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Abstract

This paper proposesE cient Sleep Scheluling basel
on Application Timing (ESSAT), a novel power manage-
ment schemethat aggiessivelyexploits the timing seman-
tics of wirelesssensor network applications. We present
three ESSAT protocols each of which integrates(1) a light-
weight trac shaper that actively shapes the workload
inside the network to achieve predictable timing proper-
ties over multiple hops, and (2) a local scheluling algo-
rithm that wakesup nodesjust-in-time basal on the tim-
ing properties of shaped workloads. Our ESSAT protocols
have seveal distinguishing features. First, they can save
signi c ant enemgy with minimal delay penalties. Second,
they do not maintain TDMA schealulesor communication
backlones; as such, they are highly e cient and suitable
for resource constrained sensor platforms. Moreover, the
protocols are robustin highly dynamic network environ-
ments, i.e., they can handle variable multi-hop communi-
cation delaysand aggegate workloads involving multiple
queries, and can adapt to varying workload and network
topologies. Our simulations showa that DTS-SS, an ES-
SAT protocol, achievel an average node duty cycle 38-
87% lower than SPAN, and query latencies 36-98%lower
than PSM and SYNC.

1 Intro duction

Energy is the most critical resourcein wirelesssensor
networks (WSNSs) that must operate for yearson limited
power supplies. Recen studies have shown that signi -
cant energysavings can be achieved by dynamically man-
aging node duty cycles. However, the design of power
managemet protocolsfacesseweral key challenges. First,
the network must maintain su cien t quality of servicede-
spite sleepsdedules. In particular, many mission-critical
applications operate under stringent timing constraints.
For example, a surveillance application may require the
network to report all suspiciouseverts within a few sec-

onds in order to ensure timely response to intrusions.
Power managemenm protocols designed for such appli-
cations must coordinate the sleep schedules of dierent
nodesto minimize their impact on end-to-end communi-
cation delays. Second,hardware platforms in WSNSs usu-
ally have limited bandwidth, memory, and processingca-
pabilities. A practical power managemen protocol must
be simple and introduce minimal overhead. Third, the
workload in WSNs may change dramatically in response
to everts in the physical ervironment. For instance, while
the workload in a re monitoring system may be mod-
erate during normal conditions, it may increasesharply
after awild re is detectedto support numerous re ght-
ing activities. Therefore, a power managemen protocol
must dynamically adjust the duty cyclesof nodes based
on the current system workload. Furthermore, a power
managemen protocol must be robust against node and
link failures, which can occur frequertly in WSNs [17].
We presernt E cient Sleep Scheluling basal on Ap-
plication Timing (ESSAT), a novel power managemen
schemethat meetsall the above challengesby aggressiely
exploiting application timing semantics In cortrast to
general-purpose systemswith random workloads, work-
loads in WSNs are often generatedby applications with
known timing semariics. A primary function of many
WSN applications is to cortin uously gather data from the
ernvironment at user-speci ed periods. Moreover, in many
distributed signal processingapplications (e.g., target de-
tection), multiple sensornodessampleand exchangedata
at application-speci ¢ sampling frequenciesfor data fu-
sion. Intuitiv ely, a power managemetn protocol can lever-
agesud application-level timing semartics in order to op-
timize sleepsdedules. However, the design of such pro-
tocolsis complicated by se\eral issues.The random badk-
o sctemein widely adopted CSMA/CA MAC protocols
can causevariable communication delays due to channel
cortention. More importantly, the delay jitter can accu-
mulate over multiple hops. As a result, even when data
is generated periodically at sources,the workload often



becomeshighly aperiodic over multi-hop communication.
In addition, the aggegate network workload of multiple
periodic data o ws may be aperiodic due to their di erent
periods and starting times.

ESSAT dealswith the above complexitieswith twoe -
cient mechanisms: (1) in-network trac shagers that ac-
tively corntrol padket transmissionto presene predictable
timing properties inside the network; and (2) alocal sleep
scheduler called Safe Sleep that wakes up nodes just in
time to meet communication needs.ESSAT is optimized
for WSNs. It savessigni cant energy while introducing
minimal delay penalties. Our ESSAT protocols also ad-
dressa number of important practical issuesin WSNSs. In
cortrast to many existing protocols (discussedin Section
2), our protocolsdo not maintain TDMA schedulesor ac-
tive communication badkbones;therefore, they are highly
e cien t and suitable for resourceconstrained sensorplat-
forms. Moreover, our protocols are robust in highly dy-
namic wireless sensor networks, i.e., they can adapt to
varying workloads induced by multiple queriesaswell as
node failures.

The remainder of the paper is organizedas follows. In
Section 2, we highlight the cortributions of ESSAT by
cortrasting it with related work. A workload model with
application timing semartics is formulated in Section 3.
Section 4 presens the designand analysis of Safe Sleep
andtwotrac shaper algorithms. Experimental evidence
regarding the e ectiv enessof the proposed protocols is
discussedin Section 5. Concluding remarks appear in
Section 6.

2 Related Work

ESSAT is based on two high-level design principles:
(1) shaping the trac inside a network to achieve pre-
dictable timing properties, and (2) exploiting application-
level timing semartics. In the following, we discussexist-
ing power managemem schemesand the extent to which
they explore similar principles.

An approach adopted by seweral power managemer
protocolsis to maintain a connectedcommunication bad-
bone that is responsible for routing padkets, while other
nodes sleep most of the time [3, 15, 13]. Although the
badkbone provides good communication performance by
maintaining su cien t network connectivity, this solution
does not exploit the possibility of conserving energy on
the badkbone nodes even when they are not neededfor
communication. Keeping the badkbone nodes cortinu-
ously active may become unacceptable in WSNs espe-
cially when the workload is light. Power managemen
sthemesbased on communication badkbonesdo not ex-
ploit trac shaping or workload characteristics.

The idea of using trac shaping to facilitate sleep
scheduling has been explored in power managemem

schemesthat operate at the MAC layer [9, 4, 16, 12, 11,
18. Trac shaping may be performed at dierent levels
of granularity. TDMA MAC protocols[9, 4] perform ne-

grained trac shaping by allocating time slots to ead
node. A node only communicates in its slots, and can
sleepin the others. Howewer, maintaining ne-grained

TDMA schedulesfor a multi-hop sensornetwork is chal-
lenging. Certralized scheduling algorithms cannot scale
e ectiv ely in large networks while distributed scheduling
algorithms canintro ducesigni cant synchronization over-
head in order to maintain consistert schedulesin multi-

hop networks [9]. A simpler schemefor trac shapingis
basedon coarse-grainedsleepsdcedules[16, 1, 11, 18] in
which ead node follows a xed periodic schedulethat in-
cludesan active window and a sleepingwindow. Howewer,
none of the above trac shaping stchemes consider the
workload characteristics when constructing sleep sched-
ules. Consequetly, they may introduce signi cant delay
penalties when their schedulesinterfere with the timing

semariics of the application workload.

Seweral power managemen schemesexploit workload
properties available at dierent layers to improve their
energy e ciency . For example, T-MA C [12] and PSM
[1] adapt a node's duty cycle in responseto the network
load obsened at the MAC layer, while on-demandpower
managemen [19] usesrouting information. Howewver, nei-
ther solution is cognizart of the timing semarics at the
application layer. As a result, they may introduce delay
penalties or waste energydue to the lack of precisetiming
information of the workload.

TinyDB [7] allows a user to collect aggregated data
from a sensornetwork through a routing tree. It evenly
divides the period of a query into communication slots for
nodesat di erent levelsin the routing tree, and nodescan
sleepin slots assignedto other levels. TinyDB does not
addresssleepsdeduling for multiple querieswith di er-
ent timing properties. Moreover, the duty cycle of ead
nodeis xed and doesnot adapt to the workload.

In contrast to the aforemertioned approaces, ESSAT
employs a novel power managemen approac basedon
light-weight trac shaping and the timing semarics of
WSN applications. The trac shaping algorithms intro-
duce minimal delay penalties and communication over-
head. Furthermore, they can e cien tly adapt to the dy-
namicsin the network and aggregateworkload of multi-
ple queries. This unique combination of features makes
ESSAT especially suitable for real-time applications on
resource-constrainedWSNs.

3 Workload Mo del

In this paper we assumea generalworkload model in
which ead sourceproducesdata reports periodically for
a query. This model ts many WSN applications that



gather data from the ervironment at user speci ed rates.
Such applications generally rely on existing WSN query
services. We analyze the ESSAT protocols on the basis
of the workloads produced by a genericquery service.

A query is characterizedby the following parameters: a
setof sourcesthat respond to registeredqueries,an aggre-
gation function [7] for in-network aggregation;the period
P at which data reports are generatedby the sources;and
the starting time of the query

A query service usually works as follows: a user is-
suesa query to a sensornetwork through a basestation,
which disseminatesthe query to all the sources. To fa-
cilitate data aggregation, the query service constructs a
routing tree rooted at the basestation asthe query is dis-
seminated. During the execution of the query, ead leaf
node generatesa new data report every P seconds.The
rst data report is generatedby the leaf nodesat time
Each non-leafnode waits to receiwe the data reports from
its children, producesa new data report by aggregating
its data with the children's data reports, and then sends
it to its parent.!

Although in our model the sourcesproduce data re-
ports periodically for query we do not assumethat the
network workload remains periodic. In fact, asdiscussed
in Section 5.3 the workload is aperiodic due to multi-
hop delay jitter and multiple querieswith di erent timing
properties. Sincethis query model approximates seweral
represenativ e query services[5, 7], ESSAT can be easily
integrated with existing query servicesto support various
WSN applications. ESSAT can also be extendedto sup-
port other communication patterns such as peer-to-peer
communication or data dissemination.

4 Proto cols Design

An ESSAT protocol has two componerts: a trac
shaper and a sleepsdcheduling algorithm called SafeSleep.
The trac shaper cortrols the sending and receiving of
data reports to construct workloadswith predictable tem-
poral properties. Basedon the temporal properties of the
workload, Safe Sleepdetermineswhen a node should be
turned onor o.

The section starts by intro ducing Safe Sleep. We then
considerthe behavior of the WSNs in the absenceof traf-
¢ shaping. Next, we introduce two trac shapers that
improve the energye ciency . Finally, we analyzethe be-
havior of the ESSAT protocolsin the presenceof packet
drops and topology changes.

ESSAT is layered betweenthe MAC protocol and the
query service. ESSAT doesnot require special scheduling

1To deal with node failures, a node may timeout and send its
data report to its parent before receiving the data reports from all
its children (see Section 4.1).

support at the MAC layer. For example,it canwork with
802.11band the CSMA/CA protocol of TinyOS [14].

4.1 SafeSleep(SS)

Safe Sleep (SS) is a local sleep scheduling algorithm
that turns the radio on and o. From the point of view
of SS,a node may be in one of two states: free or busy.
A node is busy when it expectsto receiwe or senda data
report. Otherwise, a nodeis free. SSdeterminesa node's
state basedon the timing properties of its workload and
scthedulesperiods of sleepand activity accordingly.

Timing prop erties of queries. The timing proper-
ties of a node's query workload are sharedby SSand the
trac shapers. A node characterizesead query as fol-
lows. Sincethe nodesare organizedin a tree topology, a
node expects a data report from ead child in eac query
period. Let r(q;k;c) be the expected reception time of
the k™ data report for query g from child ¢. The expected
sendtime of the k" data report for query g, s(q; k), is
the time when the data report is scheduledto be submit-
ted to the MAC layer for transmission. SSkeepstrack of
all queriesrouted through a node. For ead query g, the
node storesthe time it expectsthe next data report from
ead child in grpex (€) and the time it expectsto send
the next aggregateddata report to its parent in O:Spext -
It is the responsibility of the trac shaper to cortrol the
times when the next data reports are to be received or
sert. This information is provided to SSin anincremertal
manner by the trac shaper as follows. Upon receiving
a data report for query g from child c, the trac shaping
protocol computes r(g; c;k + 1) while upon completing
the sending of a data report the trac shaper computes
s(q; k + 1). The trac shapers are preserted in Section
4.2.

Algorithm.  SSworks as follows. A node cheds its
state after it sendsor receivesa data report. Let tyakeup
be the minimum of the expectedreception and sendtimes
of all queries. If tyakeup is larger than the current time,
then the node remains free until tyakeup. Otherwise the
node is busy since data reports are to be received or
sert. If a node is free, SSmay turn o its radio. How-
ever, to avoid incurring any delay or energy penaltiesthe
costsassaiated with transitioning betweenpower states
must be considered. To characterize thesecostswe de ne
the break-ewen time tgg asthe minimum time the node
needsto remain free suc that there is no delay or energy
penalty in turning the radio o and badk on [2]. When
the radio's transition power is no higher than its active
power, the break-ewen time is the time it takesto transi-
tion from the active state to the o state (ton1 orr) and
bakk (torr: on). A method for computing the break-
even time when the transition power is higher than the
active time is givenin [2]. SSensuresthat no energy or



up dateNextReceiv e(q,c, r(g;k + 1;¢)))f
Update the next expected receive time
O:rnext (€) with r(qg;k + 1;c);
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up dateNextSend (q,s(q; k + 1))f
Update the next expected sendtime
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checkState () f
twakeup = Min (ftjt = Q:Snexx  80; €Y
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if (tsleep > tBE)
sleepand set time to wake up at
(tsleep  torF! on)iQ
Figure 1. Safe Sleep Algorithm

delay penalties are incurred through two steps: First, SS
puts the node to sleeponly if the nodesis free and re-
mains free for longer than the break-ewen time. Second,
the node sleepsuntil tsieep torr: on Sud that there is
enoughtime to wake up. We call this algorithm SafeSleep
becauseit guaranteesthat no energy or delay penalties
are incurred by turning the node o .

Sofar we have consideredthe operation of the system
after the query setup is performed. The root starts a
guery by o oding a query requestto all sources.During
the setup slot, all nodes keep their radio on ewven if SS
does not expect any data reports to be sert or received.
For the duration of the setup slot both setup requestsand
data reports may be transmitted. Outside the setup slot,
only data reports may be transmitted. The size of the
setup slot a ects both the time it takesto setup a query
and the energy consumption at a node.

We note that SS has two notable features. First, it
can exibly sdedule sleep periods for multiple queries.
It doesnot needto maintain a TDMA sdedule. Second,
the storagecostof ead query is proportional to the degree
of the node in the routing tree. This localized property
allows SSto scalee ectiv ely in large networks.

Impact of incorrect predictions. When the predic-
tion of the workload is perfect, i.e., the expected reception
time r(q; k; ¢) and the actual reception times coincide, SS
achievesthe maximum sleeptime. Howewer, as discussed
earlier, it is di cult to predict the actual reception time
in WSNSs due to delay jitter.

The accuracy of the expected reception time greatly
a ects the ability of SSto consene energy When the ac-
tual receptiontime is earlier than the expected reception
time, a data report cannot be transmitted successfully
becausethe receiver may be asleep. To avoid transmis-
sion failures, the trac shapers always set the expected
reception time of a child's data report to be the sameas
the child's expected sendtime of the same data report.
Even if a data report is ready before its expected send

time, the senderbu ers it until the expected sendtime
when the receiver wakes up.

Inaccuraciesin the expected reception time lead to
shorter sleepintervals becauseSS keepsthe radio turned
on from the time the data report is expecteduntil the data
report arrives. This situation has two possible causes.
First, a child may not be able to sendits data report to
the MAC layer at the expected sendtime becauseit has
not received the data reports from its own children dueto
communication delays. Second,even after a child sends
the data report to its MAC layer, the data report su ers
from additional delays due to queuing, contention, and
transmission at the MAC layer.

4.2 Trafc shapers

In this subsection,we rst analyzethe performanceof
SSwithout trac shaping and then present two trac
shapers that improve the energy e ciency with minimal

delay penalty.

421 No Trac Shaping (NTS)

In the following we describe how SS can be used with-
out trac shaping. In this case,SSonly takesadvantage
of the periodicity of the data reports from the leaves of
the routing tree. Sinceeadh node performs aggregation,a
non-leaf node usually waits to receive data reports from
its children before it transmits the aggregateddata re-
port. In NTS, a node sendsits aggregateddata reports
to its parent immediately after it hasreceived and aggre-
gated the data reports from its children.

As mertioned earlier, even though data reports are
produced periodically on ead leaf node, the time whena
node actually receivesa data report is unpredictable due
to accunulated jitter in multi-hop wireless communica-
tion. NTS estimatesthe reception times of data reports
as follows. The reception time of the k™ data report of
guery g must be no earlier than the beginning of a query
period +k P,where andP arethe start time and the
period of the query, respectively. 2 Every node sharesthe
same expected send and reception times of the k™ data
report: s(k) = r(k) = + k P. For a single query, a
node turns on its radio at r(k) and keepslistening un-
til it receivesall data reports from its children, performs
the aggregation,and relays the aggregateddata report to
its parent. After the node sendsthe data report, it can
turn o its radio until r(k+ 1) whena new data report is
produced. By design, SSalso handlesconcurrert queries.

The protocol that employs SSwithout trac shaping
is denoted by NTS-SS. An advantage of NTS-SSis that

2pPreviously the notation r(q; k;c) was used to refer to the recep-
tion time of the ki data report of query q from child c. When no
ambiguit y exists we will drop the variables q and c for brevity.



it doesnot introduceany delay penalties. However, NTS-
SSwastesenergy by pessimistically turning on all nodes
when a data report is generatedon the leaf nodes.

Analysis. We analyzethe performanceof NTS-SSin
terms of energy e ciency and query latency. For clarity
we only consider the casewhen a single query is regis-
tered. To evaluate the energy e ciency of our protocols
we quantify the time a node is active. A node may be
active becauseit expects data reports from its children
or becauseit is sending data reports. The active time
for sending a data report is not directly a ected by the
trac shaper, making this caseuninteresting for power
analysis. Thus, we focus on analyzing the time a node
remains awake to receive data reports from its children
Trecy-

The energy consened by a node using NTS-SS varies
as a function of its rank in the tree. We de ne the rank
d of a node to be the maximum hop count to any of its
descendats in the routing tree. By de nition a leaf node
has a rank of zero.

For a leaf node, T,ecy iS zerosinceit doesnot receivwe

data reports. The time a node with rank d > O remains
active is the sum of three componerts: the maximum
time it takes for ead child to receiwe the data report
Trecv(d  1); the maximum time it takesits children to
compute their data reports by applying the aggregate
function Teomp; and the maximum time it takesto re-
ceive all data reports from its children Tco1ect. Therefore,
Trecv(d) = Trecv(d 1)+ Teortect + Teomp - Let Tagg bethe
upper bound on the time it takesfor a node to receiwe all
the data reports from all its children and generatea data
report: Tagg = Tcollect + Tcomp - Accordingly, Tyecy (d) is:
(0 if d=0; (1)
(d 1) Tagg* Tcollect; ifd6 0.
Note that large variations in the energy consened at dif-
ferert nodeslimits the lifetime of the network. The nodes
closeto the root that have higher ranks will run out of
energyfaster than the others. Therefore, this NTS-SSex-
hibits good energy e ciency only when the routing tree
is small.

We obsene that the energy e ciency of NTS-SS may
be improved by increasingthe cortrol over whenthe data
reports are generated. This improvesthe accuracy of ex-
pectedreceptiontimes at intermediary nodes,thus reduc-
ing the idle listening time. To this end, we intro duce two
trac shapers.

Trecv(d) =

4.2.2 Static Trac Shaper (STS)

STS enforcesthe periodicity of data reports by pacing
their multi-hop transmission over a period equal to an
assigneddeadline D. In our implementation, we allocate
the sameamourt of time | to ead rank in the tree. Welet
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Figure 2. Impact of query deadline on duty cycle and

query latency of STS-SS.

the local deadlinel be: | = ,\EA’— where M is the maximum

rank of the tree.

For eat query, the expected reception time of a node
ofrank disr(k) = +k P+1 (d 1)andits expected
sendtime iss(k) = + k P+ 1 d. If adata report is
generatedbeforeits expectedsendtime s(k) it is bu ered
until that time. If the data report is late, then the node
sendsit immediately. This medanism reducesthe di er-
encebetweenthe expectedand actual sendand reception
times and henceimprovesthe energye ciency of STS.

Analysis. Let STS-SSdenote the ESSAT protocol
that integrates STS and SS. We considerthe casewhen
a single query runs in the system. The critical parameter
that must be tuned in STS is the local deadlinel. The
choice of | represerns a tradeo betweenthe energye -
ciency and query latency. We now analyzethe impact of
| on STS'squery latency and the energye ciency . Query
latency is the maximum time it takesto senda data re-
port from any sourceto the root. For STS, the query
latency is:

Log=M max(l; Tagg) (2)

When | < Tag4 a node with rank d expectsto receive
the data reports from its children at| (d 1) and turns
on its radio at that time. However, sincel < T,gq the
children cannot sendthe data reports on time. The data
reports reach anodewith rank dat Tagg (d 1) Teolrect-
Thus, Treev = Tagg (d 1) Teotee | (d 1)=
(Tagg 1) (d 1)+ Teoltect- Whenl  Tagq the time the
node remains awake to receive the data reports is T¢olject
sincethe children areready to transmit their data reports
in time. Therefore,

Tr ecvél ;d) = 3)
< 0 if d=0;
(Tagg I) (d 1) + Teollect; if | Tagg Nd6 0;
Teollect; if | > Tagg dé6 0.
Note that in the special casewhen| = 0, STS behaves
like NTS.

Figure 2 shows the impact of the query deadline on
the averageduty cycle and query latency obtained in an
ns-2 simulation when three queries are running. The
complete experimental setup is described in Section 5.



The duty cycle of a node is de ned as the percertage
of time a node remains active during a query. A dis-
cortinuity point is obsened in both average duty cycle
and query latency at D = 0:12s when the local deadline
| approadies Tagq. When D < 0:12s, the query latency
remains almost constart, while the averagenode duty cy-
cle decreasesnonotonically as D increases.On the other
hand, when D > 0:12s, the query latency increasespro-
portionally with the deadline without reducing the aver-
ageduty cycle. This result validates the above analysis.

STS-SS has maximum energy e ciency and good
query latency when its local query deadline| approaces
Tagg- However, due to the dynamic nature of WSNsiit is
dicult to estimate Toqq accurately. Hence,it is di cult
to tune the parameter| of STS. To addressthis limitation
we dewvelop the Dynamic Trac Shaper.

4.2.3 Dynamic Trac Shaper (DTS)

In cortrast to STS which assignsxed expectedreception
and send times, DTS dynamically adapts the expected
sendand reception times in responseto variations in the
multi-hop delays of received data reports.

Similarly to NTS, DTS initially setsthe expectedsend
and reception times to equal the start time of the query:
s(0) = r(0) = . Every time a node sendsa new data
report, DTS setsthe expected sendtime of its next data
report to s(k) = s(k 1)+ P. Depending on whether
or not the ki data report is sert at the expected send
time, DTS behavesdi erently. If a node receivesthe data
reports from all of its children in time such that its k'
data report is ready before s(k), it sendsit at s(k) and
computesthe next expectedsendtime ass(k+ 1) = s(k)+
P. After receiving the data report, the parent sets its
next expectedreceptiontime to r(k+ 1) = r(k) + P. No
explicit syndhronization between a node and its parent
is necessaryin this case. Howewer, when the k" data
report is ready at a time t > s(k), DTS sendsthe data
report immediately and setsthe next expected sendtime
s(k+ 1) = t+ P. This caseis called a phaseshift. When
a phaseshift occurs, the node piggybadks s(k + 1) in the
padket containing the data report. After receiving the
data report, the parent setsits next expected reception
time to s(k + 1).

We note that, the expected reception and sendtimes
are computed similarly to the ReleaseGuard protocol[1(
deweloped for multipro cessorreal-time systems. How-
ever, ReleaseGuard and DTS are designedfor dierent
purposesand systems. ReleaseGuard is usedto com-
pute task releasetimes to allow end-to-end schedulabil-
ity analysis for real-time systems. In cortrast, DTS is
used as a trac shaper for e cient sleepsceduling in
WSNSs. Unlike ReleaseGuard that deals with chains of
tasks, DTS handlesdata aggregation on multi-hop rout-

ing trees. Moreover, to improve energy e ciency, DTS
re-syncironizes a child and its parent through an ex-
plicit padket exchange when data reports are dropped
(discussedin Section 4.3) while ReleaseGuard does not
support this mecanism becauseit is not concernedwith
sleepingnodes.

Analysis. As described above, if a node doesnot re-
ceive a child's data report by the expectedreceptiontime,
it wastesenergylistening until the report arrives. To pre-
vent future energy wastage, the node performs a phase
shift to postponeits expected sendtime of the next data
report from that child. Essetially, DTS adapts to the
network workload by adjusting the expected sendand re-
ception times of data reports basedon the longest multi-
hop delay of received data reports.

The adaptive feature of DTS is accomplishedat the
cost of additional syndhronization overhead. Howewer,
since DTS advertisesthe expected sendtime of the next
data report only when a phase shift occurs its commu-
nication overheadis small. To verify this conjecture, we
run DTS in the presenceof three querieswith dierent
rates under the experimental setup described in Section
5. On averagethe overhead due to piggybadked phase
updates is lessthan one bit per data report for all tested
query rates. (The detailed results are not showvn due to
spacelimitations). The low overheadindicates that DTS
is suitable for bandwidth-constrained WSNs.

Through protocol analysis we obsened a tradeo be-
tween energy consenation and query latency. Transmit-
ting the data reports immediately, asin the caseof NTS,
doesnot incur any delay penalties, but this comesat the
cost of poor energye ciency . In cortrast, STS and DTS
consene additional energythrough trac shapingat the
cost of slightly increaseddelay. In STS, the parameter |
cortrols the tradeo betweenenergye ciency and query
latency. Sincetuning | is dicult, DTS hasthe practical
advantage of being self-tuning.

4.3 Protocol Maintenance

A key feature of the ESSAT protocolsis their robust-
nessin face of network dynamics. We are interested in
analyzing the behavior of the ESSAT protocolsunder two
failure modes: when padkets are transiently lost and when
the topology changesdue to persistert link and node fail-
ures.

Transient packet loss. In the case of transient
padcket loss, NTS-SS and STS-SSrequire no corrective
action becausethe expectedreception and sendtimes are
independert of the node's parent or child. In cortrast,
in DTS-SS,when a data report that contains a phaseup-
date is dropped the nodesbecomeunsyndronized. When
a padcket lossis detected(e.g., basedon the sequencenum-
bers of received data reports), a node resyncronizesits



schedule as follows. If the data report received after the
transient padcket drop(s) contains a phase update, this
phaseis used as the new phasefor DTS-SS. Otherwise,
the receiver requestsa phaseupdate from the sender. If
the transmission of a data report is adknowledged, the
receiver may piggybad the requestfor a phaseupdate in
the adknowledgemen padket. Otherwise, a new packet
is sert to requesta phaseupdate. The senderthen pig-
gybadks the expected sendtime in the next data report.
Becausea phaseshift only delaysthe expected sendtime
of future data reports, the receiver can tolerate the lossof
multiple consecutive phaseupdates. Howevwer, this leads
to transient energywastebecausehe node remainsawake
until the sleepsdedulesare resyndronized.

Topology changes. In the caseof a persistert node
or link failures the query service or routing protocol is
responsible for recon guring the routing tree. When a
node fails both the parent and the children of the failed
node needto recover from the failure.

A node discoversthat it is the parent of a failed node
if one of its children repeatedly fails to deliver its data
report. In this case,all ESSAT protocols take two ac-
tions. First, the parent removesits dependencyon the
failed node, suc that it no longer waits for data reports
from a failed child. Second,the stale expected sendand
receptiontimes of the failed node usedby SSare removed.

A node discovers that it is the child of a failed node
if it repeatedly fails to transmit its data report to its
parert. The rst stepin the recovery processis for the
query serviceor routing protocol to identify a new parert.
The new parent adds a dependency on the node such
that it generatesaggregateddata report after the child
cortributed its data report. The secondstep is to update
(if necessary)the expected send and reception times of
the node. NTS-SS does not require an update since all
nodes share the expected send and reception times. In
cortrast, for STS-SS,s(k) and r (k) depend on the rank
of the node. As sud, whenthe parert is changedthe rank
of the node may alsochange. When the rank changes,the
considerednode and its descendais must recompute s(k)
and r(k) according to their new rank in the tree. This
may incur additional overhead. In the caseof DTS-SS,
when a node changesits parent, the expected sendtime
and expected reception times are syncronized through
onephaseupdate whenthe node sendsits rst data report
to the new parent. An advantage of DTS-SSis that it
does not require any special medanism for dealing with
topology changes.

Selecting timeout values. In the casewhen padets
are lost, either due to transient or permanern failures, a
node may receiwe the data reports from a subset of its
children. To avoid waiting inde nitely for the children's
data reports, a parent times out and sendsthe aggregated

data reports basedon the onesit hasreceived. For NTS-
SSthe timeout interval is set basedon the node's rank:
tro(d) = (d+ 1) ;. For STS-SSthe timeout is set
relative to the expectedsendtime s(k) + 1 tro, wherel
is the local deadline and t1o is a constart. For DTS-SS,
sincethe time it takesa node to collect data from its chil-
dren usually dependson the one-hopdelay, the timeout is
setto max.(s(k;c)) + tto, wheretro is a tunable para-
meter. The above timeout valuesare selectedto balance
the query latency and the e ectiv enessof in-network ag-
gregation. A detailed discussionis omitted due to space
limitations.

We obsene that the trac shaper a ects the robust-
nessof the protocols with respect to network dynamics.
SinceNTS-SS computesthe expected reception and send
times basedon the properties of the query, ( , P), which
are independert of both the behavior of the neighbors
and the tree topology, it is the most robust, i.e., it does
not require any state update (except for the time out
value discussedabove) to deal with padket lossor topol-
ogy changes. Since STS-SScomputes the expected re-
ception and send times basedon a property of the tree
topology, namely the rank of a node, it is not a ected by
transient lossof padkets. However, in the caseof a change
in tree topology, reception and sendtimes may needto be
updated accordingto the new ranks. A benet of DTS-
SSis that it doesnot require any special mechanism for
handling topology changesand requiresonly a new phase
update to resyndironize the sleep schedules when data
reports are transiently dropped.

5 Exp eriments

Through ns-2 simulations we evaluate the ESSAT pro-
tocols along three dimensions: energy e ciency, query
performance, and the impact of the radio's break-ewen-
time on energye ciency .

In our simulations 80 nodesare randomly distributed
in an areaof 500x 500m?. The communication range is
setto 125m. IEEE 802.11bis usedasthe MAC protocol.
The network bandwidth is 1Mbps. Each data report is
encapsulatedin a single packet of 52 bytes.

We simulate three typesof querieswith di erent rates.
The ratio of the rates of the three query classesQ; : Q3 :
Q3 is6:3:2. Qi's rate is referred to as the base rate.
When the baserate is varied, the rates of Q, and Q3
also change proportionally. We vary the workload in two
ways. First, there is a single query per classand the base
rate is varied from 1Hz to 5Hz. Second,the baserate
is xed at 0:2Hz while the number of queries per class
is increased. Each query starts at a random time chosen
between0 10s. All experiments last for 200s.

The root of the routing tree is the node closestto the
certer of the area. The root initiates the construction of
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Figure 3. Averageduty cycle for three queries classes
when varying baserate.

the routing tree by o oding a setup request. Each node
may receive setup requestsfrom multiple nodes and se-
lects the node with the lowest level as its parent. The
routing tree is setup before the start of the experiments
and spansall nodeslocated within 300m from the root.
Each node in the routing tree performsin-network aggre-
gation. We assumethat ead aggregateddata report ts

in a single data packet. STS-SS'sdeadlineis equalto its
period.

For performance comparisonwe run seweral baselines:

SYNC, SPAN and PSM. The SYNC protocol usesa xed
duty cycle, an approac adopted by syncironous wake
up protocols [16]. All nodes share a syndronized pe-
riodic sthedule. Each period includes xed active and
sleepwindows. We con gure SYNC to run at a duty cy-
cle of 20% and a period of 0:2s. We chosea duty cycle of
20% to approximate the duty cyclesof the ESSAT pro-
tocolsin the caseof medium workload. The period is set
to be 0:2 secondsto coincide with the highest data rate
(5H z) of our experiments. We also chose PSM with the
extensionsproposedin [3] becauseit adapts to obsened
trac through trac advertisemerts. The beaconperiod,
the ATIM window, and Advertisemen window are set to
0:2s, 0:025 and 0:1s respectively. SPAN [3] is a power
managemen protocol that usesa communication badk-
bone. To reduce query latencies, the routing trees are
modi ed such that all leaf nodesare sleepingnodeswhile
non-leaf nodesare active nodesselectedby SPAN. In the
original SPAN protocol non-active nodesrun PSM. In our
experimerts, the leaf nodesrun NTS instead of PSM since
it hasbetter energyperformanceand lower query latency
than PSM.

Unlessmentioned otherwise, eac data point is the av-
erageover v e runs. The start time of ead query and
the node locations are varied in ead run.

5.1 Energy Ef ciency

We use averagenode duty cycle as a metric to evalu-
ate the energye ciency of the consideredprotocols. Fig-
ure 3 shows the impact of increasingthe baserate of the

Duty cycle(%)
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Figure 4. Average duty cycle for three query classes
when varying number of queries per class.
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Figure 5. Distribution of duty cyclesat di eren t ranks.

guerieson the averageduty cycle of all nodes. For this
graph, the 90% con dence intervals of all protocols are
within  2:3%. SYNC is not shawvn in Figures 3 and 4 be-
causeevery nodeis con gured to a xed duty cycleof 20%
for all experimertal settings. SPAN hasthe highest duty
cyclein the network due to the high energycost of main-
taining a communication backbone. Since PSM doesnot
maintain a communication backbone, it consenes more
energy than SPAN. Howewer, PSM transmits only over-
head padkets during the advertisemert window incurring
signi cant energy penalty. As a result, all ESSAT proto-
cols have lower duty cyclesthan PSM. NTS-SS performs
the worst among the ESSAT protocols. STS-SShas the
best energy e ciency among the proposedprotocols be-
causeits local deadlineis longer than Tagq (SeeEquation
3). DTS-SS has a slightly higher duty cycle than STS-
SSbut remains consisterily lower than NTS-SS. As the
rate increasesboth STS-SSand DTS-SS increase their
duty cycle to presene the query performance (as shovn
in Section 5.2). These results are consistert with our
analysis.

Figure 4 shows the averageduty cycle when the base
rate is 0:2H z and the number of queries per classis in-
creased.For this graph, the 90%con dence intervals of all
protocols are within ~ 1:2%. All ESSAT protocols again
outperform the baselines. We note that DTS performs
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Figure 6. Query latency for three query classeswhen
varying baserate.
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Figure 7. Query latency for three query classeswhen
varying the number of queries per class.

better in this experiment. Both Figures 3 and 4 show
that DTS can e ectiv ely adapt to the workload without
tuning.

As described in Section 4.1, a limitation of NTS-SSis
that it consumesenergyunevenly. To validate our analy-
sisFigure 5 plots the averageduty cyclesof the nodeswith
the samerank. The plot shows the experimental results
from atypical run when ead classhasone query and the
baserate is 5Hz. As the node rank increases,there is a
linear increasein the duty cycle. This is consistert with
our analysisin Section4.2.1. In cortrast, the duty cycle
of STS-SSand DTS-SSare independert of the rank of the
node, making them more scalable. This result shows that
STS-SSand DTS-SS distribute the energy consumption
more evenly and can scale better to large routing trees
than NTS-SS.

5.2 Query Performance

Figure 6 shaws the averagequery latency as the base
rate is increased. The 90% con dence intervals of ES-
SAT protocols and SPAN are within  0:16s while for
SMAC and PSM the 90% con dence intervals are within

0:75s. NTS-SSand SPAN have the lowest query laten-
cies. Since NTS-SS propagatesthe data reports greedily
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Figure 8. Histogram of sleepintervals. Each point in
the graph represerts the number of sleepintervals whose
length falls in the range [x  25; x]ms.

and wakes nodes up in time, it does not introduce any

delay penalties. SPAN achieves small query latency by

maintaining an active communication backbone. How-

ever, asshown in Section5.1, the query latency of SPAN

comesat a high energy cost. All ESSAT protocols have
signi cantly lower query latenciesthan SYNC and PSM.

(Note the logarithmic scaleof the gures). In SYNC and
PSM the query latency is a ected by the temporal rela-
tionship betweenthe communication workload and their

periodic sleepsdedule. It is common for a data report

to be bu ered for considerableamount time resulting in

higher query latencies. This problem is also re ected by

the higher con dence of SMAC and PSM compared to

that of the other consideredprotocols. As the local dead-
line of STS-SSis con gured to equal the period of the

query, its query latency decreasesas the rate increases.
In cortrast, DTS-SS'squery latency increaseswith rates.
Despite this increase,the query latencies of DTS-SS are
36-98%lower than PSM and SYNC.

Figure 7 shows the query latency when the baserate
is kept constart at 0:2H z and the number of queriesper
classis increased. The con dence intervals are similar
to the previously discussedexperiment. In contrast with
the previous setup, the latency of the STS-SSis constart
since the rate does not change. DTS-SS exhibits lower
query latency than STS-SS.

5.3 Impact of Break-Even-Time of Radio.

As discussedn Section4.1, ne grained power manage-
ment needsto considerthe costsof transitioning between
power states. To quartify the impact of the break-ewen-
time Tg g onenergye ciency of ESSAT protocols, Figure
8 plots the histogram of the sleepintervalswhenTgg = 0.
In light of Figure 8 we make two obsenations. First,
basedon the distribution, it is clear that the workload
withessed by nodesis aperiodic. Second,the impact of
break-ewen-times must be taken into accourt. Otherwise
a node su ers high penaltiesin query latency. For exam-
ple, the percent of sleepintervals shorter than a break-
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Figure 9. Impact of distribution of sleep interval on
STS-SS.Three queries are run at a baserate of 5H z.

even-time of 2:5ms (typical wake up delay for MICA2's

radio and WLAN) for NTS-SS, STS-SSand DTS-SS are
0.40%, 0.85%, and 6.33%respectively. This implies, that

for DTS-SS, 6.33%o0f the times the nodeis turned o ad-
ditional delay penaltieswould have occurred if the break-
even-times had not beentaken into consideration. A key
advantage of SSis that it avoids such delay penalties as
discussedin 4.1. Since DTS-SS is the most sensitive to

break-even-times we plot duty cycles of DTS-SS when
dierent Tgg valuesare used as parameters for SS. We
carefully chosethe valuesof Tgg. The 2.5msand 10ms
are the averageand worst casebreak-even-timesreported
for MICA2's radio [8]. The Tgg of 40msis reported in

ZebraNet [6]. For Tgg Vvalues smaller than 10ms which
are commonto MICA2 motes, the duty cycleis increased
by at most 10%. Howewer, for Tgg = 40ms, an increase
of ashigh as30%is obsened. This resultscon rm the im-

portance of reducing the wake up time of radiosin WSNs

[8].

6 Conclusions

This paper preseris ESSAT, a novel power manage-
ment schemethat aggressiely exploits the timing seman-
tics of WSN applications. An ESSAT protocol is com-
prised of the SafeSleep(SS) sthedulerand trac shaper
(STS or DTS). A key feature of our ESSAT protocolsis
that they can consene signi cant energy while intro duc-
ing minimum delay penalties. For example, our simula-
tions shawved that DTS-SS achieved a averagenode duty
cyclesthat are 38-87%lower than SPAN, and query laten-
ciesthat are 36-98%lower than PSM and SYNC. More-
over, they can adapt to varying workload and network
topologies at minimum overhead. As a result, ESSAT
is especially suitable for WSNs that operate under both
power and timing constraints in dynamic ervironments.
In the future, we plan to integrate our protocolswith ex-
isting query serviceson a testbed of MICA2 motes.
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