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Abstract—In many potential wireless sensor network appli- employees, etc.) who move around the deployed area for
cations, the cost of the base station infrastructure can be purposes other than data collection. More interestingyy, a
prohibitive. Instead, we consider the opportunistic use of mobile illustrated in figure 1, they could also be smart phones and/o

devices carried by people in daily life to collect sensor data. As . . . .
the movement of these mobile nodes is by definition uncontrolled, PDAs (installed with the corresponding radio and software)

contact probing is a challenging task, particularly for sensor carried by unrelated people who pass through the deployed
nodes which need to be duty-cycled to achieve long life. area in their daily life. Except the benefits of adopting nebi
) We propose a Sensor No.de-lnitiated Probing mechanism for sinks discussed in []_][3](the energy efficient one-hop data
improving the contact capacity when the duty cycle of a sensor ¢qjection, the extended network lifetime through remgyin

node is fixed. In contrast to existing mobile node-initiated probing . .
mechanisms, in which the mobile node broadcasts a beaconhOt'SpOtS near the fixed base station, etc.), the cost of data

periodically, in SNIP the sensor node broadcasts a beacon eachcollection can also be reduced significantly through exjigi
time its radio is turned on according to its duty cycle. We the uncontrollable, but free mobility. Although opportstinc
study SNIP through both analysis and network simulation. The data collection may increase the data delivery latency [1],
evaluation results indicate that SNIP performs much better than there are many promising wireless sensor network appicati

mobile-initiated probing. When the fixed duty cycle is lower than . p . .
1%, the probed contact capacity can be increased by an order of which are delay-tolerant and it is worthwhile to improve the

2-10; alternatively, SNIP can achieve the same amount of probed Performance of opportunistic data collection.
contact capacity with much less energy consumption.

I. INTRODUCTION T

&

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 atwe
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 Fig. 1: Opportunistic Data Collection
delayed by weeks. Neighboring nodes in these sparse vgreles
sensor networks are far away from each other, and typicallyln the context of opportunistic data collection, the sensed
cannot communicate directly or even indirectly throughtimul data can be collected from a sensor node only after a mobile
hop paths. On the other hand, deploying large numbers rfde approaches and they become aware of each other. Here,
fixed sink nodes would incur prohibitive costs in terms dfhe event of the mobile node encountering with a sensor
deployment, maintenance, and data back-haul. node is referred to as a contact. As the movement of these

In [1][2][3][4][5], the use of resource-rich mobile nodesisvy mobile nodes is uncontrollable, contact probing becomes a
proposed to move around in the deployed area and collect delt@llenging task for sensor nodes which need to be dutyedycl
from sensor nodes. Depending on the application, the mobiteachieve a long life.
nodes can be either part of the external environment or ppart oln this paper, we investigate the ways that sensor nodes
the network, and their mobility can be either controllabte cand mobile nodes carry out contact probing and propose
not. In this paper, we assume that mobility is not controlleal Sensor Node-Initiated Probing mechanism for improving
and thus the sensed data is collected opportunisticallyilelo the probed contact capacity when the duty-cycle of a sensor
nodes could be specific devices carried by objects (animaisde is fixed. SNIP is designed based on the following two




reasonable assumptions, i.e., the radio of mobile nodeshwh Tcontact

have relatively abundant energy via a re-chargable battery i
can be always turned on and the radio of sensor nodes b e ommsane
consumes almost the same amount of energy in transmitting |

|

and receiving/listening modes [6][7]. The basic princijolie .',-/ “’-.
operation is that the sensor node initiates probing ratteen t

{ Tprobed

~ae,

a mobile node. Thus a sensor node must broadcast a beacon ,, .. node ’ probed
immediately after its radio is turned on. N’:
SNIP has been studied through both analysis and simulation. Sensor Node
The relationship betweefl’ (percent of the probed contact \ :
capacity), d (sensor node’s duty-cycle), an@..,;..: (the
length of a contact) has been modeled for SNIP. SNIP is also . o

.\.\ o
Ttecccsne=”

implemented in Contiki-OS [8] and extensive simulations ar
carried out using COOJA[9]. Both the analysis and simufatio
results indicate that SNIP outperforms mobile node-itetia

probing mechanisms, and we quantify the impact of key
parameters. A key conclusion is that with a sensor node dut

cycle that is lower thari%, the probed contact capacity car f the mobile node encountering a sensor .node is refgrred to
ng a contact and the contact lengi(...;) is the duration

be increased by a factor of 2-10; alternatively, for probin ) ) ot S
the same amount of contact capacity, the energy consu Bwhlch the mobile node stays within the communication

by SNIP is much less than the energy consumed by mobf%tnge of the sensor node. As B, o4, it starts immediately
node-initiated probing mechanisms. arter both of them are aware of the presence of each other

This paper is organized as follows. Section Il first invest'snd it can be used to derive the amount of data that could

gates contact probing issues under the scenario of opfitut e collected in this contact. For a contact probing mechanis

tic data collection. The details of SNIP are then presermedI should _be quiQHEd SO that a contact can be successfully
section lll. SNIP and some state-of-art mobile node-itetia probed with high probability and the contact is probed ayear

probing mechanisms are modeled and compared numericzﬂﬁ/!ooss'ble' More spec!ﬁcally, when a sensor node’s dut}gcy
in section IV. Simulation results are then presented a fixed, a contact probing mechanism should try to maximize

_ Tprobed ; ;
analyzed in section V. Finally, section VI discusses relatel — Toope,r’ 1€ PErcent of contact capacity that is probed

tact )
work and section VII concludes. successiully for dat_a cqllectlon. - .
For contact probing in opportunistic data collection, ¢er

II. CONTACT PROBING IN OPPORTUNISTICDATA are four processes in the system: the movement of a mobile
COLLECTION node, the radio schedule of a mobile node, the radio schedule

Figure 2 illustrates the reference network scenario of o f a sensor node, and the beacons periodically transmitted

portunistic data collection. The mobile node’s mobility i y either mobile tr)]l(')dhe or sensfo: node with s fixed mterv?jl
uncontrollable and cannot be predicted accurately by sen&fpeacon)- ;-0 e_s';]a IS ;l_chceS(Sj ul contact, a e(;iconhmusth e
nodes. For simplicity, we assume that the network is spatg"t Out by either mobile node or sensor node when they

enough so that at any time at most a single (static) sendbf close to each other and their radios are both turned on.

node and a single mobile node can reach each other. In {ﬂeOther words, all four processes must occur at the same

case that multiple mobile nodes move together, this assiomptt'me' This can be difficult to achieve when m_obHe npde’s
movement is uncontrollable and sensor node is required to

can be easily removed by adopting some collision avoidance ™" : :
maintain aggressive duty-cycles for reasons of longevity.

or contention resolution techniques [10] and allowing assen . o o Sal
node to choose one of these mobile nodes randomly or base&'nce the mobility in op_portunlstlc glata_ CC.J"G.}C“OH IS un-
on their radio signal strength and their movement speed. \gRtrollable, a contact probing mechanism is limited totamin

also assume that the same commodity radio (Zigbee-conpild}f Proadcasting of beacons and the radio schedules ofenobil
radio, etc.) is installed on both mobile nodes and sensoamodmde and sensor node. Considering that a mobile node could

i.e., they have the same communication rang®. (When have relatively abundant energy via a re-chargable battery
carrying out contact probing, the radio of a sensor node RI[7], the radio of mobile node can be always turned on.
duty-cycled for achieving a long life. More specifically,eth H€nce. it 9nly ngeds to answer the following two questions.
radio is turned on for a fixed period’(,) and turned off for 1) For improving the probed contact capacity when the

Fig. 2: Contact Probing in Opportunistic Data Collection

another fixed periodT(,; ;) alternatively. Hence, the duration duty-cycle of a sensor node is fixed, who should be
of a cycle (ye.) is the sum ofT,,, andT,;; and the duty- responsible for broadcasting the beacons?
cycle (@) equals toT,,, /Trycie- 2) For energy-efficiently probing the necessary contaats fo

Under this scenario, the sensed data can be collected from uploading its sensor reports, how should the sensor node
a sensor node only after a mobile node approaches and they select the duty-cycle used by contact probing?
become aware of each other. As shown in figure 2, the evéntthis paper, we focus on the first question and leave the



second one to future work. For example, it is claimed that the talk time of Google Nexus
Traditionally, a radio consumes much more energy in tran®ne smart phone is 7 hodrand the smart phone consumes
mitting mode, so the resource-rich mobile node is respoabout 746.8mW during a voice call [6]. Considering the eperg
sible for broadcasting beacons periodically. Howevers¢heconsumed by the CC2420 radio, the smart phone’s battery
mobile node-initiated probing (MNIP) mechanisms face sevestill could last a few days even if the corresponding radio is
challenges in opportunistic data collection. More speallyjc installed and this radio is not duty-cycled. Here, we expleat
since a sensor node must be duty-cycled, its radio schedsieart phones with the corresponding radio will appear $oon
is unlikely to synchronize with the beacons emanating froffurthermore, without undermining the assumption that the
a mobile node. In [11], it is proposed to s&, of a mobile node’s radio is always turned on for contact probing,
sensor node according tB...on, the interval between two there are still a lot of opportunities to reduce the smart
consecutive beacons from the mobile node. More formallghone’s energy consumption based on history and/or context
Ton = Theacon + Tprt, Where Ty, is the time needed for information. For example, a smart phone can deduce whether
transmitting a packet. The authors argue that a contactowill it is moving through accelerometer [12][13]. When the smart
definitely detected if a sensor node’s radio is turned onnduriphone is static and there is no sensor node nearby, its radio
the contact. Howevefl,...., cOuld be large in opportunistic for data collection can be turned off for saving energy.
data collection to avoid overburdening mobile node (esplyci  Based on the above observations, the radio of a mobile
when smart phones act as mobile node) and/or jammingde is assumed to be always turned on in SNIP. In contrast
wireless channel (even when sensor node does not exist)ywsth MNIP mechanisms, a sensor node in SNIP is required
Ton, must be large too, and,;; will become huge in order to broadcast a beacon immediately after its radio is turned
to maintain a low duty-cycle. Consequently, with very higlon. Since the radio of a mobile node is always turned on,
probability, a sensor node’s radio will not be turned on dgri if sensor node broadcasts a beacon when they are close to
a contact and the contact would thus be missed. Furthermarach other, this contact will be definitely probed succelysfu
in opportunistic data collection, sensor nodes and moloitees assuming of course that the beacon is not lost or corrupted
may belong to different authorities and it is hard to cooatén due to contention, which is unlikely in sparse deployments
the values ofl}cqcon aNdT,,. and short range transmissions. Considering that a sensler no
In this paper, the proposal in [11] will be referred as MNIPean turn on/off its radio relatively quickly,,, can be setto a
JOINT, and the scheme with a fixed and sh@gf, will be small value and a sensor node can carry out contact probing
referred as MNIP-BASIC. Both of these mechanisms will bequently. Hence, a contact will be probed successfuligh wi
studied and compared with SNIP. high probability, and the probed contact capacity will be
increased significantly. Following the state transitioagidams
1. SNIP illustrated in figure 3, the details of SNIP will be presenied
Due to the above shortcomings of MNIP mechanism#)e following subsection.
SNIP, a novel sensor node-initiated probing mechanism, is
proposed for improving the performance of contact probing B. Details of SNIP
opportunistic data collection. In this section, the desigoices

of SNIP are first discussed and its details are then presentﬁaFIgure 3(a) shows the state transition diagram of mobile

ode in SNIP. In SNIP, a mobile node moves around in an

A. Design Choices uncontrolled manner and its radio is always turned on so that

Our key ohservation is that the low power radio of thit can be discovered. After receiving a BEACON from a sensor
ﬁode, a mobile node will send back ASSARESP and enter

mainstream sensor node platforms consumes almost the sqipe Associating state. After receiving ASSOGONE from

amount of energy in transmitting and recelvmglllstenlnEensor node, the association is complete. The mobile ndte wi

modes. For example, the CC2420 radio of TELOSB mo egter into Collecting state and start to collect data from th

consumes 35mW when transmitting at its default power Ievg nsor node. In Collecting state, the contact may be tetedna

(C?;:Fe':t) (;nr?RlltZZCZ:;uerEZi:?g;VXI\pr \r/(\ji(r:gllglsnsgsr:r?sd:r LY(;V\-/E:; y the sensor node through sending END to the mobile node.
both Associating and Collecting states, the mobile ndsie a

'ni 2dzni1Alg1 52??'&'”2 m(\j\(/jiteh aEdhthe Ic;Jfrrrer::t Ilr: tr?fns?:\;tt:nﬁeeps monitoring whether it has moved away from the sensor
ode IS Lo. ence, with such a piatiorm, 111S €NeCVEly 4o \When it finds that, (the time that the channel is idle)

free, in terms of energy usage, for a sensor node to broadclge] rger than a constanf’f;.), the mobile node returns back
a beacon when its radio is turned on.

Another observation is that a mobile node could be equipped _
. . http://www.google.com/phone/static/dgS-nexusonegtech specs.html
W'th rglanvely abundant ar?d _reChargeable 'power supply anQlSony Ericsson Xperia smartphones has already been ablé twitalANT
its radio used for opportunistic data collection can be ghvawireless sensors (CES 2010). Zigbee phones appeared in fad@ short
turned on. Th|s |S true even for smart phones on Wh|é|me and quitted from the market due to the immaturity of Zlgbeﬂﬂmel-
- . . ogy at that time (http://news.cnet.com/Worlds-first-ZigB#ene-unveiled/
opportunistic data collection is treated as a second-t&sis 2100-10393-5483855.html). We believe that Zigbee smart phones will

appear in the near future with the deployment of Zigbee dsvioe health
Ihttp://en.wikipedia.org/wiki/ANT (network) care, smart-building, etc.
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Fig. 3: State Transition Diagram of SNIP

to Discovery state and is ready to be discovered ad&in. Tcontact
is currently set to 50ms. 3; Tprobed
Figure 3(b) shows the state transition diagram of sensor® I ————

node in SNIP. When a sensor node’s beacon/duty-cycle timer”"""™ ™ :L
expires, it will turn on its radio, send out a BEACON, and ente T N

into Discovery state. If it does not receive an ASSRSP

within T,,,, the sensor node will turn off its radio, return Fig. 4: Time Line of SNIP

back Sleeping state, and start its beacon/duty-cycle tforer

the next probing.T,, is currently set to 20ms, which is

enough for sending a BEACON and receiving a ASSBSP. communication range of sensor node). Since the mobility is
If ASSOC RSP is received in Discovery state, it will sendincontrollable, a contact can occur at any time with the same
back ASSOCDONE, enter into Uploading state, and start tprobability. SinceT, ;. is much larger than the time needed
transfer data to the associated mobile node. The simple Stégr transmitting a BEACON, we don’t consider the case that
and-Wait protocol is used for flow control, a retransmissiom mobile node arrives during the transmission of a BEACON.
timer is used for reliable data transmission, and multipldence, we can assume thats uniformly distributed between
sensing reports are concatenated into one packet for reglud® and7.,cie. Tprovea €aN then be modeled as follow.

header overhead. If all data had been uploaded, the serder no

_ _ +
will send END to the mobile node for terminating this contact Torobea(w) = {(x+ TC";M”) Theacon}
In Uploading state, the sensor node also keeps monitoring Toroved — 1 / R pea(x)d
whether the mobile node has moved away. When it finds that b Teyete Jo i

t;aie 1S larger tharl} ., the sensor node will turn off its radio, Here, {.}* is defined asnaz(0,.).
return back to Sleeping state, and start its beacon/dutle-cy

timer for the next probing. B. MDCI-BASC

In MNIP-BASIC, mobile node is responsible to periodically
IV. ANALYSIS AND NUMERICAL RESULTS broadcast beacons and the valu€lf, .., IS selected based

In this section, we will model SNIP with a focus onon its own situation. As foff},,,, it is a small and fixed value
the relationship betweefl (percent of the probed contactselected by sensor node.
capacity),d (the duty-cycle used by a sensor node during
contact probing), andl.,.;«c: (the length of a contact). Teontact
More specifically,},,opeq 1S modeled andl can be deduced pencol x
immediately, i.e,Y(d, Teontact) = Torobed  Eor comparison  conat . j—

Tcontact :
purpose, MNIP-BASIC and MNIP-JOINT are also modeled Mot e -'—i-—'——'—‘—'—'—

. ]
in the same manner.

A. Model of SNIP

Figure 4 shows the three processes in SNIP: the occurrence
of a contact, the sensor node radio which also incorporhtes t

beacon emanating process, and the mobile node radio. As illustrated in figure 5y is also the difference between
In SNIP. sensor node will broadcast a BEACON wheHl€ time that the last beacon is broadcasted and the time that

its radio is turned on. Hence....n, the interval between @ contact occurs. Hence, the number of beacons transmitted
two consecutive beacons, equalsTig... = is the difference during a contact, can be modeled as follow.

between the time that the last beacon is broadcasted and the {Teontact — (Theacon — )} T
time that a contact occurs (i.e. mobile node moves into the Rpeacon () = |

Sensor Node Radio

Teycle

Fig. 5: Time Line of MNIP-BASIC

]

Tbeacon



For simplicity, we assume that the interval between two comalues ofT.,,:ct: 2S, 58, 10s, and 30s. These values represent
secutive beacons fluctuates a little arouhd, .., so that the the time needed by a car on a freeway, a car in the city, cycling
synchronization between the beacon process of mobile ngmople, and walking people to pass through a distance of 50m,
and the radio schedule of sensor node can be avoided. For eabith is selected according to the communication range of
beacon transmitted during the contact, the probabilityitia current sensor node platforms. The duty-cycle of the sensor
successfully received by sensor node is then simply modeleade varies from 0.001 to 0.2.

as follow, ps = Lon=Tort " Dye to the uncontrollable mobility,

Teyele, . L
we also assume thatis uniformly distributed between 0 and Parameter T SNIP | MNIP-BASIC T MNIP-JOINT
Theacon, and Ty, qpeq iS modeled as follow. Ton 20ms 20ms Theacon T Tpkt
Theacon Teyele | 100ms, 500ms|  100ms, 500ms
Tpkt N/A 10ms 10ms
Nbeacon(x)_l
Tproved(z) = > [ =py) wpsx TABLE I: Parameter Values
=0
(Tcontact - (Tbeacon - l‘) — 1% Tbeacon)]
T 1 TbeaconT p T,, is set to 20ms in both SNIP and MNIP-BASIC. In
probed Theacon Jo probed(2)dx MNIP-JOINT, 7,,, is set to the sum Off}cqcon and Tpp,.

According to the current sensor node platforfi;, is set to

< MF)CI'JOINT ) ) ) 10ms. In both MNIP-BASIC and MNIP-JOINT, the evaluated
Unlike MNIP-BASIC in which 75, of sensor node is setyalues ofT)cuc,, are 100ms and 500ms. The smaller values

to a fixed small Value, MNIP-JOINT SeTEm of sensor node of Tbeacon are not chosen because mobile devices will be

according t0}cqcon Selected by mobile node. More formally,overburdened especially when smart phones are used asmobil

Ton = Toeacon + Tpkt- nodes and/or the wireless channel will be jammed by beacons
even when sensor node does not exist. Table | summarizes the
Theacon ‘ .T°°"‘aTC‘pmbEd parameter values of these contact probing mechanisms.
Contact i("%i % %(-_“— — 1
Mobile Node Radio W
b Toyce §—>(’: R ; ' ' '___ '

SensorNode Radio oS 2020 2cwemi | 2 el 000 e» 100

Fig. 6: Time Line of MNIP-JOINT

As illustrated in figure 6 is the difference between the
time that sensor node turns off its radio and the time that a
contact occursy is the difference between the time that sensor

10

Percent of the Probed Contact Capacity

node turns on its radio and the time that mobile node tragssmit Teycte Teontact=25

a beacon after that. Since the mobility is uncontrollable, C(fr?g;fgi N

we assume that: is uniformly distributed between 0 and 1 L L contact=30S |

Teyele, and y is uniformly distributed between 0 and,,,. 0.001 0.01 0.1

Consequently, we can modg},.,,.q as follow. Duty Cycle of Sensor Node
1 Ton Fig. 7: Numerical Results of SNIP

Tprobed(x) = T / Tprabed(xv y)dy
on J0O
T B 1 /TCWQT ()dz Figure 7 plots the numerical results of SNIP. X-axis is
probed Teyete Jo probed the duty-cycle used by a sensor node. Note that the energy

consumption of a sensor node is proportional to the duty
cycle and the duty-cycle of a sensor node can be used to
Torobed(y) = {(& + Teontact) — (Tops +y)}+ depict the energy consumed by contact probing. Y-axis is the
percent of the probed contact capacity, which determines th
amount of probed contact capacity. Figure 7 indicates that
Nfcreases withi and Teontact Significantly affects the curve.
Torobed(®, y) = {Teontact — (Teyete — ) — (Topy +T,n/2)} When a mobile node moves quickly afifl,,;..: is short, a
) sensor node needs to spend much more energy to probe the

D. Numerical Results same amount of contact capacity. Figure 7 also indicates tha

To study SNIP and compare it with MNIP-BASIC andwhenT, .. > Teontact, T IS linearly related withd. In fact,
MNIP-JOINT, the curves betweefl and d are calculated the closed-form equations 1 and 1 can be deduced through
numerically based on the above models for several typicabdeling the following two cases separately.

In the case that < (Ty,ss + v),

In the case that > (7,5 +v), the contact still may be probed
successfully when sensor node turns on its radio again.éje



WhenT,ycie > Teontacts For validating the SNIP model, simulations are designed
based on the above numerical study. The evaluated duty-
cycles of sensor node are 0.001, 0.002, 0.004, 0.01, 0.02,
0.04, 0.1, and 0.2. The evaluated values1Qf;.,..; (the
interval between two consecutive visits) are 100s, 2008s50
and 1000s. As fofl.,,.:qct, itS evaluated values are also 2s,

5s, 10s, and 30s. When generating mobility trades,,;qc

Tprobed == E[Pprobed] * E[Tper_probed_contact]

2
(Tcontact) " (Tcontact) _ Tcontact xd
Tcycle 2

2% T,
When Tcycle < Tcontacta

Torobed = E[Pproved] * E[Tper_probed_contact] follows a normal distribution with small deviation (a terh
Teyele Ton the mean) or an exponential distribution. As B,;c;va1, W
= 1x (Tcontact - ) = Tcontact a4 H . . . : . : .
2% d evaluated three distributions: normal distribution witmedl
Consequently, deviation (a tenth of the mean), exponential distributiand
. pareto distribution in which the shape parameter is 4. THble
T {M” *d Teycte 2 Teontact (1) lists the different combinations evaluated in this paper.
- T,
— gmrre— T, <T
2#dxTeontact cycle contact l Scenario H Teontact [ Tinterval l
To compare with MNIP-BASIC and MNIP-JOINT, for each I Normal Distribution Normal Distribution
value of T.ontact, figure 8 p|0tS the curves of these models I Normal D!str!but!on Exponentlal_ Dl_strll_Jutlon
¢ th It sh that d with the MNIP hani 1] Normal Distribution Pareto Distribution
ogetner. It shows that compared wi .e mgc anisms, I\ Exponential Distribution Normal Distribution
SNIP probes much more contact capacity; alternatively,P.SNI Vv Exponential Distribution| Exponential Distribution
can achieve the same amount of probed contact capacity with___ VI Exponential Distribution]  Pareto Distribution
much lower duty-cycle, i.e., much less energy consumption.
TABLE II: The Evaluated Distributions &fcontact @and Tinterval

100 100 [

1) Validation of SNIP Model: As shown in figure 9 and 10,
for each simulated scenario listed in table 1l and each vafue
Teontact, the simulation results and numerical results of SNIP
are plotted together.

MN|P-J0|NT-1§D’\‘rr‘\Zj7 F'gure 9 IﬂdICates that our SNIP mOde| |S Very accurate
MNIP-BASIC-100ms -+~

10

SNIP
MNIP-JOINT-100ms -~~~
MNIP-BASIC-100ms --------

Percent of the Probed Contact Capacity
Percent of the Probed Contact Capacity

o1} e JOINT sooms o1l MNP JONT 500ms when contact length follows the normal distribution. It mea
oo o01 o1 o001 001 o1 that our model does capture the fundamentals of SNIP. Figure
Duty Cycle of Sensor Node Duty Cycle of Sensor Node R
@) Teontact = 2s () Teontact = 5s 9 also shows thdr is independent of;,,;c.-va, bOth the mean

and the distribution. Of course, the amount of probed cantac
capacity will vary with the value of},,iervai-
However, as shown in figure 10, when contact length
10 | 0% follows the exponential distribution, there are some ddfee
between our model and the simulation resuli®.is still
wmonrase — 1 quite independent of},,.cvqi, but with large variance. The
orl NP SO T soams osl e SO sooms simulation results are obviously better than our model when
ooar om 01 o001 oo o1 the duty-cycle of sensor node is low. The reason is that the
ot — 108 et — 308 variance of contact length is much larger when it follows the
exponential distribution. For modeling, it becomes ingigfnt
to consider only the mean of contact lengti.{¢qc). AS
shown in equation 2, the distribution of the contact length

() Teontact = 10s (d) Teontact = 30s
should be modeled explicitly.

To evaluate SNIP in more realistic environments, SNIP T=— 1 */ zx Y (d,z) % P(zx)dx )
is implemented in Contiki-OS [8] and extensive simulations Teontact  Jo
are carried out in COOJA [9], which incorporates a machiridere, P(z) is the probability that the length of a contact is
code instruction level emulator of the TELOSB sensor node. As illustrated in figure 7, in the case that the duty-cycle
For comparison, MNIP-BASIC and MNIP-JOINT are alsmf sensor node is low)" of the contacts, that are longer than
implemented in Contiki-OS and simulated in COOJA. Whethe mean, can be much larger tH(d, Tp.o,sac¢ ). Since these
implementing these contact probing mechanisms in Contikéng contacts tend to be a significant part of the overallacint
OS, the same parameter values shown in table | are adoptabacity, the simulation results will be better than thepatit
For the accuracy of simulation results, in each experimgat, of the model based on only the mean of contact length.
let a mobile node visit a sensor node repeatedly for a long2) Comparison of SNIP, MNIP-BASC, and MNIP-JOINT:
time (100 hours) and assume that the sensor node always Tamscompare SNIP with MNIP-BASIC and MNIP-JOINT,
data to be uploaded. for each combination off.,,,;0c: @Nd Tiptervar, Simulation

100 [ 100 [

10

10%

MNIP-JOINT-100ms -------

Percent of the Probed Contact Capacity

Percent of the Probed Contact Capacity

F

g. 8: Numerical Results of SNIP, MNIP-BASIC and MNIP-JOINT

V. SIMULATION RESULTS
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results of SNIP, MNIP-BASIC, and MNIP-JOINT are plottedhan Mobile Node-Initiated Probing mechanisms, espaciall
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