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Abstract—In many potential wireless sensor network appli- either part of the external environment or part of the nekyor
cations, the cost of the base station infrastructure can be and their mobility can be either controllable or not. In this
prohibitive. Instead, we consider the use of mobile devices paper, we assume that mobility is not controlled and thus the

carried by people in their daily life to collect sensor data - - .
opportunistically. As the movement of these mobile nodes is, by sensed data is collected opportunistically. Mobile nodedd

definition, uncontrolled, contact probing becomes a challenging b€ specific devices carried by objects (animals, employees,
task, particularly for sensor nodes which need to be aggressively etc.) who move around the deployed area for purposes other
duty-cycled to achieve long life. than data collection. More interestingly, as illustratedigure

It has been reported that when the duty-cycle of a sensor 1 they could also be smart phones and/or PDAs (installedl wit

node is fixed, SNIP, a sensor node-initiated probing mechanism, th di di d soft ied b lated
performs much better than mobile node-initiated probing mech- e corresponding radio and software) carried by unrelate

anisms. Considering that the intended applications are delay- P€ople who pass through the deployed area in their daily
tolerant, mobile nodes tend to follow some repeated mobility life. Except the benefits of adopting mobile sinks discussed
patterns, a_md contacts are _distributed unevenly_in temporal, in [1][3] (the energy efficient one-hop data collection, the
SNIP-RH is proposed in this paper to further improve the  aytanded network lifetime through removing hotspots nbar t

Fd)ﬁggémveﬁi%i ?oﬁf;ct{fgmsg mmgortgr;)rggﬁei);lpylomng Rush Hours fixed basestation, etc.), the cost of data collection cam lads

In SNIP-RH, SNIP is activated only when the time is within ~réduced significantly through exploiting the uncontrokalbut
Rush Hours and there are enough data to be uploaded in the next free human mobility. Although opportunistic data collecti
probed contact. As for the dl_Jty-cycIe, it is_selected based on the may significantly increase the data delivery latency [1&réh
mean of contact length that is learned online. Both analysis and gre many promising wireless sensor network applications

simulation results indicate that under a typical simulated road- : o . .
side wireless sensor network scenario, SNIP-RH can significantly which are delay-tolerant and it is worthwhile to improve the

reduce the energy consumed for probing the contacts, that are Performance of opportunistic data collection.
necessary for uploading the sensed data, or significantly increase
the probed contact capacity under a sensor node’s energy budgy
for contact probing.

>

I. INTRODUCTION

As wireless sensor networks mature, we expect to see long-
term deployments for applications such as environmental-mo
itoring, house water/gas/electricity meter reading, atmdcs
tural health monitoring. These applications typically dhwe
large numbers of sparsely deployed (static) sensor nodes th
report data that is inherently delay tolerant, since thparse
(if any) requires human intervention over long time scales.
For example, analysis of environmental monitoring data is
rarely urgent, and meter readings for billing purposes aan b
delayed by weeks. Neighboring nodes in these sparse wsreles
sensor networks are far away from each other, and typicallyln opportunistic data collection, the sensed data can be col
cannot communicate directly or even indirectly throughtmul lected from a sensor node only after a mobile node approaches
hop paths. On the other hand, deploying large numbers afd they become aware of each other. Hence, for contact
fixed sink nodes would incur prohibitive costs in terms oprobing, there are four processes in the system: the movemen
deployment, maintenance, and data back-haul. of a mobile node, the radio schedule of a mobile node, the

In [1][2][3][4][5][6][7], the use of resource-rich mobile radio schedule of a sensor node, and the beacons perigdicall
nodes (mobile sinks or mobile relays) was proposed to motransmitted by either mobile node or sensor node. To establi
around in the deployed area and collect data from sensarccessful contact, a beacon must be sent out by one of them
nodes. Depending on the application, the mobile nodes canvilgen they are close to each other and their radios are both

)
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Fig. 1: Opportunistic Data Collection with Smart Phones




turned on. In other words, all four processes must occur at Il. REFERENCEMODEL FORCONTACT PROBING

the same time. This can be difficult to achieve when mobile

node’s movement is uncontrollable and sensor node is edjuir Figure 2 illustrates the reference model for contact prgbin
to maintain aggressive duty-cycles for reasons of life &uity. in opportunistic data collection. The mobile node’s mapili

Since the mobility in opportunistic data collection is uni-s uncontrollable and cannot be predicted accurately bgaen

controllable, a contact probing mechanism is limited totomin nodes.hFor sr:mpllcny, we assume that the r|1etw0rk_ IS Spare
the broadcasting of beacons and the radio schedules ofenoffl°Y9 ;O that ?t anyb.'?lme Zt most a S'r:]g e (hStat'hC) sensr?r
node and sensor node. Considering that a mobile node coliftflé @nd a single mobile node can reach each other. In the

have relatively abundant energy via a re-chargable batfeey case that mgltiple mobile nodes move together,'this aséu'mpt
radio of mobile node can be always turned on [8][9]. Henc&2" be easily removed by adopting some collision avoidance

it only needs to answer the following two questions. or contention resolution techniqueg [11] and allowing assen
node to choose one of these mobile nodes randomly or based
1) For improving the probed contact capacity when tH@h their radio signal strength, movement speed, etc. We also
duty-cycle of a sensor node is fixed, who should b@ssume that the same commodity radio (Zigbee-compilant
responsible to broadcast the beacons? radio [12], etc.) is installed on both mobile nodes and senso
2) For energy-efficiently probing the necessary contaats f8odes, i.e., they have the same communication ratge (
uploading its sensor reports, how should the sensor nodé1€n carrying out contact probing, the radio of a sensor node
schedule its radio used for contact probing? is duty-cycled for achieving a long life. More specificallije
radio is turned on for a fixed period’{,) and turned off for
The first question has been studied by us and SNIP, a sergoapther fixed periodI(,;s) alternatively. Hence, the duration
node-initiated probing mechanism, is proposed in [10]his t of a cycle (¢,..) is the sum of7;,, andT,;; and the duty-
paper, we will study the second problem, i.e., how to seleeycle (@) equals 0T, /T.ycic-
the duty-cycle used by SNIP for energy efficiently probing th

necessary contacts. Tcontact

[ Terobed |
."’..."- ------ 1."’%.

Considering that the expected applications of opportimist
data collection are delay tolerant, a sensor node could have
more freedom when scheduling SNIP operations. Based on
the observations that mobile nodes (smart phones carried
by people) normally follow some repeated mobility patterns
and the temporal distribution of contacts within an epoch of
mobile nodes’ mobility pattern tends to be uneven, SNIP-
RH is proposed in this paper for energy efficiently probing
the necessary contacts through exploitigh Hours, during

probed
Mobile Node

Sensor Node

esemmmmmas
J )

which contacts arrive more frequently. &
In SNIP-RH, SNIP is activated only when the time is within \ o
Rush Hours and there are enough data to be uploaded in the Seeeeeeeees”
next probed contact. As for the duty-cycle, it is selecteskba Fig. 2: Contact Probing in Opportunistic Data Collection

on the mean of contact length that is learned when SNIP is
activated. SNIP-RH has been implemented in Contiki-OS andynger this scenario, the sensed data can be collected from

simulated with COOJA. The preliminary analysis and simulay sensor node only after a mobile node approaches and they
tion results indicate that under a typical simulated ro@é-s pocome aware of each other. As shown in figure 2, the event

wireless sensor network scenario, SNIP-RH can signifiganil¢ he mobile node encountering a sensor node is referred to
reduce the energy consumed for probing the necessary €9ntag 5 contact and the contact lengih.(,;.c;) is the duration

or significantly increase the probed contact capacity umdef, \yhich the mobile node stays within the communication

sensor node’s energy budget for contact probing. range of the sensor node. As f8j,..i.q, it Starts immediately

This paper is organized as follows. Section Il first introglsic after both of them are aware of the presence of each other
the reference model for contact probing in opportunistitadaand it can be used to derive the amount of data that could
collection and SNIP is briefly introduced in section Ill. Théoe collected in this contact. For a contact probing mechanis
motivations of exploitingRush Hours are then discussed init should be designed so that a contact can be successfully
section V. After that, section V models the scheduling gfrobed with high probability and the contact is probed afyear
SNIP for exploitingRush Hours as an optimization problem. as possible. More specifically, when a sensor node’s dutjecy
SNIP-RH, a much more practical scheduling mechanism, issfixed, a contact probing mechanism should try to maximize
then presented in section VI. Evaluation results are aldd= % the percent of contact capacity that is probed
presented and discussed in VII. Finally, section VIII congga successfully for data collection. Table | lists the notasiaised
with related work and section IX concludes. here and the following sections.



[ Notation ]| ____ Comments | asensor node duty-cycle that is lower thh, the probed con-
R the communication range of the radio used by all nodles tact it be i db fact £2.10: altemlati
Ton the period that sensor node’s radio is turned on ac capgm y can be increased Dy a factor of 2- - a S
Toff the period that sensor node’s radio is turned off for probing the same amount of contact capacity, the energy
d the duty-cycle of a sensor node consumed by SNIP is much less than the energy consumed
Teyete thz;cycle |e:anthffTa dutz-cy%[ed/szgnsof node by mobile node-initiated probing mechanisms. Hence, ihés t
~ycle — Lon y @ = lon ycle .
p—— SR |engtﬁfgf 2 contact sensor node who should be responsible to broadcast beacons
Tprobed the time probed for data collection during a contac and SNIP should be adopted. In this paper, we will study how
T the percent of probed contact capacity £ ~27v<L ) to select the duty-cycle used by SNIP so that a sensor node can
Tinterval the time between two consecutive contacts energy efficiently probe the necessary contacts for uphoadi
Tepoch the epoch length of mobile nodes’ mobility pattern its sensor reports.
the number of time-slots of an epoch
¢ the contact capacity probed during an epoch IV. M OTIVATION
Gi the contact capacity probed _during tﬁé time-slot )
Ctarget the amoqnthof contact capacity that is é“.St enough to The straightforward scheduling mechanism for a sensor
transmit the sensor reports generated in an €pocC H : H : : - H H
5 fhe contact probing overhead Tt is the fime node is to activate SNIP iall time with a duty cy_cle_, WhICh is
that the radio is turned on during an epoch well selected so that the probed contact capacity is jusigimo
Drnaz energy budget of a sensor node. It is the maximal time to upload its sensed data. This scheduling mechanism will be
that the radio can be turned on during an epoch. _ ; : ; ;
5 cost for per nit of probed contact capaciy< ©/0) referred as SNIP-AT. Considering that the intended applica

TABLE |: Notations

IIl. ABRIEFINTRODUCTION TOSNIP

To answer the first question faced by contact probing in the
context of opportunistic data collection, SNIP, a SensodéNo
Initiated Probing mechanism, was proposed in [10]. SNIP is
designed based on the following two reasonable assumptions
i.e., the radio of mobile nodes, which have relatively alamd
energy via a re-chargable battery, can be always turned @n an
the radio of sensor nodes consumes almost the same amount

of energy in transmitting and receiving/listening mod€§Ji8

The basic principle of SNIP is that the sensor node initiates
probing rather than a mobile node. Thus a sensor node will
broadcast a beacon immediately after its radio is turned on

tions are delay-tolerant, there should be further oppdiam
for improving the performance of contact probing. In this
paper, SNIP-RH is motivated by the following observations.
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Percentage of Daily Travel Demand
within each Half Hour

according to its duty-cycle. Since the radio of a mobile node

is always turned on, if sensor node broadcasts a beacon w
they are close to each other, this contact will be definite
probed successfully, assuming of course that the beacast is n

lost or corrupted due to contention, which is unlikely in Igea
deployments and short range transmissions.

SNIP has been analyzed and the relationship aming
d, and T,oniaet 1S modeled. More specifically,

assumption that mobile node is uncontrollatdg, . is first

modeled and it is straightforward to deduéd, Tr.ontact) =
<, The model shows thafl increases withd, an
T.ontact Significantly affects the curve. Another key observ
tion is that wherl.y.cie = L5 > Toontact, i-€.,d <
is linearly related withd. In fact, closed-form equation can be

deduced through modeling the following two cases separatéhe temporal distribution of eligible user travel demandhat

:

TpTobed
Teontac

Ton

1
contact

Set * d
1— Ton
2xd*Teontact

Tcycle > Tcontact
Tcycle < Tcontact

a_

3: Temporal distribution of eligible user travel demand at the
y|dpoint Bridge, Florida, USA (Fig. 1 in [16])

First, mobile nodes normally follow some repeated mobility
patterns, especially when smart phones carried by people ar
used as mobile nodes. It has been shown that human trajec-

based on théories have a high degree of temporal and spatial regularity

and their mobility follows simple reproducible patterngT1
The temporal distribution of human mobility also shows high

g unevenness [16]. Hence, the contacts between a sensor node

and mobile nodes tend to arrive unevenly in temporal and
Rush Hours, during which contacts arrive more frequently,
exist widely in the environment. For example, figure 3 shows

Midpoint Bridge, Florida, USA. It shows thaRush Hours

do exist and don’t disappear even after a variable pricing is
adopted by the toll bridge for spreading the travel demahe. T
possible reason is that users must live according to the same

SNIP has been implemented in Contiki-OS [13] and extetimetable agreed by the whole society. HenBesh Hours

sive simulations are carried out using COOJA [14]. Both th#go and will exist widely in the deployment environments.
analysis and simulation results indicate that SNIP ougperé Due to the repeated pattern followed by human mobility, it
mobile node-initiated probing mechanisms [15], and we guaalso becomes possible for a sensor node to learn, preditt, an
tify the impact of key parameters. A key conclusion is thahwi exploit theseRush Hours.



Second, according to SNIP model, in the case that contagiecifically, we assume that a sensor node has a target of
probing is only carried out ifRush Hours and the necessarythe probed contact capacitg.,q.:, Which is just enough to
contacts can be successfully probed, it consumes much laptad the sensor reports generated for satisfying Quafity
energy than SNIP-AT. Considering that the target appbiceti Service requirements of the application. We also assuntetha
of opportunistic data collection are low-data-rate wissle sensor node has a budget for the energy consumed by contact
sensor network applications deployed in urban area wigiiobing @,,.) SO that it can assure a minimal lifetime. When
abundant human mobility, we should explBitsh Hourswhen it is possible to probe the necessary contagts ..) under the
scheduling SNIP operations. The benefit of exploitRgsh energy budget, a sensor node will try to minimize the energy
Hours is further explained with the following simple analysisconsumption for extending its life. Otherwise, a sensorenod

For simplicity, we assume that the length of contacts iswill maximize the probed contact capacity under the energy
fixed value () and the epoch length i&.,,.,. Contacts arrive budget and adjust the amount of sensor reports accordingly.
with a frequencyy, ., duringRush Hours whose length ig,,. We assume that the epoch length of mobile nodes’ repeated
During the remaining time whose length s, (Ttpocn = mobility pattern isT,.., and an epoch is divided inty time-
Totner + 1Trn), contacts arrive with another frequengy;,... slots with the following length¢, o, ..., t,,. We also assume
As for the necessary contacts for uploading all sensed dé&teat the contact arrival process of each time-slot (both- con
they could be successfully probed by SNIP-AT with a dutytact arrival frequency and contact length distributioni &
cycle (dp) and they could also be probed when SNIP witkearned accurately. Based on the learned contact arriwakps
another duty-cycled,) is carried out only durindrush Hours. and the closed-form equation of SNIP (equation 1), we can
Hence, T,y « frn x 1% Y (d1,1) = gTTh * frh + Tother * forner) *  deduce(;(d;), which is the amount of contact capacity probed
1% Y(do,1). Consequenﬂyr?gjf’ﬁ) = Tone] ﬁ?f*tfrh - during time-sloti when SNIP is carried out with a duty-cycle

Since a sensor node needs to be aggressively duty-cyaledWith a scheduling pland, ds, .., d,,), the total amount
for life longevity, we also assume that bathandd, are small of probed contact capacity s= >_;~}" (;(d;) and the energy
enough so thal’ is linearly related withd, i.e., 523?3 = j—g. consumed for contact probing i = >"'_7'¢; * d;. Hence,
When SNIP-AT is used, the energy consumed for contatte task of scheduling the radio of a sensor node becomes a
probing iIS®ar = Tepocn * do = (Trn, + Totner) * do. When  decision of the value of; used by SNIP during each time-slot
SNIP is carried out only duringRush Hours, the energy for improving the performance of contact probing.

consumption igb,., = T,.p*xd; = (T*h*fT”T"}f;T*f"“”)*dO = The SNIP scheduling problem can then be solved through
Ty * do + w the following two steps. In the first step, a sensor node tries
rh

to maximize ¢ under the constraints that < &,,,, and
0<di <1(@ = 1,2,...,m). If the maximal { is less
than (qrge¢ Which is just enough to upload all of the sensor
reports generated with the target rate, the sensor nodeéhbas t
optimal scheduling plan now and it should reduce its data
generation rate accordingly. Otherwise, the second stélp wi
be executed. In the second step, the sensor node will try
to minimize ¢ under the constraints that > (4rger and
0<d; <1 =1,2,...,n). Hence, the life of the sensor
node can be maximized. The formal model of this two-step
55 optimization-based scheduling mechanism is presentemvbel
m/ Tepoen 0 OX G and this scheduling mechanism will be referred as SNIP-OPT.

Fig. 4: Benefits of activating SNIP only durinBush Hours STEP 1

Objective:  MaximizeC
Figure 4 plots the potential improvement in the metric of Constraints: ® < ®,,,.,
energy efficiency when SNIP is carried out only duriRgsh _
Hours. Considering thafl};, is normally a small percent of
Tepoch @nd forper << frp, it should be clear thab,;, < ® a7,

0<d; <1, foreachi

i.e., exploitingRush Hours can significantly reduce the energy STEP 2 o o
consumed for contact probing. Objective:  Minimize®
In summary,Rush Hours exist widely, and they could and Constraints: ¢ > Crarget
should be exploited when scheduling SNIP operations. 0<d; <1, for each i
V. MODELING AND OPTIMIZATION -BASED SCHEDULING Although SNIP-OPT can produce the optimal scheduling

Since the purpose of exploitingush Hours is to improve plan, it may not be applicable in the real world. SNIP-OPT
the performance of contact probing, SNIP scheduling will bessumes that a sensor node knows the exact contact arrival
modeled as an optimization problem in this section. Momggrocess (both contact arrival frequency and contact length



distribution) for each time-slot. It is very hard for engéne needs to keep updating the average amount of data uploaded
to get all of these information for each sensor node. It is alsluring a probed contact. To filter out the noise in the amount
not suitable to let sensor nodes learn this information awdl data uploaded during a probed contact, an exponentially
execute SNIP-OPT autonomously. First, the CPU of sensseighted moving average (EWMA) is used and a small weight
node may not be powerful enough to solve the optimizatias assigned to the new sample.

problem in SNIP-OPT. Second, considering the large number

of parameters to be estimated (contact arrival frequendy a@. SNIP's Duty-cycle

contact length distribution for each time-slot) and the low The mean of contact lengti’(, ) is also learned for
duty-cycle that must be used for life longevity, it is very 9t dontact

. “selectingd,.;,, the duty-cycle used by SNIP when it is activated.
challenging for a sensor node to learn the contact arrivar . S
. o filter out the noise in the probed contact length, an EWMA
process as required by SNIP-OPT.

is also used here and a small weight is assigned to the new
VI. SNIP-RH sample. In SNIP-RH{,.1, is set toT,,, /Teontact @nd this choice

Although it is hard to get to know the exact contact capacify Made based on the following observation. _
of each time-slot, it should be easy to determine the timessl  According to SNIP model, whed < To,, /Teontact, T is
with more contact capacity. Based on this observation, sNifpcreased linearly with the increase @f\Whend is increased
RH is designed in this paper for exploitifush Hours of the  further, T is increased much slower. Consequently, when
environment. The main principle of SNIP-RH is that SNIP idon/Tcontact, the energy cost for per unit of the probed contact

activated only duringRush Hours. lts details will be presented €aPacity ) will not change withd. Andq,? will be increased
and discussed in this section. with d if d > Ton/Teontact- Here,p = 2. @ is the energy
consumed for contact probing and it is finearly related with

A. Rush Hours As for ¢, it is the amount of probed contact capacity and it is

An epoch of mobile nodes’ repeated mobility pattern iénearly related with. )
first divided into N time-slots with the same length and Hence, itis desirable id,, is not larger thaio,, /Teontact-
each time-slot is marked dsl” or ”0”. 71”7 indicates that Through lettingd,, = Ton/Tcontact, @ S€NSOr node can
a time-slot is inRush Hours. N and T.,,.. (the length of maximize the contact capacity probed durkRgsh Hours with
an epoch) need to be determined by engineers based onttige smallestp *. SNIP model in [10] also indicates that
deployment environmentl,,., should equal to the epochdoes not increase abruptly wheky, is slightly larger than
length of mobile nodes’ repeated mobility pattern. As 3y  Ton/Teontact- HENCE, in the metric of energy efficiency, SNIP-
it should be well selected based on the mobility pattern had tRH is not very sensitive to the accuracy Bf,nsact-
available resources of a sensor node. With a lafgeRush
Hours can be specified more accurately, but it takes more effort VIl. EVALUATION AND DISCUSSION

o \ﬁﬁgzzgﬁ? ;}c;u;zsazn;ﬂgéhs; E;LT;?e-Sall?:isés mobile node In this section, we will first present the evaluation results
F’SNIP-RH in a simulated roadside wireless sensor network.

Tepoch, Can be set to 24 hours since human mobility foIIowt ¢ in d : . tis then di d
the diurnal pattern. As folv, it can be set to 24 so that the S performance in dynamic environment 1s then discussed.

length of each time-slot is exactly one hour. )
A. Evaluation
B. SNIP Scheduling To evaluate SNIP-RH and compare it with SNIP-AT and
In SNIP-RH, we assume that the CPU of a sensor nogg|p-OPT, these scheduling mechanisms are studied under
wakes up periodically to decide whether to carry out SNIR Thhe following scenario of a simplified roadside wirelessseen
sensor node will activate SNIP only when all of the followingyetwork. The epoch length 1) is set to 24 hoursy is set

three conditions are satisfied. to 24, and theéRush Hours are 7.00 to 9.00 and 17.00 to 19.00.
1) To exploit Rush Hours, the current time-slot must beln Rush Hours, the interval between two consecutive contacts
marked as’'1”. (Tintervar) is 300 seconds. In the other time,,;c..,o; €quUals

2) The sensor node should also have enough data totbel800 seconds. All of these contacts have the same length,
uploaded in the next probed contact. Hence, the probee., T..,,.;..: €quals to 2s.
contact capacity will not be wasted and the energy To study how well these SNIP scheduling mechanisms
consumption for contact probing can be reduced. Thgrform under different situationg, .. is set o2 and
threshold for available dat_a can t_)e set according to tlie% and the target of the probed contact capacjty, ge:,
amount of data uploaded in previous probed contactsis set to 16s, 24s, 32s, 40s, 48s, and 56s.

3) The energy that had been consumed for contact probing
in the current epoch should be less than the sensor node'Ss shown in [10], wheriT,onsac: follows the exponential distribution,

energy budget for contact probing. T is not linearly related withd even if Toycre > Teontact, 1€, d <
/Teontact - However, we still can oberve the obvious slope change at

H H o
Hence, a sensor node nee_ds to maintain the energy thaz;.Jtpoint thatTeyere = Teontact. Hence,d = Ton /Teontact Should be a
consumed for contact probing in the current epoch. It algeod selection for SNIP-RH even whéf,niq.: varies a lot.
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1) Numerical Results: Based on the models of thesearget in this case, but they also have a higher energy cost
scheduling mechanisms, we first present and analyze their per-unit of probed contact capacity. Depending on the
numerical results under the above scenario of a simplifieghplication, it may be worthwhile to use a largér, and/or
roadside wireless sensor network. mark more time-slots aRush Hours for increasing the probed

Figure 5 shows the probed contact capacify,.q), the —contact capacity. This issue will be studied in the future.
energy consumed by contact probin@)( and the energy 2) Smulation Results: To validate the above analysis,

cost for per unit of theTprobed contact capacipy furing SNIP-AT, SNIP-OPT, and SNIP-RH are all implemented in

an epoch wher,,,, = 2. These plots indicate that in Contiki-OS and simulated with COOJA, which incorporates

all metrics, SNIP-RH performs much better than SNIP-AT ari machine code instruction level emulator of the TELOSB
its performance is same with SNIP-OPT. Whgp,,.; < 24s, Sensor node, under all cases studied in the above analysis.
SNIP-AT cannot probe the necessary contacts under theyenergBoth Teopiact @and Tipservar follow @ normal distribution
budget, but SNIP-RH still can energy efficiently probe thwith small deviation (a tenth of the mean). The sensed data
necessary contacts. When, ... > 24s, although all of these is generated with a constant rate derived from,.g.:. The
scheduling mechanisms cannot probe the necessary contébty-cycle used by SNIP-AT and the scheduling plan used by
under the energy budget, compared with SNIP-AT, SNIP-RBNIP-OPT are calculated based on the simulated environment
can probe much more contact capacity with a much lowand are incorporated into the codes.
energy cost for per-unit of probed contact capacity. For each experiment setup, these scheduling mechanisms
Figure 6 shows the results wheh,,,, — o2 These have been simulated for two weeks and the average results

plots indicate that wherb,.,, is large andcmjio<: 485, for one epoch (one day) are plotted. Figure 7 and 8 show the
Its whend,, ... equals to respectively.

epoch epoch
SNIP-RH can probe the necessary contacts much more ené o0~ and ~fg5-

efficiently than SNIP-AT. Hence, SNIP-RH is a very gooJ ese plots indicate that although there is a lot of varidénce

scheduling mechanism when low data rate wireless sensShpulation results, the conclusions drawn from above asly

network applications are deployed in urban areas with maffsults are still correct.
mobile objects, i.e., abundant contacts. Figure 6 alscatds
that when(...qe: = 565, the contact capacity iRush Hours
is not high enough and SNIP-RH can not probe the targetedn the above evaluations, we assume that a sensor node gets
contact capacity. SNIP-AT and SNIP-OPT can achieve this know Rush Hours from engineers. When deploying in the

B. Discussion
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real world, a sensor node may identiBush Hours of the probed contacts). The small§k 4.+ iS, the worse the situation
environment autonomously. To achieve this purpose, a senso Hence, a sensor node may react based on inaccurate
node can first run SNIP-AT for a while (a small number oinformation and this kind of adaptive SNIP-AT may not work
epochs) to learrRush Hours. It can then use SNIP-RH to well in dynamic environments. As discussed in subsection V,
improve the performance of contact probing. Considerirag thSNIP-OPT cannot work in dynamic environments. It is even
a sensor node only needs to learn the order of these tinharder for a sensor node to learn the contact arrival prdoess
slots’ contact capacity, the learning phase could be shait aeach time-slot. The sensor node may not be powerful enough
the used duty-cycle could be very small. HenBash Hours to solve the optimization problem too.

could be learned quickly and energy efficiently. As for SNIP-RH, we argue that it could work well. Although

In some deployment environment®ush Hours do have the amount of a time-slot's contact capacity varies a lot in
some seasonal differences [18]. In this case, a sensor néifterent epoches, the mobility pattern is invariant indderm
can simultaneously run SNIP-AT with a very very small dutyand Rush Hours will change very seldom. In the case that
cycle so that it can continuously track the seasonal shift @ntact capacity duringush Hours is high enough to support
Rush Hours. In the future, we will evaluate the performancétarget: SNIP-RH is not sensitive to the variance of the amount
of this kind of adaptive SNIP-RH in dynamic environments.of contact capacity duringush Hours. When contact capacity
Contact arrival process also does not change with the tirlﬂgcomes less, a sensor node just needs to run SNIP-RH for

in the above evaluations. However, it tends to vary a lot f onger time withinRush Hours and the necessary contacts

the real world. SNIP-AT seems to be promising in dynamﬁtiII can be probed.

environment since SNIP is activated in all time and the envi-

ronment can be learned in the course. However, to adjust its

duty-cycle according to the environment afig.4.. (the target ~ Adaptive contact probing has been studied in Bluetooth-
of probed contact capacity), SNIP-AT needs to accuratalsnle based opportunistic applications [19] and other delagrtoit

the contact arrival process of an epoch, both contact &rriapplications [20][21]. Through tuning the probing freqagn
frequency and contact length distribution. Consideringt ththese proposals try to achieve better tradeoff between the
the expected applications of opportunistic data collectoe probability of missing a contact and the energy consumed
low data rate, it is very hard to accurately learn the timdsy contact probing. The characteristics of contact arrival
varying contact arrival process with just a few samples (th@ocess are first studied and the adaptive rules are designed

VIIl. RELATED WORK



accordingly. For instance, the self-similarity of the auit REFERENCES

arrival process among Bluetooth phones had been observm:i R. C. Shah, S. Roy, S. Jain, and W. Brunette, “Data mulesde¥ing
in [20] and the authors propose to increase the probing rate a three-tier architecture for sparse sensor networks,JEEE SNPA
abruptly once a new contact is seen. Workshop, 2003, pp. 30-41.

Instead of intaini | tact mi ti ¢ [2] A. Chakrabarti, A. Sabharwal, and B. Aazhang, “Using diceable
nstéad of maintaining a low contact miss ratio, contact * gpeeryer mobility for power efficient design of sensor neksdrin

probing in opportunistic data collection tries to probe the 1PN, 2003, pp. 129-145.
necessary contacts energy efficiently, and the contact migd W. Wang, V. Srinivasan, and K.-C. Chua, "Using mobile yelaio

. . - prolong the lifetime of wireless sensor networks,” Mobicom, 2005,
ratio can be large whet,,4.¢ iS small and contacts in the pp. 270-283.

environment are abundant. Furthermore, the charactsrisfi  [4] B. Pasztor, M. Musolesi, and C. Mascolo, “Opportunistiobile sensor
contact arrival process cannot be utilized due to the fatigw data collection with scar,” iMASS, 2007, pp. 1-12.

First d deol d at diff el (,15] A. A. Somasundara, A. Kansal, D. D. Jea, D. Estrin, and M. B.
reasons. FiIrst, sensor noaes are deployead at difrerenepla Srivastava, “Controllably mobile infrastructure for lowezgy embedded

and their contacts with mobile nodes may follow different  networks,”|IEEE Transactions on Mobile Computing, vol. 5, no. 8, pp.
patterns. Second, due to the low duty-cycle used by contact 958-973, August 2006.

. 6] W. Liu, J. Wang, G. Xing, and L. Huang, “Throughput capgcof
prOb'ng and the small memory of a sensor node, the node m )l mobility-assisted data collection in wireless sensor netapin MASS,

not be able to learn the characteristics of its contact @rriv. 2009, pp. 70-79.
process autonomously and timely. [7] M. Zhao and Y. Yang, “Bounded relay hop mobile data gatigerin

. - . . wireless sensor networks,” IMASS, 2009, pp. 373-382.
Reinforcement Learning has also been exploited to deci 8] A. Carroll and G. Heiser, “An analysis of power consumption a

the duty-cycle used by a sensor node for contact probing smartphone,” ilrJSENIX Annual Technical Conference, 2010.
[18][22]. However, a sensor node can only explore a smalPl J. Polastre, R. Szewczyk, and D. Culler, “Telos: Enaplintra-low

. _ . power wireless research,” ifPSN, 2005, pp. 364-369.
number of states and strategies (duty-cycle values) duts to[lo] X_Wu, K. N. Brown. and C. J. Sreenan, “SNIP: A sensor nodtated

limited resources. With a small duty-cycle, it is also ceadj- probing mechanism for opportunistic data collection in spawireless
ing to recognize the state and adopt the suitable strategy in _ sensor networks,” inEEE INFOCOM Workshops, 2011.

. . F. Osterlind, N. Wirstrom, N. Tsiftes, N. Finne, T. Vojgind A. Dunkels,
timely manner. Hence, a sensor node must also make deCISIBfli]S “Strawman: Making sudden traffic surges graceful in low-poweeless

based on the inaccurate information learned with a smaj-dut  networks,” inACM HotEMNET Workshop, 2010.
Cyc|e and the performance may be adversely affected. [12] “IEEE 802.15.4, Part 15.4: Wireless Medium Access Calr(t/AC) and

_ : Physical Layer (PHY) Specifications for Low-Rate WirelesssBeal
When the duty-cycle must be low and the dynamic contact , 2>\ civorks (LR-WPANS)," IEEE, 2006.

arrival process can not be accurately learned online, itlsho[13] A. Dunkels, B. Gronvall, and T. Voigt, “Contiki - a lighieight and

be necessary to exploit the long-term invariant of the emvir ﬂexiglfsffggating system for tiny networked sensors,L@N, 2004,
. .- pp. .
ment, such agush Hours in the repeated mObIIIty pattern Of[14] F. Osterlind, A. Dunkels, J. Eriksson, N. Finne, and ®ig¥, “Cross-

mobile nodes. This is why and how SNIP-RH is designed. level simulation in cooja,” iIFEWSN, 2007.

IX. C [15] G. Anastasi, M. Conti, and M. D. Francesco, “An analgtistudy of
. CONCLUSION reliable and energy-efficient data collection in sparsessemetworks

Based on the observations that the intended applications of With mobile relays,” inEWSN, 2009, pp. 199-215.

L B ] [16] A. Cain, M. W. Burris, and R. M. Pendyala, “Impact of vdiie pricing
opportunistic data collection are delay-tolerant, mobiteles on temporal distribution of travel demandTransportation Research

tend to follow some repeated mobility patterns, and costact Record, no. 1747, pp. 36-43, 2001.
are d|str|buted unevenly |n temporaly SNIP-RH |s proposéﬁ?] M. C. Gonzalez, C. A. Hldalgo, and A.-L. Barabasi, “Umndlng

in this paper to improve the performance of contact probing '2”5529“‘3" human: mobility: patters Nature, vol. 453, pp. 779782,

through exploitingRush Hours, during which contacts arrive [18] V. Dyo and C. Mascolo, “A node discovery service for iy mobile
more frequently. The preliminary analysis and simulatior{9 sensor networks,” iMIDSENS, 2007, pp. 13-18.

L . . . ] C. Drula, “Fast and energy efficient neighbour discgvier opportunis-
results indicate that under typical roadside wirelesssemest- tic networking with bluetooth,” Master Thesis, U. of Toron2005.

work scenarios, SNIP-RH can significantly reduce the energy] w. wang, V. Srinivasan, and M. Motani, “Adaptive corttgmrobing

consumed for probing the necessary contacts or signif')cantl ;nechanisms for delay tolerant applications,Miebicom, 2007, pp. 230—
. ’ . 241.

increase the probed contact cgpacny under a sensor ”0"["?1?\/. Dyo, S. A. Ellwood, D. W. Macdonald, A. Markham, C. Maso,

energy budget for contact probing. B. Pasztor, S. Scellato, N. Trigoni, R. Wohlers, and K. Y6u&vo-

In future work, we will evaluate SNIP-RH plus SNIP-AT lution and sustainability of a wildlife monitoring sensortwerk,” in

. - Sensys, 2010, pp. 127-140.
(with a very small duty-cycle) through trace-based sinioiet [22] M. D. Francesco, K. U. Shah, M. J. Kumar, and G. Anasta&p *

and/or experiments in real word. Furthermore, we will iRves ~ adaptive strategy for energy-efficient data collection parse wireless
tigate the issues that arise when smart phones act as mo[l%ielf gegSOLnetDwoék?{' ”E'\\;IVS'H\L 2010, KP-P32|§—33'\7|- o irRedd

. . . - . . Burke, D. Estrin, M. Hansen, A. Parker, N. Ramana Reddy,
nodes, such as m?emlve_s’_ user prlvacy, and data mtagaty' and M. B. Srivastava, “Participatory sensing,” ¥korld Sensor Web
are encountered in participatory sensing [23] and/or enlin  \orkshop (in conjunction with Sensys), 2006.

recommendation system [24]. [24] H. Yu, C. Shi, M. Kaminsky, P. B. Gibbons, and F. Xiao, “Ibdy Opti-
mal sybil-resistance for recommendation systemsJHBE Symposium
ACKNOWLEDGEMENTS on Security and Privacy, 2009, pp. 283—-298.

This work is supported in part by the HEA PRTLI-IV
NEMBES Grant. The authors thank the Cork Constraint
Computation Centre (4C) at University College Cork for use
of their computing cluster.



