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Abstract- The resource discovery problem poses nein the loss rates, in addition to possible node movement
challenges in infrastructure-less wireless networksin mobile networks. Third, scarcity of energy and
Due to the highly dynamic nature of these networkscommunication  bandwidth in  such  networks
and their bandwidth and energy constraints, there is anecessitates the design of new resource discovery
pressing need for energy-aware communication{protocols qualitatively different from those designed for
efficient resource discovery protocols. This chaptethe wired Internet. In the wired Internet protocols were
provides an overview of several approaches taot designed for energy and communication constrained
resource discovery, discussing their suitability forenvironments. Moreover, in many cases wireless
classes of wireless networks. The approachesetworks may scale up to thousands of nodes rendering
discussed in this chapter include flooding-basedhe discovery problem even more challenging.
approaches, hierarchical cluster-based and

dominating set schemes, and hybrid loose hierarchyervice discovery may occur between the querier and
architectures. Furthermore, the chapter provides athe resource node directly, according to the client-server
detailed case study on the design, evaluation anchodel. Another alternative is to use the directory
analysis of an energy-efficient resource discoveryookup model where the target resource niomigsters
protocol based on hybrid loose hierarchy and utilizingitself (or its service) in the directory. A node interested

the concept of ‘contacts’. in the stored data may perform a lookup in the directory
before issuing the request. In either model, an efficient
1. Introduction distributed search protocol is necessary. The design and

analysis of search protocols in wireless ad hoc networks
Resource discovery is an essential element in the desigithe topic of this chapter.

of infrastructure-less networks. Many classes of multi-
hop wireless networks, including mobile ad hog&fficiency of a resource discovery protocol may be
networks (MANets) and sensor networks, are design@étkasured using different metrics. Some of the most
as infrastructure-less, unattended, rapidly-deployahieeaningful metrics in the context of wireless ad hoc
networks. In these cases, each network node does metworks include communication overhead, energy
have prior knowledge of the resources available in thensumption, delivery success rate and response delay.
network. Hence, resource discovery is imperative to the general bandwidthin wireless networks is a scarce
design of ad hoc and sensor networks. In generalresource. In addition, due to the broadcast nature of the
resource can be any type of service or capability, suglireless medium, collisions, due to medium contention,
as nodes with high energy, processing power or storaggay further decrease the throughput of the network.
multiple interfaces, printing capability, or sensingrurthermore, nodes in ad hoc networks are, in general,
capability. Also a resource may be shared informatiobattery powered and hence are energy constrained.
as in file-sharing, publish-and-subscribe, storag€ommunication is a main consumer of energy, during
retrieval, and querying for sensed data. both transmission and reception of packets. Hence,
reducing communication overhead and overall energy
Resource discovery in wireless ad hoc and sensginsumption is one of the main goals of ad hoc
networks is a challenging problem mainly due to theetworking protocols.
following reasons. First, the lack of infrastructure,
where there are no well-known servers in a pre-defingthere are several design approaches for distributed
network structure as in DNS. Second, the highlyearch protocols that may apply to resource discovery.
dynamic nature of ad hoc and sensor networks thatgeneral, a resource discovery architecture in wireless
leads to frequent changes in the network topology aad hoc and sensor networks may be categorized as
resource availability and locations. Network dynamictocation-aware’ or ’location-free’. Location-aware
arise mainly due to the characteristics of wirelesgchitectures require that node (or resource) location
channels, in terms of fading, interference and variabilityiformation be widely available in the network. Such



architectures usually use geographic or trajectotg what is called a ‘broadcast storm’ [23] with many
routing to forward the updates or queries and inclugmckets sent in a relatively short period, potentially
geographic rendezvous mechanisms (such as GLS [éRding to collisions and congestion. Several variants of
Rendezvous Regions [55] [39] [53], and GHT [33]) anflooding attempt to alleviate the expensive cost of
trajectory advertisement schemes (such as TBF [54]mple flood. Scoped-flooding (or expanding ring
and [56] [57]). These architectures may be efficiersearch) attempts to perform the search in expanding
when (and if) location information is available. On theings and stops when the request is satisfied. Reduced
other hand, location-free architectures do not require lbroadcast techniques use heuristics to suppress flooding
use location information. In this chapter we shaledundancies.

present and study location-free resource discovery Several on-demand ad hoc routing protocols build
architectures, and will not be discussing location-awatpon flooding to obtain up-to-date routes, but use
architectures. caching to take advantage of the history of route
Here we provide a simple classification of the mairequests to avoid unnecessary flooding. The efficacy of
common location-free search techniques, and provitlee cache depends on the cache spread, which in turn
an overview of each of those techniques, along withadfects the cache hit rate, and the cache validity ratio.
discussion on their applicability and performance in athe cache hit and validity ratios depend on dynamics of
hoc networks. Specifically, an overview is given for théhe cached information. In case of highly dynamic
following schemes. scalable networks the cache efficacy may decrease,

1. Flooding-based techniques, including (a) simplfé)rcipg morgdrequestl ﬂSIOdingH.t ¢ h
flooding (or expanding ring search), (b) scoped o provide a scalable architecture, some approaches

flooding and (c) efficient reduced broadcast use a hierarchical scheme based on dynamically formed
2. Ad hoc on-demand routing (with caching) " ‘clusters’. The clusters are re-formed with topology

3. Hierarchical architectures, including (a) clusterqIynamICS dtlhe dt(t) pode Ifa|![ure _a?d Imotb'“tg' (_)net
based hierarchy, (b) landmark hierarchy (czommon method to Torm CIUSTETS 1S 1o elect a dominan

dominating set (or backbone) approaches, and et pf nodes thgt reach all other nodes in the network
4. Hybrid (loose hierarchy) routing, including (a)W|th|n '1 hop. This scheme attempts to guarantee request
zone routing and (b) contact-based architectures. reception a_t each node In the netvv_ork for every requ_est.
A hybrid approach is used in the zone routing
This is not meant to provide an exhaustive list fgsrotocols, in which a proactive (push) mechanism is
the large body of literature that exists in this areased intra-zone and a reactive (pull) mechanism is used
Rather, it is a representative subset of the maiiter-zone. In this approach each node establishes its
approaches. Then we shall present an elaboraine independently forming a loose hierarchy. Flooding
discussion of the design and evaluation of the contagéquests between the zone periphery nodes (called
based architecture as an illustrative case study and dsoeders) is used in the inter-zone reactive phase in a
promising architecture for efficient resource discoverfhechanism called bordercasting.  Bordercasting
in large-scale ad hoc networks. A comparativattempts to achieve full coverage of the network by
simulation study is given at the end of the chapter.  querying the border nodes. The contact-based
architectures use the concept of zones, but instead of
2. Overview of Resource Discovery using bordercasting, only contact-nodes that lie out-of-
Approaches zone are elected and queried on-the-fly. Contacts may
be elected in an energy-aware fashion to achieve load

We address the problem of resource discovery flancing and to extend the network lifetime
infrastructure-lesswireless mobile ad hoc networks.

Hence, architectures that require infrastructure (e.g., 3. Resource Discovery Approaches
DNS) are not suitable for our problem. Centralized
approaches are neither robust nor scalable. 3.1. Flooding-based Approaches

Perhaps one of the simplest search schemes is Flooding is a simple, commonly used technique for
flooding. Flooding each request throughout the networksource discovery. In simple flooding a message is sent
enables the search for the resource sought in every node
in the network. Simple flooding causes every node to
forward the request packet until all the nodes in thréc
network receive it. In wireless networks, flooding leads

everal other resource discovery systems havedmerioped for MANets
luding [58] [59] [60] [61]. For brevity we do hdiscuss those systems.



to all nodes in the network with every discoveryfhe aim of these heuristics is to delivéwrdadcast’
request. A mechanism to prevent loops is usualigessages that should be received by all nodes in the
employed, where each node stores the request amadwork; a goal sometimes different from that of
querier IDs and forwards the query only once. Inesource discovery. Some broadcast reduction heuristics
general, if there ardl nodes in the network then eachinclude (i) probabilistic forwarding, (i) count of
node gets to transmit the packet except the target nodessage receptions, (iii) node distance, or (iv) node
i.e., N-1 transmissions. Over wireless channels whenl@cations.
node transmits a packet during flooding, it is broadcast In probabilistic flooding, each node rebroadcasts
to all neighbors of that node. If there are on averpgethe message with probability Whenp=1, the scheme
neighbors per node — whages called the average nodedegenerates into flooding.
degree — then we get(N-1) receptions per flooding. The counter-based scheme takes advantage of the
Put differently, for every linkAB (between node& and following observation; a node may receive the flooded
B) the flooded message will traverse twice; once whenessagex times, and the additional network coverage
the nodeA sends tdB and again wheB rebroadcasts, obtained by rebroadcasting a message decreases with
so number of receptions is k;2wherel is the number increase inx. Hence, after receiving a number of
of links in the network. Energy is expended in botmessages, it may be desirable for a node to suppress its
transmissions and receptions. As one might expect, itnessage rebroadcast if the expected added coverage is
usually not necessary for every node in the network tery low. So, in the counter-based scheme a node
transmit the packet in order to achieve full networknaintains a message countergnd a counter threshold
coverage (in which all nodes in the network receive th{€;,). Upon first receipt of the message a node waits a
packet). Hence, simple flooding may lead teandom time during which it counts other receptions,
unnecessary redundant transmissions. For frequevtienx > Cy then the rebroadcast is suppressed.
requests flooding may incur significant communication The distance-based scheme also attempts to
overhead, and hence may be undesirable for wirelesgppress rebroadcasts that are expected to achieve very
networks. low coverage, but it performs its calculations based on
Expanding ring search (ERS techniques (or distance. If a message is received from a nearby node,
scoped-flooding) are also commonly used for discoverthen there is a low added coverage achieved by
ERSuses repeated flooding with a limit on the humbeebroadcast. In this scheme, a node waits a random time
of flooding hops TTL). If the resource is not found in aand maintains the least distanc® {0 the nodes from
trial, then this hop limit TTL) increases for subsequentwhich it received messages. Each node also has a
trials by anincrement A simple version oERSmay distance threshold set d@g. If d < Dy then the
use a constant increment of ‘1’. Variantsel®Smay be broadcast is suppressed.
derived, however, by varying the increment, either to a A related scheme is the location-based scheme.
constant greater than 1 or to a variable such Esowing the locations of the sending nodes enables the
exponential in the number of trialEERS usually receiving node to estimate the added area covesatje,
performs better than simple flooding when the resoureeis greater than a certain area threshalg) (then
is relatively close to the querier. HowevERSmay be rebroadcast, otherwise suppress.
quite inefficient when the querier-target pairs are The location-based scheme is the most effective
randomly distributed the network diameter is highamong these heuristics, since many redundant
which tends to be true in many wireless networks due tebroadcasts maybe achieved without affecting message
clustering of nodes. reachability significantly. It also works well for vaus
Reduced broadcasechniques [23] use heuristics tonode distributions, but requires location information.
reduce the redundancies of flooding and conserlde counter-based scheme is simple (does not require
communication. The main idea is to exploit nodécation information) and achieves noticeable reduction
density to reduce redundant transmissions, sometimesmahumber of redundant rebroadcasts if the network is
the expense of reducing network coverage. Tlgense (where the broadcast redundancy is high).
heuristics are used to estimate when message
rebroadcasts are likely to be effective. These schen®2. Ad Hoc On-demand Routing
may be quite effective when the amount of broadcast Routing protocols in ad hoc networks can be
redundancy is high due to high node density. Igenerally classified as proactive (table-driven) or
situations where the wireless network is not highlyeactive (on-demand). Previous studies [43] have shown
dense, the effect of reduced broadcast is quite limitedlat on-demand routing protocols with caching (e.g.,



DSR [5], AODV [4]) achieve better throughput andcache for a route to the targdi).(If local cache is not
overhead performance better than proactive protocolsfound, then the source sends a query to its first hop
terms of throughput and overhead especially with nodeighbors and they perform cache lookup. If a cached
mobility. On-demand protocols employ mechanism®ute is not found, or if the found cache does not result
for route caching to avoid unnecessary flooding of route positive response from the target (e.g., due to
requests and robust route repair mechanisms to dewsdalidity of the cache), then the source floods the route
with frequent route breaks. request throughout the network. The target replies to
Performance studies of ad hoc routing thakquests from distinct neighbors to create multi-paths,
usually uselong-lived assigned connections mainlyand intermediate nodes with cached rout&,tcespond
capture theoute repairphase of the routing protocols,to the request. The replies (from the target and
while the route discovery phase is invoked only durinigtermediate nodes) traverse the reverse pathes to the
the initial setup period of the connections. Howevesource, and nodes along the route (and their neighbors)
resource discoverprotocols may exhibit significantly cache the route information (i.e., aggressive caching).
different behavior, where the route discovery/set¥hen a cached route is used and is found to be invalid
phase (and caching) becomes the dominant factrout-of-date, it is attached to the flooded route request
affecting performance while route maintenance/repair is invalidate all copies of that route in the network.
very rarely triggered. Now, let us define theache hit ratioas the fraction
Caching is used in on-demand (reactive) ad hoof cache lookups that are found, and thehe validity
routing [5][4] to alleviate the effects of flooding.ratio as the fraction of cache hits that are valid. Let the
Caching can be quite efficient, when the cache hit ratiocal cache hit ratio bpl, and the local cache validity
is high and the cache is valid. The effectiveness of thiatio begl. Similarly, let neighbor cache hit ratio p2,
approach thus depends on the cache validity, whichand the neighbor cache validity ratio bg2.
turn is a function of the network and informatiorFurthermore, let the validity ratio for the routes
dynamics and request patterns. In cases of mobdbtained and used by flooding lne. Note that if the
networks and frequent un-correlated short requestioded request reaches the targe(i.e., destination)
however, one might expect the cache performance dausing a reply to be send@ and if that reply is used,
degrade as the on-demand routing degenerates wien it should be valid. There may be other situations
high probability into flooding. where nodes en-route to the destination have a cached
To gain better understanding of the effect afoute forT, in which case the flooded request may not
caching on protocol overhead, we build a cachingachT, and in which case there is a probability that the
model for the on-demaridSRapproach and evaluate it.replies may be invalidin these situations another
Earlier studies on on-demand ad hoc routing protocaksquest may be flooded to obtain a valid route. The state
investigated relatively small (40-100 node) networksliagram for this process and the state transition
with long lived connections [5] [40] [41] [42] [43] [44]. probabilities are given in Figure 2.
We instead study cache performance for larger scale From the previous figures we can get an estimate of

networks and for resource discovery. the overhead (or cost) incurred. For now we define cost
in terms of requests and replies transmitted and
3.2.1. Caching model forwarded. In later analysis we shall study the cost in

Our caching model follows the dynamic sourcéerms of energy consumption. The three main
routing OSK design [5] [40]. A source looking for a procedures of the route discovery mechanism are |I.
target (or a destination) triggers a route requRRHQ local cache lookup, Il. neighbor cache lookup, and lIl.
on demand. The process of route request is illustratedfimoding the request.

Figure 1. First, the sourc&) looks up its own local



E Cache table

T: target node

Q: querier

tr: transmission range
—» request

» reply

Figure 2. State diagram for the probabilistic decichain for on-demand
routing in DSR-like mechanisms.

Figure 1.DSR-like routing model: a querier nodgissues a request for a
target resourc&. The request process progresses as follow®: derforms
local lookup, 2. If a cached route Tois not found then request a lookup
from 1-hop neighbors (within transmission range)if & cached route is not
found (or is invalid) then flood a request throughdhe network, 4.a.
Intermediate nodes with cached routeTtaeply to Q, 4.b. The targef
replies to requests returning multiple path®to

I. Local cache lookup does not incur any From the state machine we get an expression for the
communication overhead. overall overhead v) per discovery for on-demand

II. Neighbor cache lookup incurs one request routing, as follows.
transmission and replies from neighbors with a route Ov=(1-pl).NC+(1-(p1gl+p2g2-p1p2q2)).CF/qr
cache. Ifg is the average node degree, ands the
average fraction of neighbors that respond to the requ@s2.2. Simplifications for resource discovery
(0O<a <1), then number of replies dsg. Let the cost of Several minor modifications may apply to ad hoc
neighbor cache lookup IC, thenNC=1+a.g. on-demand routing for resource discovery. Since the

. Request flood incurs ~N-1) request resource discovery request will be sentin one-shot (i.e.,
transmissions, and replies from the taffiéor multiple in a very short transfer) there is no need to store
routes equal to the number B6 neighbors forwarding Multiple paths for future route maintenance, and only
the request; i.e_,g._. Each rep|y traversdshops fromT one route to the targeT iS needed. Hence, we can
to Q, whereL is the average path length in hop£liminate the multiple responses from the target and the
between the querier and the target. The flood will alggsponses from the intermediate nodes, thus reducing
trigger replies fromB.N intermediate nodes, eachthe discovery overhead. This would resulB#D, qr=1
traversingy.L hops, where is the average fraction of @andCF=(N-1)+L. If we consider medium to large scale
intermediate nodes responding to the requestyaisd N€tworks whereN~100 to 1000 nodes or more, and
the fraction of the average path length for path lengtGSNSider & reasonable range {pf6 to 12 neighbors,

for the path fromQ to an intermediate node. Let theth®n we can ignorélC with a small margin of error.
cost of flooding beCF, then we get Also, if we combine effects of local and neighbor cache

N lookups simply ap for the cache hit ratio angifor the
CPAN-1)+g.L+B.Ny.L fgche validity ratio, such thatg= plql+p2g2-p1p292,

As was mentioned previously, there may be a need
&/e then get:

repeated floods if no valid route is obtained. Assumin
for simplicity, that the subsequent floods are
independent with each having an averaggrauccess
rate, then we get a geometric distribution and t
overall (expected) cost of flooding becon@&</qr.

Ov~(190).(N+L)

It is clear that the overhead depends heavily on the
che hit and validity ratios. Let us define the cache
efficacy CE=pq) as the combined effect of cache hit
and validity ratios. But what are the main factors



affecting CE? In the following subsection cachingdifferent random seeds. The average node degree was
performance is evaluated and analyzed over a varietykefpt almost constant for all topologies at 8 neighbors
network size and mobility degrees to attempt to extrager node, in 1Lkmx1km network.

those factors. The results are given in Figure 3 and Figure 4.
Figure 3 shows the cache efficacy for various mobility
3.2.3. Simulation and Analysis of Caching desgrees and network sizes. For very small scale

We observe the performance of the on-demamuktworks (40-100 nodes) the efficacy is relatively high
routing caching scheme through simulation. Networks-50-70%) especially for low mobility cases. As the
with 40 to 2000 nodes were simulated with variousumber of nodes increases, however, the cache efficacy
mobility degrees. Each node moves using a “randodnops dramatically, even for very low mobility, to
waypoint” model with no pause time. Each node selectd 0% for 1000 nodes and to ~5% for 2000 nodes.

a random value between Yonaj m/s and a random Figure 4 gives a closer look at the cache metrics. It
destination to which it moves with constant speed. This apparent that the effect of network size is more
process is repeated whenever a node reaches sigmificant than the effect of mobility. The cache hit
destinationVmaxwas varied from 0 to 60m/s. Querier-ratio () drops from ~73% (for 40 nodes) to ~30% (for
target pairs were chosen randomly and 1000 queri2800 nodes). The more drastic drop occurs in the valid
were performed in each run with 10 queries per sec.cache ratiod), from ~92% (for 40 nodes) to ~14% (for
cache warm-up period was allowed befor@000 nodes), which brings the overall cache efficacy
measurements were taken in each run. Each data p¢mt) down.

represents an average of 10 simulation runs with
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Figure 3. The cache efficacy with various velosit@nd various network

sizes. The cache performance degrades drasticiiiyseale of the network Figure 4. Cache hit ratiq), valid cache ratiod) and cache efficacyp(d)
and with (even very low) mobility. with the network size for 1m/s and 20m/s.

G&Jster-head may become a single-point-of-failure or a

. .point of traffic concentration and a potential bottleneck.
nodes) the performance of on-demand routing wi .
cachin)g app?oaches flooding, where the on-dgclama‘%| e landmark hierarchy [6][14][15] uses landmarks

routing protocol resorts to flooding more than 90% > direct?ons for routing, but does not use Ia}ndmarks as
the time due to cache misses or invalid cache hits communication relays between clusters. This alleviates

traffic concentration at the landmarks and reduces the
risk of single-point of failure. However, the highest
level landmark needs to periodically flood its

: .__{pformation throughout the network, which may be
have been proposed [20][21][45]. Many hlerarChICéL!]nsuitable for wireless networks. One major concern in

architectures arelusterbased in which each clustert hi hical h s thei ?

(or group) of neighboring nodes elects a cluster-head H)ese \erarchical approaches IS their reflance on

relay traffic to the other clusters. One advantage of th(fgmple_x coordlnatloq mechanlsms, 'for eIeCt'on’

approach is that a request may be forwarded to {REPMotion and demotion. Hence, in highly dynamic
vironments, such as wireless ad hoc networks,

cluster heads (via intermediate nodes) without floodin%m lex hierarchical approaches are susceptible to
the whole network. A disadvantage, however, is thata . P . X PP ) ) P
major re-configuration with node failure, sleep

For moderate to large-scale networks (above 10

3.3. Hierarchical Approaches
For scalability, severalhierarchical approaches



schedules and mobility, leading to serious performandeminating set (sometimes called backbone) and the
degradation. cost of broadcast. A good survey on these schemes is

One common method used for clustering is bas@dovided in [46]. Some protocols use a connected
on dominating sets (DS [24][25][46][47]. A dominating set DS as shown in Figure 5, while
dominating set of nodes in a network is a subset of ththers propose a weakly-connect®b (WCDS as
nodes in the network such that each node is eithershown in Figure 6WCDSschemes lead to a smaller
that set or is a neighbor of a node in the set. Timamber of clusters and fewer nodes in the backbone
problem of finding the minimum dominatinIpS) set than CDS schemes and thus incur less overhead to
has been proven to be NP-complete. Several heuristsegup. Dominating set approaches, in general, guarantee
have been proposed to approximate the optim@h theory) that the network will be fully covered. By
solution. The proposed solutions provide various tradeentrast, the heuristics used for reduced broadcast
offs between the establishment (and maintenance) of dennot guarantee full network coverage.

Figure 5. Example connected dominating set, bladen belong to the Figure 6.Example weekly connected dominating set
backbone constituting a dominating set.

In general,DSbased approaches may operate insing these approaches is quite limited, and perhaps
two-steps or one-step (on-the-fly). The two-stepybrid approaches should be investigated.
protocols (e.g., [47]) conduct th®S election (or
backbone setup) in one phase, then use another phas&4o Hybrid, Loose Hierarchy
perform the discovery. Because the two-step protocols Hybrid schemes use a mix of proactive and reactive
setup and maintain a backbone they are subject to sehemes in an attempt to establish a reasonable
configuration with mobility. On the other hand, theoverhead balance. Nodes exchange periodic and
single-step protocols, such as dominant pruning as tiiggered information with neighbors within a limited
[24][25], conduct the dominating set election whilenumber of hops to forraones The proactive protocol is
performing the discovery, and hence are more resiliamted for intra-zone updates, while reactive, on-demand,
to mobility effects. request forwarding is used for inter-zone discovery. The

In general, cluster-based approaches usirgnes form aloose hierarchy because each node
dominating sets attempt to achieve complete netwonkaintains its zone independently, and no major re-
coverage by ensuring that every node receives eveognfiguration is incurred with mobility. Unlike
request. These approaches may be quite effective witkinminating set schemes, hybrid approaches, in general,
broadcast redundancy is high (i.e., in highly-denso not deliver every request to all nodes. Rather they
networks). For networks in which node distribution isittempt to achieve complete network information
not highly-dense, however, the effects of overheambverage by forwarding the request to nodes that

(collectively) have information about network routes or



resources. In this section we discuss two hybricdb complex coordination is used for cluster-head or
approaches (a) the zone routing protocol, and (b) tlndmark election. In zone routing each node transmits

contact-based architectures. its information up tdR hops away, wherR s called the
zone radius. Based on this message transmission, each
3.4.1. The Zone Routing Protocols (ZRP) node independently collects information from its

The zone routing protocol (ZRP) [9][10][11][12][13] neighbors and forms its own view of the network, called
uses a hybrid approach, where link state is used inteazone Nodes at exactlir hops away are calldabrder
zone and on-demand routing (border-casting) is usaddes. Figure 7 shows the concept of a zone and
inter-zone. A feature of zone routing is that, unlikendependent zone construction by network nodes.
cluster-based approaches, a zone is node-specific, and
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Figure 8. ZRP bordercasting with query early dévecand control, various
zone for the border node d® are shown using different colors for
illustration. Bold lines indicate the paths trawstsby the bordercast
messages

In ZRP the querier, sends the request to its borderanobility ratio’ that in essence captures the amortization
and the borders send it to their borders, and so dactor for the zone maintenance cost (due to mobility)
Query control mechanisms are used to reduce redundewer the number of call requests issued. It is during
guerying. Requests are broadcast (or multicast) hop thwse bordercast requests that ZRP provides savings
hop and are recorded by nodes along the path. Quewrer flooding.

detection mechanisms (called QD-1 and QD-2) specify

that intermediate nodes along the forwarding path (aBd4.2. Contact-based Resource Discovery
their neighbors) record the request information. Upon Architectures (CoRDg

receiving a request sent to a border that has been Contact-based resource discovery architectures
previously visited, the intermediate node terminat§d€oRDsfor short) employ the hybrid approach and use
such request. The intermediate node has knowledgel@fse zone-based hierarchy. However, the requests are
the previously visited borders in its zone by maintaininfprwarded to only a small number of selected nodes out
intra-zone information of up toR21 hops (called the of the zone, calledtontacts Instead of using shortest
extended zone). Hence, the redundant request canphath or optimal routesCoRDs design goal is to
terminated early. This scheme is called earlgonserve network bandwidth and energy, while

termination (ET). achieving high request success rattmRDsprotocols
lllustration of the basic operation of ZRP andvoid border-casting by using contacts out-of-zone. The
bordercasting is given in Figure 8. concept ofcontactsis key for efficient discovery in

ZRP design attempts to achieve an overhedldese schemes. The idea behind the contacts borrows
balance between intra-zone maintenance and inter-zdram small worlds[1][17]. Unlike relational or random
discovery by varying the zone radiis which in turn graphs, wireless networks are spatial graphs (in which
varies the amount of information to store in each nodinks are a function of distance, among other factors)
The optimal value oR depends on the network size andhat tend to be highly clustered, leading to very high
dynamics. More specifically, it depends on the ‘call-todegree of separation. For a node, contacts are a few



nodes outside of the zone that actsmrt cutsto contacts NoC) outside the zone, as follows. First, a
transform the wireless network into a small world ancequest is issued fdoC (say 3) ofQ’'s borders R hops
hence reduce the average degrees of separation betwagay). Each bordeB, receiving the request would in
the querier and the target. When a request is madetum select another nod€, atr hops away to which to
contact-selection protocol is invoked. Contact selectidorward the requestC is called acontact node. To
mechanisms aim to reduce zone-overlap and to el@atrease the search efficiendy,should have low zone
contacts that increase the coverage of the search. Dwerlap withQ. Proper setting of the parametehnelps
search proceeds according to several possible policiessreduce such overlap. Contact nodes act as short cuts
single-shot, or multiple-expanding trials. that bridge between disjoint zones. This helps to reduce

Several protocols have been designed for contatte degrees of separation betwe@nand the target
selection, includingCARD [48][49], MARQ [50], and nodes. Degrees of separation in this context refer to the
TRANSFERS51]. The first two architecture§ARDand number of intermediate nodes from the querier node to
MARQ use a pro-active approach that selects atige target.
maintains contact<CARD uses zone-edge information ~ The main architecture is shown in Figure 1, where
to select useful contacts, whil#ARQ exploits mobility the querier nod€ chooses three of its bordeBsl, B2,
by choosing contacts moving away from the zone. THS8 to which to send a request message. Each of the
third architectureTRANSFERonN the other hand, uses a&orders in turn chooses one contact &bps away to
re-active approach, by choosing contacts dynamicallywhich to forward the requestl, C2,andC3 represent
on-the-fly, when the request is issued. The reactitke contacts. The number of borders (and subsequently
nature of this protocol reduces the maintenan@®ntacts) choseNoC, and the contact distanaehops)
overhead and is more resilient to network dynamics. are design parameters. t£R then the contact is a

In the rest of this chapter the contact-basdubrder of a border d.
architecture will be presented as an elaborate case studyQuestions regarding setting the design parameters,
for the design, evaluation and analysis of an efficiestich as number of contactdaC), contact distance’)
resource discovery protocol for large-scale ad hand zone radiusR), will be presented in the evaluation
wireless networks. The contact selection mechanissection. First, we describe the contact selection scheme.
presented use the dynamic contact selection mechanism,

as INTRANSFER51]. TS T T
/’"o o o 4 . . o o
. o el o
4. Contact-Based Resource Discovery /o Coontacy, %% 70 ot ©
. . . ! o i
Architectural Overview and Design L © ca_ o °
5 © o ©
In the contact-based architecture, each node in the A B3, R °
ad hoc network keeps track of a number of nodes inits g/ Lo
vicinity within R hops away. This defines tleneof a PO BL N0 o o f T
node. The zone is maintained using a proactive/ —_ ° % y
localized link state protocol. Each node chooses its zone | ¢ o /@ Querier Node
independently, and hence no major re-configuration is, R0 %6 © /.. 4.~ B:BorderNode
' . . A °© o / R i C: Contact Node
needed when a node moves or fails. There is no notion** °© ° 5 / R: Proximity radius
A ° 7 r: contact distance

of cluster head, and no elections that require consensus O ©

am_ong nodes. A n_elghk_)(_)r dISCOVGFy prOtOCOI Is used P ure 9. Each node in the network has a zonedifisaR hops. A querier
which each node identifies nodes 1 hop away (throughhe,o, sends a request through a number of its bordgeral o the number
periodic beacons). The link state protocol provides ct?nt(;:lctslﬂoqi Iion thris cdaseJOCf. Efach bcérder ?]odai, ch;osesfon;: of

: ; ; ; its bordersCi, to be the direction for forwarding the requestops further
nelg_hbor information  to Othe_r nodes In_ the Zon%tuhtil it reaches the contact. The contacts areatriR+r) hops away from
Typically the number of nodes in the zone is small (Ieg§in this example=R=3.

than 100 nodes). As part of the zone information each

node keeps routes to nodes and pointers to resourceg T Contact Selection and Search Policies
its zone. Nodes exactfyhops away are calldubrders This section describes the contact-selection protocol

When'a querier nodQ (potentlally any node in f[he_ and the notion of levels of contacts. Then presents
network) issues a resource discovery request, it f'r\%rious search policies

checks to see if the resource (or destination) is in its
zone. If not, then it seeks the assistance of a number of



4.1.1. Contact Selection Protocol L’s neighbors (including) are 1 hop away frorh, and
The main purpose of a contact node is to act ashance are at mo® hops away fronQ. That is, allL’s
short cut to increase the view of the network bgeighbors are withinQ's zone. As was mentioned
searching for the target in uncovered parts of tHmefore, due to high clustering many o6 neighbors

network. Hence, it is important for a contact to have @ll of which are inQ's zone) may also beB's
zone that does not overlap significantly with that of theeighbors. Hence3 should attempt to avoid forwarding
querier nodeQ, or the other contacts @. However, the request through any bfs neighbors. As illustrated
contacts do not know about each other, and do not knawFigure 2 (b),B avoidsL’s neighbors X,y,2 and is
their shortest distance to the querier (remember thaile to forward the request to a contdc?, that has
contacts are outside of the querier's zone). To addresgnificantly less zone overlap witf) than C1 does.
this problem an algorithm is used to reduce zonkhis scheme is called tlz®ne overlap reductioPOR
overlaps, thus increasing coverage and reducing seascheme. Note that the above examples usé&d for
overhead. illustration. In cases whereis not equal tR, PORIs
The first kind of overlap occurs between theised to select a border fBrthat providesdirection for
contact’'s zone and the querier's zone. To reduce tlikoosing the contact, this is called ttieection border
overlap the request is directed out of the querier's zorler<R thenPORIs performed byB and then the contact
One simple approach to try to achieve this is for the selected betweeB and its direction border. >R
border node to randomly choose one of its borders tteen the direction border needs to perf@®Ragain to
which to forward the request. This, however, often leadisd its own direction border, and so oROR is
to significant overlap with the querier's zone renderingerformedrlRT times at each chosen border.
the contact ineffective and the query success rate - -
becomes low. Another simple approach is for the border
node to avoid sending the request through the node
from which it was received. However, wireless
networks have a high clustering coefficfefit][17].
This means that, on average, there is relatively high .
probability that the neighbors of a neighbor Bfare /*@

©] O
also neighbors oB. Therefore, it is not sufficient to T ©
avoid only the previous hop since there may still be a | o R o
good chance that the border may forward the request ' _~"© “a_ o | © /.-Q:Querier Node
through nodes that belong t@'s zone. This is 2 o 0 B Border Rode
illustrated in Figure 2 (a), where the border ndgle S ° R: zone radius
receives the request from node(the previous hop), I @
and forwards it to conta€l through node. Nodex is R o ™
a neighbor of nodé and is withinQ’s zone, and hence VA R‘\ o o
would lead to a contact less th&+r hops away. In o/ o \:\«con?act
many cases the contact chosen this way may have a S o [ o o |
zone heavily overlapping wit's zone. p o 2o

The problem in forwarding the request outside of SRS R o ": o
Q’'s zone to a useful contact is the loss of direction for ;C \ 5 e o
the forwarded message at the border of the zone (since | ©° N o S
Q knows only about nodd? hops away). To achieve a "-\ ° RO“Q S o
sense of direction without location information, a ‘o [ :
. . . . . N o o
mechanism is designed that uses information about the ., © o o
neighborof B's previous hopl., as explained next. S tr: transmission trange
A querier nodeQ, sends a request tdoC of its (b)

borders. Consider one of those bordﬁsl_et nodeL Figure 10. (a) The border nod®, forwards the request towards its bor@ér
be the last hop befor® on that path. Note th& is R via nodex. C1's zonehas significant overlap witfy's zone. By only using

; _ random forwarding or avoiding only nodle(the previous hopB can easily
hops away fI‘OfTQ, andL is R-1 hops away fI‘OfTQ. Al lose sense of direction and choose a poor contactb) By using neighbor

information ofL, B avoids forwarding the requestltoor any of its neighbors
*The clustering coefficienict) measures the probability that neighbors of &%y, all of which are inQ's zone. HenceB is more likely to choose a
node are also neighbors of each other. In [17]ais shown that for wireless Useful contaciC2. The overlap betweeD2’s zone andY's zone is a lot less
networkscc=0.58 (high clustering) for settings similar to @udy. than overlap betwee@l's andQ's zones.




The second type of overlap occurs between zoneslevels callednaxDepth, DThe effect oD is studied in
contacts. To reduce this overlap the querier n§e, the evaluation section. Note that in order to select level-
attempts to select borders to which it has disjoint routels.contactsQ performsROR whereas to choose level-
This is done using the zone information (with no extria 1 contacts, levei-contacts need to perform bd®#®OR
overhead). IINoCborders are chosen by the end of thiand ROR That is, a levei-contact selects borders with
procedure thenQ sends the request to the chosedisjoint routes from its borders that dot pass through
borders. Otherwise, borders are chosen with minimuits previous hop's neighbors.
route overlap (i.e., with differenf2hop nodes, then3 4 1 3 search Policies- putting all the pieces
hop nodes, etc.). Otherwise, new borders are chosen together
randomly untiiNoC borders are chosen. This scheme Gjyen a request and a number of levdds, the

does not guarantee non-overlap between contaGigrget search process may proceed using different
zones, but performs quite efficiently during requests, ggjicies. Three different policies are presented for target
we shall show. We call this scheme tioeite overlap search. The first is calledingle-shot in which the

reduction(ROR) scheme. _ querier sends out a request, in a single attempt, to
The POR and RORmechanisms are performed agrayerse the contact levels in succession, Up kevels.

part of the query forwarding process, i.e., on-the-flyrne second policy is calldevel-by-leve(lbl), in which

Reduced broadcast heuristics or dominating set schemigs request is sent out in several attempts. The first

may be used to reduce the overhead of the zoRgempt is performed with level depth of 1. Until and

maintenance. , unless the target is found, each subsequent attenigpt,
Power-Aware Contact SelectionThe contact- performed with level depthd=1+d,,. Attempts

selection criteria can (and in fact should) tal@ver continue up tod=D. The third policy is calledstep
into consideration. Information about power levels igearch (or simplgtep), and is similar tdbl except that
nodes and rate of energy consumption may Bgcreasing the depth occurs in steps instead of

piggybacked upon the proximity exchange messag§§crements of 1. For our study we choose an
During the contact selection mechanisms (P@Rand  exponential step increase; iés 2d...

ROR nodes with low remaining energy are given low
selection priority. To achieve this the following power-
aware algorithm is used. A node that is selecting a
border or contact first applies tiROR and RORrules

as described above. If the selected node(s) (or any of
nodes en route to the selected node(s)) has less th&fe
power threshold Rthl) of remaining power, then the
selection process is repeated fth2 < Pthl, so on,

4.1.3.1. Single-shot Policy

In this policy the request is sent out from the querier
éje once, in a single attempt. The request is forwarded
r%ctly from level-1 contacts to level-2 contacts, up to
velD contacts. In a sense, this policy is analogous to
flooding between contacts. To further clarify this policy

until the selection is made. Hence, this algorithm sele¥$ 9IVe a simple, first order, theoretical estimatétsof

the most energy-capable nodes that satisfy the noq¥erhead.These estimates are given only for illustration
overlap rules o0PORandROR purposes. At each level-the theoretical number of

contacts visited isNoQ)', and the theoretical number of
H |
4.1.2. Levels of Contacts sputting the first pieces hops traversed isRt#r).(NoG). Hence, the number of

together transmissions is given bY[(R+r).zD:(No(3)i]- This

The above contact selection schem@©OR and . ) i=1
ROR) provide a mechanism to seléébC contacts that provides a the_o_rencal upper bound. The search employs
have distances up tB+r hops away fromQ. These Ioo'p and re-visit prevention mechanlsms, the effec't of
contacts are calldével-l contacts. To select the level-1Which are not considered in this simple theoretical
contactsQ performsRORto reachNoC borders, then analysis. After considering th_ese mechanisms, the
those borders (and their respective direction bordefyerhead may be reduced drastically. An example of the
and so on,[r/R] times) performPOR to get the Single-shosearchis given in Figure 11 (a).
contacts’ directions.

To select farther contacts during the query process, 4.1.3.2. Level-by-level (Ibl) Policy
level-1 contacts repeat the contact selection to choose In Ibl the querier nodeQ, may need to send the
their own contacts, which we call level-2 contacts. Thi®quest several times, in multiple attempts, until the
process is further repeated as needed at the levdhiget is reached d is reached. Starting with 1 level,
contacts, level-2 contacts and so on, up to a numbertog¢ number of levels visited in each attentptis



incremented by 1. If the querier does not get a positi
response, it initiates another attefgiter increasing.
Hence, the number of contacts visited in each attempt i

given byzd:(Noc)i , and the theoretical upper limit on

number of transmissions &R + ). ZD:Zd: (NoC)']-

d=1i=1

4.1.3.3. Exponential Step Search Policy

Step search is similar tthl, except that the number |,
of levels visited in attempti, d, is incremented
exponentially; i.e.,d=2d.; (e.g., 1,2,4,8..) until the
target is found odn IS reached, wheré, . is the first
d that satisfies the inequalitydg.,>D for D>2. (For
D=2, dna=D). For example, iD=20 thend,=16. For
the step policy the upper limit on number of

. . . . dmax d
transmissions is given hyr +r). NoC)'1-
Y - 2, 2 (NoO)]
An example oflbl (or step with D=2, R=r=3, and
NoC=3 is given in Figure 11 (b). Schemies and step

are identical forD=2. Note that the level-1 contacts - ) e @ )

visited on the first attempt are not necessarily simdar too: o . ° s 0 2% o8 ° o oo
level-1 contacts visited on the second attempt. Thisdis ° _.°°° "z o ° . %70 °°  °728.°
due to the randomization of the first border selection.c° - °.- gg""‘o.o LT A IS

From Figure 3 this effect is clear, and it results in “ . -
different policies reaching different parts of the
network. It seems, however, thsingle-shotmay not - °-
reach parts of the network near the querier, but those ’
parts are likely to be reached W} andstepdue to the - °' |
randomization (rotation-like) effect, as illustrated ince << ,
Figure 11 (c). Another performance implication due t9~ -° »
the different policies is in the request Iatency°°
Intuitively, single-shotncurs less delivery time than the ° < | .
other policies because it completes its search in a sm@ie e
attempt.Stepsearch is expected to complete its searth

in less number of attempts thiuh. [0 o Ot

o |

o
o
o o 94 © 0 %0 o o

contact-2 5 /| ©©0 © o
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Figure 11. Examples of search policies widk2, R=r=NoC=3: (a)
The single-shotpolicy forwards the request in one attempt reaghéavel-1
and level-2 contacts (callembntactd and contact?), (b) The level-by-level
Ibl policy forwards the request in multiple attemptsthwincreasing the
visited levels. In the first attempt only ‘3’ levélcontacts are visited. In the
second attempt 3 different level-1 contacts aréedsand the request is
forwarded to ‘9’ level-2 contacts. It is clear thdifferent policies reach
different parts of the networlSingle-shommay not be able to achieve good
coverage ned® with low NoC.

% Forlbl andstep the querier waits for timebetween attempts;a d.(R+r).
Single-shotloes not usk since it uses a single-attempt per request.



ayempt3 with each node forwarding the response to its recorded
previous hop, P. Otherwise, further processing is
attemptt performed as follows.
e In order for a recipient of a request message to
determine which functions to perform, and whether it is
a contact, two fields are included in the request
messagejevel-countand thehop-count Initially, the
level-count is set ta and the hop-count set t®+r).
Hop-count is decremented and checked at every hop:
 If hop-count reaches ‘0’, then the receiving node
acts as a contact. A contact decrements the level-
count and resets the hop-count field BR+). If
level-count reaches ‘O’ the contact drops the
‘ Figure 11 (c)The rotation-like effect bgtween attempts in steg ol request. If level-count is not ‘0’, the contact selects
increases network coverage. In Ibl, attempti res¢he leveli contacts, so on NoC borders (USin?OR and ROF§, and sends the
request to those borders.

4.2. Request Forwarding and Processing . . o
The rules for processing the requests are the sam .If the hop-count is not ‘0", and the current node ID

for all of the above policies. This section presents the is same as the desfination ID of the request

: - - message, the receiving node acts as a border node.
request processing, forwarding, and loop prevention. ; . .
g P g g PP It selects a direction border (usiRP®PR), and sends

the request towards it.
Otherwise, the request is simply forwarded to the

attempt2

attempt3

attemptl |

attempt3

4.2.1. The Request Message

The request message contains the target ID; thé o2
node ID or the resource key. The destination-ID in the next hop to the destma_tlon._ o
request message contains the ID of the border node (or The request message Is unicast hop by hop, it is not
the direction border). The request message also contdffigadcast hop by hop. This has an impact on the energy
the maximum number of levels to visit)(for that consumed at each hop. In broadcast, all the sender’s

attempt, the querier IDQ) and a sequence numbelneighbors consume energy to receivg _the message,
(SN). For every new attempt the querier issues 8&lw whereas in unicast only the intended recipient consumes
' full reception energy, after a handshake for channel

4.2.2. Loop Prevention and Re-visit Avoidance reservation, other neighbors may go into idle/sleep
As the message is forwarded, each node traverd88de-

records theSN, Qand P, whereP is the previous hop 5. Evaluation and Comparison
node, from which the request was receiviednay be
used later to send a response to the queiethrough In this section we study the various design

the reverse path. If a node receives a request with fp@rameters foTRANSFER In addition, we compare
same BN,Q, it drops the request. This provides foseveral resource discoveryapproaches including
loop prevention and avoidance of re-visits to thflooding, expanding ring searth ZRP, dynamic
covered parts of the network. This mechanism ominating set scheme and reduced broadcast.
important to keep the overhead from exponentially Particularly, for TRANSFER the following
growing at each level. The record&@N,Q,R is kept as questions are addressed: (1) How many cont&e)(
soft state, associated with a short timer, adding choose? (2) What is the best contact distan@e(3)
robustness against querier failure é@dwrap around. What should be the maximum dep) for the search?
Also, if a contact reached at any level finds the queri¢4) How should we set the zone radi®?(5) What is
in its own zone, indicating a loop, theéhe contact the best search policgingle-shatlbl or ste® (6) How

drops the request. does replication affect the protocol performance? and
(7) Is there a specific combination of settings that
4.2.3. Search, Processing and Forwarding performs well for a wide variety of networks?

A contact (or border) receiving the request, first
performs a target search in its local zone information. 4

the target is found. the request is delivered and“éeveral variants of expanding ring search - wiltious constant and
! onential TTL increments — were studied and werend to perform

. . e
response is forwarded on the reverse path (if needeﬁﬁse than flooding due to the large network di@mef wireless networks.
For clarity of presentation we omit results for éxpanding ring search.




The main performance metrics include energthe energy is measured taking into account the 802.11
consumption due to communication overhead and tMAC-layer handling of both hop-by-hop transmitted
request success rate. Note the trade-off between suc@esdreceived packets.
rate and overhead; the more the success rate the mMggp.-phy-Hop Communication Energy Model
the overhead and vice versa. In order to balance these The energy consumed when a request is forwarded

conflicting goals a penalty is introduced for requesit each hop is due to packet transmission at the sender
failures. Any f_allure be_yond an acceptable level will bﬁ_nd packet reception at the recipient(s). Depending on
recovered using flooding. Hence, the scheme used iy mode of the message, whether unicast, multicast or
to flooding. Since this penalty is quite expensive it Wilkecipientsinclude the intended recipients and other
be natural for the best performing parameters to avgidges (within the transmission range) that aneaeive
resorting to flooding by achieving a very high requesate. In general, a wireless node may be in one of three

success rate using contacts only. power states:i) transmit state,ii) receive state, oiii()
_ _ idle/sleep state. The power expended in each of these
5.1. Simulation setup states varies drastically. Also, the overall power

- Extensive network simulations are used t@onsumed is a function of the duration of stay in any of
investigate the design space parameters and evaluate e states (mainly a function of the packet size). The
performance of the contact-based protocols undgfount of energy consumed during the transmission of
various settings ofr, NoC, and D. The overall gz request packet is denotediy Similarly, Erx refers
communication overhead for_ the architecture ig the energy of request reception. If a message is
evaluated. Thls_overhead consists of two componengygadcast, it is received by all neighbors. The average
(a) zone establishment and maintenance, and (b) Bgmber of neighbors per node is the average node
request (or per query) overhead. Each node keeps tr@%’@ree ¢). For a unicast message, there is a small
of other nodes in its zone. To keep storage requiremeRkshdshake phase to inform the neighbors of the
and zone overhead at a reasonable limit, the numberir%ending transmission. In IEEE 802.11 the CSMA/CA
nodes per zone is limited to 100 nodes. This limit ig ysed with handshake and medium reservation. The
achieved for all simulated networks by settitr. handshake involves broadcast of small RTS and CTS
The transmission ranger) is taken as 110m. A messages causing the neighborsléepuntil the end of

wide range of networks is studied, as shown in Table gansmission. The power consumption due to handshake
The area of the network is varied to maintain network genoted byEh. Hence, the hop-by-hop energy

connectivity, and to keep the zone nodes under 100 ({§nsumption is given as follows:
zone radius oR=3). N nodes are randomly placed ina Energy consumed by a unicast mess#as: (

square of /m x/n'. Eu=Etx+Erx+Eh=Etx(1+f+h),
Nodes [ Area (mxm) |Node Degree|Border Nodes| Zone Nodes — —
206 | 1050x1000 -5 TE1 = wheref=Erx/Etx andh=Eh/Etx
500 | 1400x1400 8.9 205 2148 * Energy consumed by a broadcast mess&abe (
1000 | 2000x2000 9.1 21.7 46.8 Eb=Etx+g.Erx=Etq1+f.Q),
421888 ggggxgigg 9;17 gg-; 222 whereg is the average node degree.
X . . . _ 6 .
3000 | 4800x4800 13 38.8 778 ~ This study used=0.64, anch=0.1". The simulator
16000 | 6500x6500 14.3 44.6 88.2 differentiates between (hop-by-hop) unicast and
32000 | 9200x9200 143 45 88.9 broadcast messages and applies the energy model
Table 1. Networks used in the simulation. Nodesirtially randomly accordingly. The energy 1S pre;entedEtlx Ur_"ts-
distributed. Number of border and zone nodes arengiorR=3. The results of the simulations are discussed next.

where a destination is chosen randomly and a velocity¥C, and D on the performance of the different search
chosen randomly from [Umaj. Once the destination
is reached, another random destination is chosen, SO @pect performance of our query protocols to batiraily robust to mobility
Vmaxwas varied from 0 to 60 rﬁlsln the simulations patterns due to its reactive (on-the-fly) hierarelgablishment.

® The power consumption numbers were based on rahkoaverages of
data from Lucent, Cisco and 3Com 802.11b wirelesslsc For the unicast
® The random way point model is commonly used inuating wireless ad case, a short RTS/CTS handshake reserves the thandata transmission,
hoc routing protocols. There are, however, recemtiss [63, 64, 65, 66, 67, other nodes within radio range backoff for the doraof the transmission
68, 69, 70, 71, 72] that show the inadequacy o thobility model to and go to sleep/idle mode. The handshake consuraeslh fraction i) of
capture some important mobility characteristics.the future we plan to the actual transmission enerdstX). This fraction depends on the transmitted
evaluate our protocols using a richer set of mgbitiodels. However, we packet size. A reasonable (on the high side) ettiwfd is ~10%.




policies. For this set of simulations the 1000 noddearly indicates favorable settings for the different
topology in Table 1 is used. The query overhead fgearch policies. In general, asgrows, the contacts’
TRANSFERSs insensitive to mobility because of @a- location extends farther away from the querier's zone.
the-fly contact selection and query mechanisms. Th&r single-shot policy, ag increases a consistent
results are shown fomax=20m/s. The second part ofincrease in the energy consumed per query is observed.
the results presents scalability analysis anthis is due to a drop in the request success rate.
comparisons. Remember thadrop in success rate translates into
Each data point represents an average of fdllback to flooding which consistently produces more
simulation runs with different random seeds. Querieenergy consumption. The drop in success rate is due to
target pairs were chosen randomly. 1000 such querresluced coverage of areas ne@is zone or the
were performed in each run; i.e., a total of 10,00€bntacts’ zones. Hence lower valuesrofOsr<2) are
queries (or requests) for each data point. preferred for single-shot. On the other hand |iéband
First present the overhead per request (hereaftgeppolicies, the trend is different. Due to the contact
referred to as overhead per query) is presented, then iihgation-like effect between attemptthl and stepcan
zone overhead, and finally the overall overhead. still maintain good coverage with increasingip to a
5.2. Overhead per Query certain distance. Hence, high request success rate is

The overhead per query is affected by the Vario@ghieveq with less energy congumption due to fallback
design parameters. Here we investigate the effect of fife flooding. Further increase in generally leads to
contact distancer), the number of contactd¢C), the MOre energy consumption due to drop in success rate
maximum depth), and the degree of replication. ThigAt very low values of (e.g.,r<2), althoughbl andstep
study aims to understand the performance trends of @ghieve high success rate, they also incur added

different TRANSFER policies with the various Overhead due to zone overlap betwégrand level-1
parameters. contacts (and in general between laevebntacts and

591 Eff ; di their respective levalr1l contacts). This overlap
:2.1. Effect of contact distance (r) reduces with increase im with the best values around

Several experiments were conducted with variou\%s_8 hoos (3 being best fsten 5 and 8 being best for
NoC andD. Only partial results are shown to iIIustratqbl) ps ( g R g

the trend, usingNoC=3 and D=33 in a 1000 node
network. Figure 12 shows the effect of varyingnd
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attempts. The average number of attempts¥fet0) is

@ 5000 {\ 3.1 attempts fostep 4.0 forlbl, and of course 1 for
5 000 | & 7 single-shot. For larger networks we expect this number
gu“; N single-shot to rise andD required for high success rates is expected
§ 3000 - rise as well.
§ 2000 5.3. Scalability Analysis of Total Overhead
) Sl o . In this section we investigate how the energy
£ 10001 R T consumption grows with the increase in network size
0 : : : : : : : (as in Table 1). There are two main overhead
1 6 1.8 21 26 3 36 components folTRANSFER (a) query overhead, and
maxDepth (D) (b) zone maintenance. We analyze scalability of query
overhead, zone overhead, and total overhead.
Figure 14. Effect of maximum deptbX 5.3.1. Scalability of TRANSFER Query Overhead
Parameter setting for this experiment was based on
5.2.2. Effect of Number of Contacts (NoC) earlier analysis. For single-shot results are preseoted f

To understand the effects dloC on the different two settings: (ay=2, NoC=4, (b) r=3, NoC=3. The
policies different favorable settings ofbased on our maximum depth,D, was increased to 65 to achieve
previous analysis were evaluated. Results in Figure b8tter success rate for single-shot. EmpandIbl we
are shown for=2 (for single-shot)y=8 (for Ibl) and usedD=33 andNoC=3. Forstep we used 13, and for
r=3 (for step. For all policies, a very low number oflbl r=8. Results are presented in Figure 15. For all
contacts oC<3) incurs high energy consumption duetwork sizes it is clear that teeppolicy achieves the
to fallback to flooding because of low success ratbest performance (with success rate of 97.5% or better
IncreasingNoC increases success rate until almost alithout flooding for all network sizesl incurs more
requests succeed then an increase in overheadoverhead tharstep Single-shotexhibits an interesting
observed due to additional (unnecessary) searbhavior, forNoC=4,r=2 it achieves between 90-96%
branches with increase NoC.For Ibl andstepthe best success rate for sizes below 4000, then the success rates
setting is atNoC=3, while for single-shot the bestgo above 97.5% from 4000 nodes and on, consistently
setting beingNoC=4 mainly due to the inability of 3 rising with increase ifN. For single-shot withNoC=3,
contacts to establish complete coverage i@arzone r=3) lower success rates (82-89%) are reached for sizes
and the contacts’ zones. below 4000, the success rate increases to (94-97%) for
5.2.3. Effect of Maximum Depth (D) 4000-8000 nodes. After 8000 nodes this setting

Using favorable settings forandNoC the effect of achieves 97.5% and above success rate. It is interesting
increasing the maximum contact dept), is that single-shot with this (3,3) setting achieves less
investigated. Results in Figure 14 show that increasif§Cccess rate than the previous (4,2) setting for small
D generally decreases the power consumption B@tworks, yet there is a cross-over point at 4000 nodes
increasing the success rate and subsequently redudiigr which single-shot(3,3) performs better than single-
fallback to flooding. It isnot the case that increasiiy Shot(4,2) and approaches performancetep This is
exponentiallyincreases the number of contacts visiteghown more clearly in Figure 16, which shows the
Although the number of potential contacts grows, loouery overhead ratio stepto the others. There are two
prevention drastically reduces the number of visité@asons for this trend: a) for low&oC single-shot
contacts. After certain values &f (10 for Ibl, 13 for incurs less overhead, b) with the increase in number of
single-shot and 33 foistef) most requests (abovenodes there are more branches to search, giving more
97.5%) become successful and energy consumptigh@nce to cover, at higher contact-levels, what was not
saturates. Note thad=33 for step translates into a covered at lower contact-levels (ned®), thus
maximum of 6 attempts. Increase does not Increasing the success rate for contact-based search and

necessarily translate into increase in number @gcreasing fall-back to flooding.
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- As mentioned before, the forwarding and
Latency AnalysisFigure 17 S.hOWS thg trend for rocessing rules are the same for all policies.
a_verlag_;ehntjmber of att_emplts with aniease(;ntﬂodtles. T% pending on the query requirement different policies
sr:E?eZsSe oocgvga?;b;s rae;\ﬁ/.i 13’7 agttem ets e}rgﬁ'ﬁ y be used for different kinds of requests. This is
! u ( ng L. P simply achieved by setting the right parameters in the
32,000 nodes)Stepscales reasonably well, with 5.2request messagéor example, to implement single-
average attempt_s for 32’QOO nodes. . shot, the querier sets the maximum level of contacts to
Based on this analysis, we observe thhprovides

no advantage ovesingle-shotor step Stepprovides the \s/:zgle(d;tt?mtg]te maximum depth and performs a
best performance in terms of energy consumption, and '

possesses desirable scaling characteristics in terms :

overhead and latency. Single-shot exhibits the bes '6\}50&?5:%” gﬁgegpgyoeésﬁss) of flooding, on-
latency among these policies and may be set to aChi%\é(?nand routing with cache, i.e., DSR-like (we re,fer to
good performance at higher scale. One desirable feat as ODC), reduced i)r;)aiacast (location-based
of step however, is its persistent good performancgChe ’

. . . ) me as described in[23]), dynamic minimum
over a wide spectrum of network sizes, with the Sett'%minating set NIDS (dominant pruning as in
(R=3,NoC=3r=3D=33 [max attempts=6]). We user, 51y 7Rp and TRANSFER For illustration we
these settings in the rest of the simulations.

briefly explain flooding overhead.

14 % For flooding, in a network oN nodes, the request is

122{ |=0=1l /7 transmitted byN-1 nodes.

0] |THser d/ We get Ef.Osz(N-l).Etx(1+f.g)_=Etx(!\I+2Lf), for Iarge
—#—single-shot % N, whereL is the number of links in the netword,is

the node degree, agd=2L/N.
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Figure 17. Average attempts per queryTRRANSFERolicies
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Figure 19. Query overhead of the various schemasalized by flooding

Figure 18 shows the results for query overhead faetworks. This is due to:i)(decrease in number of
Vmax=20m/s (similartrends were observed for other transmitted packets per query, and) (avoiding
velocities). Noticeable improvement is observed ibroadcast and using hop-by-hop unicast messages.
performance by using contacts, especially in large-scale
Figure 19 shows overhead of the various schemsisown in Figure 20 and Figure 21, respectively. In those
relative to flooding. Performance of ODC degrades witligures the horizontal axis represents the nodes as
increase in network size, and it approaches flooding ianked (or sorted) by the remaining energy, while the
large-scale networks. Reduced broadcast ranges froartical axis gives the actual remaining energy as
55-70% while MDS ranges from 48-55% of floodingpercentage oEmax From Figure 20 we observe that
overhead. ZRP’s performance varies from 33.5% ¢tifie contact-based approach clearly outperforms
flooding in small networks to 46% at larger scale. Thikooding andZRP, not onlyin power conservation, but
steppolicy has the best performance with 7.4% in smadllso in achieving a balanced power consumption
networks to 5.8% of flooding in large networks. between network nodes. For this set of simulations, the
remaining energy for the lowest energy-ranked nodes

Per-node Energy Analysis .
. s as follows (as a percentageEmhay: for flooding
The above analysis presented the total energy (pel-

0, for ZRP 42%, for Step80%, and forE-Step90%.
query) consumed by the whole network. Such analy or flooding we notice a staircase distribution for the

does not show the energy distribution in the networl?maining energy, this is due to the fact that all the

which would be more representative of the network odes participate in the flooding for every query and

lifetime and potential for partitioning. In this analysi§1 . ) ; )
several experiments are conducted to compare {H%des having higher node degree (i.e., more neighbors)

o : consume more power.
energy distribution in the nodes for floodingRP and : : i
Step The power-aware contact selection algorithm The second set of simulations compaBéspandE

descrived above is ntegrated o Bepscheme: the 5L SLE1 10U 1S oversh enere concuion e
new scheme is calleB-Step For our simulations we y g (

take Pth1=90%, Pth2=80%, and so on. The previousenergy_-balancing)_ability is quite different. The least
1000 nodes simulation setup is used for lod@mairg(r)}g ferr;rgy |n(;[hSeS(r;o?estE]a}Es_g(:rcentaﬁE@»
randomized small transfers. In addition, we start t grsthe |°0 Oesteg86(l)nener 0 roarnked noe%gt(; af?'j;‘-
nodes withEmaxenergy level that gets reduced as the wes 9y- PaIv

gre remaining energy. In sunk-Step provides

nodes transmit or receive messages, according to fious improvements over tistepprotocol, increasin
energy model. We conduct two sets of simulations. THE P PP ’ 9

. : ~40% for the lowest energy-ranked node, by more
first to comparehe contact-based approach to flooding”
and ZRP, foe which Emaxis set to F1|%,0005tx units. an 25% for 20 lowest energy-ranked nodes, and by

And the second set to compaBéepand E-Step for more than 15% for the 50 lowest energy-ranked nodes.
which Emaxis set to 3,00(Etx units. The results are
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components we represent the query rate as a function of

5.3.3. Zone Overhead mobility, and normalize the energy per node per second

The zone overhead includes the energy consumger m/s of mobility. We use th@MR metric (query-
by the link state message exchange. For link state, hebility-ratio, org) defined per node as query/s/(m/s)
zone exchange is in the form of broadcast messagesopyimply query/km (this is similar t6MRin [12]).
each node, up tB hops away. This exchange increases Z(R-1) has units of ‘energyHtx) per sec per node
linearly with mobility (with more link changes). So, thisper (m/s)’. Let the energy consumption per query for
overhead is normalized with respect to mobility usingtep be Eqep, in (EtX) units. Similarly for flooding and
Z(R) The zone overhead is also a function of th2RP, we haveE;,,q and Exrp The overall query
number of nodes in the zone. Figure 22 sh@@®)for overhead fostep Egsep= 0.Esep The units ofEqggepare
TRANSFERand forZRP. (ZRP uses zone of R1 for in ‘Etx units per sec per node per m/s’, compatible with

early termination). Z(R) The total overhead fatepbecomes:
250 ETstep:Z(R)"'EQstep: Z(R)+q-Estep
Z ——203 R For flooding, no zone overhead is incurred, so
5200 |-0-Z05 e Erfioo=Eaficod™ 0.Eioos: FOr ZRP the zone (or intra-zone)
8 /‘7 overhead is incurred forR2l hops, henc&rr=Z(2R-
5 1501 e 1)+Eqzre Z(2R-1)+q.Ezre For brevity, we evaluate the
e /*’ total energy-consumption ratidER of stepto flooding
§ 1001 and ZRP. We get:
% 50 1 TERﬂood - ETstep - Z(R) + q'Estep ,
E ETflood q E flood
0 : : : : : : :
20 500 1000 2000 4000 8000 16000 32000 and TER e = Ereiep = Z(R) * s, .
. EZRP z (2R _1) + q'EZRP
Network Size (nodes)
Figure 22. Normalized Intra-zone overhead for tasibproximityR=3, Figure 23 showsS ERy.q as function of theQMR

£(3) and the extended zone &2, Z(3) (query-mobility ratio) g (query/km). We note that a

logarithmic scale was used forto resolve the rapid

5.3.4. Comparisons of Total Overhead , : :
The query overhead is a function of the query rafOP in the total energy-consumption ratio.

(query/sec), while zone overhead is a function of
mobility (m/s). In order to combine these two
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For very low values of] (1-10 query/km) and small 6. Conclusions
to medium network sizes (200-4000 nodes) flooding
performs better. This is due to the very low number of In this chapter, we provided an overview of the

queries triggered as compared to the intra-zomgain approaches for resource discovery in wireless
maintenance overheadNote that, zone-based protocolsietworks. The problem of resource discovery is
perform well when the intra-zone overhead is amortiZQﬂgcoming more Cha"enging and pressing as more
over a reasonable number of queries in order to achieM@erging infrastructure-less networks are designed and
overall gain. It is clear that for medium to large-scalgnplemented. The various approaches described in this
networks and for medium to high rate of querieghapter included flooding-based approaches, including
TRANSFERhas a significant advantage over floodingexpanding ring search and reduced broadcast heuristics,
whereTERoq approaches 5% for large networks. on-demand ad hoc routing, hierarchical cluster-based
We now turn to Figure 24 to analyze the trends ifind dominating set schemes, and hybrid loose hierarchy
TERrr We notice a trend different from that forschemes including zone routing and contact based
TERiwes Mainly because ZRP is also a zone-baseflchitectures.
approach and incurs more intra-zone overhead by using Reduced broadcast approaches and dominating set
the extended zone of radiusR2). Effect of the approaches attempt to reduce the redundancies of
extended zone is clearest for sm@IMR where the flooding but attempt to all discovery requests to all
intra-zone overhead has the dominant effect, where@sdes in the network. On-demand ad hoc routing
for high QMR the effect is mainly due to the queryytilizes information caching to reduce effects of
overhead. For a small network (200 nOdeS) and for |%oding, but is greaﬂy affected by network dynamics
d, we getTERrp ~48%, while for highy, TERreis just that cause cache invalidation. Hybrid approaches, such
below 25%. For medium to large-scale networks (50@s zone and contact-based routing use the proactive
32000 nodes) and for low, TERre ranges from 37% approach within the zones, and the reactive approach
to 44%, and for highy, TERre ranges from 13% to for out-of-zone discovery. Zone routing uses
20%. Hence, the best gains for TRANSFER can hgyrdercasting, while contact-based schemes select out-
observed for higher values @MR where TERrr of-zone contact nodes to avoid bordercasting.
approaches 14% for large networks. After conducting an extensive comparative study
between the above schemes, it was observed that hybrid
approaches are useful when the cost of zone
maintenance is amortized over a reasonable number of
requests, otherwise flooding-based approaches work
better. In general, if power control is used such that
only active nodes participate in zone construction and
" We suspect that a scenario of very lqwindicating relatively inactive  maintenance, then hybrid approaches seem to scale best.
nodes, is unlikely in large-scale ad hoc networksnore likely scenario is . . ..
that when the nodes are inactive for extended gerbtime, they may go to 1N particular the contact based approach is promising as

sleep or ‘off mode and not participate in intraaeoexchange. Maintaining
zone information without being active is not desiea




it performs well for a fixed set of parameters over H4]P. F. Tsuchiya, "The Landmark Hierarchy: A new

relatively wide array of scenarios and network sizes. hierarchy for routing in very large networks", COR|.
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