has been
validated by performing actual measurement of energy cost.

whereb;’s are the basic block execution counts ant are g egtimation error is in the range of 5-10%, which is found
the regression coefficients to be determined. However, the, by performing actual measurement

fitting error can be large. In order to improve the accuracy
of estimation, the concept aforrelation profiling has been
introduced. Consecutive sequence of events are captured by
the concept of correlation. Two kinds of correlation praofiij
namely,basic-block correlatiorandBall-Larus path correla-

tion have been introduced in [160]. The cofficient constants P~ Sleep. S

in the basic-block correlation technique are derived from a

set of linear equations similar to Eq. (21).

A “power data bank” approach to software energy estimarig. 34. Energy Cost Model of the Computation (i.e. Procegsiodule
tion was proposed by Qu et al. [162]. They have exploited tiﬁao':ezngcg"iiﬁesrg £1n7.0]- The “ldle” state in the Procagsitodule is
fact that many embedded software programs are constructed P
using significant amount of pre-defined library packages
and some glue code. The power data bank for a processor
contains energy consumption and execution time values for
basic instructions and library functions. A drawback of the
power data bank approach is that different instances of a
library function may have different energy consumption.

Mahmud et al. [178] have proposed a model for predicting
energy consumptio_n in the_ Wireles§ netwo_rk access porti%. 35. Energy Cost Model of the Communication Part of a Halwtlhe
of a handheld device equipped with multiple access teclgystem [170] (TX: Transmission; RX: Reception). The “Idl¢ats in the
nologies. Future handheld devices will be equipped witommunication module is denoted 1%;, and so on.
multiple wireless access technologies, namely, wireless p .
sonal area networks (e.g. Bluetooth, ZigBee, and Ultra Wide Assume tha_t a 'Faslé runs forT" seconds on the processing
Band), wireless LAN (e.g. WiFi and HiperLAN), wireless and_communication mpdgles. If the voltage supplyis
metropolitan area network (WiMAX), cellular (e.g. 2G, 3G'constant fqr the_executlon interval and the average c_urrent
and 4G), and broadcasting and multicasting systems (e awn durlngT IS IP’C’,then the energy cost o is given
satellite). In IP based multi-service user terminals (MUT the following equation:
with always-oncapability, there is a need for an efficient E(A)=vxI,.xT. (24)

Wakeup Signal

Sleep Signal

Sleep, Scs

Signal



Assuming thatl, and I. are the average current drawnthe system calledocial optimumand (ii) each component
by the processing module and the communication modulases a best-response strategy for maximizing its ownyutilit
respectively, we have: They have reported that strategies that achieved a socially
optimal energy usage provided the maximum energy savings
Ipe=1Ip + L. (25)  and with similar utility values.
If the processor utilization ig, wherea = 2% such that ~ Creus and Niska [155] have presentedpalicy-based
Ay is the total time spent by the processing module in stagPproach for system-level power management on mobile

S,a (i.e. the "Active” state), then we have: devices. Hardware makers typically provide power saving
features in their components. At the system-level, theme is
Iy = alpe + (1 — a)lp. (26)  need for binding those features to be able to take advanfage o

represent the average Currentpor‘nponent—l.evel energy efficiency. Policies provide fléxib
ngle Y in managing power at the system-level. Some examples of

the concept of flexibility in power management are: (i) trade

off between energy efficiency and performance; (ii) allagvin

The quantities/,, and I;
drawn by the processing module in its "Active” and
states, respectively. Next, in order to get an expressioii.fo

Palit, Singh, and Naik [170] apply the following technique. N ) L .
Let N,,,.. and N,,... stand for the maximum number of applications to communicate their intentions to the system

data packets that can be transmitted and received during §js°Ugh @ set of application program interfaces (APIs); and
interval T, respectively. While running the applicatiaa, (i) collaboration among applications. The concept of a

let N, and N,. be the actual nhumber of packets transmitte&’ _olicy M_anagerso_ﬁware desi_gn pattern by means oflass
and received, respectively. Then, they define three gigstit di2gramin the Unified Modeling Language (UML) has been

NNy Bo= NN andf = (1— 8, — B). shown in Fig. 36. The ideas in the Policy Manager diagram
Bt = Ni/Nemaz, / fi= Q=5 =5r) (Fig. 36) are as follows:

Now, an expression fof. is as follows:
« A policy is the translation of operational conditions to
e = Bilei + Beler + Brler @7) a concrete mode of operation of resource management
and a concrete setting of the resource environment.
The Policy Manager sets the type and amount of active
resources based on the operational conditions of the
system.
The Policy Manager makes decisions based on input
such as which applications are running and their opera-
tional mode, battery state of charge, and desired quality
of service.

where §;1.;, and 5,1, and j,.1.. stand for the average
current drawn by the communication module it its "Idle,” *°
"Transmit,” and "Receive” states, respectively. The model
has been validated by perfoming measuremnets of the energy
cost of three web based applications involving computa- ®
tion, downloading, and uploading. The estimated and the
measured energy costs were within 5-10% of each other.
No energy cost was overlooked in the measurement process
because measurement was performed at the power suppigure 37 shows the logical architecture, in UML pack-
level. age notation, of a software entity for system-level power
Min, Cha, and Ha [173] have introduced a system-leveahanagement. The concept pblicy is at the core of the
integrated power management (S-IPM) mechanism to reduaechitecture. The Power Policy package represents ary entit
the total energy consumption of handheld devices. S-IPithat makes decisions about the resources in the system.
uses the interactions between the CPU and the LCD as wéle Power Policy Manager takes into account all policies
as the WNIC to control the CPU voltage and frequency anand makes final decisions for the complete system. The
the WNIC power mode. The method consists of a workloaBesource Manager handles accounting and access control for
classification step and a power mode setting step. It classifithe resources, and takes policies into account in handtiag t
an application using information gathered through the WNIGccess to the resources. The Application Manager serves as
In the second step, S-IPM sets the LCD frequency and tleregistry and entry point for all applications. Energy-sava
WNIC power modes to correspond to the type of applicatioapplications send requests to and receive notificatiorma fro
and selects an appropriate voltage and frequency for CPthe framework concerning their state and resource usage.
The method reduces the system energy consumption by IPhe Context Monitor is responsible for gathering all cottex
23% on the average, compared to either no energy savirglated information in the system and making it available to
policy or conventional method of simply combining dynamicall parties in the framework. The framework described in
voltage scaling and dynamic power management. Figs. 36 and 37 are useful in designing application software
Mahapatra, et al. [174] have presented a system levéhat can take advantage of operating system support for
dynamic game theoretic approach for choosing power optnergy saving.
mization strategies for different components that drawgne
from the same battery. They model the components, namely, Characterization of Applications: Simulation (e.g.
CPU, WNIC, and LCD, asplayersin a non-cooperative [168]), modeling (e.g. [161], [163], [160], [170]), and mea
game, and determined how each component should consusugement (e.g. [170]) are three basic ways to evaluate the
energy. They have evaluated two techniques: (i) componergeeregy cost of software systems. Modeling can be per-
employ strategies that aim to maximize the overall utilify oformed at any level of abstraction, starting from the lowest
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Legends: A rectangle represents a class.
A line represents an association.
An * means "may be 1 or more."

which indicates the sleep period of the IEEE 802.11 wireless
interface of a handheld device. Application profiles are
characterized by the following parameters regarding ne¢wo
traffic: (i) average size of packets received; (i) average of
packets sent; (iii) ratio of average length of inactive togth

of active periods; (iv) ratio of average size of packets inazk

to size of pckets sent; (v) ratio of traffic volume received to
traffic volume sent; (vi) standard deviation of the average
size of packets receivced; and (vii) standard deviatiorhef t
average length of inactive periods. In a nutshell, the work

of Weissel et al. [159] presents a power saving policy which
dynamically adapts to the detected application profile.iiThe
characterization algorithm was evaluated by running séver

Fig. 36. Policy-driven Resource Manager Pattern [155].

Legends: E basane ™ Dependency association typical applications for mobile devices: Mozilla web braws
e - Secure Shell (SSH) session, Network File System (NFS)
- SRS Application operation, File Transfer Protocol (FTP) download, Newadi
Vonior S oo (low bandwidth real audio stream), MP3 audio stream, and
—— T Manager [~ <ddses>> high bandwidth real video stream.

— S e o The S-IPM method presented by Min, Cha and Ha [173]
Power Policy | 7| owerPolly | <uses - <cuses>> uses application classification in a system-wide conteyt. B
R | monitoring kernel behavior, S-IPM gathers information on

L .| Resource badwidth utilization, packet size and port numbers from

<<uses>> Manager

network traffic. Applications are classified based on their
Fig. 37. Logical Architecture of a Power Management Frameyb8b5]. bandW'_dth gtIIIZ.aIIOH and burst level. A suggested appro-
priate listening interval (ALI) for the WNIC to guarantee an
allowable quality of service is as follows:

instruction level [161] all the way up to the application ALI — ¢ x ABP x PS x RI x ET
level [170]. Detailed power simulation is time consuming ADR ’
and often inaccurate, whereas detailed power measuremeiere ¢ is a constant,ABP is the number of available
is faster and objective. Fine-grained measurement geaserabuffered packetsPS is the packet size, andT is the
a huge number of data in which locating important featuregap between the time stamps for sending and receipt and
is difficult, whereas coarse-grained measurement leaves @arresponding request and response packefsis related
important details [166]. Hu, Jimenez and Kremer [166]to user activity and determined aBl = T'SS — T'SSpre,
[167] have presented an infrastructure to charactgr@eer whereT'SS is the current sending time stamp andsS,, .
behaviorof programs based on the idea of execuitrases the previous sending time stamp.
They instrument the program at the assembly code level to
enable precise power measurement of representative afgerv XV. IMPACT OF DPM STRATEGIES
in specific phases. Two key concepts in their work are The preceeding sections have shown that dynamic power
counting of traversals afontrol-flow edgesinstead of basic management in handheld devices require additional com-
block vectors, and incorporating event counters into thejputing elements in different locations across the network.
phase classification. They have shown that the representatThe computing elements may run on the handheld devices,
intervals accurately model the fine-grained time-dependeaccess points, servers, proxy machines, or a combination
behavior of the program. Their results have been validatdtleirof. Those are implemented with special hardware and/o
through actual measurement of benchmark programs on software, and the software components can be located over
Intel Pentium 4 system. They have shown that usidge a broad spectrum, namely, from the kernel of an OS to
vectorsreduces the error of estimating total program enenggpplication-level. In addition, the DPM code can span multi
by 35% over usingasic block vectors ple protocol layers [192]. From a designer’s viewpoint, two
Other methods have also used application classificatioR§wer requirements (PR) must be satisfied as follows:
to drive component-level policies [159]. The approach pre- « Noninterference (PR1Noninterference means that ad-
sented by Weissel et al. [159] focuses on reduction of energy dition of the DPM component does not alter the func-
consumption of the network interface of a handheld device as tionality of the system. In other words, a system with
follows: (i) data traffic parameters gathered from senefrec a DPM component is functionally equivalent to one
statistics at the link layer-level are mapped to a predefined without the DPM.
set of application profiles; and (ii) for an identified profiémn o Energy saving (PR2)It is important to show that
application-specific power management setting is triggjere a DPM component indeed saves energy in handheld
A power management setting is defined hyeacon interval devices under a variety of operating conditions, such

(28)
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conditions. In other words, a DPM should be able to &g/ NO-DPM DRIE 3
add value to handheld devices in general. S 3 le l ¢ 3

o O . o o
. erformance compariso
Requirement PR1 tells us that DPM does not become an ob- °°% "M & paiPM ~ ° ©
NO-DPM M

stacle for the device in delivering services. On the othedha
PR2 states that a DPM strategy indeed enables a handheld
device to reduce its energy cost. Acquaviva et al. [79] have performance comparisonG
proposed a incremental methodology, as illustrated in38g. NO-DPM DPM
to verify that a system supporting DPM satisfies both PR1
and PR2. In Fig. 38F, M, andG stand for the functional,
Markovian, and general models of a system under considera-
tion. Each type of model appears in two forms: without DPMFig. 38.  An Incremental Methodology to Evaluate the Impact &iMD
support (i.e. NO-DPM) and with DPM support. The lefthandtrategies [79].
column lists all three models (i.&, M, and G) with NO-
DPM, whereas the righhand column lists all the three models ) . .
with DPM. The models were described in themilia [199] kinds of rewr_|te rules: uncond_ltlonal rulesan_d_ conditional
architectural description language using fveoTowerstool _rules Essentially, _rules descrl_b_e state t_ansmons that can be
[200]. Aemiliawas chosen for its expressiveness to descrijstantaneous or timed. Rewriting and timed search are used
both functionality and performance aspects of systems. THg Jenerate execution traces to analyze the system by model
accompanyingTwoTowerstool is useful in comparing two Cc1€cking with temporal logic. They have shown how to use
models written inAemilia Real-time Maudeo specify and analyze four power policies:
As illustrated in Fig. 38, in the beginning, two functional * Always-on:This policy ignores energy saving. _
models F) — one with NO-DPM and one with DPM — * Greedy: The power manager shuts down the device
of the system under study are described in Aemilia. The Whenever its idle period goes beyond a threshold.
two functional models are compared using noninterference ® Cluster: The power manager tries ro aggregate idle
analysis techniques [198], [197] that use the concept of periods to maximize energy saving.
observational equivalence. Next, the two functional medel ¢ DVS:The operating voltage is dynamically scaled down.
are enriched with the specification of timing of each system Qiu, Wu and Pedram [201] have used Generalized Stochas-
activity through exponentially distributed random vatezb tic Petri Net (GSPN) to model a DPM for systems with
As a result, in the second phase, Markovian mod#&g ( complex characteristics: concurrency, synchronization;
are obtained from the correspondiRgmodels. That is, one tual exclusion, and conflict. A GSPN model is automati-
M model with NO-DPM and oné/ model with DPM are cally transformed into an equivalent continuous-time Mark
obtained in the second phase. Ah model need not be model. The optimal power management policy for compo-
validated against its correspondiriy model because it is nents are computed by solving a linear programming problem
derived by attaching rate information to the state tramsiti based on the Markov model.
of the M model. The twoM models are solved anlytically
and compared using a variety of performance metrics: energy
consumption, throughput, and radio channel utilizatian, t We are witnessing tremendous growth in wireless com-
name a few. Finally, the exponential delays in the tMo munication technologies in terms of coverage, data rate,
models are replaced with generally distributed delaysd@@or and communication range in both the licensed and free
to observe the general energy saving capability of the DPNpectrums. Advances in processor, memory, storage, displa
strategy. The models are validated against thidirmodels  and user interface technologies are enabling system dasign
to observe if the two demonstrate the same level of averags develop ever smaller and more powerful handsets with
performance. If the validations suceed, the t@omodels multi-radio interfaces supporting celluar, Wi-Fi, and 8lu
are simulated to evaluate the energy saving potential of thgoth connections. Modern handheld devices in the family of
DPM strategy under different realistic scenarios. Usefs#n smart phones and PDAs, for example BlackBerry and iPhone,
of the incremental methodology has been studied by applyirgipport both voice and data communications for making
it on two applications, nanmelyemote procedure calind phones calls and browsing the Internet. On the other hand,
streaming video service application specific handheld devices, for example, iPad fo
Kim et al. [202] have used thReal-time Mauddanguage music, iPad for electronic book reading and phone calls,
to express application requirements, dynamicity of emsro and Kindle for electronic book reading, are on the rise. Al-
ment, and desired correctness constraints to analyze poweost universal Internet accessibility and world-wide nfigpbi
policies. Real-time Maudes a language and tool for the make the pocket-size devices so popular for general com-
formal specification, simulation, and analysis of realdim munication, entertainment, and business applicationallSm
systems. A system state is specified as a multi-set of objestize, which makes handheld devices so popular, also imposes
and messages, and system behavior is represented by t@source constraints on the devices in their processingpow

validate

§ |2

validate

Legends: e = add exponential timing; g = replace with general timing
F = Functional model; M = Markovian model; G = General model
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memory and storage capacity, and battery life time. Faretwork architectures and protocols for those proxies, and
handheld devices, the energy resource plays a vital rotiéiscussed their energy saving potential.
in determining their dependability, because once a device’ Proxyless, server-based approaches to energy saving in
battery is completely depleted it becomes unavailable fetandheld devices were discussed in Section VIII. Servers
further use. A number of software based strategies have beginh performtraffic adaptationand traffic shapingto enable
developed over the past 15 years to make handheld devi¢egdheld devices to save energy by utilizing information
energy efficient. For a comprehensive understanding of thgout applications: input buffer size, expected rate atkvhi
energy saving approaches available in the reseach literatuthe user device empties data from the buffer, WLAN card
we organized about 200 reserach articles into 14 sectionsen/off transition time, and WLAN card status. We discussed
In Section Ill, we explained the key idea behind smarthe details of a software architecture for server contdolle
batteries, the architectural details of a smart battery,fmw  power management. The section included two scheduling
to make applications aware of the remaining charge quantipplicies, namelyClosed-Loop Dynamic Power Management
of the battery. Knowledge about the SoC level of the battegnd Open-Loop Dynamic Power Managemetat exploit the
can be used in designing energy-aware applications. It4s irmformation available at the application level to save gger
portant for programmers to understand battery charatiteryis ~ Transport protocols are widely used by handheld devices
to be able to schedule tasks so as to reduce peak enetgydownload files from servers. Therefore researchers have
demand. explored several ways to save energy in handheld devices
In Section IV, we reviewed the important reserach resultsy evaluating the computational energy cost of transport
in energy efficient displays and GUI design. For displaygrotocols and controlling the energy cost of WNIC by
we explained the concepts bécklight contro] frame buffer utilizing TCP states. Those results and the concept of a
compression dynamic control of color deptrand refresh power-saving transport protocol were presented in Section
cycle and dark window optimization For efficient user [X.
interactions, we explained the roles of hardware, opeagatin Energy saving techniques that can be applied at the
system, and application programs. We explained the conceggplication level have been studied in Section X. Those
of a model human processand three fundamental pro- techniques arelata compressigrdownload schedulingand
cesses, namelyerception capacitycognitive capacityand computation offloadingHandheld devices have relatively
motor speedThree groups of specific energy reduction techless amount of stable storage compared to, say, laptops. The
nigques, namelypower reductionpperformance enhancement concept ofvirtual memory is key to designing applications
and facilitators, in GUI design were discussed. Finally, wewith high storage requirements. With high latency of stable
explained the KLEM method for predicting user interactiorstorage devices in handheld systems and with incresingly
time and energy cost. faster network interfaces, system designers may be tempted
In Section V, we explained the concept of:8leep state to implement a network-based virtual memory system. The
of an OS and the concept ofake-on-wirelessThe uSleep  efficacy of implementing a network-based virtual memory
state of an OS is different from itlle state, and it is an sSystem, from the standpoint of energy efficiency, has been
indication to the procssor to go into a sleep state therefsliscussed in Section XI.
saving more energy. The concepivadike-on-wirelesaims to In Section Xll, we summarized a number of low-level
eliminate the power consumed when a Wi-Fi enabled deviggogramming techniques in order to save the energy ex-
is idle. The wake-on-wirelessconcept requires a secondecution cost of applications. Those techniques focused on
wireless interface, one or more proxy, and a device serveeducing memory accesseenergy cost driven code gener-
The main drawback of this approach is the need for a largstion, instruction reordering for low powerandinstruction
number of proxy machines to be deployed. packinganddual memory loadsln addition, we explained a
In Section VI, we discussed the power saving techniquesoftware environment for energy-aware programming where
built into the IEEE 802.11 family of standards for Wi-Fi net-three key concepts were energy relateel library, energy
works, a few novel power saving techniques for IEEE 802.1data recording andenergy predictiorfor individual tasks.
based devices with dynamic ATIM window management and In Section XIII, we explained a software architecture that
longer sleep time, MAC-level download scheduling by APsenables designers of handheld systems to integrate individ
and power management in WiIMAX subscriber stations. Alenergy saving techniques and strategies. Because, inajener
the approaches to energy saving focused on putting a uger energy saving technique for one subsystem cannot be
device’s WNIC into its sleep state for the maximum amounapplied independent of other components, it is important to
of time. integrate individual energy saving techniques at the evel
A number of proxy assisted energy saving technique®f packet transmission for burstiness, CPU task scheduling
were discussed in Section VII. Those proxies welaa dynamic frequency scaling, coding and compilation, and
transforming proxywith power-friendly data transformation displays.
and transmissiorH TTP-level power aware web proxyower Energy cost prediction is key to making handheld devices
aware streaming proxycaching proxyfor streaming me- adaptive to the remaining amount of energy. In Section XIV,
dia delivery, andstreaming audio proxyWe explained the we reviewed a number of energy cost modeling approaches,



namely, low-level energy modelinchigh-level energy mod-
eling, system-level energy modelingnd characterization

of applications In Section XV we identified the issues to
be considered after incorporaring a DPM component into a
system. Specifically, there is a need to verify that the added

component does not interfere with the original functiatyali

of the system and that the DPM component indeed enables.
the system to save energy. We explained how high-level

system description languages, namehgemilia Real-time
Maude and Generalized Stochastic Petri Netsan be used
to model and analyze systems with a DPM component.

XVII. FUTURE DIRECTIONS
In spite of the tremendous progress made to achieve energy

efficiency in wireless handheld devices, much more can be
done as we come to the realization that battery energy defines
the availability of the device. In this section, we identify

a few opportunities that augment the current strategies for
energy efficiency and point to new research directions.

« Battery State Information:The concept of wireless
channel state information (CSI) [207] allows us to
understand how the wireless link is behaving from the
perspective of packet loss. It is used in developing
down-link packet scheduling algorithms to maximize
link throughput by identifying the user facing the best
channel quality at a given time. Similarly, the concept
of battery state information (BSI) can be developed at
the OS level to maximize the battery life-time of the
device. BSI will include the present charge capacity of
the battery and the rates at which major subsystems
are draining energy. The OS can use the information to
schedule tasks for energy efficiency, and also provide
the BSI information to energy-aware applications. Low-
cost current sensing hardware [208] is needed to gather
BSI information from batteries. Battery models (e.g.,
see [7] and [14]) can be applied to construct macro-
models of BSI from the microdata about current.
Coordinated StrategiesThe existing energy saving
strategies work independently, with an implicit assump-
tion that those are orthogonal, meaning that their energy
saving effects are additive. It will be interesting to
validate that those strategies and techniques can coexist
to produce additive benefits. More interesting will be
any identification of their their synergistic effects in
reducing energy costs.

Efficient task schedulingThe existing strategies and
techniques for energy efficiency largely ignore the long-
term life management of batteries. There is a need for
new processor scheduling algorithms to: (i) maximize
the lengths of its idle periods; and (ii) reduce the current
peaks. The first objective will let the process sleep
longer, whereas the second will slow down the decay
of battery capacity. For example, coordination among
the major subsystems of a handheld device can reduce
current peaks.

Exploit the resources available in the personal
workspace:lt is not uncommon for users to carry mul-

tiple portable wireless systems, namely, a smartphone
and a laptop. New strategies and techniques can be
developed to enhance the battery life of a smartphone
at the expense of the laptop [209]. This paradigm of
resource sharing is different than the proxy- and server-
based approaches.

System-wide policy and mechanism to accumulate small
data packets:We studied the traffic pattern of smart-
phones and observed that a good portion of the packets
are of small size and the generated traffic is bursty
in nature. Motivated by these two observations, we
have proposed a Low Energy Data-packet Aggregation
Scheme (LEDAS) [210]. It accumulates a number of
upper layer packets into a burst at the WiFi MAC level,
based on formation time, size, and number of packets.
With this scheme, larger bursts lead to longer inactivity
periods during which the communication module can
be kept in doze mode. In addition, fewer MAC frames
lead to less overheads and contentions in the wireless
medium. However, the data packets incur delays due
to the accumulation process. We have evaluated the
efficacy of the technique by simulations and showed
the energy-delay trade-offs. The idea can be extended to
MAC protocols based on slotted time and short packets.
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