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Abstract

Many sensometworkingapplicationssud as surveillanceand
ervironmentalmonitoringare time-sensitivén nature. To sup-
port such applications, we designand implementNano-RK,
a reservation-basedeal-time opemating system(RTOS) with
multi-hop networkingsupportfor usein wirelesssensornet-
works. We support xed-priority preemptivemultitaskingfor
guaranteeingthat task deadlinesare met, along with support
for CPU andnetwork bandwidthresenations Taskscanspec-
ify their resouce demandsand the operating systenmprovides
timely, guaranteedand contmwlled accessto CPU cyclesand
networkpadketsin resouce-constainedembeddedensoervi-
ronments\We alsointroducetheconcepofvirtual enegy reser
vationsthatallowsthe OSto enfoiceenegy budgetsassociated
with a sensingtask by contmolling resouce accessesA light-
weightwirelessnetworkingstadk supportspadcet forwarding,
routing and TDMA-basednetworksdceduling Nano-RKhas
beenimplementedn the Atmel ATMEGA128processorwith
the ChipconCC2420802.15.4transceiverchip. Our results
showthat a light-weight embeddedesouce kernel with rich
functionality and timing supportis practical and constitutes
a simpleand alternative paradigm for supportingdistributed
sensingasks.

1 Intr oduction

The rapid proliferation of sensometworks hasplacedincreas-
ing demandsiponthesysteninfrastructureor supportingscal-
abledistributedsensompplications As applicationgor sensors
in areasasdiverseassecuritysurneillance,traf c monitoring,
smartspacesandsmartbuildingscontinuego grow, infrastruc-
tural supportfor sensornetwork applicationsin the form of
systemsoftwareis becomingincreasinglyimportant. The push
provided by the scalingof technologyandthe needto support
increasinglycomplicatedanddiverseapplicationshasresulted
in the needfor traditional multitaskingoperatingsystem(OS)
abstractionsnd programmingparadigms.The casefor small-
footprint real-time OS supportin sensometworks is strength-
enedby the factthatmary sensometworking applicationsare
time-sensitie in naturei.e. thedatamustbedeliveredfrom the
sourceto the destinatiorwithin a timing constraint.For exam-
ple,in a suneillanceapplication,datarelayedby a taskwhich
is responsibldor detectingintrudersandsubsequentlylerting
the gatavay nodesof the systemshouldbe able to reachthe
gatevay on atimely basis.

In this paper we presentNano-RK, a small-footprintem-
beddedreal-time operatingsystemwith networking support.
Nano-RKsupportshe classicaloperatingsystemmultitasking

abstractionsllowing sensorapplicationdevelopersto work in
a familiar paradigmresultingin shortlearningcurves,quicker
applicationdevelopmentimesandimproved productvity. We
shav that an efcient implementationof such a paradigm
is practical. We associatetaskswith priorities and support
priority-basedpreemptioni.e, a task canalwaysbe preempted
by a higherpriority task that becomeseligible to run. For
timing sensitve applicationsye usepriority-basedreemptve
schedulingto implementthe rate-monotonigaradigm[18] of
real-timeschedulingsothata periodicsensotasksetwith tim-
ing deadlinesanbescheduleduchthattheirtiming guarantees
arehonored.Sincemodernsensometworks usead-hocmulti-
hop wirelessnetworking for paclet relaying, we provide port-
basedsoclet abstractionshat canbe usedby sensingasksfor
sendingandreceving data.

Since sensornodesare resource-constrainednd enegy-
constrained,we provide functionality wherebythe operating
systemcan enforcelimits on the resourceusageof individual
applicationsand on the enegy budgetusedby individual ap-
plicationsandthe systemasa whole. In particular we imple-
ment CPU resenationsand Network Bandwidthresenations
whereindedicatedaccesf individual applicationto system
resourceds guaranteedy the OS. The OS also implements
sensoresenationsto enforceusageon the numberof accesses
to individual sensorsSincethe enegy usedby eachtaskis the
total sumof enegy consumedy the CPU/microcontrollerthe
radio interfaceand the individual sensorsa particularsetting
for eachof theseleadsto anenegy resenation. Sincewe use
a static design-timeapproachfor admissioncontrol, we pro-
vide toolsfor estimatingthe enegy budgetof eachapplication
and(hence)he systemlifetime. The CPU, network andsensor
resenation valuesof taskscan be iteratively modi ed by the
systemdesigneruntil the batterylifetime requirementf the
nodearesatis ed.

1.1 RelatedWork

Infrastructuralsoftware supportfor sensornetworks was in-
troducedby Hill etal. in [13]. They proposedTinyOS, a
low-footprint component-baseadperatingsystenthat supports
modularity and concurreng using an event-driven approach.
TinyOS 1.0 supportsan event-drivenmodelwhereininterrupts
canregisterevents which canthenbeacteduponby othernon-
blockingfunctions.We believe thatthereareseveraldravbacks
to this approach.The TinyOS designparadigmis a signi cant
departurdrom thetraditionalprogrammingparadigninvolving
threadsmakingit lessintuitive for applicationdevelopers.in
contrastwe supportatraditionalmultitaskingparadignretain-
ing taskabstraction@nd multitasking. Unlike TinyOS, where
taskscannotbe interruptedwe supportpriority-basedoreemp-



tion. Nano-RK providestimelinessguaranteesor taskswith
real-timerequirementsWe providetaskmanagementasksyn-
chronizationand high-level networking primitivesfor the de-
velopersuse. While our footprint sizeandRAM requirements
arelargerthanthatof TinyOS, our requirementsreconsistent
with currentembeddednicrocontrollers A sensonetwork mi-
crocontrollermaytypically have 32-64KBof ROM and4-8KB
of RAM. Therefore Nano-RKis optimizedprimarily for RAM
andsecondarilyfor ROM. SOS[11] is architecturallysimilar to
TinyOSwith theadditionalcapabilityfor loadingdynamicrun-
time modules. In contrastto SOS,we proposea static, multi-
taskingparadigmwith timelinessandresourceesenationsup-
port.

The MantisOS[12] is themostcloselyrelatedwork to ours
in the existing literature. In comparisonto Mantis, we pro-
vide explicit supportfor periodictaskschedulinghatnaturally
captureghe duty cyclesof multiple sensortasks. We support
real-timetasksetshathave deadlinesassociateavith their data
delivery. We usethe mechanism®f CPU and network reser
vationsto enforcelimits on the resourceusageof individual
tasks.With respecto networking we provide arich API setfor
soclet-like abstractionsanda genericsystemsupportfor net-
work schedulingandrouting. Nano-RK supportspower man-
agementechniquesandprovidesseveralpowverawareAPIs for
systemuse?!

While low-footprint operating systemssuch as C/OS,
OSEKandEmeraldq16] supportreal-timeschedulingthey do
nothave supportor wirelessnetworking. Our networking stack
is signi cantly smallerin termsof footprintascomparedo ex-
istingimplementatiorof wirelessprotocoldik e Zigbee(around
25KB ROM and1.5KB RAM) andBluetooth(around50KB
ROM). We alsoprovide high-level soclet-typeabstractionsand
hooksfor usersto developcustomMAC protocols.

Our systeminfrastructurecan be usedto complementdis-
tributedsensolpplicationssuchasanenegy-ef cient suneil-
lancesystem([1, 2]). Our contributions are compatiblewith
theliteratureon real-timenetworking / resourceallocationpro-
tocols [6, 10], enegy-efcient routing/ schedulingschemes
[4, 14] , dataaggregationscheme$17], enepgy ef cient topol-
ogy control[9] andlocalizationschemegb, 8]. Nano-RKcan
beusedasasoftwareplatformfor building higherlayermiddle-
ware abstractiondike [3]. Our enegy resenation mechanism
canalsobe usedto preventthe type of enegy DoS attacksde-
scribedin [7].

Finally, our work complementq21] in extendingthe Re-
source Kernel (RK) paradigmto enegy-limited resource-
constrainecervironmentslik e sensometworks (and hencethe
name“‘Nano-RK").

1.2 Organizationof The Paper

The restof this paperis organizedas follows. Section2 de-
scribegherequirementainddesigngoalsof areal-timeoperat-
ing systemfor sensomnetworks. Section3 describesiow atyp-

ical sensompplicationcanleveragethe programmingparadigm
to createa distributedsensingapplication.In Section4, we de-
scribethe Nano-RKarchitectureandapplicationprogramming
interfacein detail. Section5 describesur implementatiorof

Nano-RKon the ATMegal28processarSection6 presentsan

early evaluationof Nano-RKfeatures.Finally, Section7 sum-
marizesour contritutions and discussegotential avenuesfor

futurework.

Ipover-awareAPIs canalsobe usedby applicationsalbeitwith prudence.

Device Period Execution Time
Radio Sporadic | 10ms
Microphone 200Hz 10us

Light Sensor 166Hz 10ms
SmartCamera | 1Hz 300ms

GPS 5Hz 10ms

Figurel: An examplesensotaskset.

2 DesignGoalsfor a SensorRTOS

We presentthe following designgoalsfor an RTOS targeting
wirelesssensometworks.

Multitasking: The OS shouldprovide a simpleandintu-
itive programmingparadigmfor easyuseby application
developers. It is desirableto retainthe traditional multi-
taskingparadigmfamiliar to both desktopandembedded
systemprogrammers. Application developersshould be
ableto concentrateon applicationlogic ratherthan low-
level systemissuessuchasschedulingandnetworking.

Networking Stack Support: The OSshouldsupportmul-
tihop networking, routing and simple userlevel network-
ing abstractionsimilar to soclets. In particular low-level
networking details such as reliable paclet transmission,
multicasting,queuemanagemengtc. shouldbe handled
by the OS.

Support for Priority-based Preemption: Node battery
lifetime continuesto be a major challengein sensomet-

works. Hence,given that enegy consumeddy process-
ing perbit is signi cantly lessthanthe perbit enegy con-

sumedby the radio interface,thereis a trendtoward in-

creasedocal processing(such as embeddedvision and

soundprocessing)This typically resultsin increasedask
executiontimes. In suchsituationswheretaskrun-times
arelarge, thereis a needfor priority-basedoreemptiono

give precedencéo higherpriority events.

True preemptve multitaskingbecomesecessarijn a sys-
temwheremultiple inputsto the systemmustbe serviced
at differentrateswithin a requiredperiod. For instance,
imagine a sensingplatform consistingof a microphone,
light sensorradio interface,a GPSfor positioninforma-
tion or time synchronizatiorand a smartcamerasystem.
Figure 1 shaws typical periodsand executiontimes for

thesedevices. Manually schedulingsucha task setcan
becomedauntingusingtimer interrupts.

A non-preemptie schememight handlethe radio with

an externalinterrupt, the light and microphonewith two

priority-basedimers,andleave the GPSandcamergpro-
cessingor themain programloop. Evenin this situation,
thedevelopermayencountedif culties becaus¢he cam-
eraservicingtime is longerthan the period of the GPS.
Given that mary low-end microcontrollershave limited

timer interrupts,it canbecomedif cult to schedulesuch
ataskset. Developersmay needto resortto manualtime
splicing of their functions, thus making future modi ca-

tions dif cult. With a preemptie priority-basedsystem,
eachof thesesensingfunctionswould be supportecby a
prioritized periodictask.



Timelinessand Schedulability: Mostsensompplications
such as surwillancetend to be time-sensitie in nature
wherepaclketsmustbe relayedandforwardedon atimely
basis.While routingandnetwork link schedulingareim-
portant componentsn ensuringthat paclets meettheir
end-to-enddelaybounds timing supporton eachnodein
thenetwork is alsoessentialln orderto satisfyend-to-end
deadlines]ocal taskson eachnode have deadlinesasso-
ciatedwith the completionof their local datarelayingand
processingManagingthedeadline®f theseasksrequires
supportof areal-timeoperatingsystem.

Battery Lifetime Requirements: Guaranteeingsensor
nodebatterylifetimes of 3 to 5 yearsis a very desirable
objective in mary sensometworks. If limits on theusage
of enegy canbeenforced|ifetime guaranteeequirements
of thesystemasawholecanlikely beprovided(underrea-
sonableassumptionsabout operatingconditionssuch as
network connectity). The OS can also ensurethat the
systemenepy is apportionedn a mannercommensurate
with taskimportancesuchthatcritical tasksareguaranteed
their enegy budget.

Enforcement of Resouice UsagelLimits: Since sensor
nodesareresource-constrainedreciousCPU cycles,net-
work buffersandbandwidthshouldbe apportionedo ap-
plication needs. OS supportfor guaranteedtimely and
limited accessto systemresourcess conducve to sup-
porting applicationdeadlinesand balancedapportioning
of systemslack (residualunusedresources).This mech-
anismcanalsobe usedto placesomelimits ontheimpact
of faulty or malicioustaskson systemoperation.

Uni ed Sensorinterface Abstraction: Providing a uni-
ed and simple abstractionfor accessingsensorread-
ings and actuatingresponsesvould greatly bene t the
end-user In particular low-level detailsassociatedvith
sensor/actuataron gurationsshouldbe abstractedway
from the user Sensorshouldbe supportedusingdevice
driversthatcanreturnreal-world unitsaswell asraw ADC
values.

Small Footprint: Thecurrenttrendof low-endembedded
processorts towardslargerROM sizeg64 KB to 128KB)
andsmallerRAM sizes(2 KB to 8 KB). TheOSarchitec-
ture shouldbe compliantwith this trendby optimizingfor
RAM with a higherpriority thanROM andoptimizingfor
runtime ef ciency. This memoryconstraintalsoimplies
that whenthe choiceexists, one prefersa staticcon gu-
ration to a dynamicdecisionthat requiresadditionaldata
storageandrun-timemanipulations.

3 Nano-RK Programming Model

In this section,we shav an exampleapplicationthatusesmul-
tiple tasksrunningin Nano-RKto monitor sensorsand relay
informationto a remotenode. Eachtask operatesat a differ-
entfrequeny andpriority. The examplenetwork consistof a
sendemodeanda recever node. The sendemodehoststhree
tasksresponsibldor sensingsound light andtemperatureThe
recevvernodecollectspacletsfrom thesensinghodeandsetsan
LED signifying which sensowastriggered.Themicrophones
sampledat 1 KHz andis ltered suchthatapacletis sentonly
if anincreasen volumeaboveaparticularthresholds detected.
If peopleentera room andbegin working, aninitial paclet is
sent. The systemadjuststo the new ambientsoundlevel, thus

suppressinduture paclets. Thelight sensolis monitoredonce
perseconcanda pacletis transmittecbnly if thevaluechanges
beyond a certainthresholdaveragedover the past10 readings.
This allows the sensorto detectsuddenchangedike whenan
overheadight is turnedon, but the taskignoresslowly shifting
changesn intensitylevelslike the sunmoving during the day.
Thetemperaturesensois readeverythreesecondsndapaclet
is transmittedvhenever the temperaturehangedy morethan
2 degreedrom the previouslytransmittecpaclet. If thetemper
atureexceedsa certainthresholdindicating re or someother
safetyconcerna high priority pacletis senteachtime the sen-
soris read. The tasksare written using the C programming
language Shawn below is a sampletaskthatcommunicatesn
aport. Thepre x nrk_ is usedonNano-RK-speci cdatatypes
andsystemcalls (only for the sale of illustration).

void Sound_Task()
int i,

status, sound,prev_sound;

/I Transmit Buffer Stored in App.
char tx_buff[2];

nrk_port_des my_port;

/I setup socket on port O to broadcast
port_des = nrk_port(tx_buff, 2, 0);
/I set to broadcast to all nodes
nrk_connect(port_des, OXFFFF);

while

(VTR

sound = read_sensor(MIC);

printf("T1 Sound = %d\r",sound);
tx_buff[0] = sound;
if  (sound_change(sound,prev_sound)) {

/I Send Data using the socket

nrk_port_send(my_port);
wait_until_sent();
printf("T1 Sent Packet\r");

prev_sound = sound;
nrk_suspend_task();

}

Thenext codesggmentshovs how ataskis createdandhow its

periodandresenationarecon gured. Sincewe prefera static
design-timeapproach task parameterdike period and reser

vation capacitiesare populatedduringinitialization andimage
creationratherthanat run-timeusing systemAPIs. However,

API supportis availablefor programmersvho need e xible re-
con gurability of tasksetproperties.(Thesedynamiccon gu-

ration calls canbe unlinked from the nal executablémageif

desired.)

nrk_task_type Taskl;

Taskl.task = Sound_Task;

Taskl.Ptos = (void *) &Stackl[STACKSIZE - 1];
Taskl.TaskiD = 1;

Task1.priority = 3;

Task1.Period = 10;

Taskl.set_cpu_reserve
Taskl.set_network_reserve
Taskl.set_sensor_reserve
nrk_activate_task (Taskl);

The next codesampleshowns a recevver task. For the sale of

demonstratiopurposeseachtype of sensopacletis collected
by a differenttasklisteningon a differentport. Thetaskruns
atapriority basecdn its CPUresenationparametersyhichin

turnwill likely dependnthesensoffrequeng.

void Get_Sound_Task()
{
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Figure2: Nano-RKArchitectureDiagram

int i,
char

status;
rx_buff[2];

nrk_port_des my_port;
/I setup receive socket on port O
my_port = nrk_port(rx_buff, 2, 0, 0);
/I Listen on this socket for a packet
nrk_listen(my_port);
while (1) {

CLR_LED(); /I clear indicator

/I Non-block call to wait

/[ for data on this socket

nrk_port_read();
nrk_wait_until_read();

SET LED(); ~ // light up reception indicator

}
The Appendixlists the completesetof Nano-RKAPIs.

4 The Nano-RK Ar chitecture

The particularrequirementf systemssupportin sensomet-

working thatwere discusseckarlierimposeuniquechallenges
with respecto designingan RTOS. In this sectionwe describe
the architectureof Nano-RK; its constructsand capabilities.
The overall systemarchitectureof Nano-RKis shavn in Fig-

ure2.

4.1 Static Approach

Given the memory constraintsof embeddedsensoroperating
systemsNano-RKusesa static design-timeframeavork. This
approacthis consistentvith sensometworking assumptionfe-
causeascomparedo traditionaloperatingsystemgwherepro-
cessexan be dynamicallyspavned),the OS andthe applica-
tions are co-locatedin a single addressspace. In particular
admissioncontrol and real-time schedulabilityanalysis tests
arecarriedout of ine ascomparedo taking a dynamiconline
approach.We would like to stressthat a staticapproachdoes

With currentenegy andmemoryconstraintsthe run-timecon-

gurations will needto beveri ed of ine atdesign-tim&. This
resultsin alight-weightoperatingsystermwith a smallfootprint
while retainingthe rich setof functionality found in corven-
tional RTOSs.

4.2 The Resewation Paradigm

The resenation paradigm,asimplementedn a ResourceKer-
nel [21], is a simple and practical paradigmfor guaranteeing
timelinessand enforcingtemporalisolationin real-timeoper
ating systems.In resourcekernels,applicationsspecify time-
linessandresourceequirementsandthe OS enforcesguaran-
teedaccesdo systemresourceandschedulesaskssothatthe
applicationtimelinessrequirementsresatis ed. While there-
sourcekernelabstractiorhasso far beenusedin dynamicrun-
time settingstheresourcaesenationparadigmis desirableor
staticsettingsaswell. A sensompplicationtaskcanspecifyits
requirementof CPU cycles, network bandwidthand network
buffersover x edperiodswhichwill be enforcedby the Nano-
RK kernel. Only tasksthat have not depletedtheir resenation
guotaratesareeligible for schedulingln deferenceo thestrin-
gentconstraintof sensonodesexactly a singletaskis associ-
atedwith aresenation. In contrastthe classicalresourceker-
nel conceptallows for zero,oneor moretasksto be boundto a
resenation.

In summary Nano-RK supports CPU resenations,
sender/receer network bandwidth resenations and sen-
sor/actuatorresenations. All of theseresenations can be
combinedto enforcea virtual node-wide(and perhapseven
system-widenegy resenation.

4.3 Power AwarenessSupport

Sincemaximizingbatterylifetime is oftena primary objectve
in sensonetworks, thereis aneedfor aggressie powersavings
by operatingat low duty cycles. Nano-RKenforceghis in the
form of virtual enegy reservations Note thatthe enegy con-
sumedy ataskis thetotal sumof the CPU/microcontrolleen-
ergy, radiointerfaceenegy andtheenegy associatedvith turn-
ing on sensorsaandactuators.The CPU andradio enegy con-
sumedby the task canbe adjustedfairly accuratelyby chang-
ing the CPU andnetwork resenationsizes. In orderto bound
the enegy consumedby sensors,Nano-RK provides sensor
reservations Our uni ed sensorinterface provides function-
ality whereinsensorareturnedoff (gated)by defaultandary
accesso asensois anatomicoperatiorthatconsistof thesen-
sorbeingturnedon, its valuebeingreadandthenbeingturned
off again. This makesit possiblefor the operatingsystemto
setan upperlimit on the numberof accessemadeto a sensor
overaparticularperiod. Thusit is is possibleto maparesource
tupleof (CP U; N etwork; Sensor) resenationsto a particular
power level. Givenperiodictasks,onecancalculatethe mean
power usedby all tasksover a hyperperiod,giving a reason-
ably accurateestimateof the nodelifetime. By modifying the

notmeanthattaskpropertiesandcon gurationparametersan- Valuesof the (CPU; N etwork; Sensor) reseration-tuple the

not be recon guredduringrun-time. Rather a staticapproach
enforceghe checksto ensurethatthe dynamicrecon guration
doesnotadwerselyaffectapplicationandsystenguarantees a
pre-deplymentof ine settingascomparedo runningdynamic

meanenegy consumedy eachtask canbe varied. This can
be usedfor eithercontrolling the nodelifetime or for varying
the proportionof systemenepy allottedto eachtask(for exam-
ple, certainmission-criticataskscanbeallocateda highenegy

admissioncontrol algorithms. Data- (or control-) dependent budget).We againnotethatenegy reserationsis implemented

modi cationsto thetaskcodesuchaschangingaskperiods re-
sourceusagdimits, resourceprioritiesandcon gurationof var
iousparametersuchasthenetwork buffer sizesandstacksizes
of eachtask canbe changedo accommodatenodechanges.

by controllingthe(CP U; N etwork; Sensor) resenation-tuple
atapre-deplymentstage.Thisis consistentvith the predomi-
nantly staticapproacththatNano-RKadopts.

2Futurerevisionsof Nano-RKmayrelaxthis constraint.



Figure3: FireFly Sensoinodew/ ultrasonicsensar

4.4 Soclket Abstractions and Routing
Sincesensomodesoperatein a multihop networking erviron-
ment,it may be necessaryo route dataperiodicallyfrom sen-
sor nodesto one or multiple gatevays, or amongnodesin a
neighborhoodor localcoordination.Thus,nodesvouldbene t
greatlyfrom a soclets-like abstractiorthatmasksthelow-level
detailsof MAC schedulingand routing from the application.
In typical distributed sensortasks,multiple nodesco-ordinate
to achieve a commonobjective (e.g. sensingthe presenceof
an intruder). Nano-RK's soclet-like abstractionsallow tasks
to communicatavith eachother, with APIs for enablinga task
to bind to a uniqueport. For memoryef ciency, applications
handletheir own databuffers. The operatingsystemis respon-
sible for populatingapplicationbuffers upon the receptionof
paclets. The OS is alsoresponsiblgor handling(reliable or
unreliable)one-hoptransmissiorof paclket on behalfof the ap-
plication. With correspondingS control ags, it is possibleto
collapsemultiple pacletsthathaze acommon‘next hopto des-
tination” into a singlepaclet, thusresultingin enegy-ef cient
dataforwarding.

Routingtable datastructuresand destinationlook-up func-
tions are managedy Nano-RK.We provide the basicinfras-
tructural supportover which ad-hocrouting protocolssuchas
AODV [20] andDSR[19] canbeimplementedn the OS.

5 An Implementation of Nano-RK

In this section,we describein detail our implementatiorof a
static resenation-basecreemptve operatingsystemand the
networking stackfor the Atmel ATMegal28usingthe Chip-
con CC2420radiointerface. Figure 4 shaws a breakdevn of
Nano-RK's currentresourceequirements.

5.1 Hardware and SensorSupport

Nano-RKcurrentlyoperaten an Atmel ATMEGA128-based

sensomode shavn in Figure 3 called Fir eFly built at CMU.
The ATMEGA128L processois an 8-bit microcontrollercon-
sistingof 128 KB of codespaceand4 KB of datamemory It
usegheChipconCC2420802.15.4wirelesgranscererchipfor
communication.The platform hasthe following sensorslight,
temperaturesound passie infraredmotiondetectionanddual
axisaccelerationln additionto sensorsthe boardhasanultra-
sonictranscever add-onand 1 MB of external ash memory
All sensorperipheralscan be gatedby the main processoto
consere powver. The processohastwo internal8-bit andfour
16-bit timers,an 8-channell0-bit ADC, a watchdogtimer and
six differentsleepmodes. The instructionsetincludes135in-
structionswith multiplicationinstructionstakingtwo clock cy-
clesandtherestexecutingin asinglecycle.

Power Energy

CPU (0:05mwW tige )+
(24:0mW  taciv e)

Idle 0:05mwW 0:05mW tigie

Active 24:.0mW 24.0mW  tactiv e

Network (:06MmW  tige ) + (1:8J
Nrx bytes) + (1:6J
N i _bytes )

RX 59:1mW 1:8J perbyte

TX 52:1mwW 1:6 J perbyte

Idle :06mwW :06mW  tige

Sensor

Light, Temp :09mwW 11:25nJ perreading

Microphone 2:34mW 2:87J perreading

PIR 5:09mW 1J perreading

Accel 1:8mw 11:25nJ perreading

UltrasonicTX 60mwW 15J perping

UltrasonicRX 30:8mwW 30:8MmW  tactiv e

Tablel: Enegy statisticsfor currenthardwaresetup.

Most of the sensorsisethe Atmel's onboardanalogto dig-
ital corverter(ADC), with the exceptionof the accelerometer
which requiressoftware PWM (pulse width modulation)de-
coding. Nano-RK provides a setof sensorsystemcalls that
readraw sensodataandcorvertthedatainto meaningfulunits.
It also ensureghat the sensorresenationsare updatedwhen
thesecalls are made. Thesefunctionsare atomic, preventing
deadlockdueto hardwarecommunicatiorinterruptions.

5.2 TaskManagementand Scheduling

Nano-RK task control block (TCB) structuresare populated
during initialization and systemimagecreatiorf. They store
the registercontext of all task (registersand stack),the task's

priority, periodof recurrence(CP U; network; Sensor) resef

vationsizes portidenti ers etc. Two linkedlists of TCB point-

ersareusedto orderthe setof active and suspendedasksre-

spectvely, basedon periodof recurrence.Taskscanblock on

certainevents(suchasbeingawakenedatacertainpointof time

or thearrival of a network paclet) andcanbe unsuspendednd
enqueuedn the OS active list whenthe pendingeventsoccut

We suspendasksthat have pendingeventsratherthanusinga

polling-basedmplementatiorof Nano-RKsystenrcalls. Thisis

donefor enegy-ef ciency reasondbecausé thereareno tasks
eligible to run, the systemcanbe powereddown to sleep.

Our systemusespriority-basedpreemptie schedulingand
while we provide explicit supportfor periodictasks,we also
supportaperiodicand sporadictasksin our framework. The
highestpriority taskthatis eligible to run in the systemis al-
ways scheduledy the operatingsystem. A periodictaskcan
suspendtself afterthe completionof its currentinstanceusing
thewait_until_next_period() systemcall.

We implementpriority ceiling protocol emulation(Highest
Locker Priority protocol)to boundthe blocking time encoun-
teredby ahigherpriority processlueto the phenomenowf pri-
ority inversion(whereina sharedesourceneededy the high-
priority processs currentlybeingusedby alower-priority pro-

3While we provide API supporto modify elds in the TCB duringrun-time,
we encourage staticcon gurationfor a small-footprintROM image.
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Figure4: Breakdavn of a Nano-RKcon guration.

cess) In particular eachmutex is associatewvith apriority ceil-
ing. Whena mutex is acquired(usinglock_mutex() ), the
priority of thetaskis elevatedto the priority ceiling of the mu-
tex. Oncethemutex is releasedqusingtheunlock_mutex()
systemcall), the priority of thetaskrevertsto its original level.
This resultsin boundedpriority inversionwhich can be ac-
countedfor in the of ine schedulabilitytest. Thus, real-time
synchronizations supportedn Nano-RK.

Ratherthan provide explicit messagdox support,we pro-
vide systemsupportfor corventionalsemaphoreghat canbe
used by tasks to manipulateapplication buffers in a con-
trolled manneifor facilitatinginter-proces£ommunicatior{us-
ing messagdoxes). This obviatesthe necessityfor OS buffer
spacdor storingmessageéataandallows ef cient zeio copying
[15] mechanisméo facilitateinformationsharingamongtasks.
Semaphoresanalsobe usedasageneralizatiorof mutexesfor
guardingaccesdo multiple resources.

5.3 Timing

Our implementationis basedon the POSIX time structure
timeval . We usea structurecomposedf two 32-bit num-
bersto represen{seconds, = nanoseconds) elds in our
time structures. For periodic tasks,we operatethe timer in a
one-shotmodewhereinthe next timing interruptis triggered
wheneithera taskis scheduledo be awakenedbecausef an
eventor becausat becomesligible for scheduling.In either
casetheglobal TOD(time of day)countereld in theOSis up-
dated. The TODcounter eld is incrementederiodically and
over owswill notoccurfor practicallyforeseeabléntervals of

time. Our systemthusallows supportfor ne-granularity tim-

ing requirement®f real-timeapplicationswhile maintaininga
(practically)non-over owing notionof absoluteime.

5.4 Resewation Support

CPU resenationsare createdstatically by populatingthe cor-
respondingask's TCB structurewith resenationinformatiorf.
In orderto supportCPU resenations,we associateeachtask
with aticks_consumed  eld, thataccountd$or theCPUcy-
clesusedby that application. Whenthe ticks_consumed
parameteexceedgheresenationsizequota(resenation)spec-
i ed by the systemcall, basedon the policy of the resenation
(hard or soff) one of the two following operationsis carried
out: if the resenation policy is hard, the applicationis imme-
diately suspendedndtheresenationis replenishedluringthe
next period;if theresenationpolicy is soft theapplicationcan
consumethe slack cyclesunusedby othertasksandwhenthe

4“We also  support using cpu_resv_create() and
cpu_resv_modify() APIs during run-time. However, we stressthat
thesecalls shouldbe usedwith discretionto prevent malicious/aulty applica-
tionsfrom dominatingthe useof systenresources.

systemslackis depletedijt is suspendedior softresenations,
the CPU resenation quotais replenishedduring the next pe-
riod of thattaskindependenbf whetherslackresourcesere
consumedar not. Sincewe take anof ine approachNano-RK
hasfull knowledgeof systemslack cycles. We allow an ap-
plicationto querythe statusand usageof its resenation using
the cpu_resv_query() sothatit can potentially adaptits
behaior accordingly Highly enegy-sensitve deploymentsof
Nano-RKenvironmentswill likely discourager evendisallov
theuseof softresenations,dueto theexcessenegy thatcanbe
consumedy prolongedexecutionor communications.

Network resenationsare implementedstatically by con g-
uring the task TCB structureswith parameterdor setting a
guotaon the network bandwidththat is usableby that partic-
ular task. We provide two typesof network resenations: net-
work senderresenationsthat seta limit on bytesor paclets
that canbe transmittedn a given periodandnetwork recever
resenationsthat enforcelimits on the amountof receved data
or active radio recever time in a given period. Eachtime a
pacletis receved, task TCB parameterdytes consumed
andpacket_used areincrementedWhenthenetwork band-
width quotaequalsthe network resenation size, basedon the
network resenationpolicy of hard or soft, the applicationis ei-
ther suspendedar is eligible to accessslackbandwidthin the
system. The paclet-countresenation setsa quotafor the ra-
dio enegy consumedvhile the numberof bytesover a period
enforceghelimits on bandwidthconsumption.

Sensoresenationsareimplementedn a similar mannerby
staticallypopulatingtask TCB parameterso specifythe num-
ber of times a sensorcan be readin a given period. Each
sensor_read() call incrementsa counter If this counter
exceedgheresenationquota,the processs suspendedndthe
guotais replenishediuringthe next periodof thetask.

As discussed earlier virtual enegy reservations can
be implemented by judiciously choosing values of
(CPU; N etwork; Sensor) resenationvalues.

5.5 Network Protocol Stack

Nano-RKcontainsa lightweightnetwork protocolstackthatal-
lows for port-baseccommunication. Sincethe network stack
is tightly integratedwith the OS andexecution/communication
information is available, optimizationsusing global applica-
tion knowledgesuchasautomaticpaclet aggreyation,network
resenations,andbuffer managemenéare possible. An incom-
ing datapaclet triggersan interruptthat handlesthe arrival of
the paclet. Packet transmissiongarehandledby a periodicnet-
work taskresponsibldor servicingall outgoingpacletsof all
tasks.

In traditionalUnix-basedsystemsthe OS s responsiblegor
allocatingand managingbuffers for network communication.
Statically allocating uniform buffers can be wastefulin sen-
sor applicationghat transmitandreceve only a few bytesper
paclet. In Nano-RK,the networking buffersaresizedandallo-
catedby theapplicationsput aremanagedby the network stack
usinga zerocopybuffer mechanisnj15]. Uponsuccessfute-
ceptionof a paclet by the OS interruptroutine, a dataready
status ag is setthatallows the applicationto directly manipu-
latethe memory Thememorywill notbetouchedagainby the
OS until the applicationexplicitly resetsthe datareadystatus

ag (usingport_receive_release() or by calling an-
otherport_read() command).This allows the application
developerto procesghe datain placeto consere memoryand
CPUcycles.

Pacletstransferredverthenetwork containa portandades-
tinationaddressn theirheaderUponreceptiorof a pacletdes-



Figure 5: Nano-RK network stack shawving placementof
buffersin theapplication.

tinedfor the currentnode,the portis extractedfrom the header
and usedto identify which buffer the paclet's datashouldbe
placedinto. If thedestinatioraddresss con guredasa broad-
castpaclet (OXFFFF), thenall applicationsn the network that
arelisteningonaparticularportwill recevethedata.Unlikethe
traditionalsocketmodel,multiple applicationnthesamesen-
sornodecanlistenon a singleport. In this modeof operation,
all listeningapplicationanustreadthe databeforethe OS will
updatethe port with new paclets. Thoughthis would necessi-
tate handlingcon icts at the userlevel, it allows for multiple
applicationsto sharebuffers, thus saving memory Tasksthat
do not wantto handlesuchcon icts canchooseto useunique
portnumbers.

Informationdescribingeachsocletis storedin aport_des
datastructure. This structurecontainsa pointer to the pay-
load buffer, the sizeof the buffer, the port, destinatioraddress,
messag@riority andhardware-speci cparametersThe struc-
ture is instantiatedthroughthe use of the port()  function
call. The port_des datastructuremustthen be passedo
all transmitandreceve functions. The hardware-speci cpa-
rameterdn this structureallow full con guration of the Chip-
conCC2420featuressuchasencryption,radiotransmitpower,
CRC error checking,clearchannelassessmengndfrequeny
selection. Internally, the OS containsan array of pointersto
port datastructures. This array is indexed by the port num-
ber The sener functionality of the network stack consists
of three main commands:listen() , sock_read() and
select() . Thelisten() function takes a port datade-
scriptor as a parameterand is usedto notify the OS that the
applicationis expectingpacletson a particularport. Whena
paclet is receved by the radio transcever, an external inter-
ruptroutineis triggeredwhich readghepacletfrom theradio's
FIFO.Headeilinformationis collectedoeforedata,allowing the
interrupt routine to take appropriateaction without buffering
theentirepaclet. If the destinatioraddressnatcheghe current
nodes addressthenthe portis usedto directthe memoryinto
the application-de nedbuffer. If the portis unknown or found
to be busy, thenthe paclet is eitherdroppedor is overwritten
in the buffer (dependingon auserde ned replacemenpolicy).
After the paclet hasbeencopiedinto the correctbuffer, a sta-
tus ag associateavith that port is set,handingcontrol of the
buffer to the application. At this point, the scheduleiis called
to seeif ataskis waiting on anincomingpaclet. Onceit re-

sumesexecution, the task can gain accesdo the buffer using
the port_read() function. The port_read() function
is non-blockingreturningl only if a paclet was correctlyre-
ceived. The OSwill notupdatethatbuffer until theapplication
hasrelinquishedts controlwith eitheranotherport_read()

call or an explicit port_read_release() call. Using
thewait_until_read() functioncall, the applicationcan
block until a paclet hasbeenreceved. The select() func-

tion canbe called with an 8-bit port index maskand a time-
out. Thisis similarto the original BSD socletsimplementation
which supported32 open le descriptorgper processandused
onebit correspondindo each le descriptorin the mask. The
select()  functionwill handover controlof thetaskandnot
returnuntil amatchedpacletis receivedor thetimeoutexpires.
If aselectepacletis receved,thenselect()  will returnits
portdescriptor

The interfaceto the client functionality of the network stack
consistsof aconnect() = commandanda port_write()
function. The connect() = commandregistersthe outgoing
port descriptorwith the network stack. The port_write()
commandtakes as an argumenta port descriptorand updates
a dataready eld. Eachtime the network task s called, it
will checkall registeredportsto seeif thereis a pendingmes-
sagefor transmission. If more than one messageesidesin
the transmitqueue the priority elds candeterminethe order
in which they areto be sent. If the "next hop" of the mes-
sagesareidenticaland have a size smallerthanthe maximum
payloadsize, thenthe messageare aggreyatedand sentasa
single paclet. Sincethe applicationand OS sharethe same
buffer, port_write_status() canbeusedto checkif the
pacletwassentby thenetwork taskbeforeupdatingtheexisting
buffer with new data. The taskcanalsoturn over control until
thepacletis sentusingthewait_until_sent() scheduler
command.

5.5.1 Routing and MAC Support

Routingand MAC protocolsin sensometwork ervironments
canbedramaticallydifferent(comparedo traditionalnetworks)
andevenbe application-speci c.Nano-RKtriesto isolatethis
functionality allowing developersto implementtheir own pro-
tocols.We provideabasictemplatefor a CSMA-CA MAC pro-
tocol with staticroutingtables. Thoughit is beyondthe scope
of this paper we have also developeda TDMA-basedproto-
col thatutilizesglobaltime synchronizatiorio scheduleaclet
transmissionslin thefollowing section,we will discusshein-
frastructurecurrently in placeallowing for customMAC and
routing protocols.

Whena paclet is receved by the OS, a routing functionis
calledby thereceve pacletinterrupt. This routingfunctioncan
thenaccess routing tableto determineif the currentnodeis
alongthe pathto the destination.Theroutingfunctioncanalso
receve control paclets suchas route requestpaclets usedin
ad-hocrouting protocolslike AODV and DSR. Thesecontrol
pacletshave the ability to add,remove or updateentriesin the
routing table. If the destinationof the paclet is found in the
routing table, thenthe paclet is addedto a forwardingbuffer
insidethe OS.Like ary normalapplicationtransmitbuffer, this
forwardingbuffer will be checledthenext time the networking
taskis called.

The MAC layercontrolresidedor themostpartin thetrans-
mit portion of the network task. The only MAC layer control
requiredin therecever interruptis the ability to automatically
andimmediatelyacknavledgea receved paclet to ensurere-
liable transmission.The MAC layer functionality suchascol-



Figure6: Low Power Listentransmitandreceve waveforms.

lision sensingback-of timesor TDMA-basedaccesschemes
arealsoincorporatednto the networking task. Sincethis task
is periodically calledby the OS andis responsibldor all data
transmissionsit is the ideal placeto implementcustomMAC
protocols. Along thesesamelines, Nano-RKincludesa driver
for low-level radiocontrols.

6 Experimental Evaluation

In this section,we provide simpleexamplesthatusethe Nano-
RK infrastructure.The rst exampleis a power-ef cient multi-
hop networking MAC. The secondexampledemonstratelow
the enegy resenationfunctionality providedby the OS canbe
usedto guarantegre-speci ednetwork (battery)lifetimes.

6.1 Low-Power Listening MAC

In this section,we shov how the abstraction®f periodictasks
naturally capturethe duty cycle of distributedsensingapplica-
tions. Using a methodsimilar to Low-Power Listening (LPL)
describedn [22], we testedsendingdataover multiple hops.
Figure6 shawvs the basicoperationof LPL. Thereceverwakes
up onceevery tye, for a shortduration(100s ) to assesshe
channel. If a messagereambleis detectedthe recever con-
tinuesto stayawake in orderto receve the paclet, otherwiseit
goesbackto sleep.This impliesthatthe sendemeeddo trans-
mit a preambléor a periodlong enoughfor therecevverto hear
it i.e, the transmittersynchronizatiorpreamblepulsewidth is
tper . Thereis aninherentirade-of betweerrecever powerand
transmitterpower for operatingat a particularapplicationduty
cycle andat a particulartper . We would like the OS network
taskperiod(whichis equalto t,e ) to be setsuchthatthe total
enegy expendeder pacletis minimized. In the graphshavn
in Figure 8, we considerthe effects of total enegy consumed
asa function of t,e, for a4-nodechainwherethe application
duty cycle requirementsre 1 packet every 10 seconds. This
paclet containsthe aggreyatedreadingsof temperaturelight
and soundsensors. For this con guration with our hardware
setup,we experimentallyfound the optimal tper to be around
100ms, asshavn in the graph. We alsoplot the multihop end-
to-endlateng associatedvith the delivery of pacletsin the 4-
hopchainnetwork for the sameperiodof the network task.

6.2 Effectivenessof Energy Resewations

In this subsectionwe shov how enegy resenationsand net-
work bandwidthresenationscan be utilized to maximizethe
network (battery)lifetime of sensonetworks. Mostsensomnet-
worksaretopologicallyorganizedo form aforwardingtreethat
pushesensomatato oneor moregatavay. The duty cyclesof

Figure 7: Sensortestbedsetup. Topology (a) usedfor MAC
experiment,(b) usedfor enegy resenationexperiment
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Figure 8: Graphof enegy and multi-hop paclet latengy vs
duty-cyclelength. Packetlatengy wasmeasureaver four hops
with a pacletbeingsentonceevery 10 seconds.

the individual nodesare chosenjudiciously in orderto guar

anteethe lifetime requirement®of the sensometwork. While

implementinglarge distributed sensingsystemsit is possible,
evenlikely, thatapplicationcodeon oneor moresensomodes
is con gured in an enegy-unfriendly mannerby transmitting
an excessive numberof pacletsor by not aggressiely turning
its power component®ff. OS-enforce@gnegy resenationsare
critical in ensuringthatthe network remainsconnectedver its

operationalifetime.

Our experimentalsetupconsistedof a sensometwork that
wasarrangedas shavn in Figure 7 with a target lifetime of 2
years.

The duty cyclesfor achieving the lifetime requirement®f 2
yearsareshown in Table2. Sinceforwardingfunctionality is
handledby the OS,if reserationswerenotusedthe OSwould
simply forward pacletsfurther up the tree. We consideredan

Node | Resewe TX Rate Total Total
[TX pkt/10sec, | [pkt/10sec] | Packets Packets
RX pkt/10sec] Handled Handled
without with
Resewre Resewe
a [1,2] 1 720 720
b n/a 300 216000 216000
c [1,2] 1 1362 1350
d [1,2] 1 195113 1358
e [1,2] 1 196643 3211

Table2: Enforcemenfrom Eneigy Reserations



enepgy-efcient variantof naive paclet forwarding wherethe
network tasksof nodeshigherup in thetreehierarchycollapse
databelongingto their childrenin their forwardingbuffersand
tagtheirdataformingasinglepaclet. Thisaggreyatedpacletis
thenforwardedup thetree. Thisis possiblebecausasensodata
payloadsizesaretypically small(2-4 bytes).In suchascenario,
the duty cyclesof all nodes in the treearetypically equal. A
sensomoduleoperatingon noded wascon gured incorrectly
to send300pacletsevery 10 secondsatherthanl pacletevery
10seconds.

Two experimentsvereconductedpnewithout enegy reser
vationsandanothemwith enegy resenationin place. Thetotal
numberof packetshandled by eachboardwasmonitoredfor 2
hoursfor eachexperiment.Theenepgy resenationfor anodeis
enforceday settingalimit onthe numberof pacletstransmitted
andonthetimethattheradioreceveris kepton.

After collecting the countervaluesfor eachnodeshown in
Table2, we usedthesensomnodes power characteristicshavn
in Table1 to calculatethe meanpower for eachnodeandfrom
the nodewith maximummeanpower, the network lifetime was
calculatedassuminga2000mAH battery Thenetwork lifetime
wasfoundto be 34 daysand2:9 yearswhenresenationswere
notusedandusedrespectiely. ThisdemonstrateBow resera-
tionscan nd naturalpracticalapplicationsn designingrobust
sensometworksandcontributeto signi cant improvements.

7 Conclusionsand Future Work

In this paper we describedNano-RK, a resenation-based
enegy-aware real-time operating systemwith wireless net-
working supportfor resource-constrainesensometwork en-
vironments. We supporta classicallystructuredmultitasking
OS with API supportfor task managementsynchronization,
IPC and high-level networking abstractionswith thesefunc-
tionsspeci cally tailoredto the constrainegensometwork en-
vironments. We enforcelimits on CPU, bandwidthand sen-
sor usageof individual tasksby using a resenation-basedp-
proachto enforceboundson timeliness,QoS and node life-
time. We adopta static design-timeapproachas comparedo
adynamicrun-timeapproactfor creatinganembeddedensor
tasksetOur OS designusessereral optimizationsfor memory-
andenepy-ef ciency reasonsvhile retainingarich setof capa-
bilities. Nano-RKwill be madeavailablefor public usein the
nearfuture.

While we have shavn thattraditionalRTOS abstractionsre
possibleandnaturalfor supportingsensometworking applica-
tions, thereare severaladditions,enhancementsndoptimiza-
tions that we are currently exploring. In particulatr while the
basicoperatingsystemabstractionsirein place thenetworking
architectureof our sensonetwork is still work-in-progressWe
donotcurrentlysupportend-to-endleadlineguaranteeassoci-
atedwith pacletdeliveryandareexploringschedulingandrout-
ing schemedasedn Time Division Multiple AccesTDMA)
schedulingusing global time synchronization. We currently
supportonly static routing and are exploring the use of opti-
mized dynamicenegy-efcient customrouting schemes.We
alsoplanto make further optimizationsto the OS for support-
ing enegy-efciency including supportfor low duty-cycle op-
erationusing TDMA techniques.We are currently designing
OS-supportedbootstrappingprotocolsfor initializing andcon-

guring thetaskseparameterandfor thedistributedcollection

SThisis expressedisa pertaskreceie-timebudget.
6This wasachiaed by maintainingseparateounterdor numberof paclets
transmittecandnumberof pacletsreceved.

of connecwity informationfor large-scalesensomnetworks.
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Appendix. The Nano-RK API

The systemcalls providedby the OS canbeclassi edbasedn
functionality. In its default con guration, Nano-RKsupportsa
maximumof 16 tasks,16 ports,8 mutexesand8 semaphores.
For richer (or poorer)ervironments,constantdn headerles

will needto beconsistentlyre-de ned.

Task ManagementAPIs

activate_task()
wait_for_next_period()

wait_until()

wait()

get_tid()

terminate_task()
get_priority()
set_priority()

Activatesa periodictask; an aperi-
odictaskhasaperiodof -1
Suspendtask until beginning of
next period

Suspend3askuntil absolutdime T
Suspendsaskfor atleastt
ReturnsTID of currenttask
Permanentlyndsa periodictask
Returnspriority of speci edtask
Changegpriority of speci edtask

Network Communication APIs

Resewation APIs

cpu_rsv_query()
cpu_rsv_modify()

netsndr_rsv_query()
netsndr_rsv_modify()

netrcvr_rsv_query()

netrcvr_rsv_modify()

snsr_rsv_query()
snsr_rsv_modify()

QueriesCPUresere properties
Modify CPUresere properties
Queries network sender resere
properties

Modi es network senderresere
properties

Queries network recever resere
properties

Modi es network recever resere
properties

Queriessensoresere properties
Modify sensoresere properties

Power ManagementAPIs

query_energy()
set_energy_mode()

get_energy_mode()
Yix_power_set()

port()

connect()

listen()

port_send()
port_send_status()
port_receive()
port_receive_release()
wait_until_received()
wait_until_sent()
select()

Set parameters and return
port_des

Registerport_deswith network task
Listenfor messagen port_des
Non-blockingsend

Checkif messagavassent
Non-blockingread

App nished with rx buffer

Block until paclet receved

Block until paclet sent

Block until onewakeupevent, or a
timeout

Queryresidualbatteryenegy
Setenegy savingsmode(future)
Getenepgy savingsmode(future)
Changeadiotransmitterpower

radio_config()
radio_rx_on()
radio_rx_off()
radio_tx_packet()

powerdown() Power the systemdown for t sec-
onds
Radio APIs
radio_init() Initialize theradio

Con gure theradio
Turnontheradiorecever
Turnoff theradiorecever
Transmita paclet

Task Synchronization APIs

set_deadline()
get_time()

set_sched_policy()

radio_read_byte() Readabyteof apaclet
SchedulingAPls
set_period() Setsperiodof task

Setsdeadlineof periodictask
Returnsglobal OStime
Changesheschedulingolicy used

set_priority_ceiling()

Setsmutex priority ceiling

s . o - ART API
get_priority_ceiling() Getsmutex priority ceiling U S
sem_init() Createsasemaphorandsetsit to v kprint() Safeprint to serialport
sem_wait() P(sem) wait for s>0thens=s-1 set_UART() Setsthe UART parameters
sem_signal() V(sem) s=s+1 putc() Sendsa single characterover the
lock_mutex() Putsdatainto amessagéox UART
unlock_mutex() Recevesdatafrom amessag®ox getc() Reada charactefrom the UART
SensorAPIs Routing APls
v -
init_sensor() Initialize asensor add_route() Deleteroutgfrom routmgtable
del_route() Add arouteinto theroutingtable

get_sensor_status()
set_sensor_status()
read_sensor()
convert_sensor()

wait_until_sensor()

power_wake()
power_down()

Returnsthe statusof a sensor
Setsasensoparameter

Returnsa sensowvalue
Translatesensowvalueto realworld
unit

Suspendtask until a sensorcom-
pletes

Powerupasensor

Power dowvn asensor

Thisfunctionalitymaybeoptionallyremovedor unlinked from Nano-RK

dueto theirrun-timeimplications.Pleasaisewith caution.

YTransmitpower will besetin conjunctionwith theroutingscheme.




