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2 . Minimum Power Configuration

This paper proposes the Minimum Power Configuration (MPC) approach to power manage-
ment in wireless sensor networks. In contrast to earlier research that treats different radio states
(transmission/reception/idle) in isolation, MPC integrates them in a joint optimization problem
that depends on both the set of active nodes and the transmission power. We propose four ap-
proximation algorithms with provable performance bounds and two practical routing protocols.
Simulations based on realistic radio models show that the MPC approach can conserve more en-
ergy than existing minimum power routing and topology control protocols. Furthermore, it can
flexibly adapt to network workload and radio platforms.

Categories and Subject Descriptors: C.Z2puter-Communication Networks]: Network Architecture and
Design—wireless communication.2.2 [Analysis of Algorithms and Problem Complexity]: Nonnumerical
Algorithms and Problems-Routing and layout

General Terms: Algorithms, Performance, Theory
Additional Key Words and Phrases: Sensor Networks, Minimum Power Configuration, Ad-Hoc
Networks, Energy Efficiency, Wireless Communications

1. INTRODUCTION

Many wireless sensor networks (WSNs) must aggressivelgaror energy in order to
operate for extensive periods without wired power sourc8sce wireless communi-
cation often dominates the energy dissipation in a WSN, raéyromising approaches
have been proposed to achieve power-efficient, multi-hepnoonication in ad hoc net-
works. Topology controprotocols [Rodoplu and Meng 1999; Ramanathan and Hain 2000;
Narayanaswamy et al. 2002; Kawadia and Kumar 2003; Li e08l12Alzoubi et al. 2003;

Li et al. 2003] aims to reduce the overall transmission pavfernetwork by adjusting the
transmission range at each node while still preservingsseecg network properties (e.g.,
connectivity).Power-aware routingprotocols [Singh et al. 1998; Doshi et al. 2002; Doshi
and Brown 2002; Chang and Tassiulas 2000; Sankar and Liu] 2b0@bse appropriate
transmission ranges and routes to conserve energy usedfithmp packet transmission.
Both topology control and power-aware routing focus on oaalyithe power consumption
when the radio interface is actively transmitting/recegvpackets. Such approaches alone
are often insufficient, however, because radio interfaegs,(the CC1000 radio on Mica2
motes [Crossbow 2003] and WLAN cards [Chen et al. 2001]) edssume non-negligible
power even if they are running in idle stat8leep managemefthen et al. 2001; Xing

et al. 2005; van Dam and Langendoen 2003; Zheng and Kraveg hipara et al. 2000;
IEEE 1999; Ye et al. 2002; Polastre et al. 2004] has been paapto reduce the energy
wasted in an idle state by turning off radios when not in use.

Clearly, a WSN needs to reduce the energy consumed in ealeh aidio’s power states
(i.e., transmission, reception, and idle) in order to mizgrits energy consumption. This
requires a WSN to effectively apply all the above approacheswe will show in this
paper, however, the correlations between the differentagghes are dependent on the
network load and hence cannot be combined in a straightfarfeshion. For example,
when network workload is low, the energy consumption of a Ws#ibminated by the idle
state. In such a case, scheduling nodes to sleep saves themaggy. It is therefore more
energy-efficient for active nodes to use long communicatémges since it will require
fewer nodes to remain awake in order to relay packets. Cealygishort radio ranges may
be preferable when the network workload is high, as the raids to spend more time
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in the transmission and reception states. In this paperre@oge a novel approach called
minimum power configuration (MPQhat minimizes the aggregate energy consumptionin
all power states. In sharp contrast to earlier researcltrbatied topology control, power-
aware routing, and sleep management in isolation, MPC gesva unified approach that
integrates them as a joint optimization problem in which plogver configuration of a
network consists of a set of active nodes and the transmigsioer of those nodes.

This paper makes the following key contributions. First,shew through analysis that
the minimum power configuration of a network is inherentlpeiedent on the data rates
of sources in the network (Section 3). Second, we providenapmeblem formulation that
models the energy conservation in a WSN as a joint optintagtroblem that considers
the overall energy consumption from all power states of #aoraccording to the network
workload (Section 4). Third, we show that the minimum powenfgguration problem
is NP-hard, and then propose four approximation algoritkuitis provable performance
bounds compared to the optimal solution (Section 5). Fouréhpropose two distributed
protocols Minimum Power Configuration Protocol (MPCP) anthikhum Active Subnet
Protocol (MASP) (Section 6). The key advantage of MPCP isitlzan flexibly adapt to a
wide range of radio platforms by taking into consideratio@ power characteristics of the
radio while MASP is a more efficient protocol that is only aibie for radios with high idle
power. Finally, our analysis is validated by the detailedidations based on a realistic
radio model [Zuniga and Krishnamachari 2004] (e.g., asytrimand probabilistic radio
links) of the Mica2 motes.

2. RELATED WORK

Numerous solutions have been proposed for conserving girevgreless ad hoc (sensor)
networks in literature. These protocols can be classifigal iaughly three approaches,
namely topology control, power-aware routing, and sleepagament. We summarize the
limitations of each of them after providing a brief overvieWthe existing works of each
approach.

Topology control: Topology control preserves the desirable properties ofreless
network (e.g., K-connectivity) through reduced transioispower. A comprehensive sur-
vey on existing topology control schemes can be found inni&iwic et al. 2003]. We
review several representative works here. In the schenmopeal in [Rodoplu and Meng
1999], a node chooses to relay through other nodes only wédssngower is used. The
network can be shown to be strongly connected if every noddities to only those nodes
that are within its “enclosure”, as defined by a relay regi®amanathan proposed two
centralized algorithms to minimize the maximal power usedmpode while maintaining
the (bi)connectivity of the network [Ramanathan and Hai@@®0Two distributed heuris-
tics were also proposed for mobile networks in [RamanathahHain 2000], although
they may not necessarily preserve network connectivityo @lgorithms are proposed in
[Kawadia and Kumar 2003; Narayanaswamy et al. 2002] to rasimetwork connectivity
using minimal transmission power. CBTC [Li et al. 2001] me&s network connectivity
using the minimum power that can reach some node in every ecbeize smaller than
57 /6. A local topology called Localized Delaunay Triangulatisrshown to have a con-
stant stretch factor with respect to the original networkzpAibi et al. 2003]. Li et al.
proposed a MST-based topology control scheme which pres¢ne network connectiv-
ity and has bounded node degrees [Li et al. 2003]. The probfemaximizing network
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4 . Minimum Power Configuration

lifetime under topology control is studied in [Calinescakt2003].

Power-awar e routing: Power-aware routing minimizes the total transmission gner
consumed by a packet on its network route. Singh et al. pexpfige power-aware rout-
ing metrics to reduce energy consumption and extend sysfetimie [Singh et al. 1998].
The implementation of a minimum energy routing protocoldshen DSR was discussed
in [Doshi et al. 2002; Doshi and Brown 2002]. An online poveevare routing scheme
is proposed to optimize system lifetime in [Li et al. 2001]habg and Tassiulas studied
the problem of maximizing the lifetime of a network with knowlata rates [Chang and
Tassiulas 2000]. Chang et al. formulated the problem of simgoroutes and transmission
power of each node to maximize the system lifetime as a lipgsgramming problem and
discussed two centralized algorithms [Chang and Tassk088]. Sankar et al. formu-
lated maximum lifetime routing as a maximum concurrent flowtglem and proposed a
distributed algorithm [Sankar and Liu 2004]. More recerilgng et al. [Dong et al. 2005]
studied the problem of minimum transmission energy roduitirthe presence of unreliable
communication links.

Sleep management: Recent studies showed that significant energy savings can
achieved by turning radios off when not in use. There are tagidapproaches, namely
scheduling and backbone based sleep management. In thduiogebased approach,
nodes turn on their radios only in scheduled slots. The adliots of different nodes can
be synchronous [IEEE 1999; Ye et al. 2002], or asynchrongherig et al. 2003; Polastre
et al. 2004; Ergen 2002; Hohlt et al. 2004]. In addition, saladaptive sleep schemes
dynamically adjust the schedules based on traffic acts[tie et al. 2002; van Dam and
Langendoen 2003; Zheng and Kravets 2003; Chipara et al.]200@ backbone based
sleep management can improve network performance by ndmgaa backbone com-
posed of a small number of active nodes, while schedulingther nodes to operate in
low duty cycles to conserve energy [Chen et al. 2001; Xu e2@01; 2000; Xing et al.
2005].

None of the three approaches above optimizes the energymomtion of all radio states.
Topology control and power-aware routing reduce the trassion energy of wireless
nodes and do not consider the idle energy. Sleep managearenéduce the idle energy
by scheduling idle nodes to sleep, but does not optimizeréimesinission energy. In sum-
mary, the existing approaches suffer from the following twajor drawbacks. First, the
existing approaches are only suitable for limited netwankditions as they only minimize
the energy consumption under partial radio states. Powarearouting and topology con-
trol are effective only when the network workload is so highttthe transmission energy
dominates the overall energy consumption of the networkail8ily, sleep management
is effective only in lightly loaded networks where the idieeegy dominates the overall
energy consumption. Second, the existing schemes maywaejddifferent performance
characteristics among different radio platforms. For epl@nalthough sleep management
may considerably reduce the energy consumption when ta@ailer of the radios is high
relative to the communication power, it is less effectiveralios that have low idle power.

In this paper, we show through analysis that the network gardition that minimizes
the total radio energy depends on workload as well as radioacieristics. Recently,
Dong [Dong 2005] independently pointed out that there exttkload-dependent trade-
offs between topology control and power-aware routing ofeoto minimize both idle and
transmission energy consumption. However, the probleminifnizing the total energy is
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left unaddressed. In this paper, we formalize the probledrp@opose several approximate
algorithms as well as practical distributed protocols. Ae best of our knowledge, this
work is the first that aims to minimize the total energy conptiom of all radio states in a
network.

3. AN ILLUSTRATING EXAMPLE

In this section, we illustrate the basic idea of our approaith a simple example. We
focus on the energy consumption of radios since they tend tbdmajor source of power
dissipation in wireless networks. We will show that when thil energy from each of
the different radio states is considered, the optimal neéwonfiguration depends on the
radio characteristics and data rates of the network. A es&®lradio can work in one
of the following states: transmitting, receiving, idle,dasleeping. The corresponding
power consumptions are representeddy(d), P.., P, andPs, whered is the Euclidean
distance of the transmission.

a Cc

Fig. 1. Two communication paths from atoci— cora — b — c.

As shown in Fig. 1¢, b andc are three nodes located in 2D spac@eeds to send data
to ¢ at the rate of? bps. The bandwidth of all nodesisbps. There are two network con-
figurations to accomplish the communication betweemdc: 1) a« communicates witla
directly using transmission rang@:| while b remains sleeping or 2) communicates with
b using transmission rangeb| andb relays the data from to ¢ using transmission range
|bc|. Minimizing the total energy of all nodes in the network isie@lent to minimizing
the average power consumption of all radio states. We dé¢met@verage power consump-
tion under the two configurations & and P, respectively.P; and P, can be computed
as follows:

R R R
P ==.P, 2 Pe+2(1—=2) Py+ P,
1 = 5 Pullac) + 3 P +201— 5) Pa+
R 2R 4R
Po = T+ (Pusllabl) + Pis(lbe])) + T - Pra + (3= ) Pag
.§‘ b,
8
g P,
3P, !
2P P i
R DalaRat:

0
Fig. 2. Average power consumption vs. data rate
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6 . Minimum Power Configuration

Each term inP; or P, is the product of power consumptionin a radio state and #itm
of time the radio operates in that state. For example, in teetérm of P2, P, (|ab|) +
P, (|be|) is the transmission power of nodesindb, and £ is the fraction of time nodes
a and b operate in transmission state. Similarly, the second term,orepresents the
contribution of the reception power of nodesandc. In the third term ofP, P, is the
idle power, and3 — % is the sum of the fractions of time when node$ andc stay in
the idle state. Specifically, nodeis idle 1 — % of the time because it becomes idle when
not transmitting ta, nodeb is idle 1 — % of the time because it becomes idle only when
neither transmitting te nor receiving fronmu, and node: is idle 1 — % of the time because
it becomes idle when not receiving fram

For the given radio parameters and node locations, all sisré@eptR are constant
in the expressions aP; and P,. We plot P, and P, in Fig. 2 under a possible setting of
radio parameters and node locations. We can sed?hat P, when the data rate exceeds
a thresholdr, given by:

- e ®

Piz(|ac]) — Pia(|be) — Pia(|ab]) + 2Pia — Pra

To get a concrete estimation dty, we now apply the parameters of the CC1000 radio
on Mica2 motes [Crossbow 2003] to (1). Fordd3M H =z CC1000 radio, the bandwidth
is 38.4 Kbps. There are a total &f1 transmission power levels, each of which leads to
a different transmission ranyeSupposeP;,. (|ac|) is equal to the maximum transmission
power 80.1 mMWP;,.(|ab|) and P, (|bc|) are equal to the medium transmission power 24.6
mW. P4, P, andP; are 24 mW, 24 mW and W, respectively. Using this information,
it can be calculated that relaying through néde more power efficient when the data rate
is abovel 6.8 Kbps.

This example leads to the following observations on the pafficient network config-
uration: 1) When network workload is low, energy consumptiba network is dominated
by the idle state of the radio. In such a case, schedulingstmisleep saves the most
energy. It is therefore wise to use long communication réefeveen any two nodes in
order to allow any nodes that would otherwise be used asgdétagleep. 2) When net-
work workload is high, the transmission energy dominatesttiial energy consumption
of a network. Since transmission power increases quickth wistance, using shorter
communication ranges that are relayed through multipleea@dves more energy.

Ro

4. PROBLEM DEFINITION

We define our problem formally in this section. We first defiaeesal simple concepts. A
node can either bactiveor sleeping For any given time instance, an active node works
in one of the following statedransmitting receivingor idle. The total energy consump-
tion of an active node is equal to the sum of the energy consampm all states. The
sleeping power consumption is orders of magnitude lower #wdive power consumption
[Crossbow 2003; Chen et al. 2001]. In this paper, we only ickemghe total active energy
consumption in a network. We define the following notation.

(1) The maximal and minimal transmission power of each nedkenoted by’;** and

1The actual transmission range of a radio also depends oroanvent and antenna.
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Prin | respectively.P;, (u, v) is the minimum power needed for successful transmis-
sion from node. to nodev, P < Py, (u,v) < Por,

(2) G(V, E) represents a wireless networK.includes all nodes in the network arfitlis
defined asr = {(u,v)|(u,v € V) A (Py(u,v) < Pow)},

(3) P, and P;4 represent the power consumption of a node in receiving aedsidte,
respectively.

(4) S = {s;} andT = {t,} represent a set of source and sink nodes, respectively.
{(si,tj,155) | si € S, t; € T} represents a set of traffic demands where sosyce
sends data to sink at rater; ;.

In many sensor network applications, e.g., periodic datecoon [Mainwaring et al.
2002; Xu et al. 2004], a source is aware of its data rate. Adtively, a source may
estimate its average data rate online. We assume that tievmtkload in the network is
lower than the network capacity, which is in turn much lowart nodes’ bandwidth in
multi-hop wireless networks due to network contention amdrference. We note that this
assumption holds in many sensor network applications withdata rates. For instance,
in the WSN deployed at Great Duck Island for habitat monitg{iSzewczyk et al. 2004],
each mote only sends its sensor data to the base stationZ/erinutes. Many other rep-
resentative applications (e.g., precision agriculture @argo tracking) also have low data
rate.

The Minimum Power Configuration (MPC) problem can be statetbdows. Given a
network and a set of traffic demands, find a subnet that satisfeetraffic demands with
minimum energy consumption. We note that minimizing thaltehergy consumption of
a network is equivalent to minimizing the average power oamgion of all nodes. We
first consider the average power consumption of a node, asguhe data patlf(s;, t;)
from sources; to sinkt; is known. To simplify the formulation, we introduce a virtua
source node, and virtual sink node.. to the network.s, sends data to each sourge
at the rate of-; ;. Each sinkf; sends data te, at a rate ofr; ;. Note that the additional
power consumption due to the introductionsefandt, is constant for a given set of traffic
demands. Now the average power consumptitfa,), of any active node (excludings..
andt.), can be computed as the weighted average of power consamipttransmitting,
receiving, and idle states:

P(u)

(1—2 Z Ti,j) - Pia + Z Tij - (Pea(u,v) + Pra)
(u,v)Ef(si,t5) (u,v)Ef(si5t5)
- Pid + Z Ti,j ° (Pt:v(u7 U) + P’rz - 2Pid)
(u,v)Ef(sirt))
where(u, v) € f(s;,t;) represents that there exists a nedich that edgéu, v) is on the
path f(s;,t;). Based on the average power consumption of a node definecetabtive
equation, the MPC problem can be defined as follows.

Definition 4.1 MPC problem Given a networkG(V, E) and a set of traffic demands
1, find a subgraptG’(V',E’) (V! C V,E’ C E) and a pathf(s;,t;) within G’ for
each traffic demands;, t;,r; ;) € I, such that the average power consumptit(i¢=’) is
minimal, where
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8 . Minimum Power Configuration

P(G) =Y Pw=VIz+ > > 1 Cus @)

ueV’ u€V’ (u,v)€f(s,t;)

andC,,, andz are defined as follows:

Cu,'u = Ptz(“q 'U) + P’rz - 2Pzd (3)

From the above formulation, we can see that an €age) has a cost’, ,, for each unit
of the data flowing through it, and each node has a fixed edkat is independent of
workload. We assume that all the data in the same flow takesatine path, i.e., a flow is
not splittable. Under such a consumption, one can show #tatarnk pathf(s;,¢;) is the
shortest path in grap’ with edge weight”,, ... (2) can then be reformulated as follows:

P(G) = |V'|z+ > 1y Plsity) 5)
(sqtj,mi 5)€T
whereP(s;, t;) represents the shortest pattGH(V’, E’) with edge weight’,, ,,. Accord-
ing to (5), the total power cost is equal to the sum of the caktsg the shortest path of
each traffic demand and the total nodal costs.

WhenV(u,v) € E, P (u,v) + P., = 2P;4, the cost function of the MPC problem
becomegV”’|z. When there is only one sinkin the network, the problem is equivalent
to finding the minimum-weight Steiner tree (V, E') with uniform edge weight to
connectthe nodes isiu{t¢}. This special case of the minimum-weight Steiner tree bl
is NP-hard [Garey and Johnson 1990]. As a result, a natwlakttesn from this problem
can show that the MPC problem is also NP-hard.

Although polynomial solutions for the general MPC problerma anlikely to exist, the
following non-trivial special cases of the MPC problem cansblved optimally in poly-
nomial time.

(1) WhenSuUT = V,i.e., every node in the network is either source or sink amth
needs to remain active. Thus the first term in (2) becoj#és which is constant for
a given network. In such a case, the solution is equivaleimtiing the shortest paths
with edge weight; ; - C; ; connecting all sources to their sinks and hence can be
solved in polynomial time.

(2) WhenP,; = 0, as is similar to the first case, the MPC problem can be solgéhally
by shortest-path algorithms.

In the problem formulation, we assume that all data soun@krown offline. This as-
sumption may not be practical in many sensor network apipica where data sources are
usually triggered by asynchronous events (e.g., an obgssipg by) or a query submitted
by users. That is, the data sources in many scenarios amrareanline fashion. In Section
5, we discuss both offline and oneline approximate algostfanthe MPC problem.

In our problem definition, the energy consumption of packétansmissions on lossy
communication links is ignored. Recent empirical studlessthat lossy communication
links are common in real sensor networks [Woo et al. 2003;,0Zdrad Govindan 2003].
In such a case, the communication quality between two noatebe quantified by packet
reception ratio (PRR) [Zuniga and Krishnamachari 2004]this paper, we assume an
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automatic repeat request (ARQ) mechanism is used to ddalegsy links. A node with
ARQ keeps retransmitting a packet until the packet is sisfalyg acknowledged by the
receiver or the preset maximum number of retransmissioresished. To reflect the ad-
ditional energy cost caused by retransmissions, the costiin defined in (2) can be
revised as follows. LePRR(u, v, P;,) represent the PRR whencommunicates withy
using transmission powe?,,.. Note thatPRR(u,v, P;,) depends on the quality of both
forward and reverse links betweerandv when an ARQ is useéd The expected transmis-
sion power cost when communicates withy with P,,. on the lossy links can be estimated
asP,,/PRR(u,v, P;,;). Hence the most efficient transmission power that shouldskd u
by « to communicate with is determined as follows:

Ptx'
PRR(’U,,'U,Ptz)

We redefineP,, (u, v) in (3) of our problem formulation according to (6) when therzo
munication links are lossy.

th (u7 'U) = arg min , Pt’;”n S th S Pt'r:rEL(L;L' (6)

5. CENTRALIZED APPROXIMATION ALGORITHMS

We investigate approximate algorithms for the general MR@blem in the this section.

We first focus on the scenario where there is only one sinkemttwork in this section.

Each source; (s; € S) sends data to sinkat a data rate of;,. We discuss the extension
of some of our results to the scenario of multiple sinks intidad.3.

5.1 Matching based Algorithm

When there is only one sink and data flows are not splittahke MPC problem has the
same formulation as theost-distancenetwork design problem [Meyerson et al. 2000].
Meyerson et. al proposed a randomized approximation schideyeerson et al. 2000] that
has a best known approximation ratio®flg k) with k& being the number of sources . We
briefly review the algorithm and propose an optimizatiort t@nsiderably improves the
practical performance of the algorithm.

The Meyerson algorithm takes a graflV, E') and outputs a subgraghf (V’, E’) that
contains the paths from all sources to the sink.

The time complexity of the above algorithmdk?(m + nlgn)) (wherek, m andn
represent the number of sources, total number of edges ates o G respectively). As
shown in [Meyerson et al. 2000], the algorithm terminatésradt mosiO(lg k) iterations
and the expected cost introduced by the newly added edgescmiteration is at most
constant times of the cost of the optimal solution. Henceajiygroximation ratio of the
algorithm must be(lg k). We refer to this algorithm asatching based approximation
(MBA) in the rest of the paper.

We note that edge of G can lie on the matched edge¥/ah multiple iterations at
step 3 of MBA. However, the fixed cost of each edgis only counted once in the total
cost of the solution (see (2)). This observation can leadhéofdllowing optimization to
MBA. After the matching ofM is found in step 2, we redefine the cost of each matched
edge ofG asD,,, = f’;’rf Cu- Thatis, the fixed cost of each edgés removed if the
edge is matched. The intuition behind this consideratidhdsthe matchings in following

2 Acknowledgment can be transmitted at a relatively high pdesel to reduce the number of retransmissions.
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10 . Minimum Power Configuration

Input: G(V, E), setW = S U {t} and traffic demand$

output: G’ (V' E")

(1) Create a complete grapi¥ containing all nodes i as follows. Each edge between two
nodes inM is the shortest path between the two node&/innder the edge codb. For two
sourcess; andsj, Du,» = 2 + 72::71 Cu,v, (u,v) € E. For a source; and sinkt, D, =
z+71iCuv, (u,v) € E. ’

(2) Find a matching of graph/ that has at most half the cost of the minimum perfect matgling
has at most half of the number of total nodes.

(3) The nodes and edges 6f defining each matched edge &f are added inta&’. For each
matched edgés;, s;) in M, chooses; to be the center with probability; / (r; + 1), otherwise
s; will be the center. Change the data rate of the centeg asr;.

(4) Each non-center node in a matched edgé/ois removed fromid. Stop if S contains only th
sink. Otherwise go to step 1 with the updatéd

11

Fig. 3. Matching based algorithm (MBA) for MPC problem

iterations will tend to reuse the edges@fithat have been previously matched due to the
cost reduction on these edges. Consequently, the totabttst solution may be reduced
by more path sharing. We refer to the MBA with this optimipatas MBA-opt. Although
MBA-opt does not improve the approximation ratio of MBA, weosv in section 5.5 that

it can result in considerable improvement on the practiesiggmance.

Although MBA and MBA-opt have a good performance bound, teeffer from the
following drawbacks. First, efficient distributed implemations of them are difficult to
realize in large-scale sensor networks. In order to find th&ching of the network graph
(step 2 of MBA) in a distributed environment, complex cooation between nodes is
needed [Wattenhofer and Wattenhofer 2004]. Secondly, MBé MBA-opt are not ap-
plicable to the online scenario in which sources arrive dyically because finding the
matching of the network requires the knowledge of all datrses. Finally, MBA and
MBA-opt only work for the scenario in which there is a singieksin the network. Be-
cause of these drawbacks, we are forced to design othenapate algorithms that are
more suitable to distributed and online implementations.

5.2 Shortest-path Tree Heuristic (STH)

In this section, we discuss an approximation algorithmeckthe shortest-path tree heuris-
tic (STH). The idea behind this heuristic is to balance the fiependent cost{(; - Cy, »,)

and the fixed nodal cost) of a graph using a combined cost metric. For convenience, we
define a set of weight functions for edge v):

gi(u,v) =7; - Cyp + 2 (7)

Each weight functiory; (u, v) defines a cost for edge:, v) when the data flow frons;
travels through that edge. The pseudo-code for STH is showigi 4. At each iteration,
STH simply finds the shortest path from one of the sourcesgt@aitik according to weight
function (7). The output of STH is the union of all shortestiysefound. Note that, the cost
of an edge needs to be updated during each iteration (stgpi@ce the cost depends on
the data rate of the current source (according to (7)).

Fig. 5 shows an example of the STH algorithm. Fig. 5(a) showdial network
without any flows. Fig. 5 (b) and (c) show two iterations of STiHeach iteration=(V, E)
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Input: G(V, E), source sef, sinkt and traffic demand$
Output: G’ (V' E")
(1) Initialize G (V', E’) to be empty.
(2) foreach s;
(a) Assign edge weights far(V, E) according tay;.
(b) Find the shortest path connectiagto ¢.
(c) Add the shortest path found @ .
(3) end

Fig. 4. Shortest-path Tree Heuristic (STH)

Fig. 5. (a) Initial network with edge weigldt.,,., and node weight = 2 (shown on each node). (b) edge weights
are defined by - Cu,» + 2. (C) edge weights are defined by - C\,» + z. The shortest paths from, s to ¢
are highlighted in black.

is weighted according tg; and the shortest path frog to ¢ is found. The output of STH
is the graph composed of all of the shortest paths found. wicg to (2), the average
power cost (excluding the cost of the sink) can be calcultidx9.4.

Step 4 of the STH algorithm can be implemented using Dijksshortest-path algo-
rithm. The complexity of STH i€(|S||E| 1g|V]). It can be seen that STH outputs the
optimal solution for the two polynomial-time special casés$1PC problem discussed in
Section 4.

Before we investigate the performance bound of STH for theeged MPC problem, we
define the following notation. We define a set of weight fumesiw, for edge(u,v) as
follows:

W; (U, 'U) =T- C’u,’u (8)

w;(u,v) represents the cost of ed@e, v) when the data flow frons; travels through
(u,v). Let P&(u,v) represent the cost of the shortest path between n@ielv in graph
G under the weight functiom. Then (2) can be reformulated as follows:

P(GT) = Pgi(sint) + V|2 ©)

3

We have the following theorem regarding the performanceldi.S
THEOREM 5.1. The approximation ratio of STH is no greater thif].
PROOF. Let P(G') and P(G,,,,) represent the total cost 6f found by STH and the
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optimal solution, respectively. The total cost of the skstrpaths found by STH i@ with
weightg; is greater than ifP(G ) because the idle powerof each node irG' might be
counted multiple times. We have:

P(G) < P%(sit) (10)

’

Since STH finds the shortest pathGrwith weightg; andG C G, we have:

min

D Plisit) < D PY (sit) (11)

N - min
K3 K3

Consider the total cost of the shortest paths fegrio ¢ in G, with weightg;. This cost
is greater than the optimal squtidh(G;nm) since weightz might be counted multiple
times for each node i, ;. It can be seen thatis counted at mosftS| times for each
node (which occurs when a node lies on the paths from all theces to the sink). Thus
we have:

/

IN

SOPE (st < 3P (sut)+ISI(V ]z

k3 7

5] (ZP? (si,t>+<|V’|>z)

min

IN

’

|S|P(Gmin) (12)

From (10) to (12), we have:

/

P(G') < |SIP(Ghnin)
O

5.3 Incremental Shortest-path Tree Heuristic (ISTH)

In STH, the function used to weight the network is differemtdach source. Consequently,
the shortest path from a source to the sink is not affected lgtlver shortest paths are
already established for other sources. Intuitively, thieginot seem efficient since sharing
an existing path could lead to lower nodal costs. Supposeeéraling the shortest path
from s; to ¢ and all the shortest paths fram(0 < j < i) to ¢ have already been found. If
any edge on the existing paths is reused by the new path,¢reniental cost is; - C, ..

This cost does not include the nodal cesince it has been counted by the existing paths.
That is, the edge weights on the existing paths should natdedhe nodal cost. Based

on this observation, we propose the following algorithmezhincremental shortest-path
tree heuristic (ISTHY}hat finds the path from each source to the sink with the mihima
incrementakost. The pseudo-code of ISTH is depicted in Fig. 6. Durieg@xecution, the
algorithm maintains a subgragh that contains the paths from the sources to the sink that
have been visited so far. In each iteration, ISTH finds theaieing source node that is
closest to, but not connected to the sinkdn It then adds the shortest path from that node
to the sink intaG’ . For convenience, we refer to the state of those nodes gliea@d to be
active Once a node becomes active (i.e., included:by the cost of any edge originating
from it is decreased by to reflect the incremental cost incured by the edge when a new
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flow travels through it. Formally, when ISTH finds the shorfgsth from source; to the
sink, the edge cost is defined by the following function:

i Cuw uisactive
hi(u,o) =4 . (13)
r; - Cuw + 2z Otherwise

Input: G(V, E), source sef, sinkt and traffic demand$
output: G’ (V/, E)

(1) Initialize G (V' E") to be empty.
(2) Label all nodes aasleep
(3) w==5.
(4) whileW # ¢
(a) Finds; € W that has the shortest distanceGi{V, E)
to ¢ with edge weight; (u, v).
(b) Add the shortest path frosy to ¢ in G
(c) Label all nodes on the path astive
d) W=W —s;.
(5) end

Fig. 6. Incremental Shortest-path Tree Heuristic (ISTH)

Fig. 7 shows the second iteration of an example of ISTH in tvktie shortest path from
s1 tot has been found. The first iteration of the example is the santiead of STH shown
in Fig. 5(b). The total weights on the shortest path fronto ¢ in Fig. 7 are smaller than
those in Fig. 5(c) since the nodal casis not included. Consequently, different from the
case of STH where two paths must always be disjoint as showigin5(c), the shortest
path froms, to ¢ shares an edge with the existing path. The total number oésiaded
is therefore decreased resulting in less idle energy copgsam According to (2), the
average power cost in this example (excluding the cost dditil® can be calculated to be
7.6. This value is smaller than the one obtained for the soluo8TH. It can easily be
seen that this solution is optimal for this example.

Fig. 7. The shortest path fros to ¢t shares a edge with the existing shortest path fsgrto ¢.
We now prove that the approximation ratio of ISTH is at leasfjaod as that of STH.
THEOREM 5.2. The approximation ratio of ISTH is no greater thgs].
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PROOF. Let P(G') andP(G,,,,) represent the total cost 6f found by ISTH and the

optimal solution, respectively?(G/) equals the sum of the costs of all shortest paths found
by ISTH. We have:

P(G) = > Pli(sit)
According to (13) and (7)h; < g¢;- Hence the incremental cost found by ISTH at each
iteration must be no greater than that found by STH. We have:

D PG sut) < 3 P (sit) (14)
According to (14), (11) and (12), we have:
P(G') < |S|P(Gpnin)
O

As we mentioned earlier, whet(u,v) € E,C,,, = 0, the MPC problem is equivalent
to finding the minimum-weight Steiner tree connecting adl Hources and the sink @&
with uniform edge weight. In ISTH, once a shortest path is found, the weights on the
path become zero. Finding a subsequent shortest path frooreesto the sink is therefore
equivalentto finding the shortest path to any node on théiegipath. In such a case, ISTH
is equivalent to the minimum-weight Steiner tree heurisiitth an approximation ratio of
2 [Gilbert and Pollak 1968]. This result suggests that ISTéfds good performance when
the idle energy dominates the total energy consumption adtevark. Such a situation
occurs when network workload or transmission/receptiongras low. Similar to STH,
ISTH finds the optimal solution for the two polynomial-timpegial cases of the MPC
problem.

At each iteration of ISTH (see Fig. 6), the data source clasethe sink is chosen for
processing from among all of the remaining sources. Siris®fieration requires knowing
about every source in the network, it can not be implementdide A straightforward
modification to handle online sources is to process one nevesat each iteration of the
algorithm. Although this modification likely results in aage performance degradation,
the approximation ratio of ISTHS| (whereS is the set of sources), remains unchanged.
This holds true because the proof of Theorem 5.2 does noiresgjoy particular sequence
for the processing of sources. This property allows ISTH&sprve its performance bound
in online scenarios.

We have been focusing on the scenario involving a singleigitiis section. As STH
and ISTH are based on pairwise, shortest-path heuridtieg,dan easily be extended to a
scenario containing multiple sinks. It can be shown thataghgroximation ratio of both
algorithms still holds using similar proofs.

5.4 Constant-ratio Approximation Algorithm

Although the STH and ISTH algorithms described previouslyidd the optimal solution
for the two polynomial-time special cases of the MPC problgrair known approximation
ratio is equal to the number of source nodes in the networthigeneral MPC problem,
causing them to not scale so well when the number of souraesies large. In this sec-
tion, we seek an algorithm with a constant approximatioio rat/e show in the following
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theorem that a minimum-weight Steiner tree algorithm veild to a constant approxima-
tion ratio for MPC problem, when the ratio of maximal transgidn power to idle power
is bounded.

THEOREM 5.3. Let H be the best approximation algorithm to the minimum-weight
Steiner tree problem that has an approximation ratiolf ¥(u,v) € E,C, , < az, the
solution by executing/ in G with the uniform edge weighthas an approximation ratio
(1 4+ )3 to the optimal solution of MPC problem.

PROOF Suppos&s. ., (Vi.., E...) andG (V' E') are the optimal solutions to the
minimum-weight Steiner tree problem and the solution obathm H, respectively. Since

H has an approximation ratio gfand all edges have the same weighive have:

’ / /

V[ =1 =1E'] < BlEmin| = B(Viminl = 1) (13)

Let P(G') and P(G,,,,) represent the cost @ and P(G.,,;,) in MPC problem. We
ignore weightz for the constant sink node in bof(G') and P(G/ Doing so does
not affect the quality of5" or the optimality ofG, , . We have:

/

P(Gl) Z Z ri« Cuo + (|Vl| —1)z

i (u,v)Ef(sirt)

> (C : Z) (V'] - 1)z (16)

(u,v)eE’

IN

where f(s;,t) represents the shortest path with edge wei@ght, from s, to ¢t. Based
on the assumption that the total workload in the networkvgelothan network capacity,
> ri < 1. We have:

P@E) < Y Cuw+ (V=12
(u,v)eE’
< Y ezt (V-1
(u,v)eE’
= |E' oz + (V| = 1)z
= (V' [-1D(1+0a)z €y

According to (15) and (17), we have:

P(G) < B([Vimin| — 1)1+ a)z

< (1+a)8 <(|v,;m| - 1)z+Zng (si,t)>

min

’

(|

Theorem 5.3 shows that the Steiner tree based algorithrompesfbetter when the ra-
tio of communication power to idle powet, is low. The intuition behind this result is
that, the algorithm only minimizes the idle energy and igisathe transmission/reception
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energy of the radio, and hence results in more energy redustiien the idle energy con-
stitutes a bigger portion of the total energy consumptian, d is low. Therefore, The-
orem 5.3 indicates that the Steiner tree based algorithrartgcplarly suitable for radios
with high idle power. Theorem 5.3 also shows that the peréoroe of the algorithm is
dependent o - the best approximation ratio of minimum Steiner tree atbpars. Ap-
proximate algorithms of the minimum Steiner tree problewehaeen studied extensively
[Robins and Zelikovsky 2000]. The best known approximatetio is about 1.5 [Robins
and Zelikovsky 2000]. According to the measurements of tRA@O0 radio on Mica2
motes [Crossbow 2003} ~ 2.3. The approximation ratio of the scheme discussed in this
section is therefore about 5 on the CC1000 radio.

Input: G(V, E), source sef, sinkt and traffic demand$
output: G’ (V/, E)

(1) Set the weight of every edge @#(V, F) to z.

2) V' =t

3) W=2,.

(4) whileW # ¢
(a) Finds; € W that has the shortest distanceG6 with

edge weight.

(b) Add the shortest path found in the previous steG'to
) W=W—s,.

(5) end

Fig. 8. The Gilbert minimum Steiner tree algorithm

Fig. 8 shows a simple minimum Steiner algorithm proposed liye& et al. [Gilbert
and Pollak 1968]. At step 4(a), the shortest path from a soyno G’ is the shortest path
among the shortest paths framto all nodes inG’ . The algorithm has an approxima-
tion ratio of 2 [Gilbert and Pollak 1968]. In Section 6.2, wélwliscuss the design of a
distributed protocol called MASP based on the Gilbert Steaigorithm. The rationale of
employing this algorithm instead of more complex algorighwith better approximation
ratios is that this algorithm admits an efficient distrimibeplementation.

The Gilbert algorithm (see Fig. 8) can be extended as follmmbe scenario where
sources arrive online. At step 4(a) of each iteration, atslsbpath is found to connect the
new source to the subgraph composed of the sink and exigtiurges before being added
to the existing subgraph. The output is the subgraph condpofall sources and their
respective paths found. This scheme has been shown to hawdiaeapproximation ratio
of Ig |.S| to the minimum Steiner tree problem (whetés the set of nodes to be connected)
[Imase and Waxman 1991]. According to Theorem 5.3, the aqimiate ratio of this online
algorithm for MPC problem i$1 + «) 1g|S|.

5.5 Performance Evaluation

In this subsection, we evaluate the average performandeeofentralized approximate
algorithms we presented in previous subsections throughlations. As discussed in
Section 5.3, STH likely performs worse than ISTH and hene®isvaluated in this sec-
tion.
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Tx Power | Radio Current

(dBm) Range(m)| Consumption (mA)
-20 5 8.6

-10 18 10.1

0 50 16.8

5 68 25.4

Table I. Radio transmission parameters

We implement MBA, MBA-opt, ISTH, and the Gillbert Steineeéralgorithm (referred
to as Steiner hereafter) in a network simulator. To evaltreesffectiveness of other en-
ergy conservation approaches to our problem, we also ingiéd two baseline algo-
rithms called Transmission-power Minimum Spanning Tre®$IT) and Transmission-
power Shortest Path Tree (TSPT). TMST finds the minimum spartree of the network
where each edge is weighted by the minimum transmission paftkat edge. We choose
TMST as a baseline algorithm for performance comparisareditistributed MST has been
shown to be an effective topology control algorithm [Li et2003]. Similarly, TSPT finds
the shortest path tree of the network when weighted by treassom power, and this tech-
nigue has been previously proposed as an efficient powereangating scheme [Singh
etal. 1998].

We use the parameters of the CC1000 radio on Mica2 Motes igithglation. There
is no packet loss in the simulation environment. The nodelWwadth is40 Kbps. In the
simulation, only the nodes that lie on the communicatiomgditetween sources and the
sink remain active (i.e., the state of their radios is eitremsmitting, receiving or idle). All
non-communicating nodes run in the sleeping state. The poaresumption of the radio
in receiving, idle, and sleeping stateismw, 21 mw and6 pw, respectively [Crossbow
2003]. The actual radio range of the CC1000 on Mica2 motdswvalepending on envi-
ronmental factors and transmitting power. We set the patensef the radio range and
transmitting power according to the empirical measuremprasented in [Alessio 2004],
which are listed in Tab I. When a node communicates with ahimg it always uses the
minimum radio range that can reach that neighbor. At thertrégg of the simulation, a
communication path from each source to the sink is found.riduzs on the communica-
tion paths remain active and all other nodes are put to siBepsimulation time for each
algorithm is 1000 seconds. 200 nodes are randomly disébinta500m x 500m region.
The results in this section are the average of 10 differetwtark topologies.

Fig. 9 shows the total energy consumption of the network wthemumber of flows
varies from 1 to 100. The data rate of each flow is 0.2 Kbps. Wesea that MBA-opt,
ISTH and Steiner significantly outperform the other aldoris. The good performance of
Steiner and MBA-opt are expected because of their good appadion ratios. Interest-
ingly, ISTH yields a similar performance as MBA-opt and 8ggialthough ISTH’s known
approximation ratio is worse than them. This result is dutheofollowing facts. First,
the performance bound of ISTH is derived under the worst-saggnarios, which do not
exhibit in the simulation. Second, although the aggregata date of all flows in the simu-
lation is up to half of network bandwidth, the data rate oftemdividual flow is very low.
As a result, the active nodes on data routes remain idle irt afidise time. In such a case,
ISTH minimizes the number of active nodes, resulting sinbkshavior as Steiner (i.ey;
in (13) is close to zero). Fig. 9 also shows the effectivenéssir optimization to the MBA
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algorithm, as discussed in Section 5.1. TSPT and MST reswbnsiderably higher en-
ergy consumption than the above algorithms since they amigider transmission power
and ignore idle power.
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Fig. 9. Energy consumption vs. num of flows. The data rate ci daw is 0.2 Kbps.

The results in this section show that the average performaht¢STH and Steiner is
similar to that of MBA-opt. As both ISTH and Steiner are basedthe shortest-path
algorithm, they have a more efficient distributed implenaéinon than MBA-opt. We now
turn our attention to the distributed implementation of #6dnd Steiner in the next section.

6. DISTRIBUTED PROTOCOLS

In this section, we present the design and implementatiowaflistributed routing proto-
cols, Minimum Power Configuration Protocol (MPCP) and MinimActive Subnet Pro-
tocol (MASP). These protocols are based on centralizedittigas ISTH and Steiner pre-
sented in Section 5, respectively. We focus on a “many to omgting scenario in our dis-
cussion since it is the most common communication paradigsemnsor networks. MPCP
and MASP can be easily extended to support more generahgpstenarios.

6.1 Minimum Power Configuration Protocol

In this section, we present the design of the minimum powefigaration protocol (MPCP).
MPCP finds the power-efficient routes for communicating rsddex network based on the
distributed implementation of the ISTH algorithm with adiextentions discussed in Sec-
tion 5.3.

Shortest-path based routing mechanisms have been exdgnsivdied. We adopt the
Destination Sequenced Distance Vector Routing (DSDV)quait[Perkins and Bhagwat
1994] as our implementation framework. DSDV is based on thtibuted implementa-
tion of the Bellman-Ford shortest path algorithm [Bertseiad Gallager 1987]. A node
in DSDV advertises its current routing cost to the sink bydaltastingoute updatenes-
sages. A node sets the neighbor that has the minimum cose teirik as its parent and
rebroadcasts its updated cost if necessary. DSDV can dweibtmation of routing loops
by using sink-based sequence numbers for route updatesrotiting cost of a node in
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data rate | nexthop | cost | seq
packets/s

21 5 289 | 8

1 7 89 | 6
0.5 15 183 | 8
0.1 30 8.2 | 12

Table Il. A routing table

DSDV is its hop count to the sink. The routing cost of a node PGP, however, depends
on the operational state of the node (active or power sadsgyell as the data rates of
the flows that travel through the node. We now discuss in ldiaicore components of
MPCP.

6.1.1 Node States and Routing Table our design, a node operates in eitlaetive
or power savingnode. A node in power saving mode remains asleep in most dintiee
and only periodically wakes up. This simple sleep scheduimilar to several existing
power saving schemes such as SMAC [Ye et al. 2002]. Initiallynodes operate in power
saving mode. When a source node starts sending data to k@ @ower-efficient routing
path from the source to the sink is found by the distributeEHSlgorithm. All nodes on
the routing path are activated to relay data from the sourtiee sink. All the other nodes
remain in the power saving mode to reduce energy consumiarilarly, an active node
switches to the power saving mode if all the data flows tragetihrough it disappear.

Each node in the network maintains a routing table that éesithe routing entries and
status of neighbors. Since the routing cost to the sink savith the data rate of the source,
we need to store an entry for each data rate in the networkcifgadly, an entry in the
routing table of node includes the following fieldsx r;, next_hop, cost, seq > where
r; is the data rate of soureeg, next_hop is the neighbor node with the minimum cost to
the sink,cost is the cost of node to the sink throughext_hop, seq is a sequence number
originated by the sink. Tab. Il shows a routing table of anveatode.

One simple method of obtaining source rates is to let eachcediood the network
with its rate information before finding a route to the sinkisrapproach incurs too much
overhead, however, when a network is composed of many nddesduce the overhead,
only the data rates with significant difference are kept mrbuting table. When a new
source node starts sending data, it chooses the next hopframde routing table entry
that has the data rate closest to its own data rate. The newatatwill then be propagated
to other nodes if it is significantly different from the onésred in their table.

6.1.2 Route UpdatesAccording to cost function (13), the routing cost from a ntale
its neighbors in MPCP depends on data rate and the change obtle’s state (active or
power saving). As a result, a new round of route updates wiliriygered by any of the
following events: (1) a link is broken; (2) the data rate ofaisting flow changes; and (3)
a data flow is started or completed.

A node detects a broken link when multiple transmissioris Tdie process of route up-
dates caused by a broken link is similar to DSDV. A node adeeits routing information
by broadcasting a route update packet to its neighbors.r Adteiving an update from a
neighbor, a node calculates its new cost to the sink at edehrala specified in the update,
and updates its routing table. This new cost is equal to the guthe link cost to the
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neighbor (defined by (13)) and the cost of the neighbor irediid the update. A node sets
a timeout after the arrival of the first route update in thignd to wait for more updates
from other neighbors. If there exist entries in the routial¢ that have a cost reduction
above a threshold after the timeout, the node broadcastg@ update packet containing
these entries to advertise its updated routing information

We now discuss in detail the route updates caused by the ehaindata rate and
start/completion of a data flow. When a source node changekit rate to a value that
differs significantly from the data rates stored in the nogitiable, the source node notifies
the sink by including the new rate in its data packets. Oneesthk sees the new rate,
it broadcasts a route update with a new sequence number toetivrk. The routing
tables of nodes are updated when the route update is braabdomsghout the network.
Consequently, the source with the new data rate may choosttea loute due to updated
routing information. When the workload of the network is dymc, multiple rounds of
route updates may be initiated at the same time resultinggim metwork contention. To
reduce the overhead of route updates in such a case, theasinkaude several default
data rates in its initial route updates based on the estimafisource rates. From then on,
a new round of route updates is initiated only when the dataofa flow changes to a
value significantly different from the default ones.

B new
source

A

new routing existing power saving
® O routi .
nodes routing nodes node

Fig. 10. Node A is a new source. The junction nadevill initiate a round of route update

Route updates may also be triggered when a new data flow appkédahe new flow
has a data rate significantly different from the ones stametie routing table, a round of
route updates is initiated as discussed earlier. In additlee appearance of a new flow
may activate a node previously running in power saving maderaduce the cost of the
node to its neighbors (see (13)). As shown in Fig. 10, a new fliiatv from source node
A activates nodes A, B and C before it meets the existing mgytiath at a junction node
D (D may be the sink node). Nodes A, B and C then lower theiringutosts after being
activated. In such a case, to reduce the number of route edatly the node preceding
the junction node initiates the route update since it haginénum cost to the sink among
all nodes on the new path. In Fig. 10, node C will broadcastuéerapdate with a new
sequence number and reduced routing costs in order toténdisound of route updates.
Nodes B, A and other nodes that have reduced routing costetsirik participate in the
route update process that has been initiated by C. Notelteabute updates initiated in
this way only involve a subset of nodes in the network sinceynmedes (e.g., those closer
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to the sink) will not participate in the route update procése to no reduction in their
routing costs.

Similar to the appearance of a new flow, the disappearanae @fiating flow may also
cause route updates. In such a case, the nodes on the exastiingy path switch to the
power saving mode after some timeout, resulting in higheting costs (see (13)). Again,
the node preceding the junction node initiates the routetggrocess by advertising the
new routing costs.

6.1.3 Link Estimation.In real wireless sensor networks, a routing protocol oftgh s
fers from dynamic and lossy communication links. Empiratably shows that the reliabil-
ity of routing protocols can be significantly improved by pkkeping “good” neighbors,
e.g., those with high packet perception ratios (PRR), igmedrhood tables [Woo et al.
2003]. A simple way of obtaining the PRR of a link is by profijithe link characteristics
off-line. Alternatively, the PRR can be obtained from omelilink estimators [Woo et al.
2003; Chipara et al. 2006]. For example, nodes can broageaisidic beacon messages
and the PRR of a link to a neighbor being estimated by countiaghumber of messages
received from that neighbor. Further discussion on thiseds beyond the scope of this

paper.

6.2 Minimum Active Subnet Protocol

We now present the design of the minimum active subnet pob{®tASP) that finds a
Steiner tree connecting all sources in the network to thie sging the minimum number
of active nodes. The MASP is also based on DSDV and has a sidatagn to MPCP as
both protocols are based on the shortest-path algorithmwlMe@ow discuss the major
difference between MPCP and MASP.

In MASP, a node in power saving mode incurs a routing cosgdfdle power§. Once
a data flow travels through a node, it becomes active andutinghcost reduces to zero.
That is, routing among active nodes is free. As a result, véheew source arrives, finding
the shortest path from that node to the sink is equivalenntbrfg the shortest path to any
active node.

Unlike MPCP, the routing cost of a node in MASP does not demendata rates. This
independence reduces the storage overhead of the routiegtzeach node as well as the
network bandwidth used by route updates. Each entry of &ngtdble in MASP contains
< next_hop, cost, seq >. The route updates of MASP can be triggered by either a broken
link, or the start or completion of a data flow. The route updatiggered by link failures
are similar to DSDV, while the updates triggered by sourcessamilar to MPCP. MASP
is expected to generate fewer routing updates than MPCRubedhe change in data rates
does not affect the routing cost of MASP. In other words, MA@Rres data rates because
it only minimizes idle energy. As shown in our simulationuks presented in Section 7,
MASP is only suitable for radios with high idle power.

3Since the routing cost is the same for all power saving noales,can use any positive number as the routing
cost.
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7. EXPERIMENTATION
7.1 Simulation Environment

Low-power wireless radios used by real sensor networkgiat$ (e.g., Berkeley motes)
are known to have highly irregular communication rangesmobtabilistic link character-
ization [Zhao and Govindan 2003]. The simplistic assunmgtion wireless radio propaga-
tion made by a network simulator may cause simulation resoldiffer significantly from
real-world experimental results [Kotz et al. 2004]. Acderaimulation to the character-
ization of real wireless radios with different transmissjmower is key to evaluating the
realistic performance of our protocols. Because of thisartamce, we took a link layer
model that was developed by USC [Zuniga and Krishnamacl@@d Rand implemented
it for use with the Prowler network simulator [Simon ]. Weakdded improved routing
support to this model based on work done during the Rmasedgrffhang ]. Experi-
mental data showed that the USC model can simulate highBliabte links in the Mica2
motes [Zuniga and Krishnamachari 2004]. In our simulatidhe packet reception ra-
tio (PRR) of each link is governed by the USC model accordinthé distance between
the two communicating nodes and the transmission power. M/A€ layer in Prowler
employs a simple CSMA/CA scheme without RTS/CTS, which silsir to the B-MAC
protocol [Polastre et al. 2004] in TinyOS. To improve the coamication reliability in
the lossy simulation environment, we implemented an ARQtd/atic Repeat Request)
scheme that retransmits a packet if an acknowledgment isegetved after some preset
timeout. The maximum number of retransmissions beforeglngpa packet is 8. Prowler
is a Matlab-based network simulator that employs a layevedtedriven structure similar
to TinyOS. Using such a simulator allows us to easily implahmew network modules
(such as the link model from USC) and to port our protocolséokBley motes in future.

7.2 Simulation Settings

For performance comparison, in addition to MPCP and MASFhawee implemented two
baseline protocols: minimum transmission (MT) routing Wt al. 2003] and minimum
transmission power (MTP) routing. They have similar congus as MPCP except for the
cost metrics. MT is shown to be more reliable than the hoptbased routing scheme
when given a lossy networks [Woo et al. 2003]. A node in MT desothe next hop node
with the minimum expected number of transmissions to thie $Mi communication links
in the original MT protocol use the same transmission podink between node: and

v in MT has a cost ofm. To take advantage of variable transmission power, we

modified the link cost of MT tom, whereP,, (u,v) is defined in (6). A
node in MTP chooses the next hop node with minimum total ebgokicansmission power
to the sink. The cost of a link betweenandv in MTP is equal to%.
Except for the consideration for unreliable links, MTP isgar to the minimum power
routing schemes studied in [Doshi et al. 2002; Doshi and Bra@02].

In each simulation, 100 nodes are deployed ih5&m x 150m region divided into
10 x 10 grids. A node is randomly located within each grid. Sourcéasoare randomly
chosen. The sink is located@t0, 75) to increase the hop count from some of the sources.
The radio bandwidth id0 Kbps. Power parameters of the radio are set according to the
empirical measurements of the CC1000 radio on Mica2 motesd§er et al. 2004] as

follows. The CC1000 radio is capable of transmitting dat&lapower levels ranging from
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-20 dBm to 10 dBm. To simplify our design, we chose 10 poweele¥rom the total
31 levels. The corresponding current consumption rangas 8.7 mA to 21.5 mA. The
receiving and idle current is 8 mA. Each simulation lasts400 seconds. Each source
sends packets at an interval randomly chosen ftém- 14 seconds, which corresponds
to an average data rate between 68.5 to 96 bps. The numbeurcEsovaries from 5 to
30, which results in a total data rate of 0.4 to 2.4 Kbps atithle Real-world experiments
show that the maximum effective multi-hop bandwidth of Miaaotes can barely reach 6
Kbps due to channel contention and lossy wireless links [t 004], which conforms
to our observation in simulations.

During the initialization state, a source node starts sendata at some random time
after its route to the sink is found. After this initializati phase, a node that does not lie
on any communication path will enter power saving mode aataally, as discussed in
Section 6. The power saving mode has a period of 10 secondsaanative window of one
second. The data packet size is 120 bytes. A routing updatepia 40 bytes. The results
in this section are the average of 5 different network togias.

7.3 Performance of MPCP

In this section, we evaluate the performance of MPCP. Sinegerformance of MASP
varies with a platform-dependent parametésee Section 5.4), we compare it with MPCP
under different platform parameters in Section 7.4.

(a) MT (33 active nodes) (b) MTP (35 active nodes) (c) MPCP (24 active nodes)
Fig. 11. Routing topologies of different protocols with Zfusces.

Fig. 11 shows the routing topologies produced by differentgrols in a typical run
with 20 sources. The circles in the figure represent dateceswuand small dots represent
other nodes. We can see that the topologies produced by MMamlare similar and
both have over 33 active nodes on the communication pathortrast, MPCP activates
only 24 nodes, i.e., 4 more nodes besides data sources tlsatremoain active. As the
number of data sources increases, MPCP can effectively nesse active sources on
different communication paths and hence further reducetimeber of active non-source
nodes. For example, MPCP activates only one non-sourcewloele there are 30 sources.
This result clearly illustrates that MPCP can significanélgiuce the energy wasted for idle
listening by sharing active nodes on different communisagaths.

The most important metric for our performance evaluatiognsrgy consumption. For
each protocol, we measure the difference between the toéagy cost of the communi-
cating network and that of an idle network where there is noroanication activity and
all nodes run in the power saving mode. This metric indicttiesnet energy consumed
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by a protocol due to the communication activities of the mekwAs shown in Fig. 12(a),
MPCP consumes considerably less energy than other pretggskhe number of sources
increases, routing paths from different sources share mmtes under MPCP and MASP,
resulting in more energy reduction in the idle state andebettergy efficiency. The overall
energy reduction of MPCP can be as higt3é% over MTP and26% over MT.

Another interesting result in Fig. 12(a) is that, although®bptimizes the transmission
energy, it has a similar total energy cost to that of MT, edssugh MT makes simpler
routing decisions based on the number of transmissions.raksrission power grows
quickly with transmission distance, the routing paths by MTP are likely to consist of
more hops. Consequently, more nodes have to remain activeoauting paths, resulting
in more energy wastage due to idle listening. On the othed halthough MT does not
optimize transmission energy, its routings paths contivef hops and hence more nodes
can run in power saving mode. In contrast to MTP or MT who omlgluces the radio
energy costs under partial working modes, MPCP effectimglyimizes the total energy
cost of radios based on data rates.

330 — : : : : : 120 [— ‘ ;
300 L i 110 MPCP ©
S 270t s 100 | MIR
B 240 ¢ g 0
8 210¢ S 8
180t 3
S S 60
o 150 r o 50 |
c c
G 120 4 a0}
T ol Mpcp —— | 5 307 W/*/\\—@
= MTP —e— Fo207
30 ¢ MT 1 10
0= ‘ : : : ‘ 0= ‘ : : ‘ ‘
5 10 15 20 25 30 5 10 15 20 25 30
Num of Sources Num of Sources
(a) Total network energy. (b) Total energy excluding idle energy of sources.

Fig. 12. Energy consumption of different protocols.

We observe that, when the number of source nodes is largépfitbe energy consump-
tion is due to the idle listening of the sources. This phermuongeduces the difference in
total energy consumption between different protocols.otw$ our analysis on the energy
consumption of non-source nodes, we measure the diffebteeen the total energy con-
sumption of the network and that of the same network whenetiseno communication
activity. That is, a network all non-source nodes remairhapgower saving mode but all
source nodes remain in the idle state. This metric indidheset energy consumption of
the communication activitiesxcludingthe idle listening of source nodes. Fig. 12(b) shows
that MPCP consumes at m@&st% less energy than MT @3% less than MTP. This result
is consistent with the observation from the routing topglo§ MPCP in Fig. 11(c) that
MPCP activates much fewer non-source nodes by effectivelyisg intermediate source
nodes on different paths. Another interesting result in Aig(b) is that MPCP may con-
sume less energy on intermediate nodes as the number oésdncceases. This is because
MPCP tends to route the data from a source through otheressthiat must remain active
anyway. Reusing these sources, results in lower routints ¢coghe sink. More interme-
diate nodes may, therefore, run in power saving mode as tid@uof sources increases.
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We note that although the energy reduction by routing thihatfer active sources is gen-
erally viable in the “many to one” communication patterrmay be affected by the spatial
distribution of sources in other scenarios.
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Delivery Rate
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Delay
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(a) Delivery rate. (b) End-to-end delay. (c) Overhead

Fig. 13. Communication performance and overhead of diffigpeotocols.

Next we evaluate the communication performance of the uanmotocols. Fig. 13(a)
shows the data delivery ratio at the sink under differentquols. We can see that the
delivery ratio of all protocols decreases slowly the monarses there are in the network.
MPCP delivers slightly less data than the other protocolsrwthe number of sources
exceeds 15. This occurs because MPCP causes slightly igheork contention due to
path sharing between different sources when the networkleoa is high.

We plot the average end-to-end delay of data packets in RB¢b)1 Not surprisingly,
MT yields the shortest latency since it finds the routing patith fewer retransmissions.
MPCP yields a higher latency when network workload beconggseh due to the network
contention caused by path sharing between different seurce

Finally, Fig. 13(c) shows the overhead of different protedo terms of the total number
of useful bytes in all route update messages. The overhedircdnd MTP is similar
and remains roughly constant as more sources appear. MRGB ia higher overhead
because the appearance of a new source node changes thdatesdesd routing costs
(see (13)), triggering more route updates than MTP and MTvéver, consistent to the
discussion in Section 6, most route updates are triggerabedfirst several sources and
hence the total number of updates remains roughly the sartteeasumber of sources
increases. This behavior allows MPCP to scale well to laage networks. Despite the
additional overhead compared with MT and MTP, MPCP stilliegbs significantly less
energy consumption, as shown in Fig. 12(a) and (b).

7.4 Comparison of MPCP and MASP

As discussed in Section 6.2, MASP may incur a lower overhbad MPCP because it
does not depend on information about the current set of ssuand their data rates. A
disadvantage of MASP, however, is that its energy perfonealepends on the power
characteristics of the radio. We now compare the performandIPCP and MASP with
different radio characteristics.

With the advancement in radio technology, the idle poweraafio will continue to
decrease in the future. To measure the impact of radio cteaistecs on MPCP and MASP,
we simulate the two protocols using three differentidleents: 8 mA, 0.365mA, and 0.02
mA. These three idle currents span three different ordersagnitude, and hence allow
us to evaluate the energy performance of MPCP and MASP on e raitje of possible
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radio platforms. The transmission/reception current iemthe same as the setting used
in Section 7.2.
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(a) Idle currentis 8mA. (b) Idle currentis 0.365mA. (c) Idle currentis 0.02mA.

Fig. 14. Energy consumption on different platforms.

Fig. 14 shows the energy consumption of MPCP and MASP. Wheiidth current is
8 mA, MASP consumes similar energy to MPCP, even though MASP minimizes the
number of active nodes and does not directly optimize theath@nergy consumption like
MPCP does. MPCP considerably outperforms MASP when thecidieent is lower. This
result can be explained as follows. First, the achievabbammam bandwidth on multi-hop
networks is fairly low compared with the ideal radio bandthid=or example, the practical
maximum bandwidth of Mica2 motes can barely reach 6 Kbps duwhannel contention
and lossy wireless links [He et al. 2004]. This results inihgwnly one sixth of the
ideal radio bandwidth. Consequently, most energy consiomf# due to idle listening of
nodes instead of transmission/reception when the idleentiis 8 mA. In other words, the
impact of data rates on the overall energy consumption igdahwhen the idle current is
high, making MPCP behave similar to MASP, as discussed iticde6.3. When the idle
current is 0.365 mA or 0.02 mA, the transmission/receptioergy dominates the total
energy consumption. In such a case, the performance of M&§Rades significantly as it
only aims at minimizing the idle listening energy. This merhance degradation of MASP
is consistent to the analysis of the Steiner algorithm onctviMIASP is designed. As
discussed in Section 5.4, the approximation ratio of then8telgorithm increases with,
which in turn increases as the idle current becomes loweottrast, MPCP yields a much
better performance than MASP when the idle current is lovabse it always minimizes
the total energy consumption of all radio states.
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(a) Idle currentis 8mA. (b) Idle currentis 0.365mA. (c) Idle currentis 0.02mA.

Fig. 15. End-to-end delay on different platforms.
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Fig. 16. Routing overhead on different platforms.

Fig. 15 shows the end-to-end packet delay under MPCP and M&&#istent with the
results on energy consumption, MPCP performs similar to MA®ien the idle current is
8 mA and considerably outperforms MASP when the idle curie@t365 mA or 0.02 mA.
When the idle current is low, the routing cost under MPCP imithated by the transmis-
sion/reception power (see (13)), resulting in a shortesit-pree like routing topology with
more intermediate nodes than the Steiner tree like routipglbgy of MASP. A packet
therefore travels fewer hops to the sink under MPCP causiaghd-to-end delay to be
shorter.

Finally, Fig. 16 shows the overhead of MPCP and MASP in terft@total number
of useful bytes in all route update messages. We can see th&PNMhcurs significantly
lower overhead than MPCP when the idle current is 8 mA. Thikuesto the fact that each
route update of MPCP contains more routing information asrttuting cost depends on
data rates. MPCP does, however, incur a lower overhead édlé¢heurrent decreases. In
particular, MPCP incurs a overhead similar to MASP when the current is 0.02 mA.
As the idle current decreases, the impact of node state omthiag cost, i.e., whether a
node is active or not, decreases accordingly. As a reselfdtivation of nodes due to the
appearance of new data flows causes fewer route updatesnthasty MASP generates a
similar number of route updates for all the three idle cuséecause the routing cost of a
node in that protocol only depends on its state, i.e., whetteenode is active or not.

The results in this section indicate that MPCP preservesdlisfactory performance
under a wide range of radio characteristics. When the idleepof the radio is high, it
reduces the energy wasted in the idle state by minimizingtimeber of active nodes. On
the other hand, when the idle power of the radio is low, it saaeergy by reducing the
transmission energy. Such a joint optimization approadptetl by MPCP enables it to
flexibly adapt to different radio platforms. In contrast, I8R is only suitable for radios
with high idle power and introduces less overhead than MPCP.

8. DISCUSSION

In this section, we discuss several limitations of this pagmel potential future work.

In our problem formulation, every node in the network opesah a constant state (ac-
tive or sleeping) during communication. The simulatioruitssin Fig. 12(a) and Fig. 12(b)
show that further energy savings can be achieved by redtivinigle time of active nodes
(e.g., through sleep management). Moreover, the MPC probteild be solved optimally
if there existed amdeal sleep management scheme that scheduled an active nodefo sle
whenever it became idle and woke up the node whenever datadriThe data arrival
times can, however, be highly unpredictable in a multi-hommunication environment,
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even with periodic data sources. Hence scheduling acte@tymunicating nodes to sleep
may result in high communication delays or even data lossnate that sleep scheduling
schemes (e.g., ESSAT [Chipara et al. 2000], on-demand pm&aagement [Zheng and
Kravets 2003], T-MAC [van Dam and Langendoen 2003]) thataataptive to the traf-
fic in the network are suitable for MPCP to work with to furtheduce the idle energy
consumption of active nodes.

While our approach mainly focuses on minimizing the totatrgy consumption of a
network, it may not lead to maximal system lifetime. Nodesbared routing paths found
by MPCP deplete energy faster than other nodes, which mait irsietwork partitions.
We will extend MPCP to incorporate appropriate routing festfe.g., those based on node
residual energy) to achieve more balanced energy dissipatid prolong network lifetime
[Singh et al. 1998; Li et al. 2001]. Finally, while we have @sed primarily on “many-to-
one” workloads, MPCP can be extended to more general watkiuadels with multiple
sinks.

9. CONCLUSION

In this paper we have proposed the minimum power configuratproach to minimiz-
ing the total energy consumption of WSNs. We first formulatezlenergy minimization
problem as a joint optimization problem in which the powenfiguration of a network
consisted of a set of active nodes and the transmission poftteose nodes. We have
presented a set of approximation algorithms with provaklégpmance bounds, and the
practical MPCP protocol that dynamically (re)configureetwork based on current data
rates. We also proposed a more efficient protocol called M&@Ponly minimizes the
total number of active nodes in a network. Simulations based realistic radio model of
Mica2 motes show that MPCP can conserve significantly moeegsrthan representative
topology control and power-aware routing schemes. Furibeg, while MASP is suitable
for radios with high idle power, a key advantage of MPCP is ithgelds satisfactory per-
formance under a range of representative radio charaatsriallowing it to flexibly adapt
to different radio platforms.
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