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Abstra
t: Wireless Sensor Networks resear
h and demand are now in full expansion, sin
e people 
ame tounderstand these are the key to a large number of issues in industry, 
ommer
e, home automation, health
are,agri
ulture and environment, monitoring, publi
 safety et
. One of the most 
hallenging problems in sensornetworks resear
h is power awareness and power-saving te
hniques. In this resear
h report, we have studiedfrequen
y s
aling as a power-saving te
hnique. In parti
ular, we analysed the 
lose relationship between 
lo
kfrequen
ies in a mi
ro
ontroller and several types of 
onstraints imposed on these frequen
ies, e.g. by other
omponents of the mi
ro
ontroller, by proto
ol spe
i�
ations, by external fa
tors et
. Among these 
onstraints,we were espe
ially interested in the ones imposed by the timer servi
e and by the serial ports' transmission rates.Our e�orts resulted in a mi
ro
ontroller 
on�guration management tool whi
h aims at assisting appli
ationprogrammers in 
hoosing mi
ro
ontroller 
on�gurations, in fun
tion of the timing needs and 
onstraints of theirappli
ation.Key-words: hardware node 
on�guration, power awareness, sensor network node, wireless sensor networks,energy saving, frequen
y s
aling



De l'optimisation des fréquen
es pouré
onomiser de l'énergie dans les 
apteurs sans �l:Cal
ul des fréquen
es optimales pour les temporisateurs matérielsRésumé : La re
her
he dans le domaine des réseaux de 
apteurs sans �l et la demande pour 
e type de réseauxsont en pleine expansion, depuis que les gens ont 
ompris que 
eux-
i représentent la 
lé d'un grand nombre deproblèmes dans les domaines de l'industrie, du 
ommer
e, de la domotique, de la santé, de l'agri
ulture et del'environnement, de la surveillan
e, de la sûreté publique et
. L'une des problématiques les plus ambitieuses dansla re
her
he sur les réseaux de 
apteurs est la gestion de l'énergie et les te
hniques d'é
onomie d'énergie. Dans
e rapport, nous avons étudié une te
hnique d'é
onomie d'énergie en parti
ulier, à savoir la rédu
tion judi
ieusede la fréquen
e. Nous avons notamment analysé le lien très étroit entre les fréquen
es des horloges dans unmi
ro
ontr�leur et les nombreuses 
ontraintes imposées à 
es fréquen
es, par exemple par d'autres 
omposantsdu mi
ro
ontr�leur, par des spé
i�
ations d'un proto
ole, par des fa
teurs externes et
. Parmi 
es 
ontraintes,nous nous sommes parti
ulièrement intéressés à 
elles imposées par le servi
e de temporisation et par les débitsde transmission des ports série. Nos e�orts ont eu pour résultat un outil de gestion des 
on�gurations, dontle but est d'aider les développeurs d'appli
ations dans leur 
hoix des 
on�gurations du mi
ro
ontr�leur, enfon
tion des besoins et des 
ontraintes spé
i�ques de leur appli
ation en termes de temporisation.Mots-
lés : 
on�guration matérielle d'un n÷ud, gestion de l'énergie, n÷ud d'un réseau de 
apteurs, réseauxde 
apteurs sans �l, é
onomie d'énergie, rédu
tion de fréquen
e
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Frequen
y Optimisation in WSNs 11 Introdu
tionThis report investigates the use of advan
ed power saving methods as part of the energy management s
hemeof a spe
i�
 kind of mobile battery-powered 
omputing devi
es, also known as sensing devi
es. It is an attemptto make use of a greater part of the realm of possibilities o�ered by hardware, aiming at the repla
ement of thesingle system-wide power setting with a per appli
ation setting. To 
ondu
t the analysis, we use the TI MSP430mi
ro
ontroller, but the approa
h we took allows the reprodu
tion of the study for other mi
ro
ontrollers.1.1 MotivationIn re
ent years, a lot of resear
h has been 
ondu
ted on an important 
lass of 
ollaborating obje
ts, i.e., wirelesssensors, whi
h will 
onstitute the infrastru
ture for the ambient intelligen
e vision. This new kind of embed-ded systems has great potential for many appli
ations, for example surveillan
e, disaster relief appli
ations,environment monitoring, emergen
y medi
al response and home automation et
.Given its numerous domains of appli
ation, industry is also beginning to express its interest in wireless sensors.However, the great mismat
h between resear
h at di�erent levels (appli
ation, network, node) has for
ed industryto be relu
tant to use resear
h results. This study is part of greater initiative [26℄ to narrow this mismat
h.Power management in WSNs is a very ri
h area, sin
e the matter is of utmost importan
e in this �eld. Moti-vations for the extensive resear
h 
arried out in this �eld are numerous. Firstly, the battery is generally notrepla
eable, due to the randomness of the sensing devi
e's position and sometimes also to the dangerousness ofthe sensing �eld. Therefore, battery lifetime is synonym of sensor lifetime and must be extended as mu
h aspossible. Se
ondly, the progress made in battery 
apa
ity, lifetime and size is at best limited as 
ompared tothe one in pro
essing power, storage 
apa
ities and size. Lastly, with performan
e 
onstraints ever-in
reasing,power management is guaranteed to always need improvement.Te
hniques for the administration of energy resour
es and for the optimisation of power 
onsumption have beenproposed at almost all levels of a system from the ISA level to the operating system level [11℄. In the �eld ofWSNs, s
hemes for power saving often lie in 
ommuni
ation proto
ols, sin
e one of the most energy-expensiveoperations is data transmission.However, 
omputation, memory a

ess, or peripherals are also power greedy. Computation alone 
onsumesalmost as mu
h energy as 
ommuni
ation, espe
ially in leader nodes or sinks. Indeed, the role of leader nodes isto 
olle
t and relay information, as opposed to sensing, whi
h makes the bene�ts of power aware 
ommuni
ationproto
ols mu
h less signi�
ant than power aware 
omputation for this type of nodes.All this is to say that, in order to a

ount for appli
ation spe
i�
ities, a holisti
 approa
h to the optimisationof power 
onsumption is essential. Power saving s
hemes in
orporated in the OSI model are redu
tive, whereasa dire
t, �ne-grain 
ontrol over underlying hardware would allow the appli
ation to di
tate when power 
an besaved.The following questions must be answered. Is it feasible for an appli
ation to dire
tly 
ontrol the energy
onsumption of the hardware platform at runtime? How 
an user and/or appli
ation information be in
orporatedinto the power management s
heme? Is it possible to derive an optimal hardware 
on�guration with thisinformation? These questions are addressed in this report.1.2 Obje
tivesThe goal of this study is the exploration of di�erent approa
hes to appli
ation-spe
i�
 power administration, su
has appli
ation-driven frequen
y s
aling in 
ombination with enhan
ed hardware resour
es allo
ation. Di�erentappli
ations have di�erent needs and are in�uen
ed in di�erent ways by energy management poli
ies. It may evenhappen that the same appli
ation have di�erent requirements throughout its lifetime. It is thus an importantmatter to investigate the way in whi
h the appli
ation itself 
an in�uen
e or even 
ontrol power management.Figure 1 presents our approa
h to WSN energy management, addressing this matter expli
itly. The approa
h
onsists of several building blo
ks, all of whi
h will not be addressed in this report. The �rst building blo
k
omprises software requirements and needs. In order to enable the appli
ation to in�uen
e power management,the appli
ation's requirements must be derived and this is the role of the appli
ation framework. The proto
olsta
k and its needs also have an important part in our s
heme.RR n° 0123456789
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Figure 1: Outline of our power management approa
hThe des
ription of the hardware platform 
ombined with the above mentioned requirements and needs willallow the 
omputing tool to 
al
ulate a 
ertain number of power-e�
ient 
on�gurations whi
h will perfe
tlymat
h requirements to available resour
es. These hardware 
on�gurations are then sent ba
k to the appli
ationframework. The latter will hen
e be able to swit
h among hardware 
on�gurations in fun
tion of the appli
ations'
omputational a
tivity, of external events et
. The swit
hing is handled by the 
on�guration API and adaptor.The fo
us of this report is the des
ription of hardware resour
es and the hardware 
on�gurations 
omputingtool (green 
olour in Figure 1). The rest of the approa
h (red 
olour) is left as future work and brie�y dis
ussedin Se
tion 6.Our study 
on
entrates on resour
e reallo
ation, sin
e it is the key to allowing the appli
ation a �ne-grain
ontrol over hardware resour
es without pla
ing too mu
h responsibility on the programmer's shoulders. In
ontrast to other studies on WSN energy management, minimising the power 
onsumption is not the only andprimary goal, as the report 
onsiders its relation to the improvement of hardware resour
es usage.1.3 OutlineThe remaining of this do
ument is divided into four 
hapters, as follows. Se
tion 2 introdu
es the ba
kgroundneeded and some related issues. Se
tion 3 presents the various hardware des
ription methods used throughoutour study and explains the usage of these des
riptions. The new resour
e allo
ation algorithm that we developedand the 
on�gurations 
omputation tool are depi
ted in Se
tion 4. Finally, Se
tion 5 presents a 
ase study (theZigBee proto
ol sta
k) and evaluates the improvements of our s
heme as 
ompared to 
ommon te
hniques.Perspe
tives and future work will be dis
ussed in 
on
lusion.

INRIA



Frequen
y Optimisation in WSNs 32 Ba
kground and Related WorkThe �rst obvious prerequisite to understandingWSN power management is to have at least a basi
 understandingof WSNs and their 
hallenges. Most importantly, 
urrent power saving me
hanisms and their impli
ations haveto be understood. Therefore, this 
hapter is dedi
ated to laying the groundwork for the rest of the study.First, a brief presentation of WSNs will be made. Then, we will overview some power saving methods and themost famous WSN operating systems. And �nally, the last se
tion will relate our work to an important aspe
tof power management: battery models and dis
harge.2.1 Brief Presentation of WSNsA sensor is a devi
e whi
h measures a physi
al quantity and transforms it into meaningful information. It is abasi
 element of data a
quisition systems, whi
h are needed for observation and 
ontrol in numerous s
ienti�
and resear
h appli
ations.In the past, the only solution for transporting the data from the sensor to the 
entral 
ontroller was wiring, whi
hhad important drawba
ks, like its pri
e and its overall dimensions. Nevertheless, thanks to the huge progressin wireless 
ommuni
ation this wiring 
an now be eliminated to form Wireless Sensor Networks (WSNs).WSNs are a very popular theme at the moment, both for the resear
h world and for industry and are 
onsideredas one of the ten new te
hnologies whi
h will deeply 
hange the world and people's lives. Te
hnologi
al progresshas allowed the manufa
ture at a reasonable 
ost of tiny devi
es 
onsisting of: a sensing unit, a pro
essingand storage unit, a wireless trans
eiver unit and a power unit. Therefore, these devi
es are veritable embeddedsystems. The rollout of several su
h devi
es, in order to autonomously 
olle
t and transmit data to one orseveral 
olle
tion points forms a wireless sensor network.WSNs are a spe
ial type of ad ho
 network (or infrastru
ture free network). The nodes of this type of networkare mostly sensors whose positions are not ne
essarily predetermined. They are randomly s
attered through ageographi
al zone, also 
alled a sensing �eld, whi
h de�nes the terrain of interest for the sensed phenomenon.The sensed data are transported by way of multi-hop routing to a 
olle
ting point, also 
alled a sink. The lattermay be 
onne
ted to the user through the Internet or through a satellite link. Thus, the user 
an make requeststo other nodes on the network, spe
ifying the type of data required, and 
olle
t the sensed data through leadernodes.WSNs bring a new and very interesting perspe
tive: that of networks 
apable of auto
on�guration and of selfmanagement, eliminating the need for human intervention. Moreover, performan
e 
riteria for a sensor networkare di�erent from 
lassi
al networks, therefore, new solutions are needed. In fa
t, wireless sensors are intendedto be
ome ordinary obje
ts whi
h are easy to use. The network must be transparent to the user.The realisation of this type of network requires the use of te
hniques that were originally developed for adho
 networks. However, most of the proto
ols developed for the latter are not transposable as su
h to sensornetworks, sin
e the issues are di�erent. From a te
hni
al point of view, sensor networks raise new 
hallengeslike routing, power management, auto
on�guration, dissemination and data 
olle
tion, rollout et
.2.2 Current Power Saving Me
hanismsSin
e this se
tion will look into embedded systems and hardware platforms, a brief introdu
tion to mi
ro-
ontrollers is ne
essary [29, 3℄. A mi
ro
ontroller is a 
omputer-on-
hip, meaning that in addition to the
omponents of any mi
ropro
essor 
hip (ALU, 
ontrol unit, registers), it 
ontains additional elements su
h asRAM and ROM. In short, a mi
ro
ontroller is a single integrated 
ir
uit, 
ommonly with the following features:CPU (4-bit to 64-bit), serial ports, RAM, ROM, A/D 
onverters, peripherals (e.g., timers, wat
hdog) and oneor more 
lo
k generators.Figure 2 presents an example of ar
hite
ture, with a zoom on the 
lo
k system. There are generally several
lo
ks in a mi
ro
ontroller and, ex
ept for the CPU (whi
h always uses the master 
lo
k), all other elementsmust 
hoose among a set of 
lo
ks. These 
lo
ks themselves may be the result of a multiplexing of several
lo
k generators, as shown in Figure 2. Redu
ing the power 
onsumption by s
aling the frequen
y of the 
lo
kgenerators is therefore a very hard task, sin
e it will most likely in�uen
e the entire 
lo
k system.RR n° 0123456789



4 Pi
u & Fraboulet & Fleury

Figure 2: Example of mi
ro
ontroller ar
hite
tureSome peripherals, for example timers, are not easy to manage even when the 
lo
k frequen
y is not modi�ed.This is why embedded systems often use only one hardware timer to implement a list of software timers, eventhough up to sixteen hardware timers are available. In a nutshell, s
aling the frequen
y of 
lo
k generators ina mi
ro
ontroller requires the setting up of a me
hanism to 
ontrol all parts a�e
ted by the s
aling.To the best of our knowledge, there has been little work on 
ontrolling the power 
onsumption of an entirehardware platform for a sensor node [10℄. Yet, this is very important for embedded systems, like WSN nodes.Previous studies on this subje
t fall into two 
ategories: the ones that 
onsider the whole platform, but do noto�er enough 
ontrol (e.g., low power modes (LPMs)) and the ones that only investigate 
ertain parts of theplatform (e.g., energy-aware 
ommuni
ation proto
ols, CPU frequen
y s
aling).LPMs [12℄ vary the degree to whi
h the mi
ro
ontroller unit (MCU) is aware of its surroundings and the 
lo
ksthat the MCU keeps running. The MCU lowers power 
onsumption partly by shutting o� external and internalos
illators. Unused peripheral modules on the MCU are also de-a
tivated to save power. Although LPMs arevery e�e
tive, their design follows a on/o� rationale. For appli
ations whi
h have very small exe
ution times(1-2 se
onds), the time and energy overhead for putting the system to sleep and waking it up may ex
eed theexpe
ted bene�ts. Thus, for this type of appli
ations other methods are more adequate, e.g. frequen
y s
alingand voltage s
aling. Voltage s
aling is not an available feature of most mi
ro
ontrollers used in sensing devi
es.Thus, our attention turned to frequen
y s
aling. Frequen
y s
aling is a te
hnique where the pro
essor 
lo
k isredu
ed by some multiple of the maximum, permitting the pro
essor to minimise the energy dissipation linearly,as shown in equation 1 (P is the power 
onsumed, α is the a
tivity fa
tor, C is the swit
hed 
apa
itan
e, Vis the supply voltage, F is the 
lo
k frequen
y). It allows to save energy even when it is not pro�table to gointo LPM at the expense of redu
ed performan
e. S
aling down the frequen
y will redu
e the mi
ro
ontroller'spower dissipation in Watt but 
annot save the energy in Joule (see equation 2) 
onsumed by a task, be
ause fora given task, Ft is a 
onstant (the system will take a longer time to exe
ute its workload at a lower frequen
y).But if the system is under-utilised this method, alone or in 
ombination with LPMs, will save a signi�
antamount of power and energy. The authors of [11℄ �nd that �although dynami
 voltage s
aling renders the lowestenergy dissipation for most mi
ro
ontrollers, it is not always dramati
ally better than using a 
ombination ofdynami
 frequen
y s
aling and the inbuilt power down modes, whi
h is mu
h less expensive to implement�.Moreover, redu
ing the power dissipation will have a signi�
ant positive impa
t on battery 
apa
ity, as will bedis
ussed in Subse
tion 2.4. Frequen
y s
aling is also essential if we plan to use voltage s
aling in the future.This is very likely to happen, sin
e mi
ro
ontrollers make rapid progress and the feature will surely be availablein the near future for 
hips used in WSNs.
P = αCV 2F (1)
E = Pt (2)

= αCV 2Ft INRIA



Frequen
y Optimisation in WSNs 5A lot of resear
h has been 
ondu
ted on dynami
 frequen
y s
aling (DFS), sin
e the time of its introdu
tionaround 1994, generally for high-end 
omputing platforms (32-bit and 64-bit pro
essors) [17℄. However, thereis one study of this te
hnique for mi
ro
ontrollers [11℄, proving that these advan
ed power saving methodsare appli
able to su
h devi
es. However, all these studies su�er from the drawba
k of only analysing frequen
ys
aling as applied to the 
ore pro
essor or mi
ro
ontroller and only at the 
ir
uit level or at most at the operatingsystem level.In addition to these 
omponents, in a typi
al embedded system, like the ones based on the TI MSP430 [12℄,the pro
essor is also atta
hed to various peripherals e.g., timers, serial ports, �ash memory et
. Apparently,frequen
y s
aling also has an a�e
t on the energy 
onsumed by these peripherals. On one hand, de
reasing theoperating frequen
y of the pro
essor in
reases the time that these peripherals are turned on, thereby resultingin an in
reased energy 
onsumption, whi
h overshadows the energy savings gained from the pro
essor 
onsump-tion. On the other hand, de
reasing the operating frequen
y of the entire platform, in
luding peripherals, willeliminate ex
esses and save energy. Thus, for an embedded system like the TI MSP430 platform, it is essentialto 
onsider the appli
ation of frequen
y s
aling to the peripherals as well.In our study we analyse this method as applied to the entire hardware platform (in
luding sub-systems onthe 
hip and peripherals) and more importantly, its 
onsequen
es on the WSN appli
ations and the operatingsystem. It is the study of these 
onsequen
es that led us to believe that a better timer servi
e management willgreatly 
ontribute to the optimisation of the power 
onsumption of the entire platform.2.3 Timer Management in WSN OSsAs pointed out above, our holisti
 approa
h to frequen
y s
aling is 
losely related to the timer servi
e and totimer management. This is why a survey of timer management in popular WSN operating systems, like TinyOS,Contiki and SOS, was ne
essary [29, 1℄. An overview of these follows below.A 
riti
al part of a WSN operating system is o�ering a reliable, powerful, and e�
ient timer servi
e. This servi
emust provide a standard interfa
e to an arbitrary number of timers, in order to support portable, 
omposablehigh-level servi
es. Timer rates vary from a few events per day to sampling rates of 10 kHz or even higher.Finally, the timer servi
e must allow the sensing devi
e to be pla
ed in a LPM between timer events.Mi
ro
ontrollers used in sensor platforms 
ome with a wide variety of hardware timers. For instan
e, the AtmelATmega128 has two 8-bit timers and two expanded 16-bit timers (ea
h with several 
ompare units), while theTI MSP430 (a

ording to models) 
omes with two 
as
adable 8-bit timers and two 16-bit timers, summing upto 12 
ompare units. Both mi
ro
ontrollers also 
arry wat
hdog timers.All of these timers 
ome with di�erent 
lo
king options, 
ompare and external event 
apture registers et
. Butmost of the time only a minimal per
entage of this plethora of options and features is used, as we will see below.The general trend is to �x the main 
lo
k frequen
y and to have all software timers be served by one hardwaretimer. This is known under the name of timer virtualisation and it is not very energy e�
ient.2.3.1 TinyOS 2.xTinyOS 2.x developers believe that a standard interfa
e 
annot provide a 
onsistent view of the hardwarediversity. Therefore, they 
hose to use the teles
oping abstra
tion prin
iple for TinyOS 2.x's timer subsystem.At the top-level are virtualised and shared timers with a standard, limited interfa
e (the Timer interfa
e). Thesevirtualised timers are stati
ally allo
ated to di�erent servi
es. Underneath, there are mi
ro
ontroller-spe
i�
interfa
es to the hardware timers. These timers are physi
al and dedi
ated, e.g., providing the virtual timers,or doing 
y
le-
ounting for ben
hmarking purposes [14, 24℄.The granularity of the timer depends on the 
omponent providing the Timer interfa
e1. For now, only themillise
ond timer has been implemented, but two other types have been de�ned (the µs and the 32 kHz timers)and may be provided by platforms. Timer virtualisation is ensured by a module using the parametrised interfa
e
on
ept. The 
on
ept is similar to a hash fun
tion: ea
h timer has a unique identi�er whi
h allows the systemto retrieve it in 
onstant time.In the 
ase of the TI MSP430, a module exists that exposes almost entirely the fun
tionalities provided by the TIMSP430 timers A and B, in
luding 
lo
k sour
e sele
tion and division. But, these extraordinary fun
tionalities1See Appendix A for a diagram of the 
omponents.RR n° 0123456789
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u & Fraboulet & Fleuryare only used at setup time, when the master 
lo
k frequen
y is set to a �xed value (4 MHz), whi
h will neverbe 
hanged. Every time a timer expires, the timer list (or �hash table�) is skimmed through and the next timeris set in one of timer A's or timer B's 
ompare units.To sum up, although exposing most of the hardware fun
tionalities is a huge progress, TinyOS 2.x still uses aunique �xed frequen
y and only one of the dozen available hardware timers.2.3.2 ContikiContiki o�ers four types of timers: timer (passive timer, follows only its expiration time), etimer (a
tive timer,sends an event when it expires), 
timer (a
tive timer, 
alls a fun
tion on expiration), and rtimer (real-timetimer, 
alls a fun
tion at an exa
t time; not implemented for the TI MSP430 yet). In reality, the �rst two arethe main types, sin
e 
timer and rtimer a
tually make use of an etimer to a
hieve their missions [7, 6℄.Timer A from the TI MSP430 is used as 
lo
k. Its sour
e is the sub-system master SMCLK and it 
annot be
hanged. There is no reusable frequen
y setting fun
tion, everything is done in the setup fun
tion. Event timersare organised in a linked list whi
h is skimmed through at ea
h update. Regular timers are used by verifyingtheir state (expired or not), whi
h is 
al
ulated on demand by querying the 
urrent time and subtra
ting thetimer interval from it.2.3.3 SOSIn SOS, the developers have used one hardware timer and allow an unlimited number of timer requests up tomemory limitation. The timer servi
e uses the hardware timer to a

ount for the number of ti
ks sin
e timerrequest. The resolution of timer ti
k is 1

1024
se
onds. To s
hedule a one se
ond timer, an appli
ation will needto request 1024 ti
ks [18℄.SOS developers have 
hosen to stru
ture timer requests a

ording to the delta value of the previous request.Instead of maintaining the timeout value in absolute value, the timeout value is represented as the value relativeto previous timeout. For example, if module X requests a timeout of 1000 ti
ks and module Y requests a timeoutof 1500 ti
ks, module X's request will be stored as 1000 and module Y's request as 500. This way, only moduleX's request needs to be de
remented on updates. This makes the implementation a little bit 
ompli
ated sin
eea
h new timer must be inserted at the right pla
e in the delta values linked list, but it is more resour
e e�
ient.There are a number of timers that are pre-initialised in the system and timers are organised in several double-linked lists (pre-allo
ated timers, initialised timers, periodi
 pool) to allow for memory re-usage instead offreeing and mallo
'ing all the time. The delta queue is updated on every hardware interrupt from TI MSP430'stimer B. There is no reusable frequen
y setting me
hanism, everything is done in the setup fun
tion (
urrently4 MHz).In a nutshell, the analysis of these OSs proved that at present, timer management systems are rather rudimen-tary. They all use only one hardware timer to provide a 
ertain number of software timers. Although it isneither resour
e e�
ient, nor energy-aware, this is a 
onvenient and easy way to handle timers. It assumes thatthe 
lo
k frequen
y never 
hanges and this is the reason why frequen
y s
aling 
annot be used in 
ombinationwith this timer management method. However, mi
ro
ontrollers 
ome with a multitude of hardware timers that
an also be used in the software timer system. The optimisation of the use of hardware resour
es, like timers,would result in lower operating frequen
ies for the mi
ro
ontroller and would thus save power and in
reasebattery 
apa
ity.2.4 Battery Dis
harge BehaviourThis report would not be 
omplete without a run through the results of the latest studies in the �eld of batterydis
harge behaviours. Indeed, the energy drawn from a battery is not always equivalent to the energy 
onsumedin devi
e 
ir
uits. Therefore, battery dis
harge is an important point, sin
e it 
an give an a priori indi
ation ofthe e�e
tiveness of a power-saving s
heme. INRIA
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y Optimisation in WSNs 7The result whi
h is most important to our study, [16℄, proves that peak power drawn from a battery rather thanaverage power determines that battery's 
apa
ity. Consequently, redu
ing the peak power of a mobile systemwill in
rease the battery life by more than redu
ing the idle power, even if both redu
tions result in the sameaverage power. An important method of redu
ing peak power is trading power for performan
e, parti
ularlys
aling the 
lo
k frequen
y down.Another study that is relevant to our work is [21℄. The authors explain the rate-dependen
y of a battery's 
a-pa
ity. They state that battery 
apa
ity de
reases as the dis
harge rate in
reases and illustrate the phenomenonby a simpli�ed example. In short, for the energy-generating 
hemi
al rea
tion to take pla
e in the battery, a
tivespe
ies need to be present at the ele
trode surfa
e. The a
tive spe
ies are replenished by di�usion from thebulk of the ele
trolyte. However, the higher the load 
urrent, the harder it is for the di�usion pro
ess to keepup with the rea
tion pro
ess. So, when the 
on
entration of a
tive spe
ies at the ele
trode surfa
e drops belowa 
ertain threshold the battery no longer produ
es energy, even though 
harge is still available. The 
harge willeventually re-be
ome available after a su�
iently long time. However, at su�
iently low dis
harge rates, thebattery will behave like an ideal energy sour
e and the phenomenon depi
ted above 
an be avoided.To 
on
lude this se
tion, it is important to keep in mind the results of the above resear
h on battery dis
hargebehaviour when attempting to design new power saving te
hniques. In our 
ase, these studies reinfor
ed ourbelief that minimising the power drawn from a sensing devi
e's battery will bring signi�
ant bene�ts.2.5 SummaryThis 
hapter brie�y presents wireless sensor networks and 
urrent power saving te
hniques applied in this �eld.We 
on
luded that frequen
y s
aling would be a novel approa
h to power management in WSNs. Batterydis
harge behaviour and energy and power equations lead to believe that the above approa
h will have asigni�
ant e�e
t on power 
onsumption. Frequen
y s
aling is 
losely related to resour
e allo
ation, in parti
ularto timers, therefore we also studied timer management in popular WSN operating systems.
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riptionsFor a better allo
ation of the hardware resour
es, the allo
ation s
heme must have knowledge of the availableresour
es. Also, a holisti
 frequen
y s
aling approa
h requires detailed knowledge of all the dependen
ies between
lo
ks and mi
ro
ontroller sub-systems and also among sub-systems themselves. This is why we de
ided todes
ribe the available hardware resour
es in a way that will be easily manipulated by a software program.As our study advan
ed, we used several ways of representing available hardware resour
es. Below are presentedthese di�erent types of hardware des
riptions and the reasons we 
onsidered them. But �rst, a 
ommon pointof all our methods of des
ribing hardware is introdu
ed.Although the TI MSP430 was 
hosen for this study, the approa
hes we took do not make any assumptionson the mi
ro
ontroller or on the operating system, therefore generality is preserved. For the purpose of ouranalysis, we split the mi
ro
ontroller into several blo
ks, 
orresponding to sub-systems sharing the same 
lo
k.Figure 3 shows these blo
ks and the 
lo
ks that ea
h blo
k 
an 
hoose from, as well as intera
tions betweenblo
ks.This hierar
hi
al organisation is very 
onvenient, no matter the way we 
hoose to des
ribe our hardware, sin
eit separates the parts of the mi
ro
ontroller using di�erent 
lo
k sour
es. In the 
ontext of frequen
y s
aling,this is an essential property of the des
ription.3.1 Hardware Dependen
y GraphThe �rst des
ription took the form of a dependen
y graph, with registers being verti
es and 
lo
ks being edges.Given the above property, the dependen
y graph is a hierar
hi
al graph: ea
h blo
k 
orresponds to a sub-graph.An example of sub-graph is shown in Appendix B. In this diagram, ea
h shape 
orresponds to a di�erent typeof register. The possible types are:� on/o� swit
hing register � double 
ir
le,� sele
tion register � inverted trapezium,� de
ision register � diamond,� division register � inverted triangle,� 
lo
k sour
e � hexagon,� other � box.The diagram in Appendix B is the automati
ally generated .dot representation of the graph data stru
ture
ontaining that information. The pro
ess to obtain the hardware resour
es information under that form isdes
ribed below.The relevant mi
ro
ontroller information is gathered in the form of an XML �le, written by the user. Currently,we 
ompleted the XML hardware des
ription for the TI MSP430. When writing this �le, a spe
i�
 grammarmust be respe
ted (see Appendix C). The resulting XML �le will be parsed, using the Xer
es C++ SAX parser[8℄, and 
onverted into a graph data stru
ture that 
an be easily manipulated by software, using the BoostGraph Library [5℄. As pointed out before, this is a general approa
h and any other mi
ro
ontroller 
an bedes
ribed using this grammar and parsed to obtain the graph stru
ture.This des
ription was intended to support a slightly di�erent approa
h than the one introdu
ed in the beginningof this report. The idea was to allow the appli
ation to dynami
ally 
ontrol power management at runtimethrough an Appli
ation Programming Interfa
e (API). The initial goal of this representation of the hardwareresour
es was to help in the propagation of 
lo
k frequen
y 
hanges throughout the mi
ro
ontroller in fun
tionof the sub-systems whi
h depend on the modi�ed frequen
y. The graph would be used to generate a state spa
e(with a state being 
omposed of the values of all the 
on�guration registers of the mi
ro
ontroller at a giventime) 
ontaining all the valid states of the mi
ro
ontroller.A program implementing a Finite State Ma
hine (FSM) would perform the transitions between states andre
on�gure the hardware. Hardware re
on�guration would thus be transparent for the appli
ation, whi
h wouldINRIA
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Figure 3: Sub-systems of the mi
ro
ontroller sharing the same 
lo
ksimply use the interfa
e to the above software program. However, we soon realised that this solution is too
omplex (the size of the state spa
e would be enormous) and thus not feasible. Moreover, the amount of energy
onsumed for state transitions would ex
eed the one saved by this operation, due to the large amounts of
omputation and memory involved.3.2 Nonlinear System of EquationsThe se
ond des
ription is analyti
. We 
hose this parti
ular kind of modeling, hoping that it will eventuallyallow us to �nd a minimum frequen
y (given a set of 
onstraints) and the asso
iated hardware 
on�guration,by simply solving a system of equations. We kept the hierar
hi
al separation mentioned above, for 
larity.Similarly, to the �rst des
ription, we 
ategorised hardware 
on�guration registers a

ording to their types. Todes
ribe ea
h type of register we used either an equation or a system of equations.User or appli
ation imposed 
onstraints (more about this in Se
tion 5) allow us to assign values to 
ertainparameters and thus solve the overall system of equations for our main unknowns: 
lo
k frequen
ies. The goalis to 
ompute the values of the hardware registers whi
h minimise these frequen
ies.Similarly to the previous des
ription, we 
lassi�ed registers into several types. Two simple examples of thesetypes and their asso
iated equations follow2:� sele
tion register or sele
tor:










a1Xin + a2Yin + a3Zin = Tout

a1 + a2 + a3 = 1

a1, a2, a3 ∈ {0, 1}where Xin, Yin and Zin are input frequen
ies, Tout is the output frequen
y and a1, a2, a3 are parameters.Frequen
ies are also bounded either by the os
illating frequen
y of a 
rystal or by the range of a Digitally-Controlled Os
illator (DCO).� division register or divider:


















d · fout = fin

a1 · 1 + a2 · 2 + a3 · 4 + a4 · 8 = d

a1 + a2 + a3 + a4 = 1

a1, a2, a3, a4 ∈ {0, 1}2All unknowns and all parameters have positive integer values, ex
ept frequen
ies, whi
h are real.RR n° 0123456789
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i�ed dis
rete set of possible values (e.g., {1, 2, 4, 8}). fin and fout are the inputand respe
tively, output frequen
ies, d is the division register and a1, a2, a3, a4 are parameters.
{

fin = d · fout

1 ≤ d ≤ 65536for dividers with a spe
i�ed interval of possible values (e.g., integers from 1 to 65536). fin and fout arethe input and respe
tively, output frequen
ies, d is the division register.Using the equations we derived for all identi�ed types of registers (the ones whi
h have an in�uen
e on or arein�uen
ed by 
lo
k frequen
y) and some examples of user or appli
ation imposed 
onstraints (Se
tion 5) wewere able to solve the resulting system for all unknowns by minimising the 
lo
k frequen
y.Our system of equations falls into a 
ategory of parti
ularly hard global optimisation problems, i.e. the so-
alled Mixed-Integer Nonlinear Programming (MINLP) problems. More details on this type of problems andon existing solvers will be given in Se
tion 4.3.3 Frequen
y Optimisation GraphCombining the two approa
hes, the third hardware des
ription s
heme is the one we eventually used in thesoftware we developed. This des
ription presents the part of the hardware that is relevant to our study, underthe form of a dire
ted 
onne
ted a
y
li
 graph, in whi
h sour
e verti
es are 
lo
k sour
es and sink verti
es areusually dividers.The graph 
ontains the same hardware registers as the variables in the nonlinear system of equations. However,the frequen
y optimisation graph allows not only to �nd a global minimum for the frequen
y, but also to �ndall possible solutions, given a pre-imposed set of 
onstraints. This is very useful, sin
e the minimum may notalways be the preferred solution.Similarly to the �rst representation, registers are verti
es and 
lo
ks are edges. We use only the registersmodelled in the se
ond representation. One additional type of vertex is needed to keep the stru
ture a graph:the repeater, whi
h repli
ates the input edge into as many output edges as ne
essary (the same 
lo
k goes intomultiple blo
ks). Without this new type of vertex the stru
ture would be a hypergraph, whi
h is mu
h moredi�
ult to handle. Appendix D shows an example of su
h a graph, 
ontaining information from the basi
 
lo
kmodule and the timers blo
ks of the TI MSP430.The frequen
y optimisation graph is also an annotated graph, meaning that nodes and edges are annotatedwith extra information. Ea
h type of node has spe
i�
 information, e.g. possible frequen
ies for 
lo
k sour
es,division range or set for dividers, asso
iation between value of the sele
tor and the sele
ted 
lo
k for sele
torset
. This data stru
ture is then used by analysing and 
ombining in an ideal way the information from boththe graph stru
ture and the annotations.To gather information on the mi
ro
ontroller, we used an XML �le, whi
h respe
ts a slightly di�erent grammarthan the one presented in Appendix C. Slight modi�
ations were made to node types, in order to a

ommodatefor annotations. Con
erning the parsing of the resulting XML �le we used the same parser as the one used forthe hardware dependen
y graph (Xer
es C++ SAX parser). The parsed information is then 
onverted into agraph data stru
ture that 
an be easily manipulated by software, using the Boost Graph Library [5℄. It thisstru
ture that will eventually be used in our tool for 
omputing possible 
on�gurations.3.4 SummaryTo 
on
lude this 
hapter, we may say that the frequen
y optimisation graph is our best 
han
e to obtain possible
on�gurations from the 
ombination of hardware 
apabilities and user and/ or appli
ation 
onstraints. We havealso presented two other ways of representing hardware resour
es, whi
h were very useful in developing the �nalform.Representing hardware resour
es in a software useable manner will o�er 
omplete 
ontrol over the hardwareplatform to software. Consequently, it will also enable the latter to redu
e the power 
onsumption of the formerINRIA
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y Optimisation in WSNs 11as a whole. This step is in line with our holisti
 approa
h to power optimisation, whi
h aims at 
omplementingexisting s
hemes whi
h only address parts of the systems, e.g. power-aware 
ommuni
ation proto
ols.As shown in the introdu
tion of the report, the hardware des
ription will be fed into the 
on�guration 
omputingtool, whi
h will generate optimal 
on�gurations for the given requirements. This will enable the appli
ation tohave a small set of 
on�gurations, ea
h with its own 
lo
k frequen
y, at 
ompile time and will allow it to swit
hamong them at will. On
e the possible 
on�gurations are 
al
ulated for ea
h appli
ation, the programmer 
anin
lude 
ode in the appli
ation or in the operating system (e.g., under the form of a servi
e), that will swit
hfrom one hardware 
on�guration to another (and at the same time from one 
lo
k frequen
y to another), infun
tion of the appli
ation's needs.
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ting Hardware and SoftwareIn the previous 
hapter, di�erent ways of representing hardware resour
es have been presented. This 
hapterwill des
ribe the operation of the hardware 
on�gurations 
omputing tool from Figure 1. The tool is dedi
atedto using the above representations to 
on�gure and allo
ate hardware resour
es su
h that user and/or appli-
ation requirements are respe
ted and that power drawn from the battery is minimum. As pointed out above,minimising power drawn from the battery will in
rease its 
apa
ity.In making hardware and software work together in an optimal manner, we worked through several steps,illustrated in Figure 4 (only green items have been addressed in this study). First, we developed a noveltimer allo
ation algorithm, sin
e timers are one of the key mi
ro
ontroller subsystems in redu
ing operatingfrequen
y. We then used this allo
ation s
heme to pla
e 
onstraints on hardware timers, whi
h allow us to obtainall valid hardware 
on�gurations, by simply walking through the frequen
y optimisation graph and applyingthe 
onstraints imposed by ea
h vertex to the set of solutions. Both s
hemes are des
ribed in more detail in thefollowing se
tions.4.1 Software Timer Allo
ationThe allo
ation of software timers to hardware timers is an important fa
tor in determining the minimumfrequen
y at whi
h the mi
ro
ontroller 
an operate. Despite the importan
e of the matter, popular sensornetwork operating systems do not 
onsider this problem in their studies. As we saw in Subse
tion 2.3, the OSsassign all software timers to one 
lo
k or hardware timer. Sometimes, the 
lo
k or hardware timer also has therole of OS 
lo
k. The frequen
y is often very high (e.g., 4 MHz in TinyOS 2.x), as 
ompared to its optimalvalue, in order to a

ommodate a de
ent timer resolution. Our idea was to 
reate an allo
ation s
heme thatwill 
al
ulate the minimum frequen
y required to provide all appli
ation and OS timers, while spreading themthroughout the available hardware timers.If the number of software timers is less than or equal to the number of hardware timers, then ea
h softwaretimer 
an be assigned to one hardware timer. However, if there are more software timers than hardware timers,as is almost always the 
ase, a strategy is needed in order to �nd the best distribution. First, it is importantto noti
e that a hardware timer ti
king every h time units 
an not only a

ommodate a software timer withvalue h, but also timers with values multiple of h, e.g. 2h, 3h et
, at no additional 
ost in power drawn from thebattery. This is possible by having the hardware timer ti
k every h time units and having the timers multipleof h managed by software.Therefore, a good �rst step in the timer allo
ation s
heme is to separate the software timer set into small setsof timers whi
h are multiple of another timer, as shown in Algorithm 1.On
e the timers are separated into sets of multiples, the problem is redu
ed to allo
ating the timer ti
king ata maximum value of time units from ea
h set of multiples. On
e again, if the number of software timers is lessthan or equal to the number of hardware timers, ea
h software timer 
an simply be served by one hardwaretimer. Otherwise, a 
lustering s
heme is ne
essary. In order for the 
lustering to be optimal, the frequen
y ofthe hardware timer that will a

ommodate the 
luster must be minimised.If a hardware timer must serve a 
luster of software timers whi
h are not multiples of one another, then theminimum operating frequen
y is given by the multipli
ative inverse of the greatest 
ommon divisor (GCD) ofthe time intervals required by software. Hen
e, to minimise operating frequen
y, we need to maximise thesevalues (seeing that frequency = 1

timeperiod
), the GCD of ea
h 
luster, when forming the partition.In order to obtain a fun
tion whose optimisation will maximise the GCDs, we will 
onsider the problem interms of number of interruptions. For ea
h hardware timer, the lower the frequen
y, the smaller the number ofinterruptions per time unit and thus, the less energy 
onsumed. So, if we want to have a global minimum, allwe have to do is minimise the sum of all numbers of interruptions per time unit, whi
h boils down to minimisingthe sum of all hardware timer frequen
ies, as shown in Equation 3 (where sw is the set of software timers ti
kingat a maximum value of time units from ea
h set of multiples, P(sw) is the partition to evaluate and Ci are the
lusters).

W (P(sw)) =

|hw|
∑

i=1

1

GCD(Ci)
(3)INRIA
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Figure 4: Detail of the hardware 
on�gurations 
omputing toolThis is a set partitioning NP-
omplete optimisation problem. Jensen's algorithm [22, 13℄ is a dynami
 program-ming 
lustering algorithm whi
h �ts our problem very well. This algorithm 
onsiders the problem of partitioninga set of pre-de�ned 
ardinality or size (number of software timers) into a pre-de�ned number of 
lusters (i.e.hardware timers). The author proves that it always 
onverges on the best 
lustering solution.In order for the algorithm to work, the fun
tion to be optimised must be additive and this 
ondition is ful�lledby our fun
tion. Although it is a huge improvement over total enumeration, Jensen's algorithm still needs tostore the value of the fun
tion W for almost all subsets of sw, whi
h makes it unusable for large problems (i.e.it is limited to 17 elements on a 2 GHz Pentium M with a 1 GB of RAM). However, the problem we are dealingwith is reasonably small, whi
h allows us to su

essfully use Jensen's algorithm.A brief des
ription of how we applied Jensen's algorithm to our problem follows. The goal of the s
heme is tobuild a graph very similar to the Hasse diagram ([30℄) of a family of subsets over the set to be partitioned, i.e.
sw, partially ordered by in
lusion. The only di�eren
e with the Hasse diagram is that in Jensen's graph, onesubset 
an have multiple o

urren
es at di�erent stages of the graph.

mn(s) =











s · |sw|
|hw| if |sw| ∝ |hw|

{

( |sw|
|hw| + 1) · s if 1 ≤ s ≤ |sw| − |hw| · |sw|

|hw|

|sw| − (|hw| − s) · |sw|
|hw| if |sw| − |hw| · |sw|

|hw| < s ≤ |hw|
otherwise (4)

mx(s) = |sw| − |hw|+ s (5)In-
learer, Jensen's stru
ture is a dire
ted a
y
li
 graph whereof the sour
e is the empty set ∅ and the sink is
sw itself. Between the sour
e and the sink, the graph is 
omposed of a 
ertain number of stages, 
al
ulated asshown in Equation 6. There are no edges between verti
es of the same stage. Edges are only possible betweenverti
es of adja
ent stages and only if a relation of in
lusion exists between the two.

s =

{

|hw| if |sw| ≥ 2 · |hw|

|sw| − |hw| otherwise (6)For the 
onstru
tion of ea
h stage, the s
heme 
omputes the minimum and the maximum 
ardinalities of subsetsof that stage, as shown in Equations 4 and 5. The equations 
ome from Jensen's observation that it is possible toeliminate redundant partitions, by 
onsidering distribution forms. A distribution form is a subset of partitionssharing the same format. For example, if we want to break up a set of 4 elements into two subsets, then {3}-{1}(three elements in the �rst subset and one element in the se
ond) and {2}-{2} (two elements in ea
h subset)are the only possible distribution forms.RR n° 0123456789



14 Pi
u & Fraboulet & FleuryAlgorithm 1 Separation of timers in sets of multiples1: sw set of software timers2: i, j, m positive integers3: c table of sets of multiples4:5: i← 06: while sw 6= ∅ do7: m← min(sw)8: c[i]← ∅9: for j = 0 to |sw| − 1 do10: if sw[j] ∝ m then11: c[i]← c[i] ∪ {sw[j]}12: sw ← sw \ {sw[j]}13: end if14: end for15: i← i + 116: end whileOn
e the 
ardinalities are 
omputed, all subsets of sw, with 
ardinalities 
omprised within these limits areadded to the graph at the 
orresponding stage. Edges are also added based on in
lusion of the subsets from theprevious stage. For our problem, the weight of an edge is the multipli
ative inverse of the GCD of the elements
ontained in the di�eren
e of the two adja
ent subsets.The 
onstru
tion of the graph as applied to our problem is illustrated in Algorithm 2 and Jensen's numeri
alexample is reprodu
ed in Appendix E. On
e the graph is 
reated, all we have to do to obtain the optimalpartition is to apply Dijkstra's shortest path algorithm (from the Boost Graph Library [5℄) to the graph.To �nish this se
tion, Jensen's algorithm allows us to assign software timers to hardware timers in an optimalfashion. Thus, we obtain user and appli
ation 
onstraints (assuming the user or appli
ation in
luded theirtimers in sw) under the form of 
onstraints on hardware registers of Timer A and/or Timer B of the TIMSP430. During our study, we used these 
onstraints both in resolving our nonlinear system of equations(Subse
tion 3.2) and in 
omputing hardware 
on�gurations as we will see in the next se
tion.4.2 Computation of Con�gurationsFrequen
y s
aling implies a lot of 
on�guration 
hanges if we want to keep 
ontinue ful�lling user and appli
ationrequirements. This is why a hardware 
on�guration management tool is essential for our proje
t. Our initialidea, des
ribed in Subse
tion 3.1 summarised very well the goal: being able to enumerate possible hardware
on�gurations and to 
hoose the one that best �ts our s
enario. However, total enumeration is huge task whi
his pra
ti
ally infeasible.4.2.1 Solving the MINLP ProblemThis is why we turned our attention to analyti
al methods, like expressing hardware 
apabilities as equations,as shown in Subse
tion 3.2. This method was very su

essful, espe
ially in 
ombination with the Jensen'salgorithm [13℄, for the derivation of user and appli
ation 
onstraints. Other 
onstraints 
ome from os
illator
apabilities, as mentioned in Subse
tion 3.2.Appendix F shows an example of the nonlinear system of equations for TI MSP430's basi
 
lo
k module and timerA. Constraints on timer A's registers are drawn from Jensen's algorithm and 
onstraints on 
lo
k frequen
ies
ome from the TI MSP430 user guide [12℄. The system is a MINLP problem, i.e. a Nonlinear Programming(NLP) problem in whi
h some of the variables are required to take integer values. A NLP problem is de�nedas follows [9℄: there is one s
alar-valued fun
tion F , of several variables, that we seek to minimise or maximisesubje
t to one or more other su
h fun
tions that serve to limit or de�ne the values of these variables. F isknown as the �obje
tive fun
tion�, while the other fun
tions are 
alled the �
onstraints�. INRIA



Frequen
y Optimisation in WSNs 15Algorithm 2 Jensen's 
lustering algorithm applied to our problem [13℄1: sw set of software timers2: hw set of hardware timers3: g Jensen's graph4: i, j, s positive integers5: first, last, set sets6:7: g ← g + vertex(∅)8: for i = 0 to s do9: j ← mn(s)10: repeat11: first← �rst set of j elements12: last← last set of j elements13: set← first14: repeat15: g ← g + vertex(set)16: g ← g + edges(set)17: set← next set of j elements18: until set > last19: j ← j + 120: until j > mx(s)21: end for22: if mx(s) < |sw| then23: g ← g + vertex(sw)24: g ← g + edges(sw)25: end if26: Dijkstra shortest path in g from vertex(∅) to vertex(sw)Software for this parti
ularly di�
ult kind of global optimisation has followed two approa
hes: outer approxi-mation and bran
h and bound. The BARON solver [23℄ is based on the se
ond approa
h and is available foronline use on the NEOS server for optimisation [28℄. The server requires models written in the GAMS modelinglanguage [4℄. Using this online solver allowed us to 
he
k that our system is solvable and gave us an idea on theapproa
h to take in 
al
ulating all possible hardware 
on�gurations for a given set of 
onstraints.4.2.2 Walking the GraphThis is how we 
ame to use the hardware des
ription presented in Subse
tion 3.3 and illustrated in Figure 5.Using this annotated graph, we 
al
ulate possible hardware 
on�gurations in the following way: we use theBoost [5℄ implementation of the depth-�rst visit algorithm to walk the graph in post-order. This means thatwe step through the items of the graph, by means of the 
onne
tions between parents and 
hildren and that wetraverse 
hildren before their respe
tive parents.This allows us to start with the sink nodes and work our way up to the sour
e nodes (whi
h are all 
lo
ksour
es), while adding more and more 
onstraints to the 
lo
k frequen
y on the way. When the walk is �nished,we obtain a list of possible 
lo
k frequen
ies and the asso
iated mi
ro
ontroller 
on�gurations. Constraints 
anbe easily added or removed by a

essing the graph stru
ture.The traversing operation is evidently di�erent for ea
h type of vertex. Here are some examples:� sele
tor: 
opy all 
hild 
on�gurations for ea
h sele
tion option and add that option to ea
h 
on�guration.� divider: for all 
hild 
on�gurations, multiply the 
lo
k frequen
y by the value of the divider and add thatvalue to the 
on�guration. If the node has no 
hildren, but has a 
onstraint, 
reate new 
on�gurationswith all possible values of the divider, given the 
onstraint. If the node has no 
hildren and no 
onstraint,do not 
reate any 
on�guration, sin
e the node imposes no 
onstraint on its parents.RR n° 0123456789
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Figure 5: Annotated frequen
y optimisation graph� repeater: 
ompute the interse
tion of all the sets of hardware 
on�gurations 
oming from the 
hildren.The result of the interse
tion is a set of 
on�gurations obtained by merging 
hild 
on�gurations for whi
hall 
ommon registers have the same values and by dis
arding all other 
on�gurations.For performan
e reasons, it is useful to 
ompute an upper limit for 
lo
k frequen
ies (using the 
onstraints)before performing the graph walk. This will signi�
antly redu
e the number of hardware 
on�gurations to be
onsidered, from the very beginning.4.3 SummaryThis 
hapter presented the two main features of our power saving s
heme: enhan
ed hardware resour
e allo
ationand appli
ation 
onstraints-
ompliant 
on�gurations. Their e�e
tiveness is suggested by the mathemati
alequations of power and energy versus frequen
y and also by battery dis
harge models.These two s
hemes are the heart of our holisti
 approa
h to the management of power 
onsumption. The
ombination of the two takes full advantage of the new perspe
tives o�ered by the detailed knowledge ofavailable resour
es. It 
an optimise the use of these resour
es and thus energy on all levels of the system, fromthe appli
ation level down to the OS level and through the 
ommuni
ation proto
ols, as we will see in the next
hapter.This approa
h based on frequen
y s
aling, used in 
ombination with LPMs, energy-aware 
ommuni
ation pro-to
ols and software is likely to save large amounts of power and 
ontribute to in
reasing the battery 
apa
ityby lowering the peak power drawn, as dis
ussed in 2.4.
INRIA



Frequen
y Optimisation in WSNs 175 Towards Energy-aware SoftwareReliable and a

urate information for solving the ex
essive power 
onsumption problem 
an only be obtainedfrom appli
ations themselves. Appli
ation-dire
ted frequen
y s
aling o�ers the opportunity to use just the righthardware resour
es instead of a general purpose estimate used in operating systems.However, it requires the appli
ation to have a 
lear representation of its needs at all times. The needs of theappli
ation are also very important in an improved hardware resour
es allo
ation s
heme, sin
e its role is toassign hardware to ful�l software requirements. We will therefore take an example of WSN software and try toderive its requirements related to timing, whi
h is the main issue for frequen
y s
aling and for hardware timers.The requirements will then be input to the hardware 
on�gurations 
omputation tool. We 
ompare the resultsfrom ea
h step of the approa
h to 
ommon algorithms for this type of problem, e.g. the greedy algorithm. Thenwe dis
uss the out
ome and we try to argue for the e�e
tiveness of our approa
h.5.1 Case Study: ZigBee [19, 25℄ZigBee is the name of a spe
i�
ation for a suite of high level 
ommuni
ation proto
ols, targeted at RF appli
a-tions that require a low data rate, long battery life, and se
ure networking. It is based on the IEEE 802.15.4standard and the relationship between the two is the same as that between IEEE 802.11 and Wi-Fi. In ourstudy we used the most re
ent version of the spe
i�
ation whi
h dates from De
ember 2006 [19℄.ZigBee spe
i�es an entire 
ommuni
ation sta
k: IEEE 802.15.4's physi
al and MAC layers, network layer usingthe AODV routing algorithm and appli
ation layer. The reason why we 
hose to study ZigBee is its be
ominga wide spread standard in WSNs and ZigBee-
ompliant 
hips are already on sale. In addition to that, it isa 
omplex set of 
ommuni
ation proto
ols whi
h are likely to provide interesting 
onstraints for us to test,espe
ially as far as timers go.In the following se
tions we will study ea
h of ZigBee's layers, from the point of view of their frequen
y andtimer needs. We will start with the physi
al layer and work our way up to the appli
ation layer.5.1.1 Physi
al LayerThe physi
al layer of a proto
ol sta
k provides the means of transmitting raw bits over a physi
al data link
onne
ting network nodes. The bit stream may be grouped into 
ode words or symbols, and 
onverted to aphysi
al signal, that is transmitted over a physi
al transmission medium. The shapes of the ele
tri
al 
onne
tors,whi
h frequen
ies to broad
ast on, what modulation s
heme to use and similar low-level parameters are spe
i�edhere.The study of the physi
al layer might seem irrelevant to our work, sin
e we are 
on
erned with software.However, time intervals are spe
i�ed in number of symbols in ZigBee's MAC layer. As explained below,modulation s
hemes are the ones determining the symbol duration and the number of bits per symbol (or of
symbols per o
tet). It is therefore essential to study the di�erent modulation s
hemes available in ZigBee andlisted in Table 23.Naturally, ZigBee uses digital modulation s
hemes [27℄. In digital modulation, an analog 
arrier signal ismodulated by a digital bit stream. The 
hanges in the 
arrier signal are 
hosen from a �nite number ofalternative symbols (the modulation alphabet).The 
hara
teristi
s of the analog signal, phase, frequen
y, amplitude or 
ombinations of them, are used torepresent the digital bit stream. Ea
h of these phases, frequen
ies or amplitudes are assigned a unique patternof binary bits. Usually, ea
h phase, frequen
y or amplitude en
odes an equal number of bits. The �xed-size setof bits 
omprises the symbol that is represented by the parti
ular 
hara
teristi
 (phase, frequen
y et
).If the alphabet 
onsists of M = 2N alternative symbols, ea
h symbol represents a message 
onsisting of N bits.If the symbol rate (also known as the baud rate) is fS symbols/se
ond, the data rate is N · fS bit/se
ond. Forexample, with an alphabet 
onsisting of 16 alternative symbols, ea
h symbol represents 4 bit and the data rateis four times the baud rate.3Data is reprodu
ed from [25℄.RR n° 0123456789



18 Pi
u & Fraboulet & FleuryPHY(Mhz) Frequen
yband (Mhz) Data parameters Symbolduration(us) SHRduration(symbols) Symbolsper o
tetBit rate(kb/s) Symbol rate(ksymbol/s)868/915 868-868,6 20 20 50 40 8902-928 40 40 25 40 8868/915(optional) 868-868,6 250 12.5 80 3 0.4902-928 250 50 20 7 1.6868/915(optional) 868-868,6 100 25 40 10 2902-928 250 62.5 16 10 22450 2400-2483,5 250 62.5 16 10 2Table 2: IEEE 802.15.4 physi
al layer 
hara
teristi
sTherefore, and as shown in Table 2, it is easy to derive symbol duration in se
onds and the number of bits per
symbol from bit and baud rates, whi
h are usually given in spe
i�
ations. For the purpose of our study, wede
ided to use the data given for the 2400-2483,5 MHz frequen
y band, sin
e it is the most 
ommonly employedfor amateur transmissions. Our symbol duration will 
onsequently be 16 µs. This will be useful in 
onvertingMAC layer time intervals into se
onds, as we will see below.5.1.2 MAC LayerZigbee's MAC sublayer provides two servi
es: the data servi
e and the management servi
e. The formerenables the transmission and re
eption of MAC proto
ol data units a
ross the physi
al layer. The latter allowsthe transport of management 
ommands to and from the next higher layer.The standard allows the use of an optional superframe stru
ture, whereof the format is de�ned by the so-
alledZigBee 
oordinator. The superframe is bounded by network bea
ons sent by the 
oordinator and is divided into16 equally sized slots. The bea
on is transmitted in the �rst slot of ea
h superframe. The superframe is usedfor syn
hronisation and for network identi�
ation. The stru
ture of the superframe is illustrated in Figure 6.The superframe 
onsists of a Contention A

ess Period (CAP) and of an optional Contention Free Period(CFP). The CAP is the time duration in symbols during whi
h the devi
es 
an 
ompete with ea
h otherto a

ess the 
hannel using CSMA-CA and transmit the data. CFP is the time duration for whi
h 
ertainlow-laten
y appli
ation devi
es are given ex
lusive rights over the 
hannel and the devi
es 
an dire
tly starttransmitting the data. There 
an be as many as 7 slots assigned for CFP transmissions. These transmissionsstart immediately after the CAP. The ina
tive period is optional and during this period the 
oordinator goesto a power save mode. Therefore, during this time, there will be no bea
on transmissions and the other devi
esalso go to sleep mode for this duration.After this des
ription we 
annot help but noti
e the leitmotiv of ZigBee's MAC layer is time syn
hronisation,whi
h means that the timer servi
e will be very demanded. During the study of this layer, we identi�ed no lessthan 17 time intervals (for the bea
on-enabled mode), among whi
h we 
an name the Short and Long InterframeSpa
es (SIFS and LIFS), the superframe duration, the time to wait for an a
knowledgement, the ba
ko� periodfor the CSMA-CA algorithm et
. All time intervals are expressed in symbols and must be multiplied by 16 µs(sin
e we 
hose the 2400-2483,5 MHz frequen
y band) to 
onvert them into veritable time intervals.1Figure is available without 
opyright from [15℄.
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Figure 6: ZigBee superframe stru
ture15.1.3 Network LayerThe routing algorithm used by ZigBee follows a hierar
hi
al strategy with table-driven optimisations appliedwhere possible. It is a 
ombination of the well-studied publi
-domain AODV algorithm [20℄ and Motorola's
luster-tree algorithm [2℄. ZigBee's routing algorithm allows various network organisations: 
luster of 
lusters,single 
luster, mesh. Brief des
riptions of both algorithms follow. We will 
on
lude the se
tion with an overviewof the algorithm's timing needs.AODV Algorithm AODV is an on-demand route 
onstru
tion algorithm, whi
h means that it builds routesbetween nodes only as desired by sour
e nodes and it maintains them only for as long the sour
es need them.The algorithm makes use of sequen
e numbers to ensure route freshness and it is loop free.Routes are built using a route request � route reply query 
y
le. When a sour
e node desires a route to adestination for whi
h it does not already have a route, it broad
asts a route request (RREQ) pa
ket a
rossthe network. Nodes re
eiving this pa
ket update their information for the sour
e node and set up ba
kwardspointers to the sour
e node in the route tables. A node re
eiving the RREQ may send a route reply (RREP) ifit is either the destination or if it has a route to the destination with 
orresponding sequen
e number greaterthan or equal to that 
ontained in the RREQ.As the RREP propagates ba
k to the sour
e, nodes set up forward pointers to the destination. On
e thesour
e node re
eives the RREP, it may begin to forward data pa
kets to the destination. On
e the sour
e stopssending data pa
kets, the route is 
onsidered ina
tive, the links will time out and eventually be deleted fromthe intermediate node routing tables.Cluster-Tree Algorithm The 
luster-tree proto
ol spans the logi
al link and the network layers and uses link-state pa
kets to form either a single 
luster network or a potentially larger 
luster tree network (or multi-
lusternetwork). Nodes sele
t a 
luster head and form a 
luster in a self-organised manner. In the 
luster formationpro
ess the 
luster head assigns a unique node ID to ea
h member node. Self-developed 
lusters 
onne
t ea
hother using the Designated Devi
e. The Designated Devi
e is a spe
ial node that has high 
omputing abilityand large memory spa
e; in most appli
ations it is also the gateway between the network and the Internet. TheDesignated Devi
e assigns a unique 
luster ID to ea
h 
luster.
RR n° 0123456789



20 Pi
u & Fraboulet & FleuryZigBee's routing layer requirements for timers are not as demanding as the ones 
oming from the MAC layer.However, we 
ould still �nd some ten time intervals, like the route dis
overy time, the RREQ retry interval, theduration of an asso
iation permit delivered by a 
oordinator et
. Some of these intervals are still expressed insymbols or superframe durations, therefore 
onversion is needed.5.1.4 Appli
ation LayerThe ZigBee appli
ation layer 
onsists of the appli
ation support sub-layer (APS), the ZigBee devi
e obje
t(ZDO) and the user- or manufa
turer-de�ned appli
ation obje
ts.The responsibilities of the APS sub-layer in
lude maintaining tables for binding, whi
h is the ability to mat
htwo devi
es together based on their servi
es and their needs, and forwarding messages between bound devi
es.Another responsibility of the APS sub-layer is dis
overy, whi
h is the ability to determine whi
h other devi
esare operating in the personal operating spa
e of a devi
e.The responsibilities of the ZDO in
lude de�ning the role of the devi
e within the network: ZigBee 
oordinatoror end devi
e, initiating and/or responding to binding requests and establishing a se
ure relationship betweennetwork devi
es.The user- or manufa
turer-de�ned appli
ation obje
ts implement the a
tual appli
ations a

ording to theZigBee-de�ned appli
ation des
riptions.The appli
ation layer in itself has very little timing requirements. Nevertheless, it 
ontains appli
ation obje
ts,whi
h might have timing requirements of their own. In fun
tion of the appli
ations, this may 
onsiderablyin
rease the demand for timers.5.1.5 Analysis of Overall RequirementsAfter having identi�ed timing requirements for ea
h layer, we must 
onsider the entire proto
ol sta
k. Puttingeverything together showed that the ZigBee proto
ol sta
k needs some thirty software timers, both periodi
 andone shot. These timers range from 128 µs (the time to s
an a 
hannel for energy dete
tion at the MAC layer)to 15.36 se
onds (also at the MAC layer).This list of software timers must be transmitted to the resour
e allo
ation software, whi
h will �rst 
reate apartition of the initial set, in whi
h for ea
h subset, all elements are multiple of the minimum of the subset.Table 3 shows the result of the algorithm as applied to ZigBee timers.MinimumTimer (µs) Other Timers (µs)128 640, 15 360, 30 720, 122 880,768, 491 520, 15 360 000,1 280 000, 10 000 000, 64 000,1 600 000192 960, 1 344320 2 240, 1 000 0001000 254 000, 3 000, 9 000Table 3: ZigBee timers separated in sets of multiplesOn
e the list of software timers has been redu
ed to only the set of minimums of ea
h subset, all that is leftto do is to assign hardware timers to the redu
ed set. For the rest of our dis
ussion, let us suppose we use ami
ro
ontroller with two hardware timers. Therefore, we have to �nd a two-
luster partition of our redu
edset of timers, whi
h minimises the sum of hardware frequen
ies. To that end, we apply Jensen's algorithm,des
ribed in Subse
tion 4.1. The intermediate steps and the results of the s
heme are presented in Table 4.INRIA



Frequen
y Optimisation in WSNs 21MinimumTimer (µs) PF1(µs) GCD(µs) HardwareTimer (kHz)128 27 64 15,625192 26 · 3320 26 · 51000 23 · 53 1000 1Table 4: Results of Jensen's algorithm on ZigBee timersIn order to understand the extent of the improvement brought by our approa
h over ordinary methods we 
ouldhave applied and over 
ommon WSN operating systems, let us 
onsider three alternatives to our s
heme:� A greedy algorithm. This is any algorithm that follows the problem solving metaheuristi
 of makingthe lo
ally optimum 
hoi
e at ea
h stage with the hope of �nding the global optimum. In our 
ase, it boilsdown to iteratively 
hoosing the maximum software timer from the redu
ed set and assigning it to thehardware timer with the smallest 
urrent frequen
y. Thus, a greedy algorithm makes one greedy 
hoi
eafter another, redu
ing ea
h given problem into a smaller one. In other words, a greedy algorithm neverre
onsiders its 
hoi
es. This is the main di�eren
e from dynami
 programming (e.g., Jensen's algorithm),whi
h is exhaustive and is guaranteed to �nd the solution.Result: First hardware timer runs at 15,625 kHz and provides for 320 µs and 192 µs. Se
ond hardwaretimer is set at 125 kHz and provides for 1000 µs and 128 µs.� Cal
ulating the GCD of the whole set. In our s
heme, we try to minimise the hardware frequen
y forea
h 
luster of software timers. However, if we wanted to keep the timer virtualisation used in most WSNOSs (i.e., use only one hardware timer for all software timers), we 
ould still improve it simply by settingthe hardware timer frequen
y to the multipli
ative inverse of the GCD of the set of software timers.Result: The hardware timer is set at 125 kHz and provides for all software timers.� Keeping the approa
h of 
urrent WSN OSs. This means we maintain the �xed frequen
y and weonly use LPMs for saving energy.Result: The hardware timer runs at 4 MHz and provides for all software timers.Figure 7(a) shows a 
omparison of the timer frequen
y resulting from ea
h of the four approa
hes. Figure 7(b)zooms in on the �rst three approa
hes (sin
e they are markedly better than the last one), giving us a betteridea of the di�eren
es among them.Jensen's algorithm performs very well as far as minimising the frequen
ies of hardware timers and using availableresour
es in an optimal way.The greedy algorithm produ
es a suboptimal solution. This is expe
ted, sin
e our problem does not have twoessential properties whi
h allow the greedy algorithm to generate good solutions. First, our problem does nothave an optimal substru
ture, meaning that the optimal solution does not ne
essarily 
ontain optimal solutionsto subproblems. And se
ond, our problems does not have the greedy 
hoi
e property, meaning that the 
hoi
emade by the greedy algorithm may depend on 
hoi
es made so far, but must not depend on future 
hoi
es oron all the solutions to the subproblem.The solution o�ered by the third algorithm is better than the one from the greedy algorithm. It uses only oneof timer running at one of the frequen
ies produ
ed by the greedy algorithm.The s
heme 
urrently employed in WSN operating systems is the worst among the four.In a nutshell, our hardware timer allo
ation algorithm is very e�e
tive in redu
ing the operating frequen
y.Moreover, its exe
ution time is reasonably low for a set of up to 17 software timers (whi
h are not multiple1Prime Fa
torisationRR n° 0123456789
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h other). This allows a very large extended set of software timers and should be more than enough forsensor appli
ations. The allo
ation algorithm is also essential for the frequen
y s
aling s
heme, whi
h uses the
on�gurations 
omputation tool.The analysis of battery dis
harge behaviour and of power and energy equations suggest that the above mentionedtool will bring signi�
ant improvements to the power 
onsumption in sensors. Moreover, it will allow the use ofvoltage s
aling, as soon as it be
omes available for the mi
ro
ontrollers in use. The experimental evaluation ofthe e�e
tiveness of this tool is left as future work.5.2 SummaryIn 
on
lusion, this se
tion studied a very famous WSN 
ommuni
ation sta
k, whi
h is likely to be
ome agenerally a

epted standard, i.e. ZigBee. A brief presentation of ea
h of ZigBee's layer was given, in orderto obtain a better understanding of those parts of the proto
ol sta
k whi
h are of interest to our study. Weanalysed ZigBee's needs in terms of timers and we determined that our holisti
 approa
h to energy saving 
anbring signi�
ant improvement even to those parts of a sensor network whi
h are already power-aware, in this
ase power aware 
ommuni
ation proto
ols.
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Frequen
y Optimisation in WSNs 236 Con
lusionIn this report, a holisti
 approa
h to power 
onsumption management on sensor platforms was introdu
ed. Thissolution is based on the observation that available WSN operating systems o�er little alternatives to and modelsof a
tive administration of the energy 
onsumption. Although LPMs and energy-aware 
ommuni
ation bringa 
ertain amount of 
ontrol, 
urrently employed te
hniques are not fully developed. No system 
omprises aninfrastru
ture 
onsidering the energy 
onsumption at the hardware platform level (CPU and peripherals). Thiswould allow the establishment of appli
ation-driven poli
ies for the management of power in WSNs.Even though the proposed solution is not entirely implemented nor fully tested at this time, this report addressesthe bulk of the work and lays the groundwork for the remaining investigations.6.1 ContributionsOur work brings two 
omplementary methods to redu
e both the power drawn from the sensor's battery andthe power dissipation within the mi
ro
ontroller. Their goal is to fa
ilitate the 
ollaboration between a veryresour
eful hardware platform and the user or the appli
ation.A frequen
y-optimal algorithm is presented that mat
hes software timers required by higher layers to availablehardware timers. In addition to �nding the minimum operating frequen
y for a given set of timers, it will enablethe appli
ation framework to re
al
ulate a new optimal timer frequen
y at any time.Frequen
y s
aling 
an be applied at the hardware platform level only if all dependen
ies are 
onsidered. Thesein
lude the 
lo
k 
hoi
es made by ea
h peripheral, 
onstraints on the 
lo
k generators and on peripheral out-puts as well as several other details. To a

ount for all the above mentioned dependen
ies, we developed ahardware 
on�gurations 
omputation tool. The idea behind this approa
h is that full 
ontrol over the wholemi
ro
ontroller is needed if we are to respe
t all the relationships between hardware 
omponents at the time ofthe frequen
y s
aling. This is why our tool uses a detailed des
ription of the hardware platform to 
ompute allpossible 
on�gurations for a given set of 
onstraints.The appli
ation layer will therefore have the possibility to s
ale the frequen
y, in fun
tion of its 
urrent levelof a
tivity, without disturbing 
omponents whi
h depended on the previous operating frequen
y. This a
tion,when 
ombined with LPMs, is thought to be very e�
ient at saving energy.When 
ompleted, the infrastru
ture we introdu
ed, will enable software to apply 
hosen power managementpoli
ies and thus 
onsume just the right amount of energy. A 
ase study is presented whi
h demonstrates theappli
ability and the bene�ts of the proposed approa
h.6.2 Future WorkShort term improvements. The algorithm proposed for assigning hardware timers to requested softwaretimers is stri
t as far as timer frequen
ies are 
on
erned. Even though two timer periods may have very 
losevalues, they will both be 
onsidered for hardware timer allo
ation. However, it is frequent that appli
ations donot need so mu
h pre
ision. Therefore, two near values may be merged into a single timer. The bene�t of thisa
tion is that there will be less pro
essing both in assigning timers and in managing them during operation.Longer term a
tions. Several new developments and extensions to existing work must be a

omplished. Theformer in
lude: software timers des
ription and transmittal to the 
on�guration tool, development of a 
odegenerator that will transform 
omputed 
on�gurations into exe
utable 
ode. As far as the latter is 
on
erned,the e�
ien
y of our 
on�guration 
omputation tool still needs to be 
on�rmed experimentally.Part of the work we have already 
arried out 
onsisted of des
ribing the hardware platform in a suitable way forthe 
on�guration tool to use. The same task must to be 
ompleted for software requirements and needs. Thesemay in
lude software timers, pro
essing frequen
ies, transmission rates et
. The des
ription must be pra
ti
aland easily feedable to the above mentioned tool.The 
on�guration 
omputing program generates a 
ertain number of hardware 
on�gurations in the form ofvalues to assign to hardware registers. Nevertheless, in order for the appli
ation to be able to use them, the
on�gurations must take the form of pie
es of 
ode whi
h will assign the 
omputed values to respe
tive registers.This is why a 
ode generating tool must be developed.RR n° 0123456789



24 Pi
u & Fraboulet & FleuryAs to experimental work, the generated 
on�gurations still need to be tested �rst in simulation tools and thenin real sensing devi
es. The results of the tests are essential for the 
erti�
ation of theoreti
al results and ofintuitions.
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y Optimisation in WSNs 27Appendi
esA TinyOS Timer System (Subse
tion 2.3)
TimerMilliC

TimerMilliP

HilTimerMilliC

VirtualizeTimerC

AlarmToTimerC

AlarmCounterMilliP AlarmMilli32C

MSP430Atmel128

Atm128AlarmAsyncC

Atm128AlarmAsyncP

HplAtm128Timer0AsyncC

HplAtm128Timer0AsyncP

Alarm32khz16C CounterMilli32C

TransformAlarmC

Msp430Timer32khzC

Msp430Timer32khzMapC

Msp430TimerC

Msp430TimerP Msp430TimerCapComP

Msp430TimerCommonP

Msp430AlarmC

Msp430Counter32khzC

TransformCounterC

Msp430CounterC

Msp430TimerC

Msp430TimerP

Msp430TimerCommonP

Singleton Generic

Module

Configuration DummyC

DummyC DummyC

DummyC

Legend

RR n° 0123456789



28 Pi
u & Fraboulet & FleuryB Flash Dependen
y Graph (Subse
tion 3.1)
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Frequen
y Optimisation in WSNs 29C First XML Grammar (Subse
tion 3.1)1 <?xml version = "1.0" en
oding = "UTF-8"?>2 <xsd:s
hema xmlns:xsd = "http://www.w3.org/2001/XMLS
hema"3 targetNamespa
e = "http://www.wasp-proje
t.org/wsnfreq/deps"4 xmlns = "http://www.wasp-proje
t.org/wsnfreq/deps"5 elementFormDefault = "qualified">6 <!-- Hardware Dependen
y Graph Bu
ket -->7 <xsd:element name = "hwDependen
yGraphs">8 <xsd:
omplexType>9 <xsd:sequen
e>10 <xsd:element ref = "node" maxO

urs = "unbounded"/>11 <xsd:element ref = "hwDependen
yGraph" maxO

urs = "unbounded"/>12 </xsd:sequen
e>13 </xsd:
omplexType>14 </xsd:element>15 <!-- Hardware Dependen
y Graph -->16 <xsd:element name = "hwDependen
yGraph" type = "hwDependen
yGraphType"/>17 <xsd:
omplexType name = "hwDependen
yGraphType">18 <xsd:sequen
e>19 <xsd:element ref = "node" maxO

urs = "unbounded"/>20 <xsd:element ref = "edge" maxO

urs = "unbounded"/>21 <xsd:element ref = "hwDependen
yGraph" minO

urs = "0" maxO

urs = "unbounded"/>22 </xsd:sequen
e>23 <xsd:attribute name = "id" type = "xsd:ID"/>24 </xsd:
omplexType>25 <!-- Node and Node Type -->26 <xsd:element name="node" type = "nodeType"/>27 <xsd:
omplexType name = "nodeType">28 <xsd:
hoi
e>29 <xsd:element name = "onOffReg" type="xsd:string"/>30 <xsd:element name = "sele
tionReg" type="xsd:string"/>31 <xsd:element name = "de
isionReg" type="xsd:string"/>32 <xsd:element name = "divisionReg" type="xsd:string"/>33 <xsd:element name = "otherReg" type="xsd:string"/>34 <xsd:element name = "
lo
kSour
e" type="xsd:string"/>35 </xsd:
hoi
e>36 <xsd:attribute name = "id" type = "xsd:ID" use = "required"/>37 </xsd:
omplexType>38 <!-- Edge and Edge Type -->39 <xsd:element name="edge">40 <xsd:
omplexType>41 <xsd:simpleContent>42 <xsd:extension base = "edgeType">43 <xsd:attribute name = "id" type = "xsd:ID" use = "required"/>44 <xsd:attribute name = "from" type = "xsd:IDREF" use = "required"/>45 <xsd:attribute name = "to" type = "xsd:IDREF" use = "required"/>46 </xsd:extension>47 </xsd:simpleContent>48 </xsd:
omplexType>49 </xsd:element>50 <xsd:simpleType name = "edgeType">51 <xsd:restri
tion base = "xsd:string">52 <xsd:enumeration value = "MCLK"/>53 <xsd:enumeration value = "SMCLK"/>54 <xsd:enumeration value = "ACLK"/>55 <xsd:enumeration value = "CLK"/>56 <xsd:enumeration value = "TAOUT0"/>57 <xsd:enumeration value = "TAOUT1"/>58 <xsd:enumeration value = "TAOUT2"/>59 <xsd:enumeration value = "TBOUT0"/>RR n° 0123456789



30 Pi
u & Fraboulet & Fleury60 <xsd:enumeration value = "TBOUT1"/>61 <xsd:enumeration value = "CCIxA"/>62 <xsd:enumeration value = "CCIxB"/>63 <xsd:enumeration value = "CCI"/>64 </xsd:restri
tion>65 </xsd:simpleType>66 </xsd:s
hema>
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D Frequen
y Optimisation Graph Example (Subse
tion 3.3)
exttaclk

tasselx

EXTTACLK

exttainclk

EXTTAINCLK

exttbclk

tbsselx

EXTTBCLK

lfxt1clk

xt1rep

LFXT1CLK

xt2clk

xt2rep

XT2CLK

dcoclk

dcorep

DCOCLK

divax

aclkrep

ACLK

selmx

divmx

MCLK

mclkrep

MCLK

sels

divsx

SMCLK

smclkrep

SMCLK

LFXT1CLK LFXT1CLKLFXT1CLK XT2CLKXT2CLK DCOCLKDCOCLK

ACLK ACLK SMCLK SMCLK

aidx

TACLK

tarep

DTACLK

taccr0taccr1 taccr2

DTACLKDTACLK DTACLK

bidx

TBCLK

tbrep

DTBCLK

tbccr0 tbccr1 tbccr2tbccr3 tbccr4 tbccr5 tbccr6

DTBCLK DTBCLK DTBCLKDTBCLK DTBCLK DTBCLK DTBCLK

RRn°0123456789



32 Pi
u & Fraboulet & FleuryE Numeri
al Example for Jensen's Algorithm4 (Subse
tion 4.1)

4The diagram is reprodu
ed from [13℄. The last stage is not 
onsidered as su
h by the author (hen
e the 
onfusing label of�Stage 2�), sin
e it forms single entity 
lusters, whi
h do not add anything to the optimisation fun
tion. INRIA
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y Optimisation in WSNs 33F Equations for TI MSP430's Basi
 Clo
k Module and Timer A (Sub-se
tion 4.2)
X frequen
y of LFXT1CLK
Y frequen
y of XT2CLK
Z frequen
y of DCOCLK
Y ′ frequen
y of MCLK
Z ′ frequen
y of SMCLK
X ′′ frequen
y of ACLK after divider
Y ′′ frequen
y of MCLK after divider
Z ′′ frequen
y of SMCLK after divider
dX ACLK frequen
y divider
dY MCLK frequen
y divider
dZ SMCLK frequen
y divider
S, R frequen
ies of Timer A external 
lo
k sour
es
fTA frequen
y of Timer A 
lo
k before divider
dTA Timer A frequen
y divider
Mi value of TACCRi register
fi 
onstants, frequen
ies of the timer generated by TACCRi
ai, bi, ci, diX , diY , diZ , diTA binary parameters
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
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
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




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
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



Y ′′dY = a1X
′′dX + a2Y + a3Z

Z ′′dZ = b1X
′′dX + b2Y + b3Z

1 = a1 + a2 + a3

1 = b1 + b2 + b3

dX = d1X · 1 + d2X · 2 + d3X · 4 + d4X · 8

dY = d1Y · 1 + d2Y · 2 + d3Y · 4 + d4Y · 8

dZ = d1Z · 1 + d2Z · 2 + d3Z · 4 + d4Z · 8

1 = d1X + d2X + d3X + d4X

1 = d1Y + d2Y + d3Y + d4Y

1 = d1Z + d2Z + d3Z + d4Z

fTA = c1X
′′ + c2Y

′′ + c3S + c4R

1 = c1 + c2 + c3 + c4

fTA = M0dTAf0

fTA = M1dTAf1

fTA = M2dTAf2

dTA = d1TA · 1 + d2TA · 2 + d3TA · 4 + d4TA · 8

1 = d1TA + d2TA + d3TA + d4TA

X ∈ {0, 32768}

Y ∈ {0, 8000000}

Z ∈ {0, 750000, 1000000, 2000000, 4000000, 8000000}

Mi ∈ [1, 65536]
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