Power and cost aware localized routing with guaranteed delivery in wireless networks

Ivan Stojmenovic and Susanta Datta

Computer Science, SITE, UniversityofOttawa, Ottawa, Ontario K1N 6N5, Canada ivan@site.uott awa.ca

Abstract

In a localized routing algorithm, each node currentlyholding message makes routing decision solelybased on the information about itself, its neighbors and destination. In a unit graph, two nodes can communicate ifand onlyifthe distan ce between them is no more than the transmission radius, which is the same for each node. A localized routing algorithmthat guarantees deliveryin connected unit graphs has been described recently. Also, severalpower, cost and power - cost aware metrics an d localized loop - free routing algorithms for wireless networks based on the exact power needed for transmission between two nodes, and/or remaining batterypower at nodes were proposed. However, these algorithms did not guarantythe deliveryofa message i n connected unit graphs. This paper proposes such localized routing algorithms, aimed at minimizing totalpower for routing a message, or maximizing the totalnumber ofrouting tasks that a network can perform before a partition. The algorithms are combina tions ofknown greedypower and/or cost aware localized routing algorithms and an algorithmthat guarantees delivery. A shortcut procedure is introduced in later algorithmto enhance its performance. The efficiencyofproposed algorithms is verified experi mentallybycomparing their power savings, and the numbers ofrouting tasks a network can performbefore a node looses all its energy, with the corresponding shortest weighted path algorithms, and localized algorithms that use fixed transmission power at e ach node.

Significant energysavings (which depend mainlyon network densityand maximumtransmission radius) are obtained.

Index terms: Routing, wireless networks, distributed algorithms, power management

1. Introduction

In this paper we consider the routi ng task, in which a message is to be sent froma source node to a destination node (in a sensor, rooftop or ad hoc wireless network). Due to propagation path loss, the transmission radiiare limited. Thus, routes between two hosts in the network mayconsis t ofhops through other hosts in the network. The nodes in the network maybe static (e.g. sensors thrown froman aircraft to a remote terrain or a toxic environment), static most ofthe time (e.g.

books, projectors, furniture) or moving (vehicles, people, smallrobotic devices). Wireless networks ofsensors are likelyto be widelydeployed in the near future because theygreatlyextend our ability to monitor and controlthe physicalenvironment fromremote locations and improve our accuracy ofinformation obtained via collaboration among sensor nodes and online information processing at those nodes. Networking these sensors (empowering themwith the abilityto coordinate amongst themselves on a larger sensing task) willrevolutionize information gathering a nd processing in manysituations. Sensor networks have been recentlystudied in [EGHK, HCB, HKB, KKP]. A similar wireless network that received significant attention in recent years is ad hoc network [IETF,

MC]. Mobile ad hoc networks consist ofwireless h osts that communicate with each other in the absence ofa fixed infrastructure. Some examples ofthe possible uses ofad hoc networking include soldiers on the battlefield, emergencydisaster reliefpersonnel, and networks oflaptops. A recent comprehensiv e surveyofad hoc networks is given in [G]. Rooftop networks, proposed in [Sh], are not mobile, but are deployed verydenselyin metropolitan areas (the name refers to an antenna on each building´s roof, for line - of - sight with neighbors) as an alternative to wired networking offered bytraditionaltelecommunication providers. Such a network also provides an alternative infrastructure in the event of failure ofthe conventionalone, as after a disaster. A routing system that self - configures (without a trust ed authorityto configure a routing hierarchy) for hundreds of thousands ofsuch nodes in a metropolitan area represents a significant scaling challenge.

Commercialexamples ofstatic ad hoc networks include MetricomRicochet [M] and Nokia

Rooftop [N] syst ems.

Macker and Corson [MC] listed qualitative and quantitative independent metrics for judging the performance ofrouting protocols. Desirable qualitative properties [MC] include: distributed operation, loop - freedom, demand - based operation and ’sleep’ per iod operation, while hop count and deliveryrates are among quantitative metrics. We shallfurther elaborate on these properties and metrics, in order to address the issue ofrouting in wireless networks while trying to minimize the energyconsumption and/ or reduce the demands on nodes that have significantlydepleted batteries.

This is an important problemsince batterypower at each node is limited. Our finalgoal is to design routing protocols with the following properties.

a) Minimize energy required pe r routing task . Hop count was traditionallyused to measure energyrequirement ofa routing task, thus using constant metric per hop. However, ifnodes can adjust their transmission power (knowing the location oftheir neighbors) then the constant metric can be replaced bya power metric that depends on distance between nodes [E, RM, HCB]. The distance between neighboring nodes can be estimated on the basis ofincoming signalstrengths (if some control messages are sent using fixed power). Relative coordin ates ofneighboring nodes can be obtained byexchanging such information between neighbors [CHH]. Alternatively, the location ofnodes maybe available directlybycommunicating with a satellite, using GPS (Global

Positioning System), ifnodes are equippe d with a small low power GPS receiver. We willuse location information in making routing decisions as well, to minimize energyper routing task.

b) Loop - freedom . The proposed routing protocols should be inherentlyloop - free, to avoid timeout or memorizing past traffic as cumbersome exit strategies.

c) Maximize the number of routing tasks that network can perform . Some nodes participate in routing packets for manysource - destination pairs, and the increased energyconsumption may result in their failure. Th us pure power consumption metric maybe misguided in the long term

[SWR]. A longer path that passes through nodes that have plentyofenergymaybe a better solution

[SWR]. Alternatively, some nodes in the sensor or ad hoc network maybe temporarilyinacti ve, and power consumption metric maybe applied on active nodes.

d) Minimize communication overhead. Due to limited batterypower, the communication overhead must be minimized ifnumber ofrouting tasks is to be maximized. Proactive methods that maintain routing tables with up - to date routing information or globalnetwork information at each node are certainlyunsatisfactorysolution, especiallywhen node mobilityis high with respect to data traffic. For instance, shortest path based solutions are too sen sitive to smallchanges in local topologyand activitystatus (the later even does not involve node movement).

e) Avoid memorizing past traffic or route . Solutions that require nodes to memorize route or past traffic are sensitive to node queue size, chang es in node activityand node mobilitywhile routing is ongoing (e.g. monitoring environment). Flexibilityin selecting routes is thus preferred.

f) Localized algorithms . Localized algorithms [EGHK] are distributed algorithms that resemble greedyalgorithms , where simple localbehavior achieves a desired globalobjective. In a localized routing algorithm, each node makes decision to which neighbor to forward the message based solelyon the location ofitself, its neighboring nodes, and destination. Ifan alg orithmrequires globalknowledge, regularlymaintained, at each node, the communication overhead increases quadraticlywith number ofnodes and linearlywith mobilityrate. Even ifnetwork is static, global knowledge on nodes in sleep mode is stillrequire d. A worst case scenario is the need for dying node to informthe whole network (in a non - localized approach) about its disappearance, causing further energydamages. Therefore non - localized routing algorithms are not scalable. Allnon - localized routing al gorithms proposed in literature are variations ofshortest weighted path algorithm(e.g. [CN, LL, RM, SWR]).

While neighboring nodes mayupdate each other location whenever an edge is broken or created

(as discussed in [S]), the accuracyofdestination lo cation is a serious problem. In some cases, such as monitoring environment bysensor networks, the destination is a fixed node known to allnodes

(i.e. monitoring center). Our proposed algorithms are directlyapplicable in such environments. The ultimate g oalofa routing algorithm is to handle node mobilitywith proper location update schemes. This issue seems to be the most complex ofalldiscussed here, as argued in an upcoming book chapter [S]. In this paper, we dealwith location update issue in two wa ys.

First, our simulation assumes that accurate destination information was made available to sender node. Such an assumption is also made in MOBICOM 2000 paper [KK], which leaves incorporation ofthe presented routing algorithmwith guaranteed delivery( originallydescribed in

[BMSU]) with location update scheme in another MOBICOM 2000 paper [LJCKM] (similar scheme was also suggested in [APL]) for future work (similar indication was given in [LJCKM]).

Second, the accurate destination information can be m ade bya simple (but, ofcourse, not necessarilyoptimal) variant ofsource - initiated on - demand routing strategy[BMJHJ, RT], as follows. In this strategy, the source or intermediate node S issues destination search request, ifroute to destination D is no t available. The destination search is performed byflooding a `short´ search message, so that each node in the network is reached. Flooding algorithms that reduce the number ofretransmissions are surveyed and improved in [SSZ] for one - to - allbroadcasting model, and in

[SSS] for one - to - one model(in this model, each node receives messages on its own frequency, or directionalantennas are used so that onlyselected neighbor receives message sent on common frequency). In our variant, destination routes short message to the source, using a routing algorithm with guaranteed delivery, informing the sender about its own address, thus avoiding path memorization used in [BMJHJ, JM, P, RS, RT].

Alternative (proactive) location update schemes include: doubling circle s or squares [APL, LJCKM], quorumbased location update [S2], home agent based [S, BBCGHL], and request zone based [BCSV, KV, S]. Our adopted reactive flooding based destination search modelallows to algorithmicallyseparate the mobilityissue fromthe ro uting issue. This does not implyindependence in performance measures, since mobilityrate does impact significantlydeliveryrate (the network does not remain connected, and our guaranteed deliveryrefers onlyto connected nodes) and the number ofrouting tasks a network can perform.

g) Single - path routing algorithms. The task of finding and maintaining routes in mobile networks is nontrivialsince host mobilitycauses frequent unpredictable topologicalchanges. Most previouslyproposed position based rout ing algorithms (e.g. [BCSW, KV]) for wireless ad hoc networks were based on forwarding the actual message along multiple paths toward an area where destination is hopefullylocated, hoping to achieve robustness. However, we have shown in our

4 previous work that single - path strategies maybe even more robust (for instance, theycan guarantee delivery[BMSU]) and with less communication overhead.

h) Guaranteed delivery. The proposed localized power and cost aware routing algorithms [SL2] achieve a veryhigh d eliveryrates for dense networks, but low deliveryrate for sparse networks. In this paper, we have designed power, cost, and power - cost routing algorithms that guarantee delivery, for arbitraryunit connected graph and accurate destination information. Th e corresponding power and/or cost non - aware routing algorithms are given in [BMSU, DSW], with a surveygiven in [U].

As in allcited papers, we also adopt the unit graph modelofwireless networks as follows. All nodes have equaltransmission radius R. Two nodes A and B in the network are neighbors (and thus joined byan edge) ifand onlyifthe Euclidean distance between them is less than R. The unit graph is a valid modelfor wireless networks whenever there are no obstacles in the signalpath. Ad hoc and sensor networks with obstacles can be modeled bysubgraphs ofunit graphs. The properties of power metrics, the proposed algorithms and their loop free properties in this paper are valid for arbitrarygraphs. The guaranteed deliveryproperty, however, is valid onlyfor nodes in a plane and no obstacles between them.

A number ofprotocols for achieving efficient routing have been recentlyproposed. The surveys ofthese protocols, that do not use geographic location in the routing decisions, are given in

[B MJHJ, IETF, RS, RT]. The power awareness in these protocols is limited to the amount of control messages sent and degree ofmessage flooding. While the computationalpower ofthe devices used in the network is rapidlyincreasing, the lifetime ofbatteries is not expected to improve much in the future. We see a clear need for improvement in power consumption in existing MAC protocols and routing algorithms [SWR, SL2].

In the next section, we shallreview known power aware metrics and routing algorithms.

Sect ion 3 describes existing dominating sets and internalnode notions that willbe used in this paper. In section 4, existing routing protocolthat guarantees delivery[BMSU, DSW] is reviewed.

Section 5 proposes three localized loop - free algorithms that guara ntee deliveryand are aimed at extending node and/or network life. Their performance evaluation is given in sections 6 and 7.

2. Existing power aware metrics and routing algorithms

In most ofrouting protocols the paths are computed based on minimizing hop count or delay.

When transmission power ofnodes is adjustable, hop count maybe replaced bypower consumption metric. Some nodes participate in routing packets for manysource - destination pairs, and the increased energyconsumption mayresult in their failure. A longer path that passes through nodes that have plentyofenergymaybe a better solution [SWR]. A surveyofpower optimization techniques for routing protocols in wireless networks is given in [LSR].

Rodoplu and Meng [RM] proposed a general mo del in which the power consumption between two nodes at distance d is u(d)=d

a +c for some constants a and c, and describe severalproperties of

power transmission that are used to find neighbors for which direct transmission is the best choice

in terms ofp ower consumption. In their experiments, theyadopted the modelwith u(d)= d 4 +2*10 8 ,

which willbe referred to as RM - model. Theydiscuss that large - scale variations (modeled by

lognormalshadowing model) can be incorporated into the path loss formula, and t hat small - scale

variations (modeled bya Rayleigh distribution) maybe handled bydiversitytechniques and

combiners at the physical layer. Rodoplu and Meng [RM] described a power aware routing

algorithmwhich runs in two phases. In the first phase, each n ode searches for its neighbors and selects these neighbors for which direct transmission requires less power than ifan intermediate

node is used to retransmit the message. This defines so called enclosure graph. In the second phase,

each possible destinat ion runs distributed loop - free variant ofnon - localized Bellman - Ford shortest

path algorithmand computes shortest path for each possible source. The same algorithm is run

fromeach possible destination. The algorithm is thus proactive, resulting in signif icant overhead

for low data traffic volumes.

In the simple radio model[HCB], radio dissipates E

elec

=50 nJ/bit to run the transceiver

circuitry. Both sender and receiver node consume E

elec to transmit one bit between them. Assuming

d 2 energyloss, where d is the distance between nodes, transmit amplifier at the sender node

consumes further E amp d 2 , where E

amp

= 100 pJ/bit/m 2 . Thus, to transmit one bit message at distance

d, the radio expends E

elec + E amp d 2 , and to receive the message, the radio expends E

ele c

. In order to

normalize the constants, divide both expressions by E amp , so that radio expands T=E + d 2 for

transmission and P=E for reception, where E= E

elec / E amp =500 m 2 . Note that T/P= 1+ d 2 /E and

T+P=2E+ d 2 . Therefore, in this model, referred to as HCB - model, the power needed for

transmission and reception at distance d is u(d)= 2E+ d 2 .

Stojmenovic and Lin [SL2] assumed that the power needed for the transmission and reception

ofa signal is u(d)=ad a +c. Constant factor c in this expression for totalenergyconsumption may

also include the energyconsumed in computer processing and encoding/decoding at each station.

Next, the leading coefficient a can be adjusted to the physicalenvironment, unit ofl ength

considered, unit size ofa signal(a bit, byte, or frame, for example) etc. In the RM - model a =4, a=1,

c=2*10 8 , while in the HCB - model a =2, a=1, c=2E. These two models were used in our

experiments.

Suppose that the sender S is able to transmit the pac ket directlyto the destination D. The

following theoremdetermines whether energycan be saved bysending the packet to an

intermediate node A between the nodes and forwarding the packet from A to D. Let |SD|=d,

|SA|=x, |AD|=d - x. Such a node ofcourse may not exist, but the routing algorithmwillbe based on

proximityofexisting nodes to such an intermediate node.

Theorem 1 [SL1]. Let d be the distance between the source and the destination. The power

needed for direct transmission is u(d)=ad a +c which is optimal if d £ (c/(a(1 - 2

1 - a ))) 1/ a

. Otherwise

(that is, when d > (c/(a(1 - 2

1 - a ))) 1/ a ), n - 1 equallyspaced nodes can be selected for retransmissions,

where n= d(a( a - 1)/c)

1/ a (rounded to the nearest integer), producing minimalpower consumption of

about v(d)= dc(a( a - 1)/c)

1/ a

+ da(a( a - 1)/c)

(1 - a )/ a .

Theorem1 announces the possibilityofconverting polynomialfunction in d (with exponent a )

for power consumption (in case ofdirect transmission fromsender to destination) to linear function

in d byretransmitting the packet via some intermediate nodes that might be available.

Ifnodes have information about position and activityofallother nodes then optimalpower

saving algorithm, that will minimize the totalenergyper packet, can be obtained byapplying

Dijks tra´s single source shortest weighted path algorithm, where each edge has weight u(d)=ad a

+c, where d is the length ofthe edge. This willbe referred as the SP - power algorithm.

The corresponding loop - free localized power efficient routing algorithmcan be described as

follows [SL2]. The source (or an intermediate node) B should select one o fits neighbors to forward

packet toward destination, with the goalofreducing the totalpower needed for the packet

transmission. In this and other localized algorithms described in this section, onlyneighbors that

are closer to destination than B are c onsidered (ifno such node exists, routing fails). Let A be a

neighbor of B, and let r=|AB|, d=|BD|, s=|AD| . The power needed for transmission from B to A is

u(r)=ar a +c, while the power needed for the rest ofrouting algorithm is not known. Assuming uniformlydistributed network, a fair assumption that the power consumption for the rest ofrouting

algorithm is equalto the optimalone is made (see Theorem1). That is , the power needed for

transmitting message from A to D is estimated to be v(s)= sc(a( a - 1)/c)

1/ a

+ sa(a( a - 1)/c)

(1 - a )/ a . For

a =2, v(s)=2s(ac) 1/2 . This is, ofcourse, an unrealistic assumption. However, it is fair to allnodes.

We experimented also with for mula tv(S), and optimalvalues for t appear to be between 1 and 2,

with no clear winner for allthe method. We shalluse value t=1 in the sequel. Node B willselect

one ofits neighbors A which will minimize p(B,A)=u(r)+v(s)= ar a +c + sc(a( a - 1)/c)

1/ a + sa(a ( a -

1)/c)

(1 - a )/ a . For a =2 it becomes u(r)+v(s)= ar 2 +c + 2s(ac) 1/2 . Ifdestination D is a neighbor of B

then compare the expression with the corresponding one, u(d)=ad a +c, needed for direct

transmission ( s=0 for D, and D can be treated as anyother neighbor ). The algorithmproceeds until

the destination is reached, ifpossible.

The algorithm[SWR] proposed to use a function f(A) to denote node A ´s reluctance to forward

packets, and to choose a path that minimizes the sumof f(A) for nodes on the path. This routing

protocol[SWR] addresses the issue ofenergycriticalnodes. As a particular choice for f, [SWR]

proposes f(A)=1/g(A) where g(A) denotes the remaining lifetime ( g(A) is normalized to be in the

interval[0,1]). Thus reluctance grows significantlywh en lifetime approaches 0. The other metric

used in [SWR] is aimed at minimizing the totalenergyconsumed per packet. However, [SWR]

merelyobserves that the routes selected when using this metric willbe identicalto routes selected

byshortest hop count routing, since the energyconsumed in transmitting (and receiving) one

packet over one hop is considered constant. For each ofthe two proposed power consumption

metrics (cost and hop count), [SWR] assigns weights to nodes or edges, and then refers to non -

localized Dijkstra´s algorithmfor computing shortest weighted path between source and

destination. It is referred to as the SP - cost algorithm in experimentaldata in this paper. The

algorithmuses the cost to select the path, but the actualpower is charg ed to nodes. We also

observed that the validation ofpower aware metrics in [SWR] was done on randomgraphs where

each pair ofnodes is joined byan edge with a fixed probability p.

The localized version of SP - cost algorithm[SWR] algorithm, assuming const ant power for each

transmission, can be designed as follows [SL2]. The cost c(A) ofa route from B to D via

neighboring node A is the sumofthe cost f(A) =1/g(A) ofnode A and the estimated cost ofroute

from A to D. The cost f(A) ofeach neighbor A ofno de B currentlyholding the packet is known to

B. In [SL2], the cost ofremaining path is assumed to be proportionalto the number ofhops

between A and D. The number ofhops, in turn, is proportionalto the distance s=|AD|, and

inverselyproportionalto ra dius R. Thus the cost is ts/R , where factor t is to be investigated

separately. We selected t= f(A) (best performing definition from[SL2]). The cost c(A) ofa route

from S to D via A is then estimated to be c(A)=f(A)+ts/R . Ifdestination is one ofneighb ors ofnode

B currentlyholding the packet then the packet willbe delivered to D. Otherwise, B willselect one

ofits neighbors A which will minimize c(A). The algorithmproceeds untilthe destination is

reached, ifpossible, or a node has no closer node to destination than itself.

Chang and Tassiulas [CT1, CT2] and Stojmenovic and Lin [SL2] (technicalreport published in

1998) independentlyproposed combining power and cost into a single metric. In [CT1] Chang and

Tassiulas experimented with metric c ij =( E i - e ij l ) - 1 , where e ij =u(d)=d 4 +c is energyfor transmission

on link ij with length d, l and c are smallconstants, and E i is remaining batterypower at node i. In

[CT2] theyproposed a general metric c ij =e ij a E i - b E i c , where E i is initialenergyat node i, an d a , b

and c are constants. Theyconsider routing tasks with fixed source - destination pairs, one - to - one

[CT1] and one - to - many[CT2] cases. The power needed for reception is not considered. Distributed

non - localized Bellman - Ford shortest weighted path algo rithm is used. Their experiments indicate

(a,b,c)=(1,50,50) as values that are close to optimalone. Network lifetime is maximized when

traffic is balanced among the nodes in proportion to their energyreserves, instead ofrouting to

minimize the absolute consumed power [CT1, CT2]. A similar power - cost metric was proposed

also in [GCNB], followed bya multi - path route - redirect algorithm, where messages are redirected

through anyintermediate node that saves power or reduces cost. However, multi - path transmi ssion

in effect increases the power and cost, contraryto the design goals.

Stojmenovic and Lin [SL2] proposed two different ways to combine power and cost metrics

into a single power - cost metric, based on the product and sumoftwo metrics, respectively. Ifthe

product is used, then the power - cost ofsending message from B to a neighbor A is equalto power -

cost(B,A)=f(A)u(r) (where |AB|=r). The sum, on the other hand, leads to a new metrics power -

cost(B,A)= a u(r) + b f(A), for suitablyselected values of a a nd b . For example, sender node S may

fix a =f’(S) and b =u(r’), where r’ is the average length ofalledges going out of S. The values a and

b are (in this version) determined by S and used, without change, byother nodes B on the same

route. The correspondi ng shortest path algorithms can find the optimalpower - cost byapplying

single source shortest weighted path Dijkstra´s algorithm(the node cost is transferred to the edge

leading to the node). The product version (called SP - Power*Cost) performed better in [SL2] for the

shortest power - cost path, and is selected for this paper for the comparison.

The power - cost efficient routing algorithm maybe described as follows [SL2]. Let A be the

neighbor of B (node currentlyholding the message) that minimizes pc(B,A )= power - cost(B,A) +

v(s)f´(A) (where s=0 for D, if D is a neighbor of B ). The variant power - cost(B,A)=

f’(S)u(r)+u(r’)f(A) performed better in experiments [SL2], is loop - free [SL2] and was thus selected

in this paper for localized algorithm. The packet is delivered to A. Thus the packet is not

necessarilydelivered to D, when D is a neighbor of B.

3. Dominating sets and internal nodes

A set is dominating ifallthe nodes in G are either in the set or neighbors ofnodes in the set.

Nodes that belong to a dominating set willbe called, in this paper, internalnodes for G . Routing

based on a connected dominating set is frequentlyused approach [WL], where the searching space

for a route is reduced to corresponding internalnodes. The routing process, in this approach, is

divided into three steps. Ifsource node is not an internalnode, it forwards the packets to one ofits

adjacent internalnodes. This internalnode then acts as a new source to route the packets in the

reduced graph consisting ofinternalnod es only. Eventually, the packets reach the destination

internalnode, which is either the destination node itselfor neighbor ofthe destination node. In the

later case, the destination internalnode forwards the packets directlyto the destination node. S uch

routing is suggested for the shortest path [WL], for DSR (dynamic source routing) [WL], and for

localized routing with guaranteed delivery[DSW].

Wu and Li[WL] proposed a simple and efficient distributed algorithmfor calculating

connected dominating sets in ad hoc wireless networks, modeled byarbitrarygraphs. They

introduced the concept ofan intermediate node. A is an intermediate node ifand onlyifthere exist

two neighbors of A that are not direct neighbors themselves. Iflocation information ( that is,

geographic position) ofnodes is not known to nodes then the list of2 - hop neighbors (that is,

neighbors ofeach neighbor) suffices to make such decision at each node (ifthese lists are

exchanges between neighboring nodes). On the other hand, if nodes know the location ofall its

neighbors, and G is unit graph with a given radius R known to allnodes, then each node can determine whether or not it is an intermediate node without anymessage exchanged with its

neighbors for that purpose.

Wu and Li [WL] introduced also two rules that considerablyreduce the number ofinternal

nodes in the network, and proved that these rules preserve network connectivityafter eliminating

additionalnodes fromthe dominating set. Let N(u) be the (open) set ofallne ighbors ofnode u, and

let N[u]=N(u) È {u} be the corresponding closed neighbor set, that is the set ofallneighbors and u

itself. Suppose that each node has a unique id number (it maybe obtained bygenerating a random

number in [0,1], or their x - coordin ate mayserve the purpose). Let us define inter - gateway nodes as

nodes intermediate nodes that are not eliminated byRule 1. Rule 2 willnot be used here since

experiments in [DSW] did not offer anyadvantage in using that rule. Rule 1 [WL] is as follows.

Consider two intermediate nodes v and u . If N[v] Í N[u] in G and id(v) < id(u), then node v is

not an inter - gatewaynode. In other words, ifanyneighbor of v is also a neighbor of u, and v is

connected to u and has lower id, then anypath via v can be rep laced bya path via u, thus node v is

not needed as internalnode. We mayalso saythat node v is ’covered’ bynode u. Observe that the

hop count between anytwo nodes does not increase byapplying Rule 1, since a segment pvq ofa

path between source and d estination is replaced bya segment puq, thus hop count does not change.

Since routing on inter - gatewaynodes performed better than routing on intermediate nodes in

[DSW], this paper adopts inter - gatewaynode definition in experiments involving internalno des.

Stojmenovic, Seddigh and Zunic [SSZ] proposed to replace node id s with a record ( degree, x,

y ), where degree is the number ofneighbors ofa node, and x and y are its two coordinates in the

plane (ifavailable, otherwise theymayuse a randomnumber i nstead). In Rule 1, nodes compare

first their degrees, and node with higher degree has greater chances ofremaining an internalnode.

In case ofties, use x - coordinates as secondaryand y - coordinates as ternarykeys. The information

about the degree ofnei ghboring nodes maybe gathered together with information about their

location. Such definition is used in broadcasting algorithm(where a message is to be sent fromone

node to allother nodes in the network) [SSZ], where onlyinternalnodes retransmit the message,

resulting in reduction in retransmissions to roughlyhalfofnodes compared to flooding method

where allnodes retransmit.

4. Existing localized routing algorithm which guarantees delivery

Bose, Morin, Stojmenovic and Urrutia [BMSU] described a GPS based localized routing

algorithmwhich guarantees the deliveryfor wireless networks modeled byunit graphs, assuming

onlythat the graph is connected. The onlyadditionalconstraint is, ofcourse, that the position of

destination (as recorded bythe sender node) is reasonablyaccurate. Let G be the graph, containing

n vertices, that corresponds to the wireless network. Since G is unit graph, there exists radius R

such that two vertices are connected in G ifand onlyifthe distance between themis <R .

The algorithms works as follows. In the first phase, construct planar connected subgraph P of

G. P is the intersection ofunit graph and Gabrielgraph GG on the set S of n given nodes, defined

as follows. Let disk(u,v) be the disk with diameter (u,v). Th en, the Gabrielgraph GG(S) is a graph

in which edge (u,v) is present ifand onlyif disk(u,v) contains no other points of S. GG(S) is a

planar graph (that is, no two edges cross each other). It was proved in [BMSU] that the intersection

ofconnected unit graph and Gabrielgraph is a connected planar graph. The planar subgraph is

constructed in localized manner. More precisely, each node needs to know onlythe location ofits

neighbors, and does not need anyadditionalcommunication step to decide, for each ofits edges,

whether it belongs to P . Let A be one ofnodes, and B one ofits neighbors. Edge AB belongs to P if and onlyif |CM|<|AB|/2 for each neighboring node C of A , where M is the middle point between A

and B. Alternative criterion is the following : an edge AB is included in the subgraph ifand onlyif

Ð ACB is acute, for each joint neighbor C of A and B. Therefore, the construction of GG(S) does not

require anymessage exchange between neighboring nodes, other than regular location updates.

In the second phase, a path between source node S and destination node D in P is constructed.

Planar subgraph P divides the plane into severalfaces. One ofthem is open (or infinite) while other

faces are closed. The straight line segment between S and D interse cts severalfaces of P, in a

particular order. Anyedge of P belongs to exactlytwo faces. The message traverses these faces,

one byone, and changes froma face to the next face at the edges that intersect line SD . Details of

this algorithm, called FACE, are given in [BMSU, DSW]. The paths generated by FACE algorithm

are considerablylong. However, nodes do not need to memorize past traffic in order to forward the

message correctly. Also, there is no need for multiple paths. That is, at each step there is exactly

one copyofthe message in the network. The FACE algorithm maybe used in practice in

combination with an algorithmthat performs wellwhenever it does not fail, such as greedyrouting

scheme [F]. [BMSU] proposed an algorithmthat begins routing wi th greedy scheme until message

is delivered, or fails at a node C. The failure node is defined as node C that has no closer neighbor

to D than itself. Such choice node enables to prove that the combined algorithmremains loop - free,

and guarantees delivery. At C, FACE algorithm is invoked which guarantees delivery. The

algorithm is further improved, byproposing GFG (Greedy - FACE - Greedy) routing scheme. In this

scheme, routing follows greedy method untila node C is reached that has no neighbor closer to

des tination than itself. The distance d=|CD| is attached to the message, and C invokes FACE

algorithmwhich runs until message is delivered, or a node B such that | BD|<d is found. Routing

then continues again with greedy until message deliveryofthe next nod e C that has no closer

neighbor to destination. Thus the number ofswitches from greedy to FACE and back maybe

arbitrary, but each switching node is closer to destination than the previous one. The performance

evaluation in [BMSU] confirmthat GFG method is verypractical, and in case oflow degree graphs

with few hundred nodes it generates paths which are on average up to 3.5 times longer than paths

generated byshortest path ( SP ) algorithm. In case ofhigh degree networks, the performance of

GFG is very close to the performance of SP algorithm.

Karp and Kung [KK] implemented GFG algorithm[BMSU] byadding a fullIEEE 802.11

MAC protocol, and byexperimenting with mobile nodes moving according to a randomwaypoint

model, using ns - 2 environment. Theyused the same simulation code as the measurement study

used to evaluate DSR protocol[BMJHJ]. Accurate destination information was used in [KK], thus

location updates and corresponding overhead were not implemented or measured. Their GPSR

(GreedyPerimeter Stat eless Routing) algorithm, extended from GFG , consistentlydelivered over

94% (mobilitymayintroduce disconnection) data packets successfully; it is competitive with DSR

in this respect on 50 node networks at allpause times, and increasinglymore successf ulthan DSR

as the number ofnodes increases. The routing protocoltraffic generated byGPSR was constant as

mobilityincreased, while DSR must querylonger routes with longer diameter and do so more often

as mobilityincreases (with less effective caching ). Thus DSR generates drasticallymore routing

protocoltraffic in simulations [KK] with over 100 nodes. Therefore the scalabilityseems to be the

major advantage of GFG algorithmover existing wellknown protocols.

Datta, Stojmenovic and Wu [DSW] proposed to restrict GFG algorithmon the set ofinternal

nodes only, and to shorten paths in FACE mode bya shortcut procedure, as follows. One ofmain

problems with FACE algorithm, causing its increased hop count, is that the planar subgraph

construction phase f avors short edges over long ones. A route between source and destination is therefore likelyto contain a number ofshort edges. This means that a node A in the path might

have, in addition to forwarding node, few more nodes in the same path as its neighbo rs. Ifnode A

receives the information about each neighbor ofeach ofits neighbors, it can accuratelyconstruct

the localportion ofpath in FACE algorithm, and select the furthest known node on the path to send

the message directlyto it, thus making a s hortcut. Note that A can predict next hops even if face is

changed in the process. In order to applythe shortcut procedure, neighboring nodes need to

exchange the list and location oftheir neighbors, in addition to their own location, whenever a

change in localtopologyoccurs. In other words, 2 - hop local information is needed. The

experiments in [DSW] indicate that the overhead, in excess ofthe shortest path algorithm, can be

reduced to about halfofthe overhead in [BMSU] for anygraph density.

5. Pow er and cost aware routing algorithms with guaranteed delivery

In this section we describe our localized power and/or cost aware routing algorithms which

guarantydeliveryin connected unit graphs. The algorithms are combination ofpower, cost, or

power - c ost routing algorithm(respectively) with the FACE algorithm, similarlyas greedy

algorithm is combined with FACE to define GFG algorithm. We shallcallthese algorithm PFP,

CFC, and PcFPc algorithms, respectively.

More precisely, routing begins with P (po wer), C (cost), or power - cost ( Pc ) scheme

(respectively) until message is delivered, or fails at a node C. The failure node is defined as node C

which has no closer neighbor to D than itself. Such choice node enables to prove that the combined

algorithmre mains loop - free, and guarantees delivery. The distance d=|CD| is attached to the

message, and C invokes FACE algorithmwhich runs until message is delivered, or a node B which

has a neighbor B´ such that | B´D|<d is found. The message is sent to the best su ch neighbor B´ (if

any, and according to considered criterion), and routing then continues again from B´ with

corresponding P, C or Pc method, until message deliveryor the next node C that has no closer

neighbor to destination is encountered. Thus the num ber ofswitches from P, C, or Pc method to

FACE and back maybe arbitrary, but each switching node is closer to destination than the previous

one. This property, together with the guaranteed deliverypropertyof FACE algorithm, suffices to

claimguaranteed deliverypropertyfor PFP, CFC, and PcFPc algorithms, and consequentlytheir

loop - freedom.

One possible enhancement ofeach algorithm is to restrict themto internalnodes only. Our

experiments showed that internalnode concept showed no significant impro vement (or drawback)

in hop count, deliveryrates or power savings when applied in conjunction with greedypower/cost

aware or non - aware algorithms. However, notable improvement was obtained when concept was

applied in FACE mode ofrouting algorithm. Byre ducing the number ofnodes to internalnode set,

FACE algorithm is applied on smaller set, therefore producing shorter paths in its maze like

traversalof faces on route fromsource to destination.

Figure 1. Path ABCE replaced by AE in the shortcu t procedure

A F

E C

B G

The second improvement is to adjust shortcut procedure [DSW] so that the best neighbor in

each case, in FACE mode, is selected. Consider, for example, the path ABCEFG in Fig. 1, where B,

C, E and F are neighbors ofA. Node A is normallyneigh bor for severalsubsequent nodes in FACE

algorithm, since the later favors `short´ edges. Knowing the neighbors ofeach neighbor, node A

maydetermine this path and send message directlyto some other node instead to neighbor B

determined by FACE algorithm . Using appropriate criteria for each ofpower, cost, and power - cost

routing algorithms, node A selects the best neighbor, say E, and forwards the message directlyto E,

thus deleting nodes B and C fromthe path. Ifpower aware routing algorithm is conside red, the best

neighbor is one that minimizes u(|AX|)+tv(|XD|), where X is B, C, E or F .

Ifcost aware routing is considered, then A maysend message directlyto F, furthest known node

on the path, since the cost ofother intermediate nodes is avoided in t his way. However, ifthe cost

ofnode F is high, this maynot be the best solution. Node E, having much lower cost, and knowing

more subsequent nodes on the path than node A , might be in position to avoid F later, and therefore

reduce overallcost. Other a lternative is to select node, say E, which has lowest cost among B, C, E

and F . This also maynot be best choice, since the node maynot advance sufficientlytoward

destination. Thus we propose to use cost c(X) as defined above, which is the sumofcost of X and

estimated cost ofremaining path, which depends on distance to destination. In case ofpower - cost

algorithm, the function pc(A,X), explained above, maybe similarlyapplied.

7. Performance evaluation of power efficient routing algorithm

The experim ents are carried on both static and mobile networks. Each of n nodes is initially

chosen byselecting its x and y coordinates at random in the interval[ 0,m ). In order to controlthe

initialaverage node degree k (that is, the average number ofneighbors), we sort all n(n - 1)/2

(potential) edges in the network bytheir length, in increasing order. The radius R that corresponds

to chosen value of k is equalto the length of nk/2 - th edge in the sorted order. The experiments with

static networks required connec ted unit graphs. The experiments on moving nodes were carried as

follows. Each node moves according to the following mobilitypattern. It chooses a random

destination and randomnumber mov - it , the number ofsteps (iterations) it willtake to reach the

dest ination, froma given interval[ min - mov - it, max - mov - it ]. When node reaches its destination, it

makes a new selection of mov - it and randomdestination and repeats the process. One routing task

per iteration is performed in the network, bychoosing source an d destination nodes at random.

MAC layer was not implemented, so possible collisions oflocation update and routing traffic are

assumed to be handled byeither acknowledgements within IEEE 802.11 or bytime division

multiple access in multi - hop ad hoc netw orks (see a recent survey[L]). Because ofusing single

path strategyand one routing task at a time, there would be no collision within routing traffic even

ifa MAC layer were added. Bychoosing mov - it parameter, node in effect chooses its speed. We

assu med that the speed ofperforming routing task is significantlygreater than the node movement.

The size ofiteration should be chosen such that each node performs veryfew, ifany, location

update activities during the iteration. Disconnected source - destin ation pairs are detected by

repeating the same edge on FACE path twice (such pairs are also confirmed byrunning shortest

path algorithmon the same pairs). Each node sends location update message to all its neighbors

whenever it detects that an existing l ink is broken, or a message froma new neighbor is heard. It

was observed that the failure rate due to using imprecise neighborhood information is far below

1%, and that mobilityhad no significant negative impact on routing process. This is similar

conclu sion to one reported in [KK]. The measured data for static and moving networks did not

differ significantly. We have therefore chosen to present data onlyfor static networks. The average number oflocation update messages per node was also measured. It gr ows with mobilityand

network densitybut was constant with respect to number ofnodes in the network, thus confirming

scalability, which DSR and other non - position based routing protocols are lacking [KK]. The

primarygoalofthis paper and experimentald esign was to show power savings and network´s life

extension for new protocols while preserving guaranteed deliveryproperty, compared to algorithm

[BMSU, DSW], and to confirmthat savings are stable with respect to node mobility. Note that the

number ofr outing tasks that a network can perform is negativelyimpacted bynode mobility

because ofcommunication overhead imposed bylocation updates.

We have experimented with number ofnodes from n=40 to n=100, and average node degrees

from k =3 to k =10. We compa red all methods for squares ofsizes m= 10, 100, 200, 500, 1000, 2000,

5000 for both HCB - and RM - models . The results are averages over 20 graphs with 100 routing

pairs in each chosen at random. We considered two different models in our experiments. The firs t

model is the one described in literature review (and used byother authors), where transmission

power is charged to sender node (and depends on distance between nodes), and a fixed power for

reception is charged to receiving node. In that model, energy d a +E/2 is charged to transmitting

node, while the receiving node is charged with the remaining power E/2 . The presented data refer

to this model. This model is justified ifneighboring nodes that are not message receivers can

temporarilyswitch to sleep mod e after realizing that theyare not intended receivers. Otherwise,

each neighboring node shallbe charged for listening to the message. We have designed the

following modelfor this case. Assume that a node choose the transmission power according to a

neig hbor that is at distance d . The power needed for another neighbor at distance r to receive the

message is q(Ed a /(r a +E) + E 2 /(r a +E))=a(r)d a +c(r), where q is a constant whose value is between

0.1 and 1 (the value q=1 corresponds to the case when reception po wer for node at distance r=0

fromsender is the same as transmission power; such modelfollows from[RM, HCB]). Let a and b

be the summations of a(r) and c(r) over allneighbors (and possiblyeven allnodes in the network,

ifthe energyfor receiving noise is also to be charged). We conclude that the overallenergycharged

to the network is again ofthe form ar a +c; however constant a and c differ at each node. Thus the

localized algorithmremains the same under this model, and the performance evaluation giv es,

surprisingly, similar conclusion. We therefore did not include experimentalresults for this model in

the paper.

Degree 4 5 6 7 8 9 10

FACE - I 8765 8015 8191 7015 7057 7394 7662

FACE - I - S 5206 4821 5014 4474 4647 4961 5520

GFG - I 4276 3858 3884 3464 3546 3747 4064

GFG - I - S 3861 3684 3700 3438 3529 3715 4057

PFP 4717 3985 3815 2936 2921 3080 3032

PFP - S 4050 3659 3485 2807 2800 2909 2930

PFP - I 4216 3670 3681 2992 2956 3148 3177

PFP - I - S 3783 3437 3380 2883 2845 3008 3075

PFP - I - S - 2t 3671 3387 3344 30 23 2855 2973 3029

SP - POWER 2886 2913 2879 2548 2541 2592 2670

Table 1: Power Consumption per one routing task for n =40 nodes and m =1000

Table 1 presents the average power consumption per successfulrouting task in networks with

n =40 nodes placed in a s quare ofsize m =1000 and average degrees from4 to 10. The results for other values of n were similar. The suffix `I´ denotes the application ofinter - gatewaynode concept,

while suffix `S´ denotes the application ofshortcut procedure. The data for SP - pow er method are

optimalpower consumption, received byapplying Dijkstra´s shortest weighted path algorithm. The

advantage ofusing shortcut procedure is notable, giving more benefits overallthan the inter -

gatewaynode concept. The overallefficiencyofloc alized power efficient algorithmwith

guaranteed deliveryis notable. The excess power needed for deliveryfor best PFP - I - S method

ranges from31% for degree d =4 (which frequentlycalls FACE algorithm) to 15% for d =10 which

rarelycalls FACE procedure. Pow er savings obtained byapplying power formula, measured in

terms in excess power over minimalone required by SP - power algorithmare also notable. For

instance, PFP - I - S over GFG - I - S has savings ranging fromabout 10% for d =4 to about 30% for

d =10. Power fo rmulas use value t=1 in u(r)+tv(s), except the method PFP - I - S - 2t in Table 1 that

used value t=2. This was the largest overalldifference in results for different values of t.

8. Performance evaluation of cost and power - cost efficient routing algorithms

T he experiments that evaluate cost and power - cost routing algorithms are designed as follows.

Randomunit connected graphs are generated as in the previous section. An iteration is a routing

task specified bythe randomchoice ofsource and destination node s. A power failure occurs ifa

node has insufficient remaining power to send a message according to given method. Iterations are

run untilthe first power failure at a node occurs (at which point the corresponding method ’dies’).

Each node is initiallyass igned an energylevelat random in the interval[ minpow, maxpow ], where

parameters depend on m. After sending a message fromnode A to node B, the energythat remained

at A ( B ) is reduced bythe power needed to transmit (receive) the message, respectively. The

experiment is performed on 20 graphs for each method, for each of HCB - and RM - model formulas.

Degree 4 5 6 7 8 9 10

Face2 - I 152 176 160 180 167 177 150

Face2 - I - S 157 188 172 200 197 211 180

GFG 193 212 181 252 234 238 218

GFG - S 194 213 182 252 234 238 218

GFG - I 189 213 182 230 240 226 198

GFG - I - S 191 215 183 229 241 226 198

PFP 222 258 222 304 330 313 290

PFP - S 226 265 223 307 329 317 280

PFP - I 210 252 214 281 312 284 271

PFP - I - S 215 259 216 291 313 299 278

CFC 202 254 228 322 364 360 372

CFC - S 203 254 229 324 363 365 376

CFC - I 205 260 222 313 361 343 356

CFC - I - S 206 261 224 314 363 345 355

PCFPC 226 282 251 354 377 373 370

PCFPC - S 224 2 88 253 360 385 383 387

PCFPC - I 223 283 251 349 372 380 367

PCFPC - I - S 224 292 256 352 377 383 390

SP 218 242 196 248 252 238 210

SP - Power 252 294 229 316 342 333 307

SP - Cost 237 297 258 380 376 365 370

SP - Power*Cos t 262 329 278 438 425 427 426

Table 2. The number ofiterations for n =40, m =100, and power interval[3M,4M]

Table 2 presents experimentaldata on the number ofrouting tasks a network can perform

before a first node dies, for network with n =40 nodes placed in a square ofsize m =1000, average

degrees from4 to 10, and with initialnodes power selected at random in interval[3000000,

4000000]. Quadratic formula for power was used, while power - cost formula for localized algorithm

is discussed in section 2. Note that shortest weighted path algorithms used are not necessarily

optimal, and that our localized algorithms are verycompetitive with them. It can be observed that

power - cost combination is better than power or cos t alone. Also, our power, cost and power - cost

aware routing algorithms were superior in these experiments with respect to non - power or non - cost

aware localized algorithms, and superiorityincreased with degree. Power aware algorithm PFP+

extended network l ife 13% - 40% over corresponding non - power aware GFG+ algorithm, cost

aware formula CFC+ extended 8% - 80% over PFP+, and power - cost aware PcFPc+ extended

17% - 97% over GFG+ (`+´ refers to same extension in both names). Compared to best shortest

weighted path S P - Power*Cost algorithm, our best performing localised algorithm PcFPc - I - S

achieve 83% - 92% ofnetwork life. Therefore although the performance did not seem much

improved for lower degrees, it appears that no significant improvements are possible either sinc e

PcFPc - I - S is close to performance of SP - Power*Cost for alldegrees.

Conclusion

This paper described several localized routing algorithms that tryto minimize the totalenergy

per packet and/or maximize lifetime ofthe network and guarantydeliveryfor unit graph modelof

wireless networks. The proposed routing algorithms are alldemand - based and can be augmented

with some ofthe location update schemes, reported in literature, that willsupplythe reasonably

accurate destination information to sender no de. These methods use control messages to update

positions ofallnodes to maintain efficiencyofrouting algorithms. However, these control

messages also consume power, and the best trade - off for moving nodes is to be established.

Therefore further resear ch is needed to select the best protocols. Our primaryinterest in this paper

was to examine power consumption with respect to power non - aware protocols and provide basis

for further study. Power efficient methods tend to select wellpositioned neighboring nodes in

forwarding the message, while cost efficient method favor nodes with more remaining power. The

node movement, in this respect, willcertainlyassist power aspect ofthe formula since the

movement willcause the change in relative node positioning . This willfurther emphasize the

advantage ofpower - cost over power onlyor cost onlymethods.

Interestingly, the performance ofinternalnode based routing also improves with mobility(ifthe

cost oflocation updates is ignored), since mobilitychanges f requentlythe dominating set. When

the nodes are static, the fixed choice ofinternalnodes becomes routing bottleneck, since these

nodes are used more often than others in routing messages. To address this problem, [WGS]

proposed a different definition of dominating sets, the one that takes remaining power at nodes into

account when deciding internalnodes. Thus the dominating set willchange for static networks by

applying this definition. The incorporation ofthis new definition into our protocols is lef t for future

study.

The formulas for power, cost, and power - cost methods mayalso need some improvements. Our

experiments do not give an ultimate answer on even the selection ofapproach that would give the

most prolonged life to each node in the network. We will investigate this question further in our

future work which willconsider a number ofmetrics including generalized one f(A) a u(r) b , which is

similar to one proposed in [CT2].

References

[APL] K.N. Amouris, S. Papavassiliou, M. Li, A position based multi - zone routing protocol for wide area mobile ad -

hoc networks, Proc. 49 th IEEE Vehicular TechnologyConference, 1999, 1365 - 1369.

[BBCGHL] L. Blazevic, L. Buttyan, S. Capkun, S. Giordano, J. - P. Hubaux and J - Y. Le Boudec, Self - organization in

mobile ad h oc networks: the approach of terminodes, IEEE Communication Magazine, June 2001.

[BCSW] S. Basagni, I. Chlamtac, V.R. Syrotiuk, B.A. Woodward, A distance routing effect algorithm for mobility

(DREAM), Proc. MOBICOM, 1998, 76 - 84.

[BMJHJ] J. Broch, D.A. Malt z, D.B. Johnson, Y.C. Hu, J. Jetcheva, A performance comparison of multi - hop wireless

ad hoc network routing protocols, Proc. MOBICOM, 1998, 85 - 97.

[BMSU] P. Bose, P. Morin, I. Stojmenovic and J. Urrutia, Routing with guaranteed deliveryin ad hoc wireless

networks, 3 rd Int. Workshop on Discrete Algorithms and Methods for Mobile Computing and

Communications, Seattle, August 20, 1999, 48 - 55; to appear in Telecommunication Systems.

[CHH] S. Capkun, M. Hamdi, J.P. Hubaux, GPS - free positioning in mobile ad - hoc networks, Proc. Hawaii Int. Conf.

on System Sciences, January2001.

[CN] S. Chen and K. Nahrstedt, Distributed quality - of - service routing in ad hoc networks, IEEE J. Selected Areas in

Communications, 17, 8, August 1999, 1488 - 1505.

[CT1] J.H. Chang and L. Tassiulas, Routing for maximum system lifetime in wireless ad - hoc networks, Proc. 37 th

Annual Allerton Conf. on Communication, Control, and Computing, Monticello, IL, Sept. 1999.

[CT2] J.H. Chang and L. Tassiulas, Energyconserving routing in wireless ad - h oc networks, Proc. IEEE INFOCOM,

March 2000.

[DSW] S. Datta, I. Stojmenovic, J. Wu, Internal node and shortcut based routing with guaranteed deliveryin wireless

networks, Cluster Computing, to appear , www. site.uottawa.ca/~ivan .

[EGHK] D. Estrin, R. Govindan, J. Heidemann, S. Kumar, Next centurychallenges: Scalable coordination in sensor

networks, Proc. MOBICOM, 1999, Seattle, 263 - 270.

[F] G.G. Finn, Routing and addressing problems in large metropolitan - s cale internetworks, ISI Research Report

ISU/RR - 87 - 180, March 1987.

[G] S. Giordano, Mobile ad hoc networks, to appear in: Wireless Networks and Mobile Computing Handbook (I.

Stojmenovic, ed.), John Wiley& Sons, 2001.

[GCNB] J. Gomez, A.T. Campbell, M. Nag hshineh, C. Bisdikian, Power - aware routing in wireless packet networks,

proc. IEEE Int. Workshop on Mobile Multimedia Communication, San Diego, CA, Nov. 1999.

[HCB] W.R. Heinzelman, A. Chandrakasan and H. Balakrishnan, Energy - efficient routing protocols f or wireless

microsensor networks, Proc. Hawaii Int. Conf. on System Sciences, Jan. 2000.

[HKB] W.R. Heinzelman, J. Kulik, H. Balakrishnan, Adaptive protocols for information dissemination in wireless

sensor networks, Proc. MOBICOM, Seattle, 1999, 174 - 185.

[IETF] IETF internet draft, http://www.ietf.org/html.charters/manet - charter.html, 1998.

[KK] B. Karp and H.T. Kung, GPSR: Greedyperimeter stateless routing for wireless networks, Proc. MOBICOM,

August 2000, 243 - 254.

[KKP] J.M. Kahn, R.H. Katz, K.S.J. Pist er, Next centurychallenges: Mobile networking for ’smart dust’, Proc.

MOBICOM, 1999, Seattle, 271 - 278.

[KV] Y.B. Ko and N.H. Vaidya, Location - aided routing (LAR) in mobile ad hoc networks, MOBICOM, 1998, 66 - 75;

Wireless Networks, 6, 4, July2000, 307 - 321.

[L] E. Lloyd, Broadcast Scheduling for TDMA in Wireless Multi - hop Networks, in: Wireless Networks and Mobile

Computing Handbook (I. Stojmenovic, ed.), John Wiley& Sons, 2001, to appear.

[LJCKM] J. Li, J. Jannotti, D.S.J. De Couto, D.R. Karger, R. Morris, A scalable location service for geographic ad hoc

routing, Proc. MOBICOM 2000, 120 - 130.

[LL] C. R. Lin and J.S. Liu, QoS routing in ad hoc wireless networks, IEEE J. Selected Areas in Communications, 17,

8, Aug. 1999, 1426 - 1438.

[LSR] S. Lindsey, K. Sival ingam and C.S. Raghavendra, Power optimization in routing protocols for wireless and

mobile networks, in: Wireless Networks and Mobile Computing Handbook (I. Stojmenovic, ed.), John Wiley

& Sons, 2001, to appear.

[M] Metricom Richonet wireless modem www.metricom.com

[MC] J.P. Macker and M.S. Corson, Mobile ad hoc networking and the IETF, Mobile ComputingandCommunications

Review, 2, 1, 1998, 9 - 14.

[N] Nokia Rooftop wireless routing system. www.nwr.nokia.com

[RM] V. Rodoplu and T.H. Meng, Minimum energymobile wireless networks, IEEE Journal on Selected Areas in

Communications, Vol. 17, No. 8, August 1999, 1333 - 1344.

[RS] S. Ramanathan and M. Steenstrup, A surveyof routing techniques for mobile communication networks, Mobile

Networks and Applications, 1, 2, 1996, 89 - 104.

[RT] E.M. Royer and C.K. Toh, A reviewof current routing protocols for ad hoc mobile wireless networks, IEEE

Personal Communications, April 1999, 46 - 55.

[S h] T. Shepard, A channel access scheme for large dense packet radio networks, Proc. SIGCOMM Conf. on

Communications Architectures, Aug. 1996.

[SR] S. Singh and C.S. Raghavendra, PAMAS ˘ Power aware multi - access protocol with signaling for ad hoc

networks, ACM Computer Communications Review, July1998, 5 - 26.

[SSZ] I. Stojmenovic, M. Seddigh, J. Zunic, Internal node based broadcasting in wireless networks, Proc. IEEE Hawaii

Int. Conf. on System Sciences, January2001.

[SWR] S. Singh, M. Woo, C.S. Raghavendra , Power - aware routing in mobile ad hoc networks, Proc. MOBICOM,

1998, 181 - 190.

[S] I. Stojmenovic, Location updates for efficient routing in wireless networks, in: Wireless Networks and Mobile

Computing, Wiley, 2001, to appear, www.site.uottawa.ca/~ivan .

[SL] I. Stojmenovic and X. Lin, Loop - free hybrid single - path/flooding routing algorithms with guaranteed deliveryfor

wireless networks , IEEE Transactions on Parallel and Distributed Systems, to appear.

[SL 2] I. Stojmenovic and X. Lin, Power - aware localized routing in wireless networks, IEEE Int. Parallel and

Distributed Processing Symp., IPDPS, Cancun, Mexico, May2000, 371 - 376; toappear in IEEE Transactions

on Parallel and Distributed Systems.

[S2] I. Sto jmenovic, A routing strategyand quorum based location update scheme for ad hoc wireless networks,

Computer Science, SITE, Universityof Ottawa, TR - 99 - 09, September 1999.

[SSS] M. Seddigh, J. Solano and I. Stojmenovic, RNG and internal node based broadcast ing algorithms for wireless

one - to - one networks, ACM Mobile Computing and Communications Review, Vol. 5, No. 2, 2001, toappear.

[U] J. Urrutia, Routing with guaranteed deliveryin geometric and wireless networks, in: Wireless Networks and

Mobile Computing Handbook (I. Stojmenovic, ed.), John Wiley& Sons, 2001, to appear.

[WL] J. Wu and H. Li, On calculating connected dominating set for efficient routing in ad hoc wireless networks, Proc.

DIAL M, Seattle, Aug. 1999, 7 - 14.

[WGS] J. Wu, M. Gao and I. Stojmen ovic, On calculating power - aware connected dominating sets for efficient routing

in ad - hoc wireless networks, IEEE Int. Conf. on Parallel Processing ICPP, Valencia, Spain, Sept. 2001, to

appear.