Abstract -- The Zone Routing Protocol (ZRP) is a hybrid routing protocol that proactively maintains routes w ithin a local region of the netw ork(w hich w e refer to as the routing zone). Know ledge of this routing zone topology is leveraged by the ZRP, to improve the efficiency of a reactive route query/reply mechanism. The ZRP can be configured for a particular netw orkthroug h adjust ment of a single para meter, the routing zone radius.

In this paper, w e address the issue of configuring the ZRP to provide the best perfor mance for a particular netw ork, at any time. Previous w orkhas de monstrated that an optimally configured ZRP operates at least as efficiently as traditional reactive flood-search or proactive distance vector / linkstate routing protocols (and in many cases, much more efficiently).

Adaptation of the ZRP to changing netw orkconditions requires both an understanding of how the ZRP reacts to changes in netw orkbehavior and a mechanismto allow individual nodes to identify these changes, given only limited know ledge of the netw orkbehavior. In the first half of this paper, w e demonstrate the effects of relative node velocity, node density, netw orkspan, and user data activity on the perfor mance of the ZRP. We then introduce tw o different sche mes (^ min-searching~ and ^traffic adaptive~) that allow individual nodes to identify and appropriately react to changes in netw orkconfiguration, based only on infor mation derived fromthe a mount of received ZRP traffic. Through test-bed simulation, w e demonstrate that these radius estimation techniques can allow the ZRP to operate within 2 %of the control traffic resulting fro mperfect radius estimation.

Index Term s -- ad-hoc netw ork, routing protocol, routing zone,

ZRP, zone routing protocol, proactive routing, reactive routing, hybrid routing, bordercast

I. I

NTRODUCTION

A. A Brief Overview of Ad-Hoc Networks

Ad -hoc networ ks are self-organizing wireless networks composed of mobile nodes and requiring no fixed infrastructure. T he limitations on po wer consump tion imposed b yportable wireless radios result in a node transmission range that is typically small, relative to the

This work is supported bythe US Air Force/Rome Labs, under the contract number C-7-2544 and a grant from Motorola Corporation, the Applied

Research Laboratory.

The authors are with the Wireless Networks Laboratory(WNL), School of

Electrical Engineering, Cornell University, Ithaca, NY 14853-3801, USA.

span of the net wor k. T o provide communication througho ut the entire networ k, each node is also designed to serve as a relay. T he result is a distributed mutli-hop network with a time-var ying topology.

Because ad-hoc networks do not relyo n existing infrastructure and are self-organizing, they can be rapidly deployed to provide robust communication in a variety of hostile environments. T his makes ad-hoc net wor ks ver y appropriate for providing tactical co mmunication for militar y, law enforcement and emergency response efforts.

Ad -hoc networ ks can also play a role in civilian for ums such as electronic classroo ms, conventio n centers and construction sites. With such a broad scope of applications, it is not difficult to envision ad -hoc net wor ks operating over a wide range of coverage areas, node densities and node velocities.

In order to provide decentralized and tetherless communication, ad -hoc net wor ks need to overcome the limitations of portable wireless co mmunication. T he unguided wireless medium and surrounding physical enviro nment significantly attenuate and distort radio transmissions, resulting in relativelyunreliable communication channels 1 . Because signal qualityrapidly degrades with distance, the effective transmission area of a node is limited, profoundlyaffecting the way that the wireless medium can be shared. T he limited transmissio n range does benefit the system b yallo wing channels to be spatiallyreused. Ho wever, because interfering signals at a receiver maybe considerablyattenuated at a transmitting node, traditional carrier sensing techniques cannot be used to avoid collisions. T his hidden terminal problem [16] can significantlyred uce the amo unt of traffic carried bythe system. So me of this lost capacitycan be regained through special media access control mechanisms that allo w receivers to control access to the channel (often in the for m of hand-shaking packet exchanges and/or ^busyto ne~ signaling). Ho wever, satisfactor ythroughp ut requires that nodes consume band width judiciously. Further constraints are introduced bythe co mmunication devices themselves, which are equipped with lightweight batteries to support portability. In order to provide sufficient batter ylife, po wer must be conser ved, limiting the transmission range, data rate, communication activity (both transmitting and receiving) and processing speed of these devices.

1 Compared to wired channels operating with the same transmission power and bandwidth constraints.

Determining the Optimal Configuration for the

Zone Routing Protocol

Zygmunt J . Haas, Senior Member, IEEE, and Marc R. Pearlman, Student Member, IEEE

T he potential for large-scale ad-hoc networking applications calls for a special class of ad -hoc networ ks, which we refer to as Reconfigurable Wireless Networks

( R WNs) . RWNs mayspan over a wide geo graphic area and consist of many (perhaps hundreds or thousands) of nodes.

T he nodes can exist on top of a varietyo f platfor ms (i.e.

pedestrians, tanks, planes, etc.) and exhibit a wide range of speeds and mobilitypatter ns.

T his wide range of RWN operating configuratio ns poses a challenge for developing efficient routing protocols. On one hand, the effectiveness o f a routing protocol increases as network topologyinfor matio n beco mes more detailed and up-to -date. On the other hand, in a RWN, the topology maychange quite often, requiring large and frequent exchanges of data amo ng the network nodes. T his is in contradiction with the fact that all updates in the wireless communication environment travel over the air and are costlyin resources.

B. Routing Protocols -- A Short Survey

In the past, routing in multi-hop packet radio networks was based on shortest-path routing algorithms, such as

Distributed Bellman-Ford (DBF) algorithm [1]. T hese algorithms suffer fro mver yslo w convergence (the

^counting to infinity~ problem). Besides, DBF-like algorithms incur large update message penalties. Protocols that attempted to cure so me of the shortco mings of DBF, such as Destination-Seq uenced Distance-Vector Routing

(DSDV) [13], were proposed. However, synchronization and extra processing over head are common in these protocols. Other protocols that relyon the infor mation fro m the predecessor of the shortest path solve the slo w convergence problemof DBF (e.g., [2] and [3]). However, the processing requirements of these protocols maybe quite high, because of the way theyprocess the update messages.

In wired networks, the problemo f routing co nver gence has been addressed bylink-state protocols, particularlythe

Open Shortest Path First (OSPF) protocol [9]. While link state protocols converge more rapidlythan distance vector protocols, theydo so at the expense o f significantly more control traffic. For net wor ks, like the RWN, which experience freq uent changes in network topology, the increase in control traffic overhead can over whelmthe network´s reso urces. T he recentlyproposed Optimized

Link State Protocol (OLSR) [7] utilizes a multicast-like mechanism(called ^multi-point relay~) to reduce the amount of traffic produced bythe periodic topology updates. T his has the potential for perfor ming well o n smaller ad-hoc networ ks. However, the underlying mechanisms of periodic and global topologyupdates does not appear to scale up to the larger, more dynamic RWNs.

Motivation to both improve protocol convergence and reduce traffic has led to the develop ment of proactive path

finding algorithms, which comb ine features of the distance vector and link state approaches. Each node constructs a minimum spanning tree based on kno wledge of its neighbors´ minimum spanning trees and the link costs to each neighbor. Realizations o f the path finding algorithms, like the Wireless Ro uting Protocol (WRP) ([10] and [11]), are able to eliminate the ^co unting-to-infinity~ problemand reduce the occurrence of temporar yloops, often with less control traffic than traditional distance vector schemes. T he main disadvantage of WRP is in the fact that routing nodes constantlymaintain full routing infor mation in each network node, which was obtained at relatively high cost in wireless resources.

Routing protocols that are based on a source initiated quer y-replyprocess have also been introduced. Such techniques typically relyon the flooding of queries to discover a destinatio n. In the T emporallyOrdered Routing

Algorithm (T ORA) [12] the resulting route replies are also flooded, in a controlled manner, to distribute routes in the for mof directed acyclic graphs ( DAGs) rooted at the destinatio n. In contrast, protocols such as Dynamic So urce

Routing (DSR) [8] and Ad -Hoc On Demand Distance

Vector (AODV) [14] unicast the route replyback to the quer ying source, along a path specified bya seq uence o f node addresses accumulated during the route quer y phase.

In the case o f DSR, the node addresses are accumulated in the quer ypacket and are returned to the so urce, to be used for source routing. AODV, on the other hand, distributes the discovered routes in the for mo f next-hop infor mation stored at each node in the route. T he route accumulation process can be extended to address qualityo f service (QoS) routing requirements, b yrecording vario us quality measurements. For example, in AssociativityBased

Routing (AB R) [17], link stabilityis recorded for each link that a quer ypacket traverses. T he link stability measurements provide a basis for deter mining the "best" route to return back to the so urce.

T he on-demand discover yof routes can result in much less traffic than standard distance vector or link state schemes, especiallywhen innovative route maintenance schemes are emplo yed. Ho wever, the reliance on packet flooding may still lead to considerable control traffic in the highly versatile RWN environment.

A routing algorithmfor ad-hoc networks in which each node belongs to two networ ks: a physical and a virtual network, is presented in [15]. Routing is based on temporaryaddresses. A temporar yaddress is a concatenatio n of the node´s address on each one o f the two networks. Upon physical migratio n, a node is required to acquire a new temporar yaddress. In order to communicate with a node, a quer yphase is initiated b ythe source, in which the nodes that belong to the source´s physical and virtual networks are polled about the address of the destinatio n.

T he virtual networ k routing is an interesting idea.

Ho wever, the d ynamic assignment of unique node addresses can be quite challenging in an ad-hoc network.

In particular, duplicate addresses may arise, even if the address assignment is centrally co ntrolled within each physical subnet (i.e. if a physical subnet beco mes partitioned). Further more, the routing can be far fro m optimal, as it is based on hopping within virtual networks, which are determined b ythe sources and the destination addresses and not b ythe nodes´ geo graphical locations.

Another interesting approach for routing in the ad-hoc network is the Land mark Hierarchy[18]. Each router in the net wor k is treated as a landmark of level j, meaning that it is ^visible~ to all nodes that are within r j

hops ( r j

< r j+ 1

).

Land marks are d ynamicallyassigned such that a land mar k of level j is always within r j

hops of at least one level j+I land mar k. Further more, a netwo rk must have at least one highest-level land mark who se radius , r

H

is at least as large as the network diameter (i.e. visible b yall network nodes).

Nodes are dynamicallyaddressed based on a sequence of land mar k IDs which represent its locatio n in this land mark hierarchy.

Because a level j land mar k may be associated with multiple level j+1 land marks, rather than a single gateway / cluster head, the land mar k hierarchy is more robust than traditional area hierarchies. Ho wever, the land mark hierarchystill suffers fro mthe basic inefficiencies typical of all hierarchical protocols. First, extra overhead is required to determine land mark assignment (this is similar to the overhead associated with gatewayassignment in area hierarchies). T his is especially problematic for RWNs, where frequent topologychanges can result in a constant reorganization o f the network-wide hierarchy. Seco ndly, the imposed hierarchycan prevent direct co mmunicatio n between two nodes capable of establishing a link. In many cases, this constraint leads to sub-optimal routes. Finally, the hierarchycan also result in network co ngestion, as a smaller number of higher level land marks beco me the tar get of cross network traffic.

C. Reactive vs. Proactive Routing

T he existing routing protocols can be classified either as proactive or as reactive. Proactive protocols attempt to continuouslydeter mine the network connectivity, so that the route is alread yavailable when a packet needs to be for warded. T he families of traditional distance-vector and link state protocols are an example o f a proactive scheme.

Reactive protocols, on the other hand, invo ke a route determination procedure onlyon demand. T hus, when a route is needed, so me sort of global search procedure is emplo yed. T he classical flood search algorithms are reactive protocols.

T he advantage of the proactive schemes is that, once a route is needed, there is little delayuntil the route is deter mined.

In reactive protocols, because route infor matio n may not be available at the time a route request is received, the delayto determine a route can be quite significant. Further more, the

global search procedure of the reactive protocols requires significant control traffic. Because o f this long delayand excessive control traffic, pure reactive routing protocols maynot be applicable to real-time co mmunication.

Ho wever, purelyproactive schemes are like wise not appropriate for the RWN environment, as they continuously use a large portion of the net work capacityto keep the routing infor mation current. Since nodes mo ve quite fast in a RWN, and as the changes may be more frequent than the route requests, mo st of this routing infor mation is never even used ! T his results further waste o f the network capacity.

What is needed is a protocol that, on one hand, initiates the route-deter minatio n procedure on-demand, but at limited search cost. T he Zone Ro uting Protocol (ZRP) provides efficient and fast discover y of routes, b yintegrating the two radicallydifferent classes of traditional routing protocols.

II. T HE Z ONE R OUTING P ROTOCOL

T he Zone Routing Protocol (ZRP) [4], [5], [6] , is an example o f a hybrid reactive / proactive routing protocol.

On one hand, it limits the scope of the proactive procedure onlyto the node´s local neighborhood. T he local routing infor mation is referred to quite often in the operation of the

ZRP, minimizing the waste associated with the purely proactive schemes. On the other hand, the search througho ut the network, although it is global, is perfor med byefficientlyq uer ying selected nodes in the network, as opposed to querying all the network nodes.

T he protocol identifies multiple loop-free routes to the destinatio n, increasing reliability and perfor mance. Routing is flat, rather than hierarchical, reducing organizational overhead, allo wing optimal routes to be discovered and reducing the threat of network congestion. Ho wever, the mo st appealing feature of the protocol is that its behavior is adaptive, based on the current co nfiguration of the network and the behavior of the users.

A. The Notion of a Routing Zone and Intrazone Routing

A routing zone (of radius

r ) is defined for each node and

includes the nodes whose minimum distance in hops fro m

the node in questio n is at mo st r hops. An examp le of a

routing zone (for node S ) of radius 2 hops is sho wn in

Figure 1. For the purpose of illustration, we depict zones as

circles around the node in question. Ho wever, one sho uld

keep in mind that the zone is not a description of physical

distance, but rather nodal connectivity (hops).

Note that in this example, nodes A through K are within the

routing zone of the central node S. Node L is outside S´ s

routing zone. Peripheral nodes are nodes who se minimum

distance to the node in question is equal exactly to the zone radius. T he remaining nodes are categorized as interior

nodes . T hus, in Figure 1, nodes A-F are interior nodes,

while G-K are peripheral nodes. Because each node

maintains its o wn routing zone, the zones of neighboring

nodes can heavily overlap.

For a routing zone o f radius r , the number of routing zone

nodes can be regulated through adjustments in each node’s

transmitter po wer. Subject to the local propagation

conditions and receiver sensitivity, the transmissio n po wer

determines the set of neighbor nodes, i.e. those nodes that

are in direct communication with a node. T o provide

adequate network reachability, it is important that a node be

connected to a sufficient number of neighbors. Ho wever,

more is not necessarily, better. As the transmitter s’ coverage

areas gro wlar ger, so do the membership of the routing

zones. T his can result in an excessive amount of route

update traffic. (Additionally, larger transmitter coverage

leads to more neighbors and increased contentio n (locally)

for the wireless channel.)

Each node is assumed to maintain routing infor matio n only

to those nodes that are within its routing zone. Because the

updates are onlypropagated locally, the amount of update

traffic required to maintain a routing zone does not depend

on the total number of network nodes ( which can be quite

large). We assume that a node learns its zone thro ugh so me

sort of a proactive scheme, which we refer to here as the

IntrAzone Routing Protocol (IARP). In this paper, we use a

split-horizon ver sion of the Distance Vector algorithm.

Ho wever, anyother proactive scheme would do. While the

performance of the ZRP depends on the choice of I ARP

implementation, our experience suggests that the tradeoffs

are not strongly affected bythe particular choice of the

proactive scheme used.

B. Interzone Routing and the Zone Routing Protocol

T he IARP maintains routes onlyfor those nodes that are

within the coverage of the routing zone. For RWNs, the

coverage of a routing zo ne is relativelysmall co mpared to

the size of the network. T hus, mo st destinatio ns lie outside

of a node’s routing zone, and the desired routing

infor mation cannot be immediatelyprovided b ythe I ARP.

As we shall see, the real benefit of the I ARP is realized

when the topologyo f a node’s routing zone can be indirectlyleveraged to satisfy the entire network’s demand

for routes.

T he IntErzone Routing Protocol (IERP) is responsible for

reactivelydiscovering routes to destinations located beyond

a node’s routing zone. T he IERP is distinguished fro m

standard flooding-based quer y/response protocols b y

exploiting the structure of the routing zo ne. T he routing

zones increase the probabilitythat a node can respond

positively to a route quer y. T his is beneficial for traffic that

is destined for geographicallyclose nodes. More

importantly, kno wledge of the routing zone topologyallo ws

a node to efficiently continue propagation of a quer yin the

more likely case that destination cannot be found. T his is

achieved b ya packet deliver yservice, called bordercasting,

that allo ws a node to direct a message to its peripheral

nodes. In its simplest for m, bordercasting could be

implemented through network layer unicasting or

multicasting of messages to the peripheral nodes. T his

approach prevents non-peripheral nodes fro maccessing the

bordercasted messages as they are relayed to the edge of the

routing zone. As will be sho wn later, such access is central

to the control of the route q uery process. As such, a more

suitable implementation of bordercasting indirectly sends

messages to peripheral nodes byfor warding them between

adjacent nodes.

T he IERP operates as follo ws: T he source node first checks

whether the destinatio n is within its zo ne. 2 If so, the path to

the destination is kno wn and no further route discover y

processing is required. If the destinatio n is not within the

source Routing Zone, the source bordercasts a route request

( which we call simp lya request) to all its peripheral nodes. 3

No w, in tur n, all the peripheral nodes execute the same

algorithm: check whether the destinatio n is within their

zone. If so, a route reply ( which we call simply a reply) is

sent back to the source indicating the route to the

destinatio n ( more about this in a mo ment). If not, the

peripheral node for wards the quer y to its peripheral nodes,

which, in turn, execute the same procedure.

An example of this Route Discovery procedure is

demo nstrated in Figure 2. T he source node S needs to send

2 Remember that a nodeknows theidentity, distance to, and a route to all

thenodes in its zone.

3 Again, the identityof its zone peripheral nodes areknown to thenode in

question.

Figure 1 : A Routing Zone of Radius 2 Hops

Figure 2: An Exa mple of IERP Operation a packet to the destination D. T o find a route within the

network, S first checks whether D is within its routing zone.

If so, S kno ws the route to D. Other wise, S bordercasts a

quer yto its peripheral nodes; that is, S sends a quer y to

nodes C, G, and H. No w, in turn, each o ne of these nodes,

after verifying that D is not in its routing zo ne, for wards the

quer yb ybordercasting the quer yto its peripheral nodes. In

particular, H sends the quer yto B, which recognizes D as

being in its routing zone and responds to the quer y,

indicating the for warding path: S-H-B-D.

As indicated b ythis example, a route can be specified b ya

sequence o f nodes that have received the successful IERP

quer ythread. T he manner in which this infor mation is

collected and distributed is specified bya Route

Accumulation procedure. In the basic Route Accumulation,

a node appends its ID to a received querypacket. When a

node find s the destinatio n in its zone, the accumulated

sequence o f IDs specifies a route between quer ying source

and destination. Byreversing the accumulated route, a

path is provided back to the quer yso urce. T his information

can be used to return the route reply, through so urce

routing.

Given sufficient short-ter m storage at each node, a route

can be temporarilystored bythe queried nodes, in the for m

of next-hop routes back to the q ueried source. Rather than

append its ID to an accumulated route, a node wo uld write

its ID, specifying it as the most recentlyq ueried node, and

over writing the ID o f the previo usly queried node. A node

receiving this quer y would kno w that the source could be

reached through the mo st recently queried node, and record

this infor matio n in a temporaryrouting table. In this case,

route accumulation would occur during the route reply

phase, rather than the route quer yp hase, resulting in less

IERP traffic.

A nice feature of this distributed route discover y process is

that a single route quer ycan retur n multiple route replies.

T he qualityof these returned routes can be evaluated based

on hop count (or anyother path metric 4 accumulated during

the propagation of the quer y. T he best route can be selected

based on the relative qualityof the route (i.e. choose the

route with the smallest hop count, or shortest accumulated

delay).

T he intuition behind the ZRP is that quer ying can be

performed more efficientlyb y bordercasting queries to the

peripheryo f a routing zone, rather than flooding the q ueries

over the same area. Ho wever, problems can arise once the

quer yleaves the initial routing zone. Because the routing

zones heavily overlap, a node can be a member of many

routing zones. It is ver ypossible that the quer ywill be

for warded to all the networ k nodes, effectively flooding the

network. But a more disappointing result is that, due to fact

that bordercasting involves sending the q uer yalong a path

equal to the zone radius, the IERP will result in much more

traffic than the flooding itself!

4 Typicalpath metrics include hop count, delay, capacity, etc.

In order to understand the cause of the ZRP control traffic

problem, it is important to stress one of the key features of

the routing zo ne: A node´s response to a route quer y

contains infor mation about that node´s entire routing zone.

Fro mthis perspective, excess route q uer ytraffic can be

regarded as a result of overlapping quer ythreads (i.e.

overlapping queried routing zo nes). T hus, the design

objective of quer ycontrol mechanisms should be to reduce

the amo unt of route quer ytraffic b ysteering threads

outward fro mthe source´s routing zone and away fro m

each other (see Figure 3). T his problemis addressed

primarily through appropriate mechanisms o f quer y

detection and quer yter mination.

When the abilityto ter minate threads is limited to

peripheral nodes, threads are allo wed to penetrate into

previously covered areas, generating unnecessar y control

traffic. T his excess traffic can be eliminated b yextending

the thread ter mination capabilityto the inter mediate nodes

that relaythe thread. We refer to this approach as Early

T ermination (ET ). Figure 4 illustrates the operation of the

ET mechanism. Node S bordercasts a route query, with

node C as one of the intended recipients. Inter mediate node

A passes along the quer yto B. Instead of delivering the

quer yto node C, node B terminates the thread because a

different thread of this q uer ywas previously detected.

Inter mediate nodes may ter minate existing queries, but are

restricted fro missuing ne wq ueries. Other wise, the ZRP

wo uld degenerate into a flooding protocol.

T he abilityto ter minate an overlapping quer ythread

depends on the ability of nodes to detect that a routing zone

theybelong to has been previously q ueried 5 . Clearly, the

5 The ID of the node that bordercasted the first detected querythread is

also recorded. In order to ensure full network coverage for that query,

Figure 3: Guiding the Search in Desirable Directions

Figure 4: Early Termination (ET) central node in the routing zo ne ( which processed the

quer y) is aware that its zone has been queried. In order to

notify the remaining routing zone nodes, witho ut

introducing additional co ntrol traffic, so me for mof

^eavesdropping~ need s to be implemented. T he first level

of Quer yDetection (QD1) allo ws the inter mediate nodes,

which transport queries to the edge of the routing zone, to

detect these queries. In single channel networks, it may be

possible for queries to be detected byanynode within the

range of a quer y-transmitting node. T his extended quer y

detection capability(QD2) can be implemented byusing IP

broadcasts to send route queries 6 . Figure 5 illustrates both

levels o f advanced quer y detection. In this example, node S

bordercasts to two peripheral nodes, B and D. T he

inter mediate nodes A and C are able to detect passing

threads using QD1. If QD2 is implemented, node E will be

able to ^eavesdrop~ on A´s transmissio ns and record the

quer yas well.

T he techniques just discussed improve the efficiencyo f the

IERP bysignificantlyreducing the cost o f propagating a

single quer y. Further improvements in IERP performance

can be achieved b yreducing the frequencyo f route queries,

initiating a Ro ute Disco ver yprocedure onlywhen there is a

substantial change in the networ k topology. More

specifically, active routes are cached b ynodes: the

communicating end nodes and inter mediate nodes. Upon a

change in the network topology, such that a link within an

active path is broken, a local path repair procedure is

initiated. T he path repair procedure substitutes a broken

link b ya mini-path between the ends o f the broken link. A

path update is then generated and sent to the end points of

the path. Path repair procedures tend to reduce the path

optimality(e. g., increase the length for shortest path

routing). T hus, after so me numb er of repairs, the path end

points may initiate a new Ro ute Disco ver yprocedure to

replace the path with a new optimal o ne.

III. E

VALUATION OF THE ZRP

We use the OPNET � network simulator fro m MIL3, an

event driven simulation package, to evaluate the

performance of the ZRP over a varietyo f RWNs. Each

RWN is characterized b ythe number of nodes (N), node

future threads received from that bordercasting node are not

automaticallydiscarded.

6 Alternatively, IP can unicast the queries if the MAC and IP la yers are

permitted to operate in promiscuous mode.

density ( d ) and relative node velocity (v). For each RWN

scenario, the ZRP is evaluated over a range of routing zone

radii, ranging fro mreactive routing ( 1 = r ) to proactive

routing ( ¥ ® r ). Performance is gauged b ymeasuring the

control traffic generated bythe ZRP. Our results

demo nstrate the dependence of the optimum ZRP routing

zone radius on network configuratio n and node behavior.

We characterize the RWN based on the nodal perception of

the net wor k. For instance, average node density is

expressed as the average number of neighbors per node ,

rather than a physical measure of nodes per unit area . It is

the for mer measure that directly influences the behavior of

routing protocols. T he relationship between physical node

density and perceived node density is actually a

complicated functio n of factors like node transmission

po wer, node activity, fading conditions, receiver sensitivity,

etc. Like wise, relative node velocity, as perceived b ythe

ZRP, can be expressed in ter ms of rate of ne wneighbor

acquisitio n, rather than the physical measure of distance

traveled / unit time. T hese two measures provide the

infor mation needed bya routing protocol to determine ho w

connected the network is, and ho w often the connectivity

changes. Fro mno w on, we refer to d as the average

number of neighbors and v as the rate of ne wneighbor

acquisitio n.

Control traffic is viewed as the sumo f the IARP route

update packets and the transmissions o f IERP request /

reply/ failure packets. While the neighbor discover y

(HELLO) beacons could be considered control overhead,

this additional traffic is independent o f both mobile velocity

and routing zone radius. Further more, the neighbor

discover yprocess is not an exclusive co mponent of the

ZRP; various M AC protocols are also based on neighbor

discover y. As such, the beacons do not contrib ute to the

relative perfor mance of the ZRP and are not accounted for

in our analysis.

IARP route updates are triggered based on the change in

connectivity with a neighbor. When a neighbor is

discovered, the neighbor is sent a portion of the I ARP

routing table, and the routing zone is updated based on the

new connection. When the neighbor is lost, the routing

zone is updated about the lost connectio n. While a node is

directlyconnected to a neighbor, we assume that the link

cost remains constant. T hus, the rate of I ARP traffic can

be expressed as:

Note that the amount o f IARP traffic per node does not

depend on the total node population, N. T his is due to the

local scope of the routing zone.

T he rate of IERP traffic can be regarded as the amo unt o f

traffic generated per query, multiplied b ythe rate at which

queries are initiated. We note that the quer yco ntrol

mechanisms described in Sectio n II are able to significantly

) , ( / / d r neighbor updates

IARP v node traffic

IARP × =

Figure 5: Query Detection (QD1/QD2) limit the occurrence o f overlapping queries. T he abilityof

these mechanisms to steer queries o utwards makes the

amount of traffic that a node receives (per query)

essentially independent of the net wor k size. Assuming that

the net wor k topologydoes not change significantly during

the propagation of a route quer y, the amo unt of received

traffic per queryis also independent of relative node

velocity.

T he rate at which a node initiates queries depends on the

user ´s demand for a route, as well as the discovered route´s

stability. T he average initial demand and subsequent use of

a route is usually application specific, and can be expressed

byindependent parameters:

ery initial_qu

R and

e route_usag

R .

Route stability, on the other hand, depends on the span of

the net wor k (reflecting average route length), as well as

node density, node velocityand zone radius, which affect

the stabilityof a routing zone and the stabilityof individual

connectio ns in the source route. We can express route

stabilityin ter ms of average route lifetime, or its inver se,

the average route failure rate (

ure route_fail

R ).

T he amo unt o f IERP traffic per node can be expressed as:

) ( ) , (

(...) ) , (

/

(...)

_ _ queries subsequent query initial

R R N queries received of rate node traffic

IERP

+ × × X =

× X =

d r d r

where:

- ),( / / ) , ( d r d r node query traffic º X

-

_queries subsequent

R , the rate at which routes need to be

re-discovered, is approximated b y:

T his expression assumes that a route quer yis initiated upon

the failure of o ne route, implying that a node only caches a

single route, even though the quer y process returns multiple

routes. With multiple cached routes, the rate of sub sequent

queries wo uld decrease. T his expression also does not take

local route repair into consideration. Like multiple route

caching, local route repair can reduce the rate that full-

depth route queries are initiated. Analysis o f the many

possible policies for route caching and route maintenance is

outside the scope of this paper. Ho wever, our research has

sho wn that this upper bound provides a reasonablygood

indication o f the basic relatio nships between network

parameter s and protocol performance.

T he expression also reveals an interesting dependence on

higher layer behavior. Route queries are triggered either b y

user demand for a unrecorded routes, or byuse of a route

that is no longer valid. When the route usage rate is high

(relative to the route failure rate), a route can be used many

times before a new route query needs to be initiated. Such

a scenario might occur for applications such as streamed video or large file do wnloads, where there is a short packet

interarrival delay. On the other hand, when route demand is

more inter mittent, as might be the case for web browsing or

telemetr y applications, a route failure is likelyto occur

between successive uses of a route. In this case, nearlyall

route accesses can lead to a new ro ute quer y.

If routes are used more often than they fail, the q uer ying

rate of the net wor k is deter mined b ythe net wor k

configuration. On the other hand, if routes fail more often

than they are used, the q uer ying rate beco mes driven b ythe

behavior of the user ´s application. T he perfor mance

analysis will co mpare the o verall perfor mance o f the ZRP

under both conditions.

Each node, j, within the network moves at a constant speed,

v , and is assigned an initial direction 7 , q , which is

unifor mlydistributed between 0 and p × 2 [radians]. When a

node reaches the edge o f the simulation regio n, it is

reflected back into the coverage area, b ysetting its directio n

to q - (horizontal edges) or q p - (vertical edges). T he

magnitude of the velocity is not altered.

Each simulation r uns for duration of 125 seconds. No data

is collected for the first 5 seconds of the simulatio n to avoid

measurements during the transient period and to ensure that

the initial intrazone route discover y process stabilizes.

For the purposes of our simulation, we have made a number

of simplifying assump tions regarding the behavior of the

lo wer net wor k layer s and channel. T his simplified model

helps to improve understanding of o ur routing protocol

behavior b yproviding our perfor mance measures with

so me immunity fro m lo wer layer effects.

In our model, neighbor discover yis based on the reception

of HELLO beacons that are broadcast at the M AC layer.

T hese short beacons (containing only so urce address) are

transmitted at rando minter vals of mean 0.25 =

beacon

T

seconds. Neighbor connectivity is deter mined b ythe

reception of the HE LLO beacons. If a ne wbeacon fails to

arrive within

beacon

T × 2 of the mo st recent beacon, a link

failure is reported. Because the links are bi-directional, the

need for a more co mplex HE LLO ® I-HE AR-YOU packet

exchange is eliminated. Further more, we assume that

neighbor discover yare given highest transmission priority

and are not destroyed b ycollisions. T his prevents the

inaccurate reporting of link failures for the allo wed

beacon

T × 2 windo w.

T he MAC protocol itself provides ^ideal~ scheduling of

packet transmissio ns to avoid collisio ns. Although, such a

scheme is not possible in practice (especiallyin a

distributed ad-hoc environment), we have fo und that the

control traffic perfor mance o f our routing protocol depends

ver ylittle on the underlying M AC protocol. Byreducing

7 Direction is measured as an angle relative to the positive x-axis.

) R ), , , , ( R min( R

e route_usag ure route_fail

_queries subsequent d r v N » the co mplexityat the M AC layer, simulation of lar ge, dense

networks of highlymobile nodes beco mes feasible. In

addition, use of an ^ideal~ MAC allo ws us to isolate the

delays associated with a particular M AC scheme (e.g.,

collision avoidance algorithms) fro mthe delays related to

the routing protocol.

Our assump tion of a collision-free media access protocol

means that the average SI R of a received packet is limited

bythe ambient background noise and receiver noise. For

fixed transmitter and noise power s, we find that the BER is

reasonablylo w within a distance, which we call

xmit d .

Beyo nd

xmit d , the BER increases rapidly. T his behavior

results fro ma rapid decrease in received po wer as the

separation distance is increased. We approximate this rapid

increase in BER b ythe follo wing simplified path loss

model:

We interpret this behavior as follo ws: any packet can be

received, error-free, within a radius of

xmit d fro mthe

transmitter, but is lost beyond

xmit d . Note that this implies

bi-directional links. Since packet deliver y is guaranteed to

anydestination in range o f the source, we are able to further

reduce the co mplexityo f our model b yeliminating packet

retransmission at the data link level.

Variable Simulation Parameters

P arameter Symbol Values Default 8

Zone Radius

[hops] r 1-8 --

Node Density

[neighbors/node] d 3 ˘ 9 6

Rel. node speed

[neighbors/sec]

V 0.1 ˘ 2.0 1.0

# of Nodes

[nodes]

N 200 ˘ 1000 500

IV. ZRP P

ERFORMANCE R ESULTS

A. IARP Control Traffic

We begin b yexamining the perfor mance of the proactive

IARP. T he IARP route update process consists o f notifying

a routing zone population about a change in zone topology,

and exchanging routing tables with newlydiscovered

8 For the results in Section IV, if a simulation parameter is not explicitly

stated, thedefault valueis implied.

neighbors. Both of these functions are )(

zone

N O , where

zone

N is the zone populatio n. T herefore, we expect that the

amount of I ARP traffic sho uld be proportional to the node

density ( d ), and the routing zone area ( 2 r ). T his behavior

is exhibited in Figure 6. Note that the amo unt of traffic

triggered per neighbor does not depend on the velocity.

Ho wever, the overall rate of IARP traffic does, and can be

determined b ymultiplying this per-neighbor-traffic b ythe

rate of new neighbor discovery ( which we consider as

velocity, v).

B. IERP Control Traffic: Traffic per Query

Having examined the I ARP, we no w focus on the behavior

of the reactive IERP. Figure 7 demonstrates ho wthe

amount of quer y related traffic depends on the routing zone

and density. Recall that when r =1, the quer yprocess is

effectivelya flood search. In the case o f flooding, we

expect each networ k node to receive the q uer y, and pass it

along once to each o f its neighbors. T herefore, each node

should receive approximately d packets per querysince

each node has d neighbors 9 . For high densities, we find

that this is the case. Ho wever, when there are fewer than

six neighbors per node, we note that the average traffic is

less than expected. T he disparitybeco mes greater as d

becomes smaller. T his behavior can be easily explained. In

order for the network to be un-partitioned ( with high

probability), each node must be able to be directly reached

bya sufficient number of neighbors. In the absence of

partitioning, each flooded querywo uld be received byall

nodes. According to our data, six or more nodes can

provide reasonable networ k reachability. T hree neighbors,

on the other hand, is not enough to provide sufficient

reachability. In this case, many q ueries are not received,

due to partitioning. T he average number of packets per

quer yis thus noticeably less than d . For the remainder of

our analysis, we will ignore densities of fewer than five

neighbors.

9 More specifically, d querypackets plus the average number of reply

packets that are forwarded back to the source.

î í ì

> ¥

£

=

xmit d d dB xmit d d dB

d PL

for ] [ for ] [ 0

) (

Figure 6

Figure 7

As previous wor k has sho wn, the IE RP traffic per quer y

decreases with the zone radius. T his is due to the

combinatio n of bordercasting and quer ycontrol.

Bordercasting allo ws queries to be directed to the edge of a

routing zone, reducing unnecessar yqueries within a routing

zone. Quer ydetection and terminatio n mechanisms

complement bordercasting b yavoiding redundant queries

between routing zones. For a given zone radius, we

observe that the amo unt o f received traffic per quer y

increases with the zone density. As routing zones beco me

denser, the number of peripheral nodes (and bordercast

messages) increases. Since these messages are sent out

individ ually, it takes more time for nodes to detect a quer y

within their zone. T his increases the probabilitythat a node

will unkno winglypass along a redundant quer y.

Recall that a node will only propagate a quer ythe first time

that it is detected. T herefore the reception of packets per

quer y is essentially deter mined b yho w the quer y

propagates locally, and is not affected b ythe size of the

network. Ho wever, the amount of data carried in each

packet may depend on the size of the network. When route

accumulation is perfor med in the quer ypacket, the packets

increase in length as theyare for warded. Larger net wor ks

wo uld allo wq ueries to travel further, thereb yincreasing the

average packet length. On the other hand, if route

accumulation is implemented through temporar ycaching of

route infor matio n, then the q uer ypacket lengths will remain

fixed, and independent o f netwo r k size. (T he length of

route replies will increase with network length. Ho wever,

the contribution of route replies to the overall IERP traffic

is negligible.)

C. IERP Control Traffic: Querying Rate

Our understanding of the cost per queryprovides only

partial insight into the entire cost of quer ying. Recall that

the rate which queries are initiated depends on the stability

of the discovered routes. Figures 8a ˘ 8c demonstrate

dependence of route stability on the zone radius, node

density and node population. In the interest of conserving

space, the linear relationship between the route failure rate

and node velocityis not explicitly sho wn. 10 Previously, we

sho wed that maintaining lar ger, denser routing zones

required increasing amo unts of I ARP traffic. So me of this

cost can no w be justified b ythe improvement in route

stabilitythat theyprovide. An increase in node density

expands the set of intrazone routes to a given destinatio n,

increasing the lifetime of a connectio n specified in an IE RP

source route. Byincreasing the zone radii, fe wer

connectio ns need to be specified in the acquired loose

source route. T his provides fewer opportunities for route

failure to occur

10 Since route failure is triggered bynode mobility, it follows that

increasing the node velocitybya factor of a will cause the route

failure to occur a times faster. The same reasoning can be applied to

the triggering of IARP route updates.

T he follo wing simp le example illustrates the impact of the

zone radius. T ake two routes between nodes A and B.

Route 1 consists o f the follo wing one hop connectio ns : A-

X-Y-B (i.e. based on a routing zone of radius 1 hop). Route

2 is constructed based on a routing zone o f radius 3 hops,

and is specified onlyb ythe loose connection A-B. In order

for Route 2 to fail, all routes between A-B, less than or

equal to 3 hops (of which Route 1 is onlyone such route)

have to fail. Consequently, the looser connection is at least

as reliable as the more specific seq uence o f shorter

connectio ns.

Keeping the zone radii and node densityfixed, an increase

in net wor k population (N) is reflected byan increase in the

network span. Assuming that nodes mayco mmunicate

with anyother node (rather than just those nodes that are

geographicallyclose), the average destination beco mes

more distant (in hops). T his has the effect o f increasing the

length o f an IERP source route, thereb yreducing the route´s

reliability.

D. Total ZRP Traffic Performance

Our insight into the behavior of the I ARP and IERP can

no wbe applied to the overall ZRP perfor mance. Figures

9a and 9b illustrate the effect of node density( d ) on the

production of ZRP traffic. We´ve seen that an increase in

Figure 8a

Figure 8b

Figure 8c node densityresults in more IARP route updates and more

IERP packets per query. In cases where the rate of queries

does not depend on route stability(i.e.

e route_usag

R <

ure route_fail

R ), we expect the ZRP traffic to also increase with

node density. On the other hand, it is not immediately

clear ho wZRP traffic will be affected when the q uer yrate

does depend on route stability, because higher node

densities increase a route´s reliabilityand therefore

decrease the route quer yrate. Figure 9b demo nstrates this

reduction in route q uer yrate is more than offset b ythe

increase in overlapping quer ypacket transmissio n. In

general, it appears that the ZRP traffic is an increasing

functio n of node density.

Also of interest is ho wthe optimal zone radius

configuration (

opt r ) depends on node density. Over the

range of node densities examined, the optimal zo ne radius

remained constant (

opt r = 4, for

e route_usag

R <<

ure route_fail

R ,

and

opt r = 3 for

e route_usag

R >>

ure route_fail

R ). However, we

note that the effect o f d appears to be more significant for

the I ARP traffic than the IERP traffic. A large eno ugh

increase in d wo uld eventuallymake a routing zone

prohibitivelyexpensive to maintain, resulting in a decrease

in

opt r .

T he average node velocity( v) is a measure of the rate of

network reconfiguratio n. Higher node velocities result in a

linear increase in the I ARP routing zone updates and IERP

route failures. Figures 9c and 9d demo nstrate that, as

expected, the average rate of ZRP traffic increases with v.

T he effect of v on the optimal zone radius depends on the

user demand for routes. When

e route_usag

R >>

ure route_fail

R ,

route discoveries are driven by route failures. T herefore,

the overall ZRP traffic increases linearly with v, and

opt r remains constant. On the other hand, when

e route_usag

R <<

ure route_fail

R , the route quer yrate is essentially independent

of route stability, and node velocity. T his means that lar ger

v only serve to increase the load on the IARP, thereb y

favoring smaller zone radii.

Finally, we examine the dependence of the ZRP traffic on

the node population (N). Because IARP route updates are a

local event, theydo not depend on the size of the network.

Bysimilar arguments, the amount of IERP traffic received

bya node per query is also independent o f N. T he node

population influences the ZRP through its effect on the rate

of received route queries. T he addition of a new net wor k

node places additional load on the network through the

extra route queries that it initiates. All other factors

remaining constant, an increase in N results in an increase

in net wor k span. When the rate of route queries is driven

byroute failure, we´ve sho wn that lar ger network span

reduces route reliability, further increasing the quer yload

Figure 9a : R

route _usage

<< R

route_failure

Figure 9b : R

route _usage

>> R

route_failure

Figure 9c : R

route _usage

<< R

route_failure

Figure 9d : R

route _usage

>> R

route_failure

Figure 9e : R

route _usage

<< R

route_failure

Figure 9f : R

route _usage

>> R

route_failure byall other nodes. Figures 9e and 9f demo nstrate this

behavior. As expected, the amo unt of ZRP traffic

increases with N. Further more, since this increase o nly

occurs in the reactive part of the protocol, larger N favors a

larger routing zone radius. T he abilityof lar ger routing

zones to provide increased quer yefficiency and route

reliabilitymore than o ffsets their extra maintenance cost.

V. A

DAPTINGTHE

ZRP T

HROUGH R OUTING Z ONE R AD IUS

C ONFIGUR ATION

Our analysis of the ZRP has demo nstrated the many ways

in which network characteristics and node behavior can

affect the amount of o verhead traffic. For anygiven

scenario, it is desirable for the ZRP to operate as efficiently

as possible. As we´ve sho wn, this can be achieved through

proper selection of the routing zone radius.

In general, choosing the optimu mrouting zone radius

requires an accurate model of the network and individual

node behavior. Even with perfect kno wled ge of all network

parameter s, co mputatio n of the optimal routing zone radius

is not straightfor ward. T hrough the dissectio n of the ZRP

in Sectio ns III and IV, we were able to illustrate ho w

changes in a single parameter can affect the amount of ZRP

traffic and the optimal zone radius. Ho wever, a change in a

single parameter maynot be significant eno ugh to alter the

optimal zone radius, and changes in multiple parameters

maywor k against each other, making the resulting ZRP

performance unclear.

Further research could focus on the derivatio n of a

complete ZRP traffic function. Ho wever, the accuracyo f

the optimal zone radius co mputation wo uld still be limited

bythe qualityo f the network model estimates. So me

factors may be fairly easy to estimate on-line. For

instance, node densityand relative node velocitycan be

estimated b ythe I ARP, based on the average of the number

neighbors and the average rate of new neighbor acquisitio n.

Likewise, network span can be inferred through analysis of

the IERP route quer ytraffic. Unfortunatelythere are many

other influential factors, such as route selection criteria,

route caching policies and data traffic behavior, that are not

readilyestimated based on infor matio n available to each

user.

T he previous discussio n reveals the limitations o f acquiring

good estimates for networ k and node behavior, based on

measurements of I ARP and IERP traffic. Given our

understanding the ZRP, we are able to propose and evaluate

two new zone sizing schemes, ^min-searching~ and ^traffic

adaptive~, which are designed to minimize the amount of

control traffic based directly on the control traffic

measurements themselves .

A. Basic Estimation Through Min-Searching

A simple approach to estimating the optimal zone radius is

to periodicallyadjust the zone radius until a radius is found

that appears to be minimize the amo unt of ZRP traffic. We

refer to this type o f scheme as min-searching . When the

estimation process begins, the routing zo ne radius can

either be incremented ( 1 + = D r ) or decremented

( 1 - = D r ) byone hop. T he choice to initially increment

or decrement can be arbitrary, or based on additional

infor mation provided b ythe triggering mechanism. During

the th k estimation interval, the amo unt of ZRP traffic,

)) ( ( k Z r , is measured. If the current amo unt of ZRP

traffic is less than the previous amo unt

))) 1 ( ( )) ( ( ( - < k Z k Z r r , it is assumed that the ZRP traffic

can be further reduced byco ntinuing to increment /

decrement the zone radius (i.e. ))()1( r r r D+ < + k k ) .

Other wise, the direction of radius change is reversed

( r r D - = D ) and the zone radius is altered accordingly.

T he process continues until a minimum is detected, based

on the follo wing conditio n:

( )1()( ) 1 ( ) ( + > - < r r r r Z Z and Z Z ).

Figure 10 illustrates the operation of the min-searching

scheme. Initially( k=0), the routing zone radius is

incremented b yone hop. Until k=3, the amo unt measured

traffic appears to decrease with an increase in r . T his

mo tivates the continued increase in r . At k=3, the amo unt

of ZRP traffic exceeds that of the previous routing zone.

Further more, the min search can be ter minated at this point,

because )2( r meets the criteria for a minimum.

Min-searching discover s a local minimum, provided that

the net wor k behavior does not change substantially during

the min-search and that the measurements of ZRP traffic

are exact. Clearly, this scheme beco mes less effective as

these conditions are relaxed. Estimates o f the ZRP traffic

can onlybe made more precise b yincreasing the d uration

of the estimation interval (T ). However this co mes at the

expense o f reducing the correlation of the network behavior

between successive intervals. T his trade-off has to be

considered when implementing this kind of optimizatio n.

Even under ideal conditions, the disco ver yconditio ns may

not guarantee that a discovered minimu mis global. If the

detected minimu mis not a global minimum, the min-search

scheme could result in an extreme amount of ZRP control

traffic. Ho wever, our experience has been that the IARP

and IERP traffic are each convex functions of r (in the

Figure 10: M in-Searching Exa mple

( ) ( ) [ ]

( )

( ) ( ) [ ]

ï ï

î ï ï

í ì

> -

< -

£

å å

+

- =

+

- =

opt opt opt opt

correct

opt opt

Z Z

Z Z

C

r r r r r r r r

r

r r r

r r

) 0 ( ,

) 0 ( ,

1 ) 0 (

1

1

1 0 region of r > 0). T herefore, the total ZRP traffic, which is

the sumo f these two co mponents, is also convex. T hus, the

discovered local minimu m is, in fact, a global minimum.

B. Analysis of the Estimation Triggering Mechanism

T he efficiencyo f zone radius sizing scheme depends on the

effectiveness of the triggering mechanism. An acceptable

trigger should keep the likelihood of T ype I (false alar m)

and T ype II (miss) errors to an acceptable level. In order to

identifythe optimal zone radius,

opt r , the min-searching

scheme must evaluate the ZRP traffic at least two other

radii 11 ,

opt r + 1 and

opt r ˘ 1. In the case o f a false alar m,

the current radius is alread yoptimal, so the cost of a T ype I

error is:

When the trigger does not activate in response to a change

in the optimal routing zone radius, a miss occurs. T he cost

of a miss between t wo min-searches is equal to the amo unt

of excess ZRP traffic accumulated between the end of the

first min search (at interval

1 k ) and the beginning of next

min-search (at interval

2 k ):

If this excess cost = 0, then a miss did not occur during this

period.

Even when the triggering mechanism does trigger correctly,

so me cost is incurred. T his is because the min-search

cannot deter mine the ne woptimal zone radius immediately.

T he cost of a correct trigger can be upper-bounded by: 12

In order to identify the optimal radius, the scheme must

overshoot it b yone hop:

opt r +1. Overshooting is

necessar yfor all min-search schemes. T he limit 1)0( ± r

arises fro msituations where the min-search initially adjusts

r in the wrong direction. While this problemcannot be

11 The one exception would be

opt r = 1. In this case, only

opt r + 1 needs

to be evaluated, because

opt r = 1 is an endpoint.

12 Here we assume that the min-search scheme is slightlyimproved so that

it doesn´t evaluate the same zone radius twice during one search.

entirelyeliminated, traffic measurements can be used to

make an infor med estimate about the direction o f the

optimal zone radius. An increase in the amo unt of reactive

IERP traffic or a decrease in the amo unt of proactive I ARP

traffic indicates that the optimal zo ne radius maybe larger

than the current zone radius. Likewise, a decrease in the

IERP or an increase in I ARP traffic would suggest a smaller

optimal routing zone. In the case where both sets o f traffic

exhibit an increase or decrease, the choice of initial

direction maynot be clear. In this case, the direction could

be chosen at rando mor b ymaking a decision based on the

ZRP co mponent (IERP vs. I ARP) that exhibits the more

significant change.

A simple choice for a trigger wo uld be a timer. Shorter

timers wo uld increase the likelihood of false alar ms because

of the time-correlation of the networ k behavior. T imer s

that are too long, on the other hand, increase the likelihood

of a miss. In the min-searching scheme, false alar ms are

easilydetected because the new optimu mzo ne radius is the

same as the previo us optimum zone radius. Unfortunately,

misses are not detectable. In the absence of additional

infor mation, the best timer strategywo uld be to start with a

short timer, and gradually increase the time-out value until

the measured probabilityof false alar mfalls belo wan

acceptable level.

Another choice for a trigger wo uld be based on the amount

of change in the IARP and IERP traffic. As previo usly

discussed, the change in traffic can be used to estimate the

proper initial direction of the min-search. T he min-search

could be triggered in cases where the IARP and IERP

provide a strong indicatio n that the optimal zone radius has

changed. As with the timer, properlychosen thresholds for

the changes in IERP and IARP traffic can help keep the

false alar m probabilityjust belo wan acceptable level,

providing the best prevention against the undetectable T ype

II errors.

C. Adaptive Traffic Estimation

T he discussio n so far has focussed on the implementation

of min-searching as a way to deter mine the optimal routing

zone radius. Recall that this simple technique requires that

all other factors contrib uting to the ZRP traffic remain

constant during the executio n of the min-search. Ho wever,

the estimation interval needs to be long eno ugh to provide

accurate measurements of the ZRP traffic. It is quite

conceivable that a sufficiently long estimation interval may

be too long to provide adequate correlation beyond two

consecutive inter vals. If the behavior of the network is

erratic (e.g. due to frequent partitioning and rejoining of the

network), the min-search scheme mayexhibit unacceptable

performance.

In cases where long estimation inter vals can reduce the

accuracyof the multiple inter val min-searching schemes, a

more desirable approach would be one that adjusts the zone

radius based only on measurements gathered fro mthe

( ) ( ) ( ) ( )

opt opt opt opt I Type

Z Z Z Z C r r r r -+ + - + = 1 1

( ) ( ) ( ) ( ) [ ] ( ) ( ) ( ) ( ) [ ]

( ) ( )

( ) ( ) ( ) å å å

=

= =

- × - =

- = - =

2

1

2

1

2

1

1 1 2

1

k

k k opt k

k k opt k

k k opt II Type

k Z k Z k k k Z k Z k Z k Z C

r r r r r r current estimate interval. Such a technique is possible if

special properties of the ZRP traffic can be exploited.

When the zone radius is less than the optimal zone radius

and the corresponding amo unt o f ZRP traffic is

significantlymore than optimal, the ZRP traffic is

dominated b ythe reactive IERP quer ytraffic (i.e. reactive

traffic / proactive traffic >> 1). Likewise, when the zone

radius is larger than the optimal zone radius and the

corresponding amo unt of ZRP is significantlymore than

optimal, the ZRP is do minated b ythe proactive IARP route

updates (i.e. reactive traffic / proactive traffic << 1). T hese

regions are depicted in Figure 11. T he optimal routing zo ne

radius lies in a region where neither the I ARP nor the IERP

is do minant.

T his behavior can be exploited to resize the routing zone in

the follo wing manner. Let )( r G be the ratio of reactive

(IERP) traffic to proactive (IARP) traffic, at radius r .

Adjustment of r is made b ycomparing this ratio with a

predetermined threshold ,,

thresh

G . If ) ( r G >

thresh

G , increase

the zone radius; if )( r G <

thresh

G , decrease the zone radius.

We refer to this scheme as traffic adaptive .

T he traffic adaptive scheme can use )( r G as the basis for

its triggering mechanismas well. An appropriate trigger

design calls for r to be resized when the ZRP enters the

ver yreactive or ver yproactive operating regions. T his

condition can be realized bythe introduction o f hysteresis,

H, such that )( r G >

thresh

H G × or ) ( r G <

thresh

H G × ) / 1 ( .

Special consideration must be given to the case where

opt r = 1. Because ¥ = G ) 1 ( , a zone radius of one hop

wo uld, bydefinition, be considered ver yreactive. Without

anyadditional co ntrol, the traffic adaptive algorithm could

be misled b ythe large value of )1( G , resulting in an

oscillation between r = 1 and r = 2. T his instability can be addressed byswitching from the traffic adaptive scheme

to min-searching when r reaches one hop. An

implementation of this dual approach is illustrated in Figure

12. When the min-searching scheme increments r beyo nd

two hops, control can be switched back to the traffic

adaptive scheme.

While the zone sizing algorithm is operating in min-

searching mode, the traffic adaptive scheme is given an

opportunity to improve its assignments of hysteresis (H)

and decision threshold (

thresh

G ). When the min-searching

scheme identifies a minimu m, the traffic adaptive scheme is

alerted and can record the traffic ratio of that inter val.

Adjustments to the traffic adaptive parameter s can be made

based on statistical analysis of these ratios. For example,

thresh

G can be adjusted based on the mean o f the lo g-ratios,

and H based on their standard deviation. Because the min-

searching scheme mayprovide useful side infor matio n, it

maybe beneficial for the min-searching scheme to

occasionally assume co ntrol, even when r > 1. Assuming

that these parameter updates occur onlyoccasio nally, the

cost of the min-search wo uld not have a significant affect

on the overall perfor mance of the sizing scheme.

VI. R

OUTING Z ONE S IZING P ERFORMANCE R ESULTS

An evaluatio n of the zone radius sizing schemes requires an

understanding of ho w the ZRP reacts to changes in net wor k

configuration. Based on our analysis of the ZRP in

Sections III and IV, these relatio nships are fairly well

understood.

In order to proceed, we require a model to express ho w

network characteristics, such as relative velocity, network

population, node density, etc. change over time. T his time

dependent behavior is ver ynetwor k specific. Issues such as

geographic node distribution, radio propagation conditions

and coordination of node movement, need to be considered

and are quite varied fro mnetwo rk to networ k. Because of

these co mplex dependencies and diverse behavior, there are

no widelyaccepted models for ^standard~ ad-hoc networ k

behavior.

Keeping this limitation in mind, we base our simulatio ns on

a networ k model designed specifically to test the ability of

the routing zo ne sizing schemes to adapt to a wide range of

operating conditions.

T he design of this test-bed networ k is based on the

follo wing criteria:

- T he optimal zone radii should be allo wed to var yo ver

a reasonable range. T oo little variabilitywill not

adequatelyreflect the tracking ability of these schemes.

On the other hand, too much variability is not realistic

time-var ying behavior for mo st ad-hoc networks (even

RWNs). Our test-bed network is designed to operate

Figure 11 : Location of the Optimal Zone Radius

Figure 12 : A Hybrid M in-Search/Traffic Adaptive

Zo ne Radius Esti mator mo stly within an approximate range of 4 hops to 7

hops.

- T he model should be general enough to allo w

simulation for different levels of correlation between

successive estimatio n intervals.

- T he model should be of limited co mplexity, to allo w

easyimplementation and analysis.

T hrough a mixture of analysis and simulation, we found

that the follo wing Gaussian distributions for node

population (N) and relative node velocity (v) provide an

acceptable range of zone radii (for a node density o f d = 6

neighbors):

Node population

(N)

Relative node velocity

(v)

Mean ( m ) 1500 [nodes] 1.0 [neighbors/sec]

Std. Dev. ( s ) 500 [nodes] 0.3 [neighbors/sec]

Both distributions are truncated at 0 to prevent negative

values for population and velocity. In addition, the values

of N are rounded to the nearest integer (since node

population is an integer quantity). T hese distributio ns can

be said to model the effects of partial network partitioning

and short ter mcoordination o f mobility patterns,

respectively.

T he correlated values o f N and v corresponding to each

estimation interval k are generated according the follo wing

Markov processes:

where )( k X

n and ) ( k X

v are i.i.d zero-mean, unit variance

Gaussian rando mvariables. T he value of a reflects the

correlation between t wo successive sampling intervals. T he

schemes are simulated over a range o f 99.0 0 . 0 £ £ a .

Figure 13 sho ws the relative perfor mance of the basic

sizing schemes introduced in Section V. T he zone radius

estimates provided bya properlyco nfigured traffic adaptive

scheme are able to keep the ZRP traffic levels between

1% - 2% of optimal. For co mparison, the best min-search

scheme produces between three to five times more extra

ZRP than the best traffic adaptive scheme. T his is not to saythat min-search schemes do not perfor mwell. Even a

continuouslytriggered min-search produces less than 12%

of the optimal ZRP control traffic. T his suggests that the

cost of a min-search may be low enough to justify the

hybrid min-search / traffic adaptive scheme proposed in

Section V.C.

T he traffic adaptive scheme perfor ms extremelywell when

configured with the appropriate decision threshold 13

(

thresh

G ) and hysteresis (H). Figure 14 sho ws the optimal

decision threshold to be about 4 and the optimal hysteresis

to be approximately3. More importantly, we note that

good traffic adaptive perfor mance does not relyo n precise

estimates of

thresh

G and H. T he traffic adaptive scheme lies

within approximately5% of the optimal ZRP traffic for

7 2 £ G £

thresh

, even with no hysteresis (H=1). T his

acceptable level estimation error makes the on-line

adjustment of these parameters a practical approach.

So far, we have been gauging the cost of zone radius re-

sizing in ter ms of extra ZRP control traffic. Ho wever, a

change in the zone radius requires the routing zo ne nodes to

be infor med. 14 Since the estimation inter vals are intended

to be sufficiently long to obtain good estimates of average

received traffic, these zone radius updates occur much less

frequentlythan the neighbor discoveries that trigger I ARP

updates (perhaps b ya factor of 10 to 100 times less

frequently). T herefore, the amo unt of zone radius resizing

13 Recall that the decision threshold is theratio of reactive IERP traffic vs.

proactive IARP traffic.

14 Routing zone re-sizing consists of zone radius estimation and a

broadcast-based protocol to update the routing zone nodes. This paper

deals with the issue of zone radius estimation. The design of the update

protocol is outside the scope of this paper.

( )

( )

) ( 1 ) ( ) 1 (

) ( 1 ) ( ) 1 (

2

2

k X a k v a k v k X a k N a k N

v v v v

N N N N

× - + - × = - +

× - + - × = - +

s m m s m m

Figure 13

Figure 14

Figure 15 traffic sho uld be negligible when co mpared with the IARP

traffic. Even so, it maystill be desirable to minimize this

zone radius update traffic witho ut co mpro mising the ZRP

performance. Figure 15 illustrates the freq uency of radius

updates, relative to the rate of the true optimal radius

updates. When the traffic adaptive scheme is implemented

with no hysteresis, updates are perfor med about five times

as often as necessar y. As the amount of hysteresis

increases, we find that the rate of radius updates decreases.

For H=4.5, we find that the traffic adaptive scheme updates

the zone radius for only5% o f the optimal radius updates.

T his implies a miss probabilityo f near 95%, which would

suggest that the radius sizing scheme should perfor mver y

badly. T his, ho wever, is not the case.

T he traffic adaptive scheme is designed to keep the zone

radius within a hybrid reactive-proactive regio n. Referring

back the figures fro msection V, we can see that within this

hybrid region, the amo unt of control traffic does not var y

greatly. T he traffic adaptive is able to successfully exploit

this behavior, providing ver ygood performance without

having to track the optimal zone radius precisely.

Based on the excellent performance exhibited b ythe traffic

adaptive scheme, we advocate its use as the primar y zone

radius estimator for configuring the ZRP. T he min-

searching schemes, though outperfor med b ytraffic adaptive

estimation, still provide acceptable suppression of ZRP

traffic. T his justifies the occasional use of min-searching

as a way to fine-tune the operation of traffic adaptive

estimation.

VII. C ONC LUS IONS

T he Zone Routing Protocol (ZRP) provides a flexible

solutio n to the challenge of disco vering and maintaining

routes in the Reco nfigurable Wireless Network ( RWN)

communication environment. T he ZRP co mbines two

radicallydifferent methods of routing into one protocol.

Route discover y is based on a reactive route request / route

replyscheme. T his quer ying can be perfor med efficiently

through the proactive maintenance of a local routing zone

topology.

T he amo unt o f intrazo ne control traffic required to maintain

a routing zone increases with the size of the routing zo ne.

Ho wever, through a co mbinatio n of bordercasting and

quer ydetection/ter mination, we are able to exploit the

kno wled ge of the routing zone topologyto reduce the

amount of interzone route quer y traffic. T his tradeoff

between the costs of proactive and reactive co mponents of

the ZRP deter mines the optimal zone radius for a given

network configuration. T he span of the network does not

affect the amount of intrazone traffic, but the amount of

reactive route quer ytraffic increases with networ k span,

thereb yfavoring larger routing zones. Relative node

velocityhas the potential to increase both intrazone updates

and interzone route queries. When route usage is frequent,

node velocityhas little affect on the optimal zone radius.

Ho wever, occasional route usage makes the route quer y

traffic independent of route failures and consequently, node

velocity. In those situations, onlyproactive traffic increases

with node velocity, and smaller zone radii provide more

efficient ZRP operation. Finally, we´ve seen that the total

ZRP traffic increases with node density. An increase in

density has more of an impact on the proactive route

updates. As a result, the optimal zo ne radius decreases with

node density, altho ugh this dependence is fairly weak. In

summar y, dense networ ks consisting of a fe wrelatively fast

mo ving nodes favor reactive (small zone radius)

configurations. On the other hand, a sparse network

consisting of manyslo wlymoving nodes would favor a

more proactive (large zone radius) configuration.

For anyparticular network configuratio n, each node has an

optimal routing zone radius. Given perfect kno wled ge of

the net wor k, it is possible to deter mine the best choice for

the zone radius. In practice, much of this infor matio n

cannot be measured, or even estimated, bythe networ k

nodes. In order for a node to estimate its optimal zone

radius, it must make use of the infor mation that is directly

available. We have proposed and evaluated two classes of

zone radius estimation algorithms, both of which attemp t to

minimize the amount of ZRP traffic based on direct

measurements of the traffic. T he first class, which we refer

to as ^min-searching~, is based on the follo wing

observations about the ZRP behavior: proactive traffic

increases with the zone radius, reactive traffic decreases

with zone radius, and both proactive and reactive traffic are

convex with respect to the zone radius. As their name

implies, min-searching schemes applythese properties by

searching for the optimal zo ne radius based on

measurements of the ZRP traffic for a range o f radii, until a

minimum is found b yinspection. Simulatio n results on a

test-bed RWN demo nstrate that efficientlytriggered min-

search schemes can keep the ZRP traffic to within 7% of

the minimu m traffic.

T he second class of zone radius estimators exploits the

tendency for the optimal zone radius to lie in a regio n

where the amounts o f reactive and proactive control traffic

are comparable. T his approach is termed ^traffic adaptive~,

because it adapts the routing zone, based onlyo n the

current measurements of ZRP traffic. Our test-bed

simulation demo nstrated that the traffic-adaptive scheme

outperfor ms min-searching, maintaining the ZRP traffic

within 1% - 2% of the optimal configuratio n.

Our results demo nstrate that the proposed route estimation

techniques, applied in conjunction with a simple radius

update protocol, allo wthe ZRP to perform more efficiently

than traditio nal routing protocols, witho ut the need for

centralized control or kno wledge of the network operating

conditions.

A C KNOWLEDGEMENTS

T he authors thank the follo wing organizatio ns and

individ uals for their continuous support of this work:

Dr. Roger Peterson (Motorola), Dr. Michael Kotzin

(Motorola), and Mr. Siamik T abrizi (Air Force Research

Laboratory)

R EFERENCES

[1] D. Bertsekas and R. Gallager, Data Networks, Second Edition,

Prentice Hall, Inc., 1992.

[2] C. Cheng, R. Reley, S.P.R. Kumar, andJ.J. Garcia-Luna-Aceves,

^ALoop-Free Extended Bellman-Ford Routing Protocol without

Bouncing Effect,~ ACM Computer Communications Review, 19(4),

1989, pp.224-236.

[3] J.J. Garcia-Luna-Aceves, ^Loop-Free Routing Using Diffusing

Computations,~ IEEE/ACM Transactions on Networking, vol.1, no.1,

Feb. 1993, pp.130-141.

[4] Z.J. Haas and M.R. Pearlman, ~The Performance of a New

Routing Protocol for the Reconfigurable Wireless Net works,~

ICC´98, Jun. 8-11, 1998

[5] Z.J. Haas and M.R. Pearlman, ~Evaluation of the Ad-Hoc

Connectivitywith the Reconfigurable Wireless Networks,~ Virginia

Tech´s Eighth Symposium on Wireless Personal Communications,

Jun. 10-12, 1998

[6] Z.J. Haas and M.R. Pearlman, ^The Performance of Query

Control Schemes for the Zone Routing Protocol,~ SIGCOMM´98,

Sept. 2 ˘4, 1998

[7] P. Jacquet, P. Muhlethaler, and A. Qayyum, "Optimized Link

StateRouting Protocol,~ IETF MANET , Internet Draft, Nov. 1998.

[8] D.B. Johnson and D.A. Maltz, ^Dynamic Source Routing in Ad-

Hoc Wireless Net working,~ in Mobile Computing, T. Imielinski and

H. Korth, editors, Kluwer Academic Publishing, 1996.

[9] J. Moy, ^OSPF Version 2~, RFC 2178, Mar. 1997.

[10] S. Murthyand J.J. Garcia-Luna-Aceves, ^ARouting Protocol for

Packet Radio Networks,~ Proc. of ACM Mobile Computing and

Networking Conference, MOBICOM´95, Nov. 14-15, 1995.

[11] S. Murthyand J.J. Garcia-Luna-Aceves, ^An Efficient Routing

Protocol for Wireless Networks,~ MONET, vol.1, no.2, pp.183-197,

Oct. 1996.

[12] V.D. Park and M.S. Corson, ^AHighlyAdaptive Distributed

Routing Algorithm for Mobile Wireless Net works,~ IEEE

INFOCOM ´97 , Kobe, Japan, 1997

[13] C. E. Perkins and P. Bhagwat, ^HighlyDynamic Destination-

Sequenced Distance-Vector Routing (DSDV) for Mobile

Computers,~ ACM SIGCOMM, vol.24, no.4, Oct. 1994, pp.234-244.

[14] C. E. Perkins and E.M. Royer, ^Ad Hoc On-Demand Distance

Vector Routing,~ IEEE WMCSA’99 , NewOrleans, LA, Feb. 1999.

[15] J. Sharony, ‘‘AMobile Radio Network Architecture with

DynamicallyChanging TopologyUsing Virtual Subnets,´´ MONET,

vol.1, no.1, pp.75-86. Also in Proceedings of ICC/SUPERCOM´96,

Dallas, TX, Jun. 23-27, 1996, pp.807-812.

[16] F. A. Tobagi and L. Kleinrock, ^Packet Switching in Radio

Channels: Part 2 - The Hidden Terminal Problem in Carrier Sense

Multiple-Access and the BusyTone Solution, IEEE Trans. on

Comm., vol. 23, no.12, pp.1417-1433, Dec. 1985.

[17] C-K Toh, " Associativity-Based Routingfor Ad-Hoc Mobile

Networks," Wireless Personal Communications Journal, Special

Issue on Mobile Networking and Computing Systems, Klu wer

Academic Publishers, vol. 4, no. 2, pp.103-139, Mar. 1997.

[18] P.F. Tsuchiya, ^The Landmark Hierarchy: ANewHierarchyfor

Routing in VeryLa rge Net works,~ ACM Computer Communications

Review , vol. 18, no. 4, pp.35-42, 1988