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Abstract—As mobile networking continues to experience ing protocols for ad hoc mobile networks [1], [15], [24],
increasing popularity, the need to connect large numbers [25], [28], [35], [37]. Many of these publications include
of wireless devices will become more prevalent. Many re- simylations of the protocols they describe, illustrating the
cent proposals for ad hoc routing have certain characteris- performance of the protocol. To determine the relative
tics which may limit their scalability to large networks. This . . .

merits and strengths of the various protocols, studies have

paper examines five different combinations of modifications . . .
which may be incorporated into virtually any on-demand been performed which simulate the protocols under vari-

protocol in order to improve its scalability. The scalability of ~OUS input conditions [5], [8], [14], [19]. While these sim-
current on-demand routing protocols is evaluated through ulations and studies are informative in evaluating the per-
the selection of a representative from this class of protocols. formance of the protocols for relatively small numbers of
The performance of the un-modified on-demand protocol is nodes (i.e., 50 nodes), they do not show how any of the
compared against that of it combined with each of the scal- qtgcols scales to larger node populations. The simula-
ability modifications. Each scheme’s behavior is analyzed in tions presented in [28] and [25] evaluate the Ad hoc On-

networks as large as 10,000 nodes through detailed simula- . )
tion. Based on the observations, conclusions are drawn as toDemand Distance Vector (AODV) Routing protocol and

the expected scalability improvement which can be achieved the Zone Routing Protocol (ZRP), respectively, for net-
by each modification. works as large as 1,000 nodes, and are simulations of some

of the largest network sizes to date. Because ad hoc rout-
ing protocols could be used in networks containing a large
number of nodes, it is important to know how these proto-
RECENT advances in the portability, power, and cap&0!s will scale and perform in these scenarios.
bilities of wireless devices and applications have re- Many of the proposed protocols for ad hoc networks [1],
sulted in the proliferation and increased popularity of thefis], [24], [28], [37] use a broadcast route discovery mech-
devices. As the number of users continues to grow, wirgaism whereby a route request is flooded across the en-
less routing protocols will be required to scale to increagire network. While the impact of such route discov-
ingly larger populations of nodes. Conference networkirgy floods may be limited in small networks, the impact
scenarios can require the formation of networks on the evill be significantly greater for larger networks. When a
der of tens to hundreds of nodes, while many military afink break in an active route occurs, many of these proto-
plications can involve thousands to tens of thousandsaafls [15], [24], [28] require that an error notification be
nodes. Furthermore, as the deployment of wireless neént to nodes that were using that link. Again, for small
works becomes more widespread, new applications magtworks with limited network diameters, this route error
encourage the formation of large ad hoc networks. For imessage can be propagated back to a source node rela-
stance, sensor networks may include thousands of sensigtsy quickly, and some repair action can be taken. How-
which must be able to self-configure and establish routeser, as the network diameter and average path length in-
Similarly, military battlefield operations often require therease, the error message may have to propagate across
formation of ad hoc networks containing hundreds to thotens of hops to reach the source node. For such large
sands of soldiers and personnel. networks, or even smaller networks with rapidly moving
There have been many recent proposals of unicast rautdes, it is likely that the source node will be unable
to make a repair before another link in the route breaks.
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I. INTRODUCTION



dressing methods have long been known for attemptingvtork.
increase protocol scalability [3], [7], [10], [13], [18], [20], A different approach to route finding is taken by the
[30], [34]. Clustering protocols group nodes irdlusters Core Extraction Distributed Ad Hoc Routing (CEDAR) al-
based on their proximity to each other. Each cluster gegorithm [35]. CEDAR is an algorithm that builds a set of
erally has a cluster leader, which is the representativerefdes (i.e., aore) to perform route computation. Using
the nodes in its cluster. The cluster leader typically partig¢he local state information, a minimum dominating set of
pates in the network routing protocol, freeing the other nehe network is approximated to form the core. CEDAR es-
work nodes of this burden. Routes in clustered networksblishes QoS routes that satisfy bandwidth requirements
may often be recorded hierarchically between clusters,@sng the directionality of the core path. Link state and
in [7]. These logical hierarchical paths may be longer livasandwidth availability is exchanged to maintain important
than routes which utilize flat addressing, because any gateermation for computing QoS routes. Although CEDAR
way between two clusters can be used to route betweenifioéids a core infrastructure that yields low overhead, the
clusters. This may result in fewer route reconstructionssotocol is fairly complex and difficult to implement. The
and hence also reduce the number of on-demand confgablem of calculating the minimum dominating set and
messages required to maintain the routes. Cluster-bagieglcore is known to be NP-hard [11].
protocols, however, have their drawbacks. They requirefFinally, [1] and [25] are variations of on-demand rout-
periodic messaging from each network node in order jigg protocols which attempt to increase scalability through
maintain the clusters. This periodic messaging resultsgther methods. The Relative Distance Micro-discovery Ad
higher processing and control packet overhead, as wellisc Routing (RDMAR) protocol allows for local repair of
increased bandwidth utilization and longer delays. Morgnk breaks in active routes [1], and the ZRP protocol main-
over, if the protocol constrains routes to traverse clusigiins route information tall nodes within a “zone” [25].
leaders, longer path lengths will be required. This is agRP is a hybrid protocol which maintains the route in-
other contributor to increased bandwidth utilization. Fformation for the zone via a link-state or distance-vector
nally, there may be complications when the cluster leadgii®tocol and then applies the on-demand technique com-
fail or give up their cluster leader status. munication for nodes outside the zone. These protocols
Instead of performing routing on-demand, other prot#ray reduce the number of route discovery floods required
cols have instead been based on modified versions of lgy-a source node by either repairing link breaks locally
ther the distance-vector [21] or link-state [22] routing awhere they occur (RDMAR) or by maintaining routes to
gorithms. Because both distance-vector and link-state a¢me destinations before they are actually needed (ZRP).
gorithms not only use periodic updates, but also triggerdvertheless, the protocols still suffer from the same dis-
updates in the event of a change in link status, they s@@vantage as the class of on-demand protocols whereby
not well-suited for mobile networks. A network composesfficiency drops as the number of source-destination pairs
of moderately moving nodes results in a high number ofcreases, due to the likely requirement of a route discov-
triggered updates, consuming bandwidth and making roétey flood.
convergence difficult, if not impossible. The protocols de- This paper evaluates the scaling potential of on-demand
scribed in [4], [9], [16], [23], [26], [27], [36] each presentad hoc routing protocols by comparing a base routing pro-
a modified version of one of these protocols. For instandecol with the performance of it combined with various
[16], [26] and [36] each utilize a prioritized connectivimodifications. The Ad hoc On-Demand Distance Vector
ity information exchange algorithm, whereby informatioAODV) Routing protocol [28], [29] is used as a represen-
about parts of the network more distant from the senditafive of on-demand routing protocols. AODV was cho-
node is sent less frequently than information about neigsen because it is currently one of the leading protocols
boring nodes. [16] and [36] apply this technique to ther routing in ad hoc mobile networks. The scalability
distance-vector algorithm, while [26] modifies the linkof AODV is investigated by evaluating its performance in
state protocol. A similar approach [4] sends update inetworks as large as 10,000 nodes. Then, three methods
formation to only those nodes that actually need the infdor improving the scalability of ad hoc routing protocols
mation. These protocols have the benefit of a reductiane described and integrated into the AODV protocol for
in routing update overhead as compared with the ba#fieir evaluation. The modifications include an expand-
link-state and distance-vector algorithms. However, th@yg ring search for route discoveries initiated by a source
still have the drawback that they require updates basedrmue, a query localization protocol (proposed in [6]) which
node movement, which can result in a large amount of camso attempts to prevent the flooding of route requests, and
trol overhead and bandwidth consumption in a mobile nehe local repair of link breaks in active routes. Further,



the methods for preventing discovery floods are each nmust either be the destination itself, or it must have an un-
turn combined with the local repair mechanism, to yieleixpired route to the destination whose corresponding se-
a total of five possible improvement algorithms. Each @fuence number is at least as great as that contained in the
these modification combinations is evaluated, through dRREQ. If neither of these conditions are met, the node re-
tailed simulation, in networks of up to 10,000 nodes, armtoadcasts the RREQ.
compared with the results achieved by the un-modified On the other hand, if it does meet either of these con-
AODV protocol. The purpose of this paper is to studgitions, the node then creates a Route Reply (RREP) mes-
the routing behavior of on-demand routing protocols isage. It places the current sequence number of the desti-
large scale networks, and investigate how enhancemgation, as well as its distance in hops to the destination,
strategies affect the performance. The contribution of thifto the RREP, and then unicasts this message back to the
work is the analysis of the scalability characteristics @burce. The node from which it received the RREQ is used
the AODV routing protocol, the addressing of the possis the next hop. When an intermediate node receives the
ble problems of on-demand routing in large networks, amREP, it creates forward route entryfor the destination
the presentation of results and insights that suggest futigie in its route table, and then forwards the RREP to the
directions of research for scalable ad hoc routing proteeurce node. Once the source node receives the RREP, it
cols. can begin using the route to transmit data packets to the
The rest of the paper is organized as follows. Sectiondéstination. If it later receives a RREP with a greater des-
presents an overview of the AODV routing protocol. Segnation sequence number or equivalent sequence number
tion 11l then describes the proposed modifications to thghd smaller hop count, it updates its route table entry and
protocol to improve its scalability. Then, Section IV debegins using the new route.
scribes the simulations used to test the modifications, asf the source node does not receive a RREP by the time
well as presents the results achieved by these simulatiqes giscovery timer expires, it rebroadcasts the RREQ. It
Section V details observations which can be drawn froggempts discovery up to some maximum number of times.
the simulations, and finally, Section VI concludes the p& no route is discovered after the maximum number of
per. attempts, the session is aborted.

II. OVERVIEW OF THE ROUTING PROTOCOL )
_ . N _B. Route Maintenance
The routing protocol utilized for the scalability study is

the Ad hoc On-Demand Distance Vector (AODV) proto- An active route is defined as a route which has recently
col [28], [33]. AODV is an on-demand protocol whichbeen used to transmit data packets. Link breaks in non-
is capable of providing unicast, multicast, and broadcastive links do not trigger any protocol action. However,
communication. For the purposes of this study, its unicaghen a link break in an active route occurs, the node
operation is focused upon. Route discovery is based gffeamof the break determines whether any of its neigh-
a route request/route reply query cycle. Once discover®@rs use that link to reach the destination. If so, it creates
a route is maintained as long as needed by the source.argoute Error (RERR) packet. The RERR contains the
guarantee loop freedom, AODV utilizes per node Sequeriaaaddress of each destination which is now unreachable,
numbers. A node increments the value of its sequerfé¢e to the link break. The RERR also contains the se-
number whenever there is a change in its local connectivityence number of each such destination, incremented by

information. one. The node then broadcasts the packet and invalidates
those routes in its route table.
A. Route Discovery When a neighboring node receives the RERR, it in turn

Route discovery begins when a source node need#dlidates each of the routes listed in the pacKethat
route to some destination. It places the destination IP d@ute used the source of the RERR as a next hop. If one
dress and last known sequence number for that destinati@hmnore routes are deleted, the node then goes through the
as well as its own IP address and current sequence nig@amne process, whereby it checks whether any of its neigh-
ber, into a Route Request (RREQ). It then broadcasts t@f's route through it to reach the destinations. If so, it
RREQ and sets a timer to wait for a reply. creates and broadcasts its own RERR message.

When a node receives the RREQ, it first createe-a Once a source node receives the RERR, it invalidates
verse route entryor the source node in its route table. Ithe listed routes as described. If it determines it still needs
then checks whether it has an unexpired route to the dasmy of the invalidated routes, it re-initiates route discovery
tination node. In order to respond to the RREQ, the noétw that route.
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The scalability of many on-demand routing protocols (0 Peth of RREFS () Repaired Route

may be limited due to a couple of important factors. The
first is the need for flooding each RREQ. In small net-
works, flooding the RREQ across the network has a lim-

ited impact due to the relatively few nodes in the networgmaII “time to live (TTL)” value, i.e., two hops. Each time

However, as networks grow to thousands and tens of thgya ppEQ is rebroadcast, the sending node decrements the
sands of nodes, flooding the entire network each timerd|  once the TTL reaches zero. the RREQ is no longer
_route needs to be discovered consumes significant_procqgﬁl—varded. The source node waits the discovery period
ing power at each network node, as well as excessive bapg-, RREP to be returned. If it has not received a RREP
width during the floods. B %/ the end of the discovery time, it initiates a new RREQ
_As path lengths increase and as node mobility SPEEgsy, the TTL incremented. This process continues until
rise, breaks in active routes occur with increasing frg i eshold TTL value is reached. After this point, if no
quency. Requiring an error message to be sent 10 fige has been located, the RREQ is flooded across the
source node for each link break may result in an ov&fayork. Figure 1 illustrates an example of an expanding
whelming number of route repairs by the source node. Pafjy search. In the figure, the shaded nodes indicate nodes
ticularly for high mobility and/or long path lengths, it may,nioh have a route to the destination. In a larger network

be true that the source node barely has time to redisCoygh more nodes than that illustrated, the number of nodes
a route before that route suffers from another link breakundisturbed by the route query would be greater.

Because of these characteristics, on-demand routlngl_ . _ . _
protocols may not scale well to networks of large numbers 0 optimize the expanding fing search_, the dlscovgry
of nodes and high mobility. To improve their scalabilityt,'me can be cglculated so that it is proportional to the size
the following modifications are offered. The expandinaf the area being searched. For instance,
ring search and query localization can be used to redy¢g disc tmo =2 x TTL x node _traversal _time

the area searched during a route discovery, and hence pre- _ . _ _
vent flooding of the network. The current Internet draf@Sults in the route discovery timeout being directly pro-

specification of AODV [29] recommends such an expan@_ortional to thg TTL used fqr thgt discovery. Here th.e node
ing ring search be used for route discoveries. Local repdfversal time is an approximation of the time required by
can also be used to provide immediate patching of bre4R§ node to process and transmit a packet.
in active routes. Finally, the expanding ring search andWhen re-discovering a route after a link break, the
query localization can be combined with local repair tsource places the last known hop count to the destination
provide increased scalability in both of these domains. in the TTL field of the RREQ. If no route is found in this
attempt, the TTL is increased by the TTL increment value.
A. Expanding Ring Search The TTL is increased on each subsequent route discov-

An expanding ring search works by searching succedy attempt until Fhe_TTL threshold is reachc_ed. After this
sively larger areas, centered around the source node, PRIt the RREQ is simply flooded to the entire network.

a node with a route to the destination is located. The basidJtilizing the expanding ring search, a tradeoff exists be-
premise behind the expanding ring search is to find sortveeen both the latency in finding the route (if it is not lo-
local node with a route to the destination, and therelogated on the first attempt) and the number of times local
avoid flooding the entire network in search of such a routeodes receive the RREQ, and the drawback of flooding
Using an expanding ring search, the initial RREQ hastlae entire network.

Fig. 2. Example of query localization.
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The query localization technigue was developed by Cas— @”Q‘g/ai?
taneda and Das and described in [6]. Query localization isO o O o O o O O‘é O
a method by which the flooding of the RREQ is restricted -
to some area that is based on the previously known route
to the destination node. Hence the RREQ is not actually
flooded at all, but instead is limited to a specific region O OO 0O O O O OO 0 o
of the network. Reference [6] presents two different tech- MQ&@
niques for performing query localization. For the purposes o O o o O O o
of this paper, method 2E{ploiting node locality is se- O O O O
lected. This method assumes that the destination has trav- (¢ Fopagation of RREP (d) Repaired route
eled a bounded distance from its previous location, and
hence can be found within some small nhumber of hops
from the most recently used route to it. To enable querylo- =
calization, a counter is placed in the RREQ packet. Whelf*ﬁn link itself, fe_wer dgta packets may be lost and the
ever a hode that was not on the previous route to the deg'ﬂl-( can be repa|red-W|th(.)ut the source node (and other
nation receives the RREQ, it increments the counter. Cder_str_eam nodes) being d's_‘“rt,’_ed- For short routes, local
versely, when a node that was previously on the route fgPaIr may not have any S|gn|f|ca_nt perform_ance advan-
the destination receives the RREQ, it resets the countef3ges: But for large networks with increasingly longer

zero. Once the counter exceeds the threshold va|tiee routes (e.g., 10 or more hops), it is likely that link breaks
RREQ is dropped will occur so frequently that it will be nearly impossible

On the initial route discovery for a destinationjs set fo;irtge source node to keep up with all the necessary re-
ars.

to the network diameter, so that the RREQ traverses th . .
’ Q A node upstream of a link break that attempts to repair

entire network. For a route repair, howeveis initialized ) ;
. P » ... the route does so by broadcasting a RREQ with a TTL set
to a small value, i.e., two. If a route to the destlnatlop . S .
. . o the last known distance to the destination, plus an incre-
is not located on the first attempt, the valuerofnay be : :
érfnt value. This TTL value is used so that only the most

increased until some maximum value is reached. Figur o .

) o - recent whereabouts of the destination will be searched,

illustrates an example of query localization. In the figure . . .
.~ which prevents flooding the entire network. The upstream

the last known route between the source and destination is

highlighted. On the repair route discoveryis set to two. node places the sequence number of the destination, incre-

The shading of the nodes indicates their distance from tuwgsr'::zgr?lyoonnfﬁénrtgj?eeflr?or\rf% -:-hll: p{g:ﬁgt;gﬁgsxggﬁ '
previously known route to the destination. As is evident’ . -plying '
ould form a loop. Figure 3 illustrates an example of a

from the figure, many of the network nodes do not need ;ﬁl)cal repair
receive the RREQ, and the query is able to be contained’ pair.

. L " If a route to the destination is not located on the first at-
As with the e_xpandlng ring search, the drawback of ﬂ%gmpt a RERR message is sent back to the source node
guery localization protocol occurs when a route to the deasﬁd route re-discovery continues as described in Sec-

(a) Link break in active route (b) Broadcast RRECj v_vith small TTL

Fig. 3. Example of local repair.

tination is not located on the first attempt. This results i
. . . on II-B.
certain nodes being repeatedly queried, as well as an in-
creased route acquisition latency. D. Combining the Modifications

The above modifications can be combined in various
ways for increased protocol scalability. Specifically, the

Local repair of link breaks in active routes is anothexxpanding ring search and local repair can work together,
approach to increasing scalability. In the current AOD¥YS can query localization and local repair. The expand-
specification, when a link break in an active route odng ring search and query localization are used to optimize
curs, the nodepstreanof the break creates a Route Erroroute discoveries initiated by a source node, while local
(RERR) message listing all the destinations which havepair is used to decrease the number of route discover-
become unreachable due to the break. It then sends thigswhich a source node must initiate. The local repair,
message to its upstream neighbors, as described in Seleen combined with those two maodifications, operates in
tion 11-B. If, instead of sending an error message to thhe same fashion as previously described. One attempt at
source node, the upstream node attempts to repair the lhe-repair is made locally. If this attempt is unsuccessful,

C. Local Repair



TABLE | sufficiently strong signal in the presence of interfering sig-

SUMMARY OF ROOM SIZES nals. If the capture ratio (the minimum ratio of an arriving
\ # of Nodes\ Room Size (M) ‘ Average # of Neighbor$ packet's signal strength relative to those of other collid-
50 1000 x 1000 732 ing packets) [31] is greater than the predefined threshold
100 1500 % 1500 7.46 value, the arriving packet is received while other interfer-
500 3500 x 3500 733 ing packets are dropped.
1000 5000x 5000 7.69 A.2 Medium Access Control Protocol
5000 11500x 11500 7.22 . o
10000 16000x 16000 7.50 The IEEE 802.11 MAC protocol with Distributed Co-

ordination Function (DCF) [12] is used as the MAC layer
in the experiments. DCF is the basic access method used
by nodes to share the wireless channel under indepen-
dent ad hoc configuration. The access scheme is Carrier
IV. SIMULATIONS Sense Multiple Access/Collision Avoidance (CSMA/CA)
with acknowledgments. Optionally, the nodes can make
use of Request-To-Send/Clear-To-Send (RTS/CTS) chan-
The simulations used to evaluate the scalability efel reservation control frames for unicast, virtual carrier
AODV and its modifications were implemented within thgense, and fragmentation of packets larger than a given
GloMoSim library [38]. The GloMoSim library is a scal-threshold. By setting timers based upon the reservations in
able simulation environment for wireless network systenRI'S/CTS packets, the virtual carrier sense augments the
using the parallel discrete-event simulation capability prphysical carrier sense in determining when mobile nodes
vided by PARSEC [2]. The simulations model networkgerceive that the medium is busy. Fragmentation is useful
between 50 and 10,000 mobile hosts placed randoniythe presence of high bit error and loss rates, as it reduces
within the simulation area. The simulation boundary arttle size of the data units that need to be retransmitted.
average connectivity for each simulated number of nodes
are shown in Table I. The room size for each simulatidh3 Traffic Pattern

was chosen so as to keep the node density approximatelg traffic generator was developed to simulate constant

constant in the different size networks. Instead of holdingt rate sources. The size of data payload is 512 bytes.
the room size constant and increasing the node populatienty data sessions with randomly selected sources and
density, the node density was held constant in the simutestinations are simulated. Each source transmits data
tions because it was desired to investigate the Sca|abih'f3{ckets at a rate of four packets/sec. The number of data
of networks in terms of increasing the room size, as ofessions was held constant to limit the number of variables
posed to increasing the density. Increasing density caugeghe experiment, and because of the time required to run

congestive failures not closely related to routing protocghe large simulations with more data sessions.
performance. Furthermore, studies have shown that the

ad hoc network performance is optimal when the averafet Mobility Pattern

number of neighbors is between six and eight [17], [32]. The random waypoint model [15] is utilized as the mo-
The radio propagation range for each node is 250 nfitity model. In this model, a node selects a random des-

ters and channel capacity is 2 Mb/s. Each simulationtiation within the terrain range and moves towards that

executed for 300 seconds of simulation time. Becaused¥stination at a speed between the pre-defined minimum

the long real-time simulation run for large network expeand maximum speed. Once the node arrives at the destina-

iments, only five runs for each scenario were performegbn, it stays at its current position for a pause time. After

The results of these runs were averaged together to peing stationary for the pause time, it randomly selects an-

duce the resulting graphs. other destination and speed and then resumes movement.

. The minimum speed for the simulations is 0 m/s while the

A.1 Channel and Radio Model maximum speed is 10 m/s. The selected pause time is 30
A free space propagation model [31] with a threshokkconds.

cutoff was used in the experiments. In the free space

model, the power of a signal attenuatesl a2, whered A.5 Parameter Values

is the distance between radios. In the radio model, captur&able Il gives a summary of the chosen parameter val-

is assumed, whereby a radio has the ability to lock ontaias. The network diametengt _diameter ) for the sim-

a RERR message is sent back to the source.

A. Environment



TABLE Il TABLE llI

PARAMETER VALUES. PROTOCOL ABBREVIATIONS.
\ | Parameter | Value | | Protocol Combination | Abbreviation |
General net _diameter 35,70 AODV AODV
node _traversal  _time | 40ms AODV and Expanding Ring Search AODV-ERS
Expanding | ttl _start 1 AODV and Query Localization AODV-QL
Ring Search | ttl _increment 2 AODV and Local Repair AODV-LR
ttl _threshold 7 AODV, Expanding Ring Search | AODV-ERS-LR
Query K 2 and Local Repair
Localization | x_2 K X2 AODV, Query Localization AODV-QL-LR
T 10 sec and Local Repair
Local Repair| local _add __ttl 2
ulations represents the approximate diameter of the net- AODUERS i |
work, and is used for setting the TTL value of broad- 9 AoBUERSER =

7e+06 |} ¥

cast control packets. It is also a factor in the calcula-
tion of how long a node should wait to receive a RREP
after sending another RREQ. If the RREQ is broadcast
across the network, the reception of the RREP may take
longer for large networks than for small. The setting of the
net _diameter variable to 35 for small networks (50,
100, 500, and 1,000 nodes) and 70 for the larger networks  zeost T
(5,000 and 10,000 nodes) provides an upper bound of the ~ © -
actual network diameter for these networks.

The node _traversal _time represents an estima-
tion of the processing time of a packet at a given node.
It is also used for estimating the period of time a source

node should wait to receive a RREP after broadcasting £ nally, thelocal ~_add ttl  parameter is used for a
RREQ. ocal repair. It represents the value added to the previously
e known distance to the destination. This sum is used as the
The values selected for the modification paramet .

P e‘F L of the RREQ for the local repair.

represent a tradeoff between minimizing the number o A th that ; d with varied
searches required to locate a given destination, and re- mong the runs that were performed with varied param-

ducing the number of nodes that must receive and pl%t-er values for expanding ring search, query localization,

cess the RREQ packet. For the expanding ring sear@ﬂ,d local repair, the values that yielded the best results are
ttl _start , the initial TTL value of the RREQ is Setpresented.

to one. Each time a reply is not received, the TT
is incremented bytl _increment , until the threshold

value (tl _threshold ) isreached. After that point, the The following sections present the results achieved by
RREQ is broadcast across the network. When rediscoviée different protocol combinations. Table Il indicates the

ing routes, the initial TTL is the last known hop count t@bbreviation associated with each protocol combination in
the destination by the source. the following figures.

The value ofx for query localization represents the
number of hops the RREQ is allowed to travel off the prg’—
viously known path to the destination. The initial value of Figure 4 shows each scheme’s throughput performance,
k is set to two. If no reply is received, the value ois where throughput is calculated to be the number of data
doubled for the second attempt. The value @ ten sec- bytes delivered to destination hosts. The figure shows that
onds. If a node has been part of the most recent route fioe ability of the protocols to deliver packets to their des-
the pastr time units and receives the RREQ, it resets thimation degrades as the network size becomes larger. The
K to zero. path length is greater in larger networks because the sim-
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ulation area and the number of nodes increase while fh@ved closer to the source node, but the distance between
average number of neighbors is kept relatively constdRE node reconstructing the route and destination has in-
(see Table ). Routes are more prone to dlsconnectl&fgased path lengths tend to grow as intermediate nodes
in mobile networks when path lengths are longer. Becad&Pair routes.

any link failure along the path results in the inability of the Longer path lengths naturally result in more route
source to reach the destination, longer routes have a greft&ks and more route recoveries, as shown in Figure 6.
probability of route disconnection than shorter hop routdsocal repair schemes have more route reconstruction at-
An increased route length in larger multihop networks ist@mpts for the following two reasons. First, longer routes
characteristic not only of on-demand routing protocols, b&@n fail more easily than shorter routes. Second, no RERR
any routing protocols such as table driven algorithms (i.81€Ssage is sent upstream to the source in local repair. If a
distance vector and link state) and hierarchical clusterd?k upstream of the previously broken link becomes dis-
routing protocols. It is observed that performing route réonnected while a new route is being discovered, another
pair locally improves throughput. Since nodes closer to tH¢al repair procedure is initiated. This results in more
destination than the source initiate route rediscovery, néQ¥te reconstruction attempts by local repair schemes. Itis
routes are repaired more quickly and fewer data packalg0 interesting to note that the number of repair attempts
are dropped. It is interesting to note that AODV-QL hadoes not significantly increase between 5,000 and 10,000
the poorest throughput. The main purpose of query locARdes. This is due to the difficultly of all the protocols in
ization is to exploit node locality and reduce the number §#@intaining routes with such a large path length. In these
routing message transmissions. Localizing the query, ho%genarios, many sessions are forced to abort due to the in-

ever, has the risk of not being able to establish the routebility to maintain a route. Hence, with fewer sessions

The path length of each scheme is presented in Figuré bglng maintained, fewer route recoveries are necessary.

The route length is measured by calculating the dlstané
between the source and destination when the route is con
structed. The measure includes the first discovered routel' he routing message overhead is presented as the num-
for both the construction of new routes, and the repair bér of control message transmissions in Figure 7. Each
broken routes. It is observed that schemes that utilize thep-wise transmission of a control message by a node is
local repair technique vyield longer paths. For protocot®unted as one transmission. As expected, AODV without
that do not use local repair, only the source node can recamdification has the most control packet transmissions.
struct routes. When a source rediscovers routes with alkecal repair schemes have less control overhead compared
quest/reply cycle, a new route is obtained based on curreiith schemes that perform route repair by sources. AODV-
network information such as hop count, route freshne€3l.-LR has the least control overhead among all proto-
node location, network topology, etc. On the other hanchls. Local repair schemes reduce the number of RREQ
in local repair schemes, the node immediately upstreamtinsmissions. As shown in Figure 8, the percentage of
the disconnected link initiates a route reconstruction. BRREQ transmissions among all routing packet transmis-
cause of the possibility that the destination has actuafliopns (RREQ, RREP, and RERR) by local repair schemes

E‘2 Control Message Overhead
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is lower than source repair schemes highest importance for improving the scalability of ad hoc
' networks.

In order to evaluate protocol efficiency, the number o
all packet (i.e., data, RREQ, RREP, and RERR) transmb':,-3 Latenc
sions per data delivery is investigated. Because link layer y
protocols for ad hoc networks are contention-based, thisThe end-to-end delay of each protocol is reported in Fig-
measure is very important for protocol analysis. The meare 10. Schemes that utilize the local repair technique have
sure is presented in Figure 9. The scope and the rankinghbrter delays. Protocols in which sources initiate route
protocols are similar to those of Figure 7. Note the largepair have longer end-to-end delays because of longer
number of packet transmissions per successful deliveryratite re-establishment latency. To recover a broken route,
high node populations shown in Figure 9. This ratio, which RERR packet must first be delivered from the node up-
can grow as large as 5,000, indicates the drastic needd$tvteam of the broken link to the source of the route. The
work in a crucial area affecting the scalability of AODVRREQ must then be broadcast from the source to the des-
and probably all known ad hoc on-demand routing prottnation, and a RREP consequently has to be transmitted
cols, to large network populations. The ratio should bmack to the source. Data packets are buffered at the source
brought down by three orders of magnitude; such a redummde during this process and this duration of time adds to
tion will probably also be accompanied by a proportionéthe end-to-end delay. In local repair schemes, on the other
increase in the packet delivery fraction, which is somé&and, the node upstream of the disconnected link initiates
times as low as 15%. Work towards developing techniquas immediate route reconstruction. Since route rediscov-
for quickly re-establishing valid routes is likely to be of thery is done locally, less time is needed to search for and ob-
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tain a new route. Local repair schemes can, therefore, yiedghair the route using local repair, and then send a RERR
shorter delays. Note that AODV-ERS has the longest delaessage back to the source. In this way, as the upstream
because a route may not be built in the initial attempt (i.a9ode continues to receive data packets while the RERR is
TTL =1 or last known hop count of the route). Among lotraveling to the source node, the data packets can still be
cal repair schemes, AODV-ERS-LR has the longest delfyrwarded to the destination. When the source receives the

for the same reason. RERR, it can decide whether to reinitiate route discovery
to look for a better route in order to reduce the length of
V. OBSERVATIONS the route if it has increased significantly. This method will

In the previous sections, the scalability characteristics/@sult in fewer dropped packets than not using local repair
on-demand routing protocols has been studied. These piile also reducing the increase in path lengths which re-
tocols are known to generally perform well in mobile mulsults from local repair. The cost is another increase in the
tihop networks. It was shown that routing in ad hoc nefumber of broadcast control messages.
works of tens of thousands of nodes is extremely difficult.
In large networks, path lengths are longer compared with
those in small networks (i.e., 50 or 100 nodes). BecauseThis paper has evaluated the scalability of on-demand
network hosts are capable of mobility, longer routes agel hoc routing protocols by selecting a representative from
more prone to disconnection since a single link failure rehis set of protocols and simulating it in networks of up to
sults in a broken route. Each route invalidation invokei®),000 nodes. To improve the performance of on-demand
a route repair process and burdens the network with cgnetocols in large networks, five modification combina-
trol messages. Worse, because there are generally multiglais have been separately incorporated into an on-demand
hops between a source and destination, and because np@s®col, and their respective performance has been stud-
are mobile, many route discoveries are unsuccessful. Mdel. It has been shown that the use of local repair is
though the flooded RREQ packet reaches the destinatlsgneficial in increasing the number of data packets that
or intermediate nodes with routing information to the deseach their destinations. Expanding ring search and query
tination, the unicast RREP packet may not reach the soulgealization techniques seem to further reduce the amount
due to link breaks. Even when the RREP packet survivefcontrol overhead generated by the protocol, by limiting
to reach the source, the route may break shortly afterwatde number of nodes affected by route discoveries.
and the source will need to initiate another route discovery.While the performance improvements of the modifications
Therefore, maintaining routes with many hops in mobilgave only been demonstrated with the AODV protocol, we
ad hoc networks is a difficult challenge. believe that other on-demand ad hoc routing protocols will

This paper introduces three techniques and applies fiigow similar improvements when incorporated with the
different modification combinations to improve AODVmodifications we studied. The verification of this belief,
scalability. The expanding ring search reduces the roubwever, remains future work.
ing message overhead, but yields longer delays because &calability in ad hoc mobile networks is inherently
initial route discovery failures. Query localization also datifficult due to the mobility of the nodes and the transience
creases control overhead, but it has poor throughput pefnetwork links. Work on large-scale ad hoc networks is
formance due to low route repair rate. This is especialiely to uncover techniques that would be valuable for sta-
true when routes have long distances. Local repair prowsizing routing protocols in the Internet at large, leading
to be effective in enhancing AODV'’s performance in largg faster route convergence and reduced route flaps. Cre-
networks. Because route repair is localized, new routgsng ad hoc routing protocols which experience minimal
are found more quickly than source initiated route discogerformance degradation when used in increasingly large
eries. Consequently, packet drops are minimized. Log@tworks is a challenge, and there remains a significant
repair works efficiently with the expanding ring search angimount of work to reach this goal.
qguery localization to reduce control message overhead.
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