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Abstract

We addresghe challengesof bursty corvergecastin
multi-hopwirelesssensonetworks,wherealargeburst
of pacletsfrom differentlocationsneedsto be trans-
portedreliably andin real-timeto a basestation. Via
experimentson a 49 MICA2 motesensometwork us-
ing a realistictrafc trace,we determinethe primary
issuesin bursty convergecastand accordinglydesign
a protocol, RBC (for Reliable Bursty Corvergecast),
to addressheseissues: To improve channelutiliza-
tion andto reduceack-loss we designa window-less
block acknavledgmenschemeahatguaranteesontin-
uouspacletforwardingandreplicategsheacknavledg-

mentfor a paclet; to alleviate retransmission-incurred

channelcontention,we introducedifferentiatedcon-
tention control. Moreover, we designmechanismgo
handlevaryingack-delayandto reducedelayin timer
basedretransmissions.We evaluate RBC, againvia
experiments andshow that comparedo a commonly
usedimplicit-ack schemeRBC doublespaclet deliv-
ery ratio andreducesend-to-enddelay by an orderof
magnitudeasa resultof which RBC achievesaclose-
to-optimalgoodput.

—wir elesssensometwork, bursty corvergecastre-

liability , real-time, error control, contention control, Systemde-
sign, experimentation with real networks and testbeds

1 Intr oduction

A typical applicationof wirelesssensometworksis to
monitor an ervironment(be it an agricultural eld or
a classi ed area)for eventsthat are of interestto the
users.Usually, the eventsarerare. Yet whenan event
occurs,a large burst of pacletsis often generatedhat
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needsto be transportedeliably andin real-timeto a
basestation.Onexemplaryevent-drivenapplicationis
demonstrateth theDARPA NEST eld experiment'A
Line in the Sand” (simply called Lites hereafter)[5].
In Lites, a typical event generatesip to 100 paclets
within afew secondaindthe pacletsneedto betrans-
portedfrom differentnetwork locationsto a basesta-
tion, over multi-hoproutes.

Thehigh-volumeburstytraf ¢ in event-drivenappli-
cationsposesspecialchallengedor reliableandreal-
time pacletdelivery. Thelargenumberof pacletsgen-
eratedwithin a short period leadsto high degree of
channektontentiorandthusahigh probabilityof paclet
collision. The situationis further exacerbatedy the
factthatpacletstravel over multi-hoproutes: rst, the
total numberof packetscompetingfor channelaccess
is increasedvy a factor of the averagehop-countof
network routes;secondthe probability of pacletcolli-
sionincreasesn multi-hop networks dueto problems
suchas hidden-terminals. Consequentlypaclets are
lost with high probability in bursty corvergecast.For
example,with the default radio stackof TinyOS [3],
arounds0%of paclketsarelostfor mosteventsin Lites.

For real-timepacletdelivery, hop-by-hoppacletre-
covery is usually preferredover end-to-endrecovery
[16, 18]; andthis is especiallythe casewhen 100%
pacletdeliveryis not required(for instancefor bursty
corvergecastin sensornetworks). Neverthelesswe
nd issueswith existing hop-by-hopcontrol mecha-
nismsin bursty corvergecast.Via experimentswith a
testbedof 49 MICA2 motesandwith traf c tracesof
Lites, we obsene that the commonlyusedlink-layer
error controlmechanismslo not signi cantly improve
andcanevendegenerat@aclketdeliveryreliability. For
example whenpaclketsareretransmittedip to twice at
eachhop,theoverall pacletdeliveryratio increase®y
only 6.15%; and whenthe numberof retranmissions
increasesthe paclet delivery ratio actuallydecreases,
by 11.33%.

Oneissuewith existing hop-by-hopcontrolmecha-
nismsis thatthey do not schedulepaclet retransmis-



sionsappropriately;as a result, retransmittecpaclets
furtherincreaseghe channekontentiorandcausemore
pacletloss. Moreover, dueto in-orderpacket delivery
and conserative retransmissiortimers, paclet deliv-

ery canbesigni cantly delayedn existing hop-by-hop
mechanismswhich leadsto paclet backloggingand
reductionin network throughput.(We examinethede-
tailsin Section3.)

Ontheotherhand,the new network andapplication
modelsof burstycorvergecastn sensonetworksoffer
unigue opportunitiesfor reliable and real-timetrans-
portcontrol:

First, the broadcasmhature of wirelesschannels
enablesinodeto determineby snoopinghechan-
nel,whetheiits pacletsarerecevedandforwarded
by its neighbors.
Second high-precisiontime synchronizatiorand
thefactthatdatapacletsaretimestampedelieve
transportlayer from the constraintof in-order
paclet delivery, sinceapplicationscandetermine
theorderof pacletsby theirtimestamps.
Therefore techniqueghattake advantageof theseop-
portunitiesandmeetthechallenge®f reliableandreal-
time bursty corvergecastredesired.

Contrib utions of the paper. We study the limita-
tionsof two commonlyusedhop-by-hoppacletrecor-
ery schemesn bursty cornvergecast.We discover that
thelack of retransmissioschedulingn bothschemes
makes retransmission-basegiaclet recovery ineffec-
tive in the caseof bursty corvergecast.Moreover, in-
orderpaclet delivery makesthe communicatiorchan-
nel underutilized in the presenceof paclet- andack-
loss.

To addresghe challengesyve designprotocolRBC
(for ReliableBursty Corvergecast).Taking advantage
of theuniquesensonetwork models RBC featureshe
following mechanisms:

To improve channel utilization, RBC uses a
window-lessblock acknavledgmentschemethat
enablesontinuougaclketforwardingin the pres-
enceof paclet- andack-loss.Theblock acknavl-
edgmentalsoreducesghe probability of ack-loss,
by replicatingthe acknavledgmentor areceved
paclet.

To ameliorate retransmission-incurrecchannel
contention, RBC introducesdifferentiatedcon-
tentioncontrol, which ranksnodesby their queu-
ing conditionsaswell asthe numberof timesthat
the enqueueaclets have beentransmitted. A
noderanked the highestwithin its neighborhood
accessethechannelrst.

In addition, we designtechniqueghat addresshe
challenge®f timer-basedetransmissionontrolin bursty
corvergecast:

To dealwith continuouslychangingack-delayRBC
usesadaptve retransmissioimer which adjusts
itself asnetwork statechanges.

Toreducedelayin timer-basedetransmissioand
to expediteretransmissiorof lost paclets, RBC
usedlock-NACK, retransmissiotimerresetand
channeltilization protection.

We evaluateRBC by experimentingwith anoutdoor
testbedof 49 MICA2 motesandwith realistictrafc
tracefrom the eld sensometwork of Lites. Our ex-
perimentalresultsshav that, comparedwith a com-
monly usedimplicit-ack scheme RBC increaseshe
paclet delivery ratio by a factor of 2.05andreduces
the paclet delivery delayby a factorof 10.91. More-
over, RBC achiezesa goodputof 6.37 paclets/second
for the traf ¢ traceof Lites, almostreachingthe opti-
mal goodput— 6.66 paclets/second- for thetrace.

Organization of the paper. We describeour testbed
anddiscusgheexperimentdesignin Section?. In Sec-
tion 3, we studythe limitations of existing hop-by-hop
control mechanisms.We presentthe detaileddesign
of RBCin Section4, thenwe presenthe experimental
resultsin Section5. We discussrelatedworksin Sec-
tion 6, andwe make concludingremarksn Section?.

2 Testbedand experimentdesign

Towardscharacterizingheissuesn makingburstycon-
vergecastoth reliableandtimely, we conductan ex-

perimentalstudy We chooseexperimentationas op-

posedto simulationin orderto gainhigher delity and
con dencein the obsenations. Before presentingour
study we rst describeour testbedandthe experiment
design.

Testbed. We setupourtestbedo re ect the eld sen-
sornetwork of Lites, andwe usethetrafc tracefor a
typical eventin Lites asthe basisof our experiments.

Thetestbedtonsistof 49MICA2 motesdeployedin
agrasseld, asshavn in Figurel1(a), wherethe grass
is 2-4 inchestall. The 49 motesform a7 7 grid with
a5-feetseparatiobetweemeighboringgrid points,as
shawvn in Figure1(b) whereeachgrid point represents
amote. Themoteat the left-bottomcornerof the grid
is the basestationto which all the other motessend
paclets.The7 7 grid imitatesa subgridin the sensor
network of Lites.

Thetraf ¢ trace(simply calledLitestracehereafter)



(a) Environment (b) Grid topology

Figurel: Thetestbed

correspondso the pacletsgeneratedn a7 7 subgrid
of the Lites network whena vehicle passescrosshe
middle of the Lites network. Whenthe vehiclepasses
by, eachmoteexceptfor thebasestationdetectgheve-
hicle andgenerateswo paclets,which correspondo
thestartandtheendof theeventdetectionrespectiely
andareseparated-6 secondsn average.Overall, 96
pacletsaregenerate@achtime the vehiclepassedy.'
The cumulative distribution of the numberof paclets
generatediuring the eventis shavn in Figure2. (In-
terestedeadersan nd thedetaileddescriptionof the
trafc tracein [4].)
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Figure2: Thedistribution of pacletsgeneratedh Lites
trace

If we de ne the burst rate up to a momentin the
event as the numberof paclets generatedso far di-
vided by the time sincethe rst paclet is generated,
the highestburst rate in Lites trace is 14.07 pack-
ets/second.Given that the highestone-hopthrough-
put is about42.93 paclkets/secondor MICA2 motes
with B-MAC (the latestMAC componenbf TinyOS)
andthat, in multi-hop networks, even an ideal MAC
canonly achieve - of thethroughputhata single-hop
transmissiorcan achieve [11], the burst rate of Lites

1We couldhave choseratrafc tracewherefewernumbemacletsaregen-

erated(e.g.,whena soldierwith a gunpasse®y), but thatwould not sene as
well in shaving the challengeposedby hugeeventtrafc bursts.

tracefar exceedghe rateat which the motescanpush
pacletsto the basestation. Thereforejt is a challeng-
ing taskto deliver pacletsreliably andin realtime in
sucha heavy-loadburstytraf ¢ scenario.

Experiment design. To re ect themulti-hop network

of Lites, we let eachmote transmitat the minimum

power level by which two motes10 feetapartareable
to reliably communicatevith eachother andthepower
level is 9 (out of arangebetweenl and255). We use
theroutingprotocolLGR [7] in ourtestbec? LGR uses
links that are reliable in the presenceof bursty traf-

¢, andLGR spreaddrafc uniformly acrosdifferent
pathsto reducewirelesschannetontention.Therefore,
LGR providesa reliable and uniform paclet delivery
servicein bursty corvergecas{7]. In ourtestbedthe
numberof hopsin a pathis upto 6 andis 3.3 on aver

age.

For eachprotocolwe evaluatewe runthelitestrace
10 timesand measurehe averageperformanceof the
protocolby thefollowing metrics:

Eventreliability (ER). thenumberof uniquepack-
etsrecevvedatthebasestationin aneventdivided
by the numbemacletsgeneratedor the event.

Event reliability re ects how well an eventis
reportedo the basestation.

Packet delivery delay (PD): the time taken for a
pacletto reachthe basestationfrom the nodethat
generates.

Eventgoodput(EG): the numberof uniquepack-
etsrecevedat the basestationdivided by thein-
tenal betweerthe momentthe rst pacletis gen-
eratedand the momentthe basestationreceves
ary pacletthelasttime.

Eventgoodputre ects how fastthetrafc of an

eventis pushedrom the network to the basesta-
tion. By de nition, the optimal eventgoodputfor
Lites traceis 6.66 paclkets/secondwhich corre-
spondsto the casewherethe paclet delivery de-
lay is 0 andall thepacletsarereceivedby thebase
station.
Nodereliability (NR). thenumberof uniquepack-
etsthataregeneratedy a nodeandreceved by
the basestationdividedby the numberof paclets
generatectthenode.

(Remark: The study in this paperappliesto cases
wherenetwork topologiesotherthangrid androuting

protocolsotherthanLGR areused sincethe protocols
studiedare independenbf the network topology and

theroutingprotocol.)

2To focus on transportissues,walisablethe “base-snooping’n LGR so
thatthe basestationdoesnot acceptpacletssnoopedver thechannel.



3 Limitations of two hop-by-hop
packet recovery mechanisms

Two widely usedhop-by-hoppaclet recovery mecha-
nismsin sensometworks aresynchronougxplicit ack
andstop-and-vait implicit ack. We studytheir perfor

mancein bursty corvergecastsfollows.

3.1 Synchronousexplicit ack (SEA)

In SEA, a recever switchesto transmit-modejmme-
diatelyafterreceving a paclet,andsendsackthe ac-
knowledgmentwithout goingthroughthe procedureof
channelaccesgontrol (sincethe currenttransmission
is preventing other nearbynodesfrom accessinghe
channel);the sendeiimmediatelyretransmitsa paclet
if the correspondingack is not receved after certain
constantime. Using our testbedwe studythe perfor
manceof SEA whenusedwith B-MAC [13, 3] andS-
MAC [21]. B-MAC useghemechanisnof CSMA/CA
(carriersensemultiple accessvith collision avoidance)
to controlchannehccessS-MAC usesSCSMA/CA too,
but it alsoemploys RTS-CTShandshakto reducethe
impactof hiddenterminals.

SEA with B-MAC. Theeventreliability, the average
paclet delivery delay aswell asthe eventgoodputis
shown in Table 1, whereRT standsfor the maximum

Metrics RT=0|RT=1| RT=2

ER (%) 51.05 | 54.74 | 54.63

PD (seconds) 0.21 0.25 0.26
EG (paclets/sec)| 4.01 4.05 3.63

Tablel: SEAwith B-MAC in Litestrace

numberof retransmission®r eachpaclet at eachhop
(e.g., RT = 0 meansthat paclets are not retransmit-
ted). Thedistribution of the numberof uniquepaclets
recevedatthebasestationalongtimeis shavnin Fig-

ure3.

Table1 andFigure3 shov thatwhenpacletsarere-
transmittedtheeventreliability increaseslightly (i.e.,
by up to 3.69%). Neverthelessthe maximumrelia-
bility is still only 54.74%,and, evenworse,the event
reliability aswell asgoodputdecreasewhenthe max-
imum numberof retransmissionicreasedrom 1 to
2. (Theabove datais for B-MAC with its default con-
tentionwindow size. We have conductedthe experi-
mentwith differentcontentiorwindow sizeof B-MAC,
andwe foundthatthe performancepatternremainghe
same.)

SEA with S-MAC. Unlike B-MAC, S-MAC uses
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Figure3: Thedistribution of paclet receptionin SEA
with B-MAC

RTS-CTShandsha& for unicasttransmissionsywhich
reducegaclet collisions. We evaluateSEA whenit is
usedwith S-MAC, andthe performancealatais shavn
in Table2 andFigure4.

Metrics RT=0|RT=1| RT=2
ER (%) 726 | 7479 | 70.1

PD (seconds) 0.17 | 0.183 | 0.182
EG (paclets/sec)| 5.01 4.68 4.37

Table2: SEAwith S-MAC in Litestrace
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Figure4: Thedistribution of packet receptionin SEA
with S-MAC

Comparedwith B-MAC, RTS-CTShandshak im-
provesthe eventreliability by about20% in S-MAC.
Yetpacletretransmissionstill donotsigni cantly im-
prove the event reliability and can even decreasehe
reliability.

Analysis. We nd thatthereasonwhy retransmission
doesnotsigni cantly improve— andcanevendegen-
erate— communicatiorreliability is that,in SEA, lost
paclets are retransmittedvhile new pacletsare gen-



eratedandforwarded,thusretransmissionsyhennot
scheduledappropriately only increasechannelcon-
tentionandcausemorepacletcollision? Thesituation
is further exacerbatedy ack-loss(with a probability
ashigh as10.29%),sinceack-losscausesinnecessary
retransmissiomf pacletsthat have beenreceved. To
malke retransmissiomffective in improving reliability,
thereforewe needaretransmissioschedulingnecha-
nismthatamelioratesetransmission-incurrechannel
contention.

3.2 Stop-and-waitimplicit ack (SWIA)

SWIA takesadvantageof the factthatevery node,ex-
ceptfor thebasestation forwardsthe pacletit receves
andthe forwardedpacket canact asthe acknavledg-
mentto the sendetat the previoushop[12]. In SWIA,
the senderof a paclet snoopsthe channelto check
whetherthe paclet is forwardedwithin certaincon-
stantthresholdtime; the sendemregardsthe paclet as
receved if it is forwardedwithin the thresholdtime,
otherwisethepacletis regardedaslost. Theadwantage
of SWIA is thatacknavledgmentomedor freeexcept
for thelimited controlinformationpiggybacledin data
paclets.

We evaluateSWIA only with B-MAC, giventhatthe
implementatiorof S-MAC is notreadilyapplicablefor
paclet snooping. The performanceaesultsare shovn
in Table3 andin Figure5.

Metrics RT=0|RT=1| RT=2
ER (%) 43.09 | 31.76 | 46.5

PD (seconds) 0.35 8.81 18.77
EG (paclets/sec)| 3.48 2.58 1.41

Table3: SWIA with B-MAC in Litestrace

We seethatthe maximumeventreliability in SWIA
is only 46.5%,andthatthereliability decreasesignif-
icantly whenpacletsareretransmittecat mostonceat
eachhop. Whenpacletsareretransmittedip to twice
at eachhop, the paclet delivery delayincreasesand
the event goodputdecreasesigni cantly despitethe
slightly increasedeliability.

Analysis. We nd that the abore phenomenaare
dueto thefollowing reasons.First, the lengthof data
paclets is increasedby the piggybacled control in-
formationin SWIA, thusthe ack-lossprobability in-
creasegashigh as18.39%in our experiments)which
in turnincreasesinnecessargetransmissionsSecond,

3Thisis notthecasen wireline networksandis dueto thenatureof wireless
communications.
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Figure5: Thedistribution of pacletreceptionin SWIA
with B-MAC

mostpaclketsarequeueduponreceptionandthustheir
forwardingis delayed. As a result, the piggybacled
acknavledgmentsare delayedand the corresponding
pacletsareretransmittedinnecessarilyThird, oncea
paclet is waiting to be acknavledged,all the paclets
arriving later cannotbe forwardedevenif the commu-
nicationchanneis free. Therefore channelutilization
aswell as systemthroughputdecreasesand network
gueuingas well as paclet delivery delay increases.
Fourth, asin SEA, lack of retransmissiorscheduling
allows retransmissiongjeit necessargr unnecessary
to causemorechannekcontentionandpacletloss.

4 ProtocolRBC

To addresshelimitationsof SEAandSWIA in bursty
corvergecastwedesignprotocolRBC.In RBC,wede-
sign a window-lessblock acknavledgmentschemeto
increasechanneltilization andto reducethe probabil-
ity of ack-loss.We alsodesignadistributedcontention
control schemethat schedulegaclet retransmissions
and reducesthe contentionbetweennewly generated
andretransmittegbackets. Moreover, we designmech-
anismgo addresshechallenge®f burstycorvergecast
on timer-basedretransmissior(such as varying ack-
delayandtimer-incurreddelay).

Given that the number of paclets competingfor
channelaccesss lessin implicit-ack basedschemes
thanin explicit-ack basedschemeswe designRBC
basedntheparadigmof implicit-ack (i.e., piggyback-
ing controlinformationin datapaclets). We elaborate
onRBCasfollows. (Eventhoughthemechanismssed
in RBC canbeappliedin theexplicit-ack paradigmwe
relegatethe detailedstudyasour futurework.)



4.1 Window-lessblock acknowledgment

In traditional block acknavledgment[6], a sliding-
window is usedfor both duplicatedetectionand in-
order paclet delivery.* The sliding-windowv reduces
network throughputoncea paclet is sentbut remains
unacknavledged(sincethe sendeicanonly sendup to
its window sizeonceapacketis unacknaevledged) and
in-orderdelivery increasepaclet delivery delayonce
apacletis lost (sincethe lost paclet delaysthe deliv-
ery of every paclet behindit). Therefore the sliding-
window basedlock acknaviedgmenschemealoesnot
apply to bursty corvergecast,given the real-timere-
quiremenbf thelatter.

To addresghe constraintsof traditional block ac-
knowledgmentin the presencef unreliablelinks, we
take advantageof the factthatin-orderdelivery is not
requiredin bursty cornvergecast. Without considering
theorderof pacletdelivery, by which we only needto
detectwhetherasequencef packetsarerecevedwith-
outlossin themiddleandwhetherarecevedpacletis
a duplicateof a previously received one. To this end,
we design,asfollows, a window-lessblock acknowl-
edgmentschemewhich guaranteesontinuouspacket
forwardingirrespectve of the underlyinglink unrelia-
bility aswell astheresultingpaclet-andack-loss.For
clarity of presentationwe consideranarbitrarypair of
nodes and where isthesendeand isthere-
ceiver.

Window-lessqueuemanagement. Thesender or-
ganizesits paclet queueas linked lists, as
shavn in Figure 6, where is the maximumnum-
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Figure6: Virtual queuesatanode

ber of retransmissionat eachhop. For corvenience,
we call the linked lists virtual queues denotedas
The virtual queuesare ranked such
thatavirtual queue rankshigherthan if .
Virtual queues , and buffer paclets
waiting to be sentor to be acknavledged,and

“Note that SWIA is a specialtype of block acknavledgmentwherethe
window sizeis 1.

collects the list of free queuebuffers. The virtual
gueuesaremaintainedasfollows:
Whenanew pacletarrivesat to besent, de-
tachesthe headbuffer of , If ary, stores
the paclet into the queuebuffer, andattacheghe
queuebuffer to thetail of
Pacletsstoredin avirtual queue  ( ) will
not be sentunless is empty; pacletsin the
samevirtual queuearesentin FIFO order
After a pacletin avirtual queue  ( ) is
sent,the correspondingjueuebuffer is movedto
the tail of , unlessthe paclet hasbeenre-
transmitted  time$ in which casethe queue
buffer is movedto thetail of
Whena pacletis acknavledgedto have beenre-
ceived, the buffer holding the paclet is released
andmovedto thetail of
Therefore,the orderin which unackneviedgedpack-
etshave beensentis maintainedn the virtual queues
without any window-basedcontrol, providing the ba-
sisfor window-lessblock acknavledgment Moreover,
newly arrivedpacletscanbe sentimmediatelywithout
waiting for the previously sentpacletsto be acknawl-
edgedwhich enablesontinuougacletforwardingin
thepresencef paclet-andack-loss.

Block acknowledgment & reducedack-loss. Each
qgueuebufferat hasanlID thatis uniqueat . When
sendsa pacletto therecever , attacheghelD
of thebuffer holdingthepacletaswell asthelD of the
buffer holdingthe paclet to be sentnext. In Figure6,
for example,when sendghepacletin buffer , at-
tacheghevalues and . Giventhequeueamaintenance
procedureif thebuffer holdingthe pacletbeingsentis
thetail of  or theheadof avirtual queueotherthan

, alsoattacheshelD of theheadbuffer of ,
if any, sinceoneor morenewn pacletsmay arrive be-
fore the next enqueuegbacletis sentin which casethe
newly arrived paclet(s)will be sent rst. For exam-
ple, whenthe pacletin buffer of Figure6 is sent,
attacheghevalues , ,and .

Whentherecever recevesapaclet from
learnstheID  of the buffer holding the next paclet
tobesentby . When recevesapacket from
next time, checkswhether isfrom buffer at
if isfrombuffer , knowsthatthereis nopaclet
lossbetweerreceving and from ;otherwise,
detectshatsomepacletsarelostbetween and

For eachmaximal sequencef paclets
from thatarerecevedat withoutary lossin the

5Due to block-NACK, to be discussedn Section4.3.2, a paclet having
beenretransmitted timesmaybein avirtual queueotherthan



middle, attachego paclet  the2-tuple ,
where and arethelDs of the buffers storing
and at . Wecall the blodk acknowledg-

mentfor paclets . When snoopghe for-
wardedpaclet later, learnsthat all the paclets
sentbetween and havebeerrecevedby . Then

releaseshebuffersholdingthesepaclets.For exam-
ple,if  snoopsa block acknavledgment when
its queuestateis asshavn in Figure6, knows that
all the pacletsin buffersbetween and in have
beenreceived,and releaseduffersbetween and ,
including and .

Onedelicatedetailin processinghe block acknawl-
edgment is that after releasingbuffer
will maintaina mapping , where is the
buffer holdingthe paclet sent(or to be sentnext) after
thatin . When snoopsanotherblock acknawl-
edgment later,  knows, by , that
pacletssentbetweernthosein buffers and have
beerrecevedby ;then releaseshebuffersholding
thesepaclets,and resetghe mappingto ,
where is the buffer holding the paclet sent(or to
be sentnext) after thatin maintainsthe map-
pingfor until recevesablock-NACK (to bedis-
cussedin Section4.3.2)or a block acknavledgment

where

In theabove block acknavledgmentschemetheac-
knowledgmentfor a receved paclet is piggybacled
ontothe pacletitself aswell asthe pacletsthatarere-
ceived consecutiely afterthe packet without any loss
in themiddle. Thereforetheacknavledgments repli-
catedandthe probabilityfor it to belostdecreasesig-
ni cantly, by afactorof 2.07in Lites traceasanalyzed
below.

Analysisof ack-lossprobability. For corveniencewe
de ne thefollowing notations:

theprobability of losinga single(data)paclet;
thenumberof pacletsrecevedin succession
withoutary lossin themiddle;

thenumberof pacletslostin succession;
thenumberof pacletsrecevedin succession
withoutary lossin the middle,aftera paclet
is alreadyreceved;

thenumberof timesthattheacknaviedgment
for apacletis receved atthesender

Assumingthatpacletlossesareindependenbf one
anothey we have the probability massfunctions for
randomvariables and  asfollows.

In RBC,whenapaclet isrecevedatarecever |,
theacknavledgmenfor canreachbacktothesender

in two ways: snoops whenit is forwardedby
later, with probability ; or doesnot snoop
but snoopsa paclet whoseblock acknavliedgmentac-
knowledgesthe receptionof , with probability
Therefore the probability of receving the ac-
knowledgmenfor canbederivedasfollows:

Then, the probability
mentfor apacletin RBCis
In the caseof Lites trace and implicit-ack,
. Therefore , reducingthe ack-
lossprobability of SWIA by afactorof 2.07.

of losing the acknavledg-

Duplicate detection& obsolete-ackltering . Since
it is impossibleto completelypreventack-lossin lossy
communicatiorchannelspacletswhoseacknavledg-
ments are lost will be retransmittedunnecessarily
Thereforejt is necessaryhatduplicatepacletsbe de-
tectedanddropped.

To enableduplicatedetection,the sender main-
tainsa counterfor eachqueuebuffer, whosevalueis
incrementedby one eachtime a new paclet is stored
in the buffer. When sendsa paclet, it attacheshe
currentvalueof the correspondingdpuffer counter For
eachbuffer at ,therecever maintainghecounter
value piggybacledin thelastpacketfrom thebuffer.
When recevesanothempacletfromthebuffer later,

checksvhetherthecountevaluepiggybacledin the
pacletequalsto : if they areequal, knowsthatthe
pacletis a duplicateanddropsit; otherwise regards
the paclet asa new oneandacceptdt. The duplicate
detectionis localin thesensdhatit only requiresinfor-
mationlocal to eachqueuebuffer insteadof imposing
ary rule involving differentbuffers (suchasin sliding-
window) thatcandegeneratesystemperformance.

For the correctnessf the above duplicatedetection
mechanismye only needto choosehedomainsize
for thecountervaluesuchthatthe probability of losing

pacletsin successiois negligible. For example for
the high perhop paclet loss probability 22.7%in the
caseof Litestrace, couldstill beassmallas?, since
theprobability of losing7 pacletsin successiors only
0.003%°

5Given the small domainsize for the countervalueaswell asthe usually
small queuesize at eachnode, the duplicatedetectionmechanisnmdoesnot



In additionto duplicatedetectionwe alsousebuffer
counterto Iter out obsoleteacknawledgment. De-
spitethelow probability, paclet forwardingat may
be severely delayed suchthatthe queuebuffers signi-
ed in a block acknavledgmenthave beenreusedby

to hold pacletsarriving later To dealwith this,
attachesto eachforwardedpaclet the ID aswell as
the countervalue of the buffer holding the paclet at

originally; when snoopsa paclet forwardedby

,  checkswhetherthe piggybacled countervalue
equaldgo thecurrentvalueof thecorrespondindpuffer:
if they areequal, regardsasvalid the piggybacled
blockacknavledgmentptherwise, regardstheblock
acknavledgmentasobsoleteandignoresit.

Aggregated-ackat the basestation. In sensomet-
works, the basestationusually forwardsall the pack-
etsit recevesto an externalnetwork. As aresult,the
children of the basestation (i.e., the nodesthat for-

ward paclets directly to the basestation) are unable
to snoopthe pacletsthe basestationforwards,andthe
basestationhasto explicitly acknavledgethe paclets
it receves.To reducechannekontentionthebasesta-
tion aggreyatesseveral acknavledgmentsfor paclets
recevved consecutiely in ashortperiodof time, into a

singlepacletandbroadcastshe pacletto its children.
Accordingly, thechildrenof thebasestationadaptheir

control parameter$o the way the basestationhandles
acknavledgments.

4.2 Differ entiated contention control

In wirelesssensometworks whereperhop connectv-
ity is reliable,mostpacletlossesaredueto collisionin
the presencef severe channelcontention. To enable
reliablepacletdelivery, lostpacletsneedo beretrans-
mitted. Neverthelesspacletretransmissiomay cause
more channelcontentionand paclet loss, thusdegen-
eratingcommunicatiorreliability. Also, thereexist un-
necessaryetransmissiondueto ack-losswhich only
increasechannelcontentionand reducecommunica-
tion reliability. Therefore,it is desirableto schedule
paclket retransmissionsuchthatthey do not interfere
with transmissionsf otherpaclets.

The way the virtual queuesare maintainedin our
window-lessblock acknavledgmenschemdacilitates
the retransmissiorscheduling sincepacletsare auto-
matically groupedogetherby differentvirtual queues.
Paclets in higherranked virtual queueshave been
transmittedless number of times, and the probabil-

consumemuchmemory For example, it only takes 36 bytesin the caseof
Lites.

ity that the recever hasalreadyreceved the paclets
in higherranked virtual queuesis lower (e.g., 0 for
pacletsin ). Therefore,we rank paclets by the
rank of the virtual queuesholding the paclets, and
higherranked paclets have higherpriority in access-
ing the communicatiorchannel.By this rule, paclets
thathave beentransmittedessnumberof timeswill be
(re)transmitteckarlierthanthosethathave beentrans-
mitted more, andinterferencebetweenpacletsof dif-
ferentranksis reduced.

Window-less block acknavledgmentalready han-
dles paclet differentiation and schedulingwithin a
node,thuswe only needa mechanisnthat schedules
paclet transmissioracrosddifferentnodes. To reduce
interferencebetweenpaclets of the samerank andto
balancenetwork queuingaswell aschannekontention
acrossnodes,inter-node paclet schedulingalso takes
into accounthe numberof paclketsof a certainrankso
thatnodeshaving moresuchpacletstransmitearlier

Toimplementheabove conceptswede ne therank

of anode as ID , where
is the highest-rankdnon-emptyvirtual queueat ,
is the numberof pacletsin  ,andID isthe
ID of . A nodewith alargerrankvaluerankshighet’
Then,thedistributedtransmissiorschedulingvorksas
follows:
Eachnodepiggybacksts rankto thedatapaclets
it sendsout.
Upon snoopingor recevving a paclet, a node
comparedts rankwith thatof thepacletsender .
will changeits behavior only if  rankshigher
than , in whichcase will notsendary packetin

thefollowing time. isthetime
takento transmita paclet at the MAC layer, and
, when and dif-

feratthe -th elemenbf the3-tupleranks.

is de ned suchthatthe probability of all waiting
nodesstartingtheir transmissionsimultaneously
is reduced,andthat higherranked nodestendto
wait for shortertime. is estimatedby the
methodof ExponentiallyWeightedMoving Aver
age (EWMA)

If asendingnode detectsthatit will not send
its next paclket within time (i.e., when
knows that, afterthe currentpaclet transmission,
it will rank lower thananothemode), signies
this by markingthe paclet beingsent,sothatthe

"The conceptof “rank” is de ned suchthatthe rst eld guaranteeshat
pacletshaving beentransmittedessnumberof timeswill be (re)transmitted
earlier thesecondeld ensureshatnodeshaving morepacletsenqueuedet
chancedo transmitearlier andthethird eld is to breaktiesin the rst two
elds.



nodesoverhearingthe paclet will skip in the
contentioncontrol. (This mechanisnreduceshe
probability of idle waiting, wherethe channelis
freebut no pacletis sent.)

4.3 Timer managementin window-less
block acknowledgment

In window-less block acknavledgment,a sender
startsaretransmissiotimer aftersendingapaclet,and

retransmitghe pacletif hasnotrecevedthe cor
respondingackwhenthetimertimesout. Retransmis-
sion timers directly affect the reliability and the de-
lay in paclet delivery: large timeoutvaluesof timers
tendto increasepaclet delivery delay whereassmall
timeoutvaluestendto causeunnecessaryetransmis-
sionsandthusdecreas@aclet delivery reliability. To
provide reliable andreal-timepaclet delivery, we de-
signmechanism$o managehetimersin window-less
block acknavledgmentas follows. (Again, we con-
siderasender andarecever .)

4.3.1 Dealingwith varying ack-delay

When the recever receves a paclket  from the
sender , rst buffers in . Thedelayin for-
warding depend®n the numberof pacletsin front
of in . Sincethe numberof pacletsenqueuedn
keepschangingthe delayin forwardingareceved
paclet by  keepschanging,which leadsto varying
delayin paclet acknavledgment. Therefore,the re-
transmissiortimer atthe sender shouldadaptto the
queuingconditionat ; otherwise eitherlost paclets
areunnecessarilglelayedin retransmissiorfwhenthe
retransmissiotimeris toolarge)or pacletsareunnec-
essarilyretransmitteceven if they arereceved (when
theretransmissiotimeris too small).

To adaptvely settingthe retransmissionimer for a
paclet,thesender keepstrackof, by snoopingoack-
etsforwardedby ,thelength of at ,theaver
agedelay in forwardinga pacletafterthe paclet
becomedhe headof , andthe deviation of
When sendsapacletto , setstheretransmission
timer of the pacletas

where is a constantdenotingthe numberof new
pacletsthat may have received since learned
thelasttime (  dependson the applicationas well
asthelink reliability, and  is 3 in our experiments).
The reasorwhy we usethe deviation  in the above
formulais that variesalot in wirelessnetworksin

the presencef burstytrafc, in which casethe devia-
tion improvesestimationquality [10].

At a node,eachlocal parameter (suchas for
node ) and its deviation are estimatedby the
methodof EWMA asfollows:

where and areweight-factorsand s thelatest
obsenationof . Empirically, we set - and
- in RBC.

4.3.2 Alleviating timer-incurr eddelay

The pacletretransmissiotimer calculatedasaboveis
consenrative in the sensehatit is usuallygreaterthan
theactualack-delay{10]. Thisis importantfor reduc-
ing the probability of unnecessaryetransmissiongut
it introducesextra delayandmalkesnetwork resources
underutilized [22].

To alleviatetimer-incurreddelay we designthe fol-
lowing mechanismgdo expedite necessarypaclet re-
transmissiongsndto improve channeltilization:

Wheneer the recever  receves a packet
frombuffer ofthesender while isexpecting
(in theabsencef pacletloss)to receve a paclet
frombuffer of , learnsthatpacletssentbe-
tweenthosein buffers and at ,includingthe
onein , arelost. In thiscase, piggybacksa
block-NACK onto the next paclet it for-
wards,by whichtheblock-NACK canbesnooped
by immediately
When learnsthe block-NACK from
, resetsheretransmissionimersto O for the
paclets sentbetweenthosein  and (includ-
ing theonein ), andfor eachof thesepaclets,
moves the correspondingouffer to the tail of
if the bufferis currentlyat . Therefore,
pacletsthat needto beretransmittedare putinto
higherranked virtual queuesand are retransmit-
tedquickly.?
Wheneer learnsthatthevirtual queue  of
becomeempty knowsthat hasforwardedall
the pacletsit hasreceved. In this case, resets
the retransmissiortimers to O for thosepaclets
still waiting to be acknavledged,sincethey will
notbe (dueto eitherpaclet-lossor ack-loss).
Similarly, when snoopgheacknavledgment
forapaclet , resetgheretransmissioimer
to O for thosepacletsthat are sentbefore  but
arestill waiting to beacknavledged.

8Note thatthe movementof NACKed pacletsdo not disruptthe buffering
orderrequiredby block-acknavledgment.



Whenanetwork channels fully utilized, it should
be busy all the time. Therefore,if the sender
haspacletsto send,andif  noticesthat no
paclet is sentby ary neighboringnodein a pe-
riod of time, sendsout the paclet
at the headof its highest-rankd non-emptyvir-
tual queue,without consideringthe retransmis-
sion timer even if the paclet is to be acknavl-
edged® is a constantre ecting the degreeof
channelutilization we wantand is thetime
takento transmita pacletatthe MAC layer

5 Experimental results

We have implementedorotocolRBC in TinyOS using
B-MAC,° andRBC hasbeensuccessfullyappliedin a
eld sensonetwork of aboutl,000XSM motes(anen-
hancedrersionof MICA2) to supportreliableandreal-
time corvergecas{2]. We have alsoevaluatedRBC in
our testbed andthe performanceesultsare shovn in
Table4. Figure7 shows the distribution of paclet re-

Metrics RT=0|RT=1| RT=2

ER (%) 56.21 | 83.16 | 95.26

PD (seconds) 0.21 1.18 1.72
EG (paclets/sec)| 4.28 5.72 6.37

Table4: RBCin Litestrace
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Figure7: Thedistribution of packetreceptionn RBC

ceptionin RBC.FromTable4 andFigure7, weobsene
thefollowing propertiesof RBC:

9This mechanisnimproveschanneltilization without introducingunnec-
essaryretransmission®ecauseof the “dif ferentiatedcontentioncontrol” in
RBC.

%I the implementationthe control logic takes 185 bytesof RAM when
eachnodemaintainsa buffer capableof holding 16 paclets, andthe control
information piggybacled in datapaclets takes 14 bytes. We are currently
studyingmethodsof reducingthe memoryconsumptiorandthe lengthof the
piggybacledcontrolinformation,for instancepsingexplicit acknavledgment.
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Theeventreliability keepsincreasingijn a signif-
icant manner as the numberof retransmissions
increases. The increasedreliability mainly at-
tributesto reducedunnecessaryetransmissions
(by reducedacklossandadaptve retransmission
timer) andretransmissioscheduling.
Comparedwith SWIA which is also basedon
implicit-ack, RBC reducespaclet delivery delay
signi cantly. This mainly attributesto the ability
of continuouspaclet forwardingin the presence
of paclet-andack-lossandthereductionin timer-
incurreddelay

Therateof pacletreceptioratthebasestationand
the eventgoodputkeepincreasingasthe number
of retransmissionincreases.When paclets are
retransmitteclp to twice at eachhop, the event
goodputreache$.37 paclets/secondyuite close
to theoptimalgoodput— 6.66 paclkets/second—
for Litestrace.

Comparedvith SWIA, RBCimprovesreliability by
a factor of 2.05 and reducesaveragepacket delivery
delay by a factorof 10.91. Comparedto SEA with
B-MAC (simply referredto as SEA hereafter),RBC
improves reliability by a factor of 1.74, but the av-
eragepaclet delivery delay increaseshy a factor of
6.61 in RBC. Interestingly however, RBC still im-
provestheeventgoodputby afactorof 1.75whencom-
paredwith SEA. Thereasoris that,in RBC, lost pack-
etsareretransmittecand deliveredafter thosepaclets
thataregeneratedater but transmittedessnumberof
times. Therefore,the delivery delayfor lost paclets
increaseswhich increaseshe averagepaclet delivery
delay without degeneratinghe systemgoodput. The
obsenation shaws that, dueto the uniqueapplication
modelsin sensometworks, metricsevaluatingaggre-
gatesystembehaiors (suchastheeventgoodputitend
to beof morerelevancethanmetricsevaluatingunit be-
haviors (suchasthedelayin deliveringeachindividual
paclet).

To furtherunderstanghrotocolbehaviorsin thepres-
enceof pacletretransmissionsye conductasfollows,
a comparatie studyof RBC, SWIA, and SEA for the
casewhere paclets are retransmittedup to twice at
eachhop.

Figure8 compareghe distribution of paclet gener
ationin Lites tracewith the distributionsof paclet re-
ceptionin SEA,SWIA, andRBC.We seethatthecurve
for paclet receptionin RBC smoothsout and almost
matcheghat of paclet generation.In contrast,mary
pacletsarelostin SEA despitethe factthatthe rateof
pacletreceptionin SEAIs closeto thatin RBC; paclet
delivery is signi cantly delayedin SWIA, in addition



=
o
o

Ry - Lites trace
% ; -+ SEA
%80 -+ SWIA
g —— RBC
260
g
S o
540 l% ¥ At +
5 | AF "
o F A
[S J* +F
520 o
z 4 ++++*
e
0 10. 20 30 40
(f'lme (seconds)

Figure 8: The distributions of paclet generationand
reception

to thehigh degreeof pacletloss.

Basedon thegrid topologyasshown in Figurel1(b),
Figures 9(a)-(c) shav the node reliability in SEA,
SWIA, andRBC respectiely. Figure10 shavsthecu-
mulative distribution of nodereliability in SEA,SWIA,
andRBC. We seethatnodereliability improvessignif-
icantlyin RBC: only 4.17%of nodeshave a nodereli-
ability lessthan80%in RBC; yetin SEAandSWIA,
above 80% of nodeshave a nodereliability lessthan
80%.

Figurellshonstheaveragenodereliability in SEA,
SWIA, andRBC asthe numberof routinghops(to the
basestation)increasesWe seethatthe nodereliability
in RBC is muchhigherthanthatin SEA andSWIA at
everyroutinghop,andthatthereliability atthefarthest
hopin RBC s evengreaterthanthatat the closesthop
in SEAandSWIA. (Notethat,in RBC,thereasorwhy
nodesb hopsaway from thebasestationhave lowerav-
eragedelivery ratethannodest hopsaway canbe due
to the speci c traf ¢ patternandthe differenceamong
nodes'hardware.)

Remark. In this paper we focuson scenariosvhere
paclets are timestampedand thus we do not needto
preciselypresere the relative timing betweerpaclets
asit is whenthey aregeneratedNeverthelessto char

acterizehow RBC affectstherelativetiming of paclets,
we measurdhe timing-shiftof paclet delivery asfol-

lows. Givenapacket  recevedat the basestation,
thetiming-shiftfor s calculatedas

where denoteghetimewhen isrecevedatthe
basestation, denoteghetime whenapacket s
recevedatthe basestationimmediatelybefore |

denoteghetime when  is generatecat somenode
in the network, and  denoteghe time when  is
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Figure9: Nodereliability

generatedat somenodein the network.!* For corve-
nience,we setthetiming-shiftto for the rst paclet
receved at the basestation. Basedon this de nition,

41 this de nition, we do not considerthe pacletsthat arelost, only cal-
culatingthe relative timing-shift betweerpacletsthatarereceived atthe base
station.
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we nd thatthe averagetiming-shiftis 1.0035second
for thepacletsreceivedin thecaseof RBC,andthatthe
averagetiming-shift is around0.1698secondin both
SEAandSWIA. Eventhoughthetiming-shiftin RBC

is predictablygreaterthanthosein SEA andSWIA, it

is still smallenoughfor real-timeevent-drivenapplica-
tionssuchasLites andExScal[2] wherehigh-level de-
cisionsarebasedn datain the orderof secondsNote
that to reducethe timing-shift in paclet delivery, we

canmodify the queuemanagemenpolicy in window-

lessblock acknavledgmenthut we relegatea studyof

thisto our futurework.

6 Relatedwork

The performanceof paclet delivery in densesensor
networks hasbeenstudiedin [23]. The resultsshav
that, in the presenceof heary channelload, a com-
monly usedossrecoveryschemaetlink layer(i.e.,lost
pacletsareretransmittedip to 3 times)doesnot mask
paclet loss, and more than 50% of the links obsene
50%pacletloss. The obsenationshavs the challenge
of reliablecommunicatiorover multi-hoproutes since
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thereliability decreasesxponentiallyasthenumberof
hopsincreases.

Thelimitationsof timersin TCPretransmissiogon-
trol have beenstudiedin [22]. The authoranalyzes
theintrinsic dif culties in usingtimersto achiese op-
timal performanceand amguesthat additionalmecha-
nismsshouldbe used. Despiteits focuson TCPR, the
study also appliesto retransmissiortontrol in sensor
networks.

Block acknavledgmen{6] hasbeenproposedor er-
ror aswell as o w controlin the Internet. It considers
the problemof in-orderpaclet delivery. Therefore,a
lost paclet blocksthe delivery of all the pacletsthat
are behindthe lost one but have reachedhe recever,
asaresultof which pacletdelivery delayis increased.
Moreover, a sendercansendpaclketsat mostup to its
window sizeoncea pacletis sentbut unacknaevliedged,
thusthechannetesourcanaybeunderutilized. Block
acknavledgmentalso usestimers without addressing
their limitations, which canrenderadditionaldelayin
pacletdelivery.

For paclet-losdetectiorandretransmissiocontrol,
DFRF [12] usesstop-and-wvait implicit ack (SWIA).
YetDFRFdoesnotaddressheissueof retransmission-
incurred channelcontention. Moreover, the retrans-
missiontimersin DFRF do not adaptto the varying
ack-delay which can introduce more retransmission
or delay than necessary To reducethe number of
paclettransmissiond)FRFusesraw dataaggreyation
wheremultiple shortpacletsareconcatenatetb form
alongerpaclet. In thetype of bursty corvergecasts
experiencedoy Lites and ExScal[2], it is moredif -
cult to performdataaggreyationat the motelevel be-
causemotesdetectingan event can be multiple hops
away from oneanotherandthe lengthof a singlesen-
sor dataentry is more than half of the paclet length.
Thereforethecurrentimplementatiorof RBCis based
on the paradigmof implicit-ack to reducethe number
of pacletscompetingfor channelaccessOnthe other
hand,we believe thatthe methodologiesievelopedin
RBC (e.g., window-less block acknavledgmentand
differentiatedcontentioncontrol) can also be applied
whenthereis dataaggreation,in which casewe can
useexplicit-ack pacletsto sendout control informa-
tion. The detailedstudyon this is a partof our future
work.

RMST [16] and PSFQ[18] have shavn the im-
portance of hop-by-hop paclet recovery in sensor
networks. Yet RMST and PSFQ do not focus on
bursty corvergecast.Therefore they do not copewith
retransmission-incurreg¢hannel contention, they do
not designmechanismdgo alleviate delayincurredby



retransmissionimers (whosetimeoutvaluesare con-

senatively chosento reduceunnecessaryetransmis-
sions),andthey do not designmechanismgo reduce
the probability of ack-loss. Our work complements
theirs by identifying issueswith existing hop-by-hop
mechanismén bursty corvergecastand proposingap-

proachegso addressheissues.

CODA [19] and ESRT [14] have studiedconges-
tion controlin sensonetworks. They consideratrafc
modelwheremultiple sourcesare continuouslyor pe-
riodically generatingpaclets. Therefore,they do not
focuson real-timepaclket delivery in bursty corverge-
cast,andthey do not considemretransmission-incurred
delayaswell aschannekontention Recentworkin [9]
and[8] hasstudieddifferenttechniquedor mitigating
congestiorandguaranteeinfgirnessn wirelesssensor
networks. Our work complementgheirs by focusing
on retransmission-basegtror control and retransmis-
sion scheduling. Several transportprotocols,suchas
ATP[17] andWTCP[15], arealsoproposedor wire-
lessadhocnetworks. Again, they do notfacethechal-
lengesof reliablebursty corvergecast.

7 Concluding remarks

Unlike mostexisting literatureon reliabletransportin
sensornetworks that focuseson periodic trafc, we
have focusedon bursty corvergecastwhere the key
challengesarereliableandreal-timeerror controland
theresultingcontentioncontrol. To addresshe unique
challengeswe have proposedthe window-lessblock
acknavledgmentschemeawhich improveschanneluti-
lizationandreducesck-lossaswell aspacletdelivery
delay; we have also designedmechanismgo sched-
ulepacletretransmissionandto reducdimerincurred
delay whicharecritical for reliableandreal-timetrans-
port of burstytrafc. With its well-testedsupportfor
reliableandreal-timetransportof bursty trafc, RBC
hasbeenusedin a eld sensornetwork experiment
whereabout1,000XSM motesaredeployed|[2].

From protocol RBC, we seethat bursty corverge-
castnotonly poseshallengedor reliableandreal-time
transportcontrol, it alsoprovidesuniqueopportunities
for protocoldesign. Toleranceof out-of-orderpaclet
delivery enablesthe window-lessblock acknavledg-
ment, which not only guaranteecontinuouspacket
delivery in the presenceof paclet- and ack-losshut
alsofacilitatesretransmissioscheduling.Overall, the
uniguenetwork aswell asapplicationrmodelsin sensor
networks offer opportunitiefor new methodologiesn
protocolengineeringandareinterestingareasfor fur-
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therexploration.

In designingRBC, we have focusedon reliable
bursty corvergecastin event-driven applications. As
a partof our futurework, we planto evolve the design
of RBC to supportreliable andreal-timetransportof
periodicdata.
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