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Abstract—Data dissemination strategies and communication for every sensor node. The query can then be routed to only the
protocols that minimize the use of energy can significantly pro- interested region, thus reducing the number of transmissions.
long the lifetime of a sensor network. Data-centric dissemination We will focus our study on the data-centric routing proto-

strategies seek energy efficiency by employing short metadata . . . .
descriptions in advertisements (ADVs) of the availability of data, cols. Our goal is to provide sensor network designers with

short requests (REQs) to obtain the data by nodes that are t0ols that help them understand the “3-stage” data-centric
interested in it, and data transmissions (DATA) to deliver data protocols in which the motes use 3 different types of messages,
to the requesting nodes. An important decision in this process is ADV, REQ and DATA, to communicate. Our main contribution

whether the DATA transmission should be made at full power in is an analytical model of and performance evaluation for the

broadcast mode or at low power in multi-hop unicast mode. The fi f lized del for th 3.t
determining factor is shown in this paper to be the fraction of energy consumption of a generalized model for these s-stage

nodes that are interested in the DATA, as shown by the number data-centric routing protocols. These results then allow us
of REQs that are generated. Closed form expressions for this to determine which data dissemination approaihgle-hop
critical fraction of interested nodes is derived when the nodes proadcastor multi-hop unicastshould be be used in a given
have no memory or infinite memory for state information and anyork or under a certain set of conditions in that network.

when transmissions are reliable and not reliable. These results E | how that. in all th ider if
can be used during both the design and operation of the network or example, we show that, In all the cases we consider, |

to increase energy efficiency and network longevity. the density of the nodes i then multi-hop unicast approach
should be chosen whem < p*, wherep is the fraction of
nodes in the network that are expected to be interested in the
data that a node has aptlis the critical value op; otherwise,

a broadcast approach will use less energy. We showthat

Index Terms—sensor networks, data-centric, data dissemina-
tion, multihop unicast, broadcast

. INTRODUCTION depends on\ as follows:
A recent approach to the design of sensor networks utilizes A
sets of small, low-cost, self-configuring sensor “motes” to pr=—+C Q)

: : : . BX
monitor environments of interest. Currently available motes _ .
'{' e constants in the equation depend on the amount of state

cost only a few hundred dollars each and can gather data, _ ined h node. th il
run some basic signal processing algorithms, and communic rmation re_tame _at ach node, the energy usage profiies
Ithe transmit/receive/idle states of the motes, the fraction

ith h other at dist hing 150 feet. A typi
WITh Each omher a: distances approaching ee P! nodes that are sleeping, length of the data packets, the

application scenario involves scattering tens, hundreds or e on f ¢ the ch I Thi | i
thousands of these motes over some region to gather datg?Bfnuation factor of the channel, etc. This result provides

temperature, humidity, sound, or vibrations. the network designer Wit_h a guic_ie on _Whi(?h communication
An important performance goal for such a system is ﬂ?eoproach is best to use in any given situation. .
timely and reliable dissemination of the information the)( The rest_of the paper IS °Tga”'zed as follows. In.sectlon
gather and process. This is a challenging goal because thésgve prowde further motlvat|pn for our study. Section 1
sensor nodes are battery-powered, and it is usually difficgi{mmarizes some data-centric routing prqtocols. We then
to replace batteries once they are deployed in dangerousggperal'ze’ in Section IV, the energy analysis for the 3-stage

remote locations. Therefore, energy conservation is also elertocols, and construct models to determine whether it is best

important design consideration for sensor networks. to -broa%cast data W'lt h lm?]xmurcvtrarr: Sm'SS'OT (;j)ower or to
Many energy-aware routing algorithms [1] [2] have beeHnicast data over multiple hops. We then conclude our paper

proposed for the problem of disseminating data in sens\eﬂth summary and description of future work.

networks. Those routing protocols can be broadly classified as

either data-centric or location-centric. Data-centric protocols Il. MOTIVATION

[4]-[6] use metadata negotiations or nhamed data before anyRecent advances in sensor networks have led to many rout-
actual data transmissions to eliminate redundant data transrmsr protocols specifically designed for resource-constrained
sions, thus achieving energy-efficient dissemination. Locatiosensor motes. A family of data-centric data dissemination
centric protocols [7] [9] require accurate location informatioprotocols is examined in this paper: (a) The SPIN (Sensor



Protocols for Information via Negotiation) protocol family [4]direct broadcasting with maximum transmission power. We
[6] — SPIN-PP, SPIN-EC, SPIN-BC, SPIN-RL; and (b) SPM%®ill derive an analytical result for this critical fraction of
(Shortest Path Minded SPIN) [5]. The common idea behindterested nodes in two extreme cases - memoryless case and
these protocols is to use metadata negotiations or named dafi@mite memory case.

before transmitting actual data. Metadata is a high-level data

descriptor that is much shorter than the actual data packets and I1l. DATA-CENTRIC ROUTING PROTOCOLS

has a one-to-one mapping with the real sensor data. There i%roadcast and unicast are two operations that sensor nodes
no standard metadata format; it is application-specific. P

There are three types of messages used in these dﬁgto communicate with each other. In this section, we will

dissemination protocols: an ADV message that advertises newy e a class of data-centric routlrjg protocols and derive a
ralized model for energy analysis.

data; a REQ message that requests a specific data; and,gﬁr(]-:e
DATA message which carries the actual data. ADV and REQ
messages contain only metadata. A three-stage (ADV-RE®- The SPIN Protocol Family
DATA) handshaking protocol is then used for data dissemina-Generally speaking, the family of SPIN protocols are “con-
tion. The basic protocol begins when a node obtains new dai@jied” flooding protocols. The design goal for the SPIN pro-
It sends an ADV message which describes the new data t0§go| was to address the “broadcast storms,” overlap problems,
neighbors. Upon receiving an ADV, a neighbor node checkgq resource blindness of traditional flooding protocols.
to see whether it already possesses the advertised data. If nofne  SPIN protocol family uses data negotiation and
it sends a REQ message to the sender. The protocol complei&g,rce-adaptive ideas. Nodes running SPIN perform meta-
when the sender responds to the REQ with a DATA messaggta negotiations before each data transmission. This ensures
Because only a fraction of the nodes may be interested in #@t no redundant data is transmitted. The SPIN protocol
data, this three-stage handshaking mechanism helps remeiis with a source broadcasting an ADV message containing
redundant data transmissions and thus results in more effiCigfitadata for its data. Each node in its transmission range will
data throughput in resource-constrained sensor networks. then respond with a REQ message if it is interested in the data.
It is well known that radio propagation path 10Ss iS ghe DATA is then sent to the interested nodes. The process
superlinear function of distance. This raises an open problglyecyrsive; as a result, all the nodes in the network that are
on how to distribute data to all the interested nodes Wifterested in the data will eventually receive a copy of it.
minimum energy consumption: one-hop direct broadcast withgp|N-RL, a variant of SPIN, considers what happens when
maximum transmission power or multi-hop unicast with ming, Apyv or REQ gets lost during transmission. Each node in
imum transmission power — or even a hybrid of these tW§p|N-RL keeps track of all the ADVs it has heard, if it does
types of delivery. Note that here the underlying assumption ig; yeceive the data within a period of time following a request,
that the network is not partitioned even when the minimuge node retransmits the REQ for the data. The resent request
transmission power is used. There exists a trade-off betwegth pe sent to a different sender since the node may receive the
reaching all nodes in one hop using higher power at a highme advertisement from different sources. It then randomly
interference cost and reaching all nodes in multiple hopg-ks from a list of neighbors that had advertised the specific
using less power at a low interference cost. Suppose that )3 |f the DATA message is lost, a SPIN-RL node will wait

power level of a transmission can be chosen from a set@f 5 predetermined amount of time before responding to any
different values, when s it best to switch from the multi-hop,qre requests for that piece of data.

transmissions to direct broadcast if the goal is to minimize
energy consumption of the whole network?

Another benefit to using a transmission power that is mu&h SPMS
smaller than the maximum transmission power is improved The transmission energy spent in wireless communication
network throughput because of a reduction in the media accesgiven by a power of the distance between the source and
contentions. destination. SPIN has no mechanism for adjusting power levels

Intuitively, when the network load is low — i.e., only a smalfor different transmission distances within one cell. Shortest
fraction of nodes are interested in the data — it is more powath Minded SPIN (SPMS) extends SPIN by using low-power,
efficient to use multi-hop short range communications withnulti-hop communication for the REQ and DATA messages. A
minimum transmission power due to the exponential attendistributed Bellman-Ford algorithm is run to find the shortest
ation of radio signals. Conversely, one single-hop broadcgstths among all the nodes in a zone, which is defined as
at the maximum transmission power is favorable when tlenode’s coverage area with maximum transmission power.
network load is high — i.e., most active nodes are interesteBdch node maintains routes to other nodes in the zone. SPMS
in the data — because direct broadcast of the data withoatluces the energy consumption and delay when compared
metadata negotiations will save the control overhead intrevith SPIN and can be made resilient to intermediate node
duced by the handshaking mechanism. Based on the abtaikires through the use of backup routes.
discussions, one critical issue in the negotiation-based dat&SPMS divides the whole sensor network geographically into
dissemination protocol design is to determine the value of theultiple zones based on the sensor nodes’ transmission range.
threshold fraction of nodes interested in data beyond whiés in SPIN, the first phase of SPMS is to broadcast the ADV
the network should switch from handshaking mechanism packet to all its zone neighbors. If a node is interested in



the data, it will send a REQ back to the source. In SPIN,iadependently with probability whether it is interested in the
REQ is sent directly to the source in one hop. In SPMS, avertised data. The nodes interested in the data are therefore
REQ packet is sent to the source through the shortest pdibtributed according to a Poison process with ate
using the lower possible transmission power for each hop. IfWe will show that which approach is better depends on
a node is not one hop from the source, it has to send it fraction of the nodes in the network that are interested in
REQ through multiple hops. If a node has to do the multthe data. There is a critical value pf sayp*, such that we
hop communications, it will wait for a predetermined fixedhould use multi-hop unicast wheneyex p*, and broadcast
time to send out the REQ since the goal is to request dattherwise. In all cases, we find that is related to\ by Eg.
from nodes that are close by and hence can be reached with
the minimum use of transmission power. This REQ forwarding Determining p* for protocols where each node only has
process provides the path information to the destination, whithite memory used to cache the requests and data is difficult
enables data from the source to traverse the same path as RIE®to the complexity of cache management, so we determine
but in the reverse direction. lower and upper bounds for any real protocol. The upper
Because SPMS is based on multi-hop communications,bbund will be obtained by assuming that all nodes retain all
experiences the problem that any intermediate node may faflormation that they hear: thafinite memorycase. The lower
during the communication process. SPMS thus has spedialind will correspond to a network in which nodes do not
mechanisms that account for node failures. At any stage reinember any information: thmemorylesgase.
SPMS, the sink node maintains two routes: best route throughAssumptions: (i) Nodes are uniformly distributed in a circle
Primary Originator Node (PRONE) and second best routwith a density of A nodes per unit area; (i) There are k
through Secondary Originator Node (SCONE). There can bedifferent transmission power levels, varying from a minimum
multiple SCONES in order to tolerate more node failuresadiusr; (=r) to a maximum radius, (=k x r); (iii) The
Initially, all nodes set up their PRONE and SCONE to be theodes around a node broadcasting an ADV can be considered
source node. If a sink node receives an ADV from a clos&y be divided into non-overlapping rings of widih (iv) A
node, it will update its PRONE and set SCONE be the PRONtacket can always get from one ring to the next in one hop;
from a previous stage. In a fully connected zone, SPMS cér) The received signal power is proportional #0%, where
tolerate source node failure after its data has been receivedrlig the distance from the transmitter abd< o < 4; and (vi)
its zone neighbors and tolerate any intermediate node failufgse fraction of nodes that are functioning/awake3is
during its multi-hop transmissions.

A. The Case of Failure-Free Transmissions
C. Node Failures and Sleep-Wake Strategies Since the rings do not overlap, the number of the nodes in

All sensor networks are subject to failure of nodes fd#ach ring is independent. Lé¥; be the number of nodes in
many reasons: energy exhaustion, damage’ System |OCk'Lﬁm 7 that are interested in the data. Assume that the fixed
etc. These failures gradually reduce the density of the nodégergy costs associated with radio setup in transmit mode
Any strategy for choosing broadcast vs. multi-hop unicast mud receive mode aré€; and &, respectively. The energy
know how to adapt to this gradual decrease in node densitiequired to broadcast data to the entire zone is the sum of the

To reduce node failures due to energy exhaustion, maﬁgnsmission energy broadcasting at maximum transmission
networks utilize sleep-wake strategies [3] [8]. For example, Bpwer plus the energy used by all the nodes in the network to
any given time, some fraction of the nodes may be sleepifigten to the broadcast:
and are thus out of contact. This_ also reQuces the density of E[&)] = c1(kr)*PLy + & + EN](c2PLa + &) (2)
nodes that are able to express interest in an ADV that was
just sent. If the sleep time exceeds the time to deliver théhereE[N] = 3Ax(kr)? is the expected number of nodes that
data, then it is the same as if the network was operating agk€ interested in the data.
lower density. The energy cost of sending a packet with payldad over

For the above reasons, our analysis will incorporate an orige hop is given by:
inal density of nodes and allow it to be multiplied by a fraction
that specifies the fraction of nodes that are awake when the &y =ar*PL+&, ©))
A[_)V/REQ/_DATA handshakes tf':\ke place. One _consequen_cev%erecl is the energy cost per bit sent.
this effect is that a network might need to switch from high- ., 5 gimilar fashion, the energy cost of receiving a packet
power broadca_st t_o lower-power, multi-hop unicast when the., payload PL over one hop is given by:
fraction of functioning/awake nodes crosses below a threshold.

& =cPL+E, )
IV. DESIGN CHOICES: SINGLE-HOP BROADCAST OR Assume that the size of ADV and REQ packetsP&. bits
MULTI-HOP UNICAST and the size of data packets L, bits, including the MAC

Our goal is to determine which approach - single-hojayer overhead.
broadcast or multi-hop unicast - minimizes energy usage in anyThe energy required to move data one hop is the energy
specified situation. Sensor nodes are distributed in a zoneefuired to transmit and receive one ADV and one REQ plus
according to a Poisson process with ratéeach node decides the energy required to transmit and receive one data packet:



471uJ, PLy = 21PL., PL. = 96 bits. The parameters are
calculated using the specs of Mica2 motes. For a given curve,
Enop = €17 (2PLeA PLa)+3E+02(2PLetPLa)+3E: (5) it the fraction c?fthe iEterested nodes satisfies< pg, then

1) Memoryless CaseFirst consider the worst case in whichwve should choose multi-hop unicast transmission over direct
each request is handled separately because any intermedig@@dcast. Notice that in Figure 47 increases as the number
node cannot cache the request. The request goes from the 8ihRops k increases in the infinite memory case because the
to the source and data moves from the source to the sink. Tiergy cost of going far off via unicast does not increase with k
total energy consumption in this memoryless case is givéHe to cached requests and data by intermediate nodes. Figure
by the number of hops required to reach each node that2isshows thatp* increases asy increases, which indicates

interested times the energy used per hop: that multihop unicast communication is favored in non LOS
0 propagation. Notice that in Figure 3, far = 4 (non LOS,
Emn = (N1 + 2Nz + -+ + ENg)Epop (6) two path model for large distances); eventually begins

The total expected energy is thus: increasing as a function of the number of hops in the zone.

E[€n] = (EIN1] + 2E[Ny] + -+ + KE[Ny))Enop  (7) a| N memoess ]
The expected number of interested nodes in each ring is given ol | \
by:
E[N;] = ((ir)* — ((i — 1)r)?)pBA ® o |
From (7) and (8), osr |
| .
E[£0,] = Eghoppﬂ)\wr2k(k +1)(4k — 1) 9)
For the k-hop case, the power used by broadcast and unicast o1l - . - )
are equal when: A
1 . - ) . .
ZEhonDi BTk (kK + 1)(4k — 1) = Fig. 1. The critical fraction of interested nodes vs. the node densiag
6" pPo ATk (k -+ 1)( ) (10)  the number of hopg is varied ¢ = 3)

c1(kr)*PLg+ Es + E[N](coPLg + &)
Solve (10) forpg,

«@ oof| N lid: | T = a=
6(ca(kr)* PLa+ & + ENI(@PLa+ &) ) |\ dashed e memory 2]

ra

*_

Po = Ehop 2 BNk(k + 1)(4k — 1)

2) Infinite Memory Case:Assume that each node has
infinite memory so that it can cache all overheard requests
and data. This is the best case scenario. Each node perceives
all data as coming from sources that are one-hop neighbors.
Thus:

57(;0}1 = (Nl + N2 + 4+ Nk:)ghop (12) % 10 2 3 20 50

The total expected energy is thus:
Fig. 2. The critical fraction of interested nodes vs. the node densdg o

E[ESS] = pﬂ)\w(kr)Qghop (13) is varied ¢ = 6)

mh

pzoﬂ)\ﬂ'(kr)2gh0p =c1(kr)*PLg + & + E[N](coPLq + &) B. The Case of Transmissions with Failures
(14) Retransmissions due to node or link failures could increase

Solving Eq. (14) forpZ,, the energy cost. Suppose the probability of transmission failure
is ¢q. Let A; be the number of transmission attempts required
. c1(kr)*PLg+ Es + E[N](coPLy + &) (15) for nodei to receive a packet successfully.
Po =
ﬁ)\ﬂ(k?‘)2ghop P(AZ S n) =1— qn (16)

Notice thatp* for both cases has the forpt = % + C.
The behavior ofp* for different values of), k, and « is
shown in Fig. 1-3. The parameters are® = 1, 3 = 1, 1

¢1 = 0.677%/2] [bit, ¢5 = 0681 /bit, £ = 46.50], &, = BlA]=1—, an

wheren =1,2,3,---



-_— 2) Infinite Memory CaseThe total expected energy for the

osf _~ 7 solid: memoryless ] infinite memory case given that the unicast transmission failure
dashed: infinite memory ~ e .
o8 a=4,’ - probability isq:
1 1
El&mn] = (ENi— . +o HEN] =) Ehop
PO (kr)? (23)
= 77 N Cho
(1-q %

Equating the right sides of (20) and (23), and solving for the
: critical p_ yields:
2 s 4 5 & 1 8 9 1 (1 —q)E[Ep.]
R Sl i v 24

“ Poo = BN mr2k2E 0, (24)
Fig. 3. The critical fraction of interested nodes vs. the number of hops, Khe behavior of the critical probability in these cases of
asa is varied = 10) transmission failures is generally the same as in the failure
free case - the failure probabilities shift the curves up(right)

) ) o ) or down(left).
If an intermediate node keeps transmitting until successful

and each transmission is independent, the expected number of V. CONCLUSION AND FUTURE WORK
transmissions for the receiver to get the packet correctly iswe have performed an energy efficiency analysis and given
k/(1—q). closed-form results for the worst-case and best-case scenarios.

The packet loss probability ig, for the broadcast, assumingin these two cases we are able to calculate the critical value for
each node receives the broadcast packet independently. Pthb-fraction of nodes interested in the data at which the switch
ability that all nodes get the packet within n attempts is ahould be made between one-hop broadcast communication
follows: with maximum transmission power and multi-hop unicast

N communication with minimum transmission power.
_ ) _ 1 _ N Cases that arise in practice will lie between these extreme
P(Ad<n)= HP(A’ sn)=(01-g) (18) cases. We thus wish to develop very realistic analytical models
that account for the way information is disseminated in a
where N = BAr(kr)?. real network. This would, for example, require that we model
the spatial process that describes how both REQs and DATA

i=1

0 0 messages propagate through the network when nodes have
E[A] =) nP(A=n)=) P(A>n) large memories and omnidirectional and/or directional anten-
n=1 n=1 (19) nas. The challenge in this case is modeling the way in which
N i1 (N 1 one node that would like to request the data can overhear
- Z(_l) (Z ) 1—q another node’s request — and then hold its request and wait to
=1

overhear the DATA when it is sent to the first node.

The expected energy usage for broadcasting to ensure that
every node in the zone receives the packet is then:
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