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Distributed shortest-path routing protocols for wiredwetks either describe the entire
topology of a network or provide a digest of the topology temwvrouter. They continu-
ally update the state describing the topology at all roussrghe topology changes to find
correct routes for all destinations. Hence, to find routésistly, they generate routing pro-
tocol message traffic proportional to the product of the nemnds routers in the network
and the rate of topological change in the network. CurrerAh@a routing protocols, de-
signed specifically for mobile, wireless networks, exhgmilar scaling properties. It is
the reliance of these routing protocols on state conceraihiinks in the network, or all
links on a path between a source and destination, that ismegige for their poor scaling.

We present Greedy Perimeter Stateless Routing (GPSR), & raating protocol for
wireless datagram networks that usespositionsof routers and a packet’s destination to
make packet forwarding decisions. GPSR malesdyforwarding decisions using only
information about a router’'s immediate neighbors in thevoek topology. When a packet
reaches a region where greedy forwarding is impossibleglidparithm recovers by routing
around theperimeterof the region. By keeping state only about the local topol@ySR
scales better in per-router state than shortest-path ahd@adouting protocols as the num-
ber of network destinations increases. Under mobilityegjtrent topology changes, GPSR
can use local topology information to find correct new rougegckly. We describe the
GPSR protocol, and use extensive simulation of mobile es®inetworks to compare its

performance with that of Dynamic Source Routing. Our sirtiates demonstrate GPSR’s



scalability on densely deployed wireless networks.
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There is nothing better for a man,
than that he should eat and drink,

and that he should make his soul
enjoy good in his labor.
Ecclesiastes, 2:24

And further, by these, my son, be admonished:
of making many books there is no end;
and much study is a weariness of the flesh.
Ecclesiastes, 12:12

Der Mannuberlegt und fragt dann,
ob er also spter werde eintreteniitfen.
“Es ist moglich,” sagt der Turhiiter, “jetzt aber nicht”

“Wenn es so dich lockt, versuche es doch,
trotz meines Verbotes hineinzugehn.
Merke aber: ich bin rachtig.
Und ich bin nur der untersteirhiiter.
Von Saal zu Saal ist stehn abéirhiiter,
einer machtiger als der andere.
Schon den Anblick des dritten kann
nicht einmal ich mehr ertragen.”
Franz KafkaVor dem Gesetan Der Prozel}
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Chapter 1

Introduction

In networks comprised entirely of wireless stations, comioation between source and
destination nodes may require traversal of multiple hopsadio ranges are limited. Tra-
ditional approaches to threuting problenof finding a sequence of hops between the orig-
inator of a packet and the packet’s destination work by magdehe network as a graph,
and computing all-pairs shortest paths on the edge weidgllssograph. These distributed
shortest-path routing algorithms describe the entire ltmpoof the network, or a digest
of it, to all routers on the network to find correct routes. On wired nekspsuch a re-
guirement is intuitive, in the sense that wired links may barbitrary length, and may be
placed in any arbitrary configuration among nodes, indegettyl of the physical distance
between nodes. Thus, one must search over the entire topallalgscription of the net-
work to be certain to find a path that exists. However, this@amication of the network’s
topology to all nodes comes at the cost of routing proto@dfit. Moreover, routers need

up-to-date topological information to find correct routss,in the worst case, changes in



topology must be promptly described to all nodes in the ngtw@n a properly function-
ing wired network, changes in the topology are infrequdmytare caused by node or link
failures, or by decommissioning of old links or instatemehbhew ones. On wireless net-
works, however, the network topology varies frequentlyhia tourse of normal operation;
mobility of nodes results in a constantly changing netwanaiogy, as nodes move into
and out of one another’s radio ranges.

A community of ad-hoc network researchers has proposedieinrgnted, and mea-
sured a variety of routing algorithms for such mobile, wasd networks. While these
ad-hoc routing algorithms are designed to generate legsgpprotocol traffic than the
above-mentioned shortest-path routing protocols in tke faf a changing topology, they
nevertheless compute shortest-path routes using eitpelogical information concerning
the entire network, or topological information concernthg entire set of currently used
paths between sources and destinations. Thus, theiryabiliind routes depends similarly
on describing the current wide-area topology of the netwonlouters.

We propose a different strategy for routing on wireless oeks than these traditional
routing algorithms and ad-hoc routing algorithms use. Tétm@l approach in this thesis
is to make routing decisions using tlgeographic positionef nodes in the network, as
first suggested by Nelson and Kleinrock [31], Hou and Li [1&jd Finn [10]. By using

geographic forwarding, we exploit the facts that:

e As the density of nodes on a wireless network increases tesdtgpaths between
sources and destinations correspond increasingly cldeellge Euclidean straight

line between them.



e Onwireless networks, the positionsgdgographically nearbyodes determine which

links exist.

Intuitively, leveraging this inherent structure in wiregenetworks can localize the por-
tion of the network topology that must be described to rauieia routing protocol. Local-
izing the topological information that must be communidaéenong routers in a routing
protocol improves the scaling of routing in three ways: duees the absolute volume of
routing protocol message traffic, reduces the size of the #tat must be stored at routers,
and reduces the risk that state stored at a router concearfargaway portion of the topol-
ogy will become stale. We propose Greedy Perimeter Stat@®esting (GPSR), a routing
protocol for wireless networks, which makes geographieveoding decisions, and finds
routes using knowledge at each nodeoaofy that node’s immediate single-hop neighbors

in the topology

1.1 Metrics for Evaluating Routing Scalability

Our aim is to show that GPSR is a higldgalablerouting protocol. We aim for scalability
under increasing numbers of nodes in the network, and isgrganobility rate. As these

factors increase, our measures of scalability are:

e Routing protocol message cost: How many routing protocokets does a routing
algorithm send? This metric represents the overhead ofngutthe reduction in

network capacity for user data surrendered to maintenahcercect routes.

e Application packet delivery success rate: What fractiomaoblications’ packets are

3



delivered successfully by a routing algorithm? This megjaresents the useful work

done by a routing algorithm.

e Path length: How long are the routes found by a routing allgorj in comparison
with the optimal shortest paths in the network graph? Thigimeepresents how the
latency experienced by applications’ packets comparels thig shortest possible.
On wireless networks with fixed transmitter powetd.,today’s commodity IEEE
802.11 (WavelLAN) radios), this metric also reveals the ogulbwer consumed to
deliver a packet from the source to the destination. In tlse cd GPSR, where we
use topological information concerning only a node’s immaezineighbors to make
packet forwarding decisions, measuring path length revealv much optimality is

sacrificed to avoid routing protocol overhead.

e Per-node state: How much storage does a routing algoritigoireeat each node?
This metric is somewhat untraditional in the routing pratididerature. However, on
wireless networks comprised of resource-impoverishedcesy such as low-power
sensors, keeping small state at each node is essentialyenthe number of de-

ployed sensors in a network is vast.

1.2 Traditional Shortest-Path Algorithms

The two main categories of shortest-path routing algorghistance-Vector (DV, also
known as Distributed Bellman-Ford, DBF) [14] and Link-&t#LS) [28] algorithms, re-

quire continual distribution of a current map of the entiegwork’s topology to all routers.



DV’s Bellman-Ford approach constructs this global picttremsitively; each router in-
cludes its distance (the sum of the edge weights betweerdittendestination) from all
network destinations in each of its periodic beacons. R¢oéia beacon containing a rout-
ing table entry for a destination implies that the receiaer mute to that destination via the
neighbor from whom that beacon was received, at a cost egtia¢ tsum of the distance in
the routing table entry and cost of the link over which thedegawas received. Over time,
the route for a destination propagates outward by one hdpteae a router sends its next
beacon after learning a route for that new destination. rAdfteugh beaconing rounds, all
nodes learn routes for all destinations they can reach.

LS’s Dijkstra approach directly floods announcements ottienge in any link’s status
to every router in the network. Each router keeps a map of miieeenetwork graph, and
runs Dijkstra’s algorithm on this graph map.

Small inaccuracies in the state at a router under both DV a@datén cause routing
loops or disconnection [42]. When the topology is in consfarx, as under mobility,
LS generates torrents of link status change messages, aratibdf suffers from out-of-
date state [7], or generates torrents of triggered updatesssages sent upon change of a

metric for a destination, before the full inter-beacon mét has passed.

1.3 Ad-Hoc Routing Algorithms

A wide variety of ad-hoc routing algorithms have been praabis the literature. By way
of introduction, we focus on Dynamic Source Routing (DSR3]{iwe compare GPSR

with DSR later in the thesis, because DSR has been shown fiarpebetter than many



other published routing algorithms [7]. In DSR, packets rangted usingsource routes
each packet contains the full sequence of hops it is to take the source node to the
destination node. Forwarding such a packet amounts to finitie next hop in the list
of hops, and sending the packet to the appropriate neighldee.task of writing the full
route into the packet falls to the packet’s originator. Ifala originates a packet, and does
not already know a route to the destination, it floodsate requespacket to all nodes in
the network. As a route request propagates, it records @l itdraverses. When a route
request reaches the destination, the destination nodeséplthe request’s originator with
the reversed list of hops accumulated by the request. Thessed list is the source route
from the source to the destination. Note that DSR only geaesrauting protocol traffic in
response to demand for forwarding to an unknown destinafibns, DSR is ann-demand
routing protocol, whereas traditional DV and LS algorithanspro-active and continually
describe the topology to all nodes the network.

When a source route to a destination breaks, because tweeadijaodes in the source
route cease to be neighbors, the node who no longer has tio@neighbor sends a
route errorto the packet’s originator. In response, the packet’s patpr re-queries to
learn up-to-date source routes for the destination.

To reduce the traffic load of route queries, all nodes aggrelyscacheall routes they
overhear. When a route request arrives for a destinatiohenrdute cache, a route re-
ply is sent to the requestor without propagating the routgiest further. We discuss the

implications of this caching behavior in the next section.



1.4 Techniques for Routing Scalability

The two dominant factors in the scaling of both traditiorfedgest-path routing algorithms

and ad-hoc routing algorithms like DSR are:

e The rate of change of the topology.

e The number of routers in the routing domain.

Both factors affect the message complexity of DV and LS rap@lgorithms: intu-
itively, pushing current state globally costs packets propnal to the product of the rate
of state change and number of destinations for the updadéal $h the case of DSR, source
routes break more frequently as mobility increases, angbtbkability that a source route
breaks increases as the network diameter increases.

Two main approaches are used in an attempt to mitigate theemfe of these two

factors in limiting the scalability of routing protocols:

e Hierarchyis the most widely deployed approach to scale routing as timeber of
network destinations increases. Without hierarchy, herouting could not scale to
support today’s number of Internet leaf networks. An Autmloais System runs an
intra-domain routing protocol inside its borders, and awp&s a single entity in the
backbone inter-domain routing protocol, BGP. This hiengis built on well-defined
and rarely changing administrative and topological bouiegdaThe assumptions that
such static boundaries exist, and that a common adminig&authority can set

them, are incorrect on freely moving ad-hoc wireless nekaor



e Cachinghas come to prominence as a strategy for scaling ad-hoagpptbtocols.
Dynamic Source Routing (DSR) [18], Ad-Hoc On-Demand Dista¥ector Routing
(AODV) [33], and the Zone Routing Protocol (ZRP) [13] all Bsw constantly push-
ing current topology information network-wide. Insteadyters running these pro-
tocols request topological information in an-demandashion as required by their
packet forwarding load, and cache it aggressively. Wheir tteehed topological
information becomes out-of-date, these routers mustolntare current topological
information to continue routing successfully. Cachingueek the routing protocols’
message load in two ways: it avoids pushing topologicalrmédion where the for-
warding load does not require &.Q.,at idle routers), and it often reduces the number
of hops between the router that has the needed topologfoahation and the router
that requires iti(e., a node closer than a changed link may already have cached the
new status of that link)Caching in computer systems is predicated on the assump-
tion that cached values remain valid long enough to be rebgséore becoming stale.
This assumption becomes invalid as mobility and the lenighraute increase in the
limit; the probability that a cached route remains correstimversely proportional to

the product of the mobility rate and path length.

1.5 Applicability of Scalable Wireless Routing

Wireless networks that push on mobility, number of node&ath include:

e Ad-hoc networks: Perhaps the most investigated categoeget mobile networks
have no fixed infrastructure, and support applications fititany users, post-disaster

8



rescuers, and temporary collaborations among temporanceages, as at a business

conference or lecture [13], [18], [32], [33], [34].

Sensor networks: Comprised of small sensors, these mobtlgonks can be de-
ployed with very large numbers of nodes, and have very impsived per-node re-
sources [9], [19]. Minimization of state per node in a netkvof tens of thousands

of memory-poor sensors is crucial.

“Rooftop” networks: Proposed by Shepard [37], these wa®laetworks are not
mobile, but are deployed very densely in metropolitan afdses name refers to an
antenna on each building’s roof, for line-of-sight with giebors) as an alternative
to wired networking offered by traditional telecommunioat providers. Such a
network also provides an alternate infrastructure in thenewf failure of the con-

ventional one, as after a disaster. A routing system théicselfigures (without a

trusted authority to configure a routing hierarchy) for hreds of thousands of such

nodes in a metropolitan area represents a significant goettiallenge.

Vehicular networks: These networks consist of moving velsiequipped with ra-
dios [29]. Both peer-to-peer communication, as for musiaristy and driver-to-
driver communication, and Internet access infrastrucuses, in which vehicles
reach base stations connected to the Internet via routeaghrother vehicles, are
useful applications on such networks. The availability leé tehicle battery as a
power source, recharged by generation of current from tihéclegs propulsion sys-

tem, eliminates the need for concern about battery lifethtions at nodes.



1.6 Assumptions

We assume in this work that all wireless routers know theingmsitions, either from a
GPS device, if outdoors, or through other means. Practwatisns include surveying,
for stationary wireless routers; inertial sensors, on #igsi, as are commonly deployed in
car mapping and navigation systems; and acoustic rangexfinging ultrasonic “chirps”
indoors [41], [35]. We further assume bidirectional radeachability. The widely used
IEEE 802.11 wireless network MAC [17] sends link-level ackhedgements for all uni-
cast packets, so that all links in an 802.11 network must Qidational. We simulate a
network that uses 802.11 radios to evaluate our routingopodt We consider topologies
where the wireless nodes are roughly in a plane. We assumé¢hhaistance between
nodes determines whether a link exists between them; belmertain distance threshold,
two nodes are within range of one another. Finally, we asstmaepacket sources can
determine the approximate locations (to within a radio egngf packet destinations, to
mark packets they originate with their destination’s lomat Thus, we assume a location
registration and lookup service that maps node addresdesations [25]. Queries to this
system use theamegeographic routing system as data packets; the queriergaaigally
addresses his request to a location server. The scope oh#sis is limited to geographic
routing. We discuss interaction with the location servidefty in Section 5.2. A technique
for correcting for inaccuracy in the position of the destioa is presented in Section 5.3.
We adopt IP terminology throughout, though GPSR can be eghpti any datagram net-

work.
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1.7 Thesis Contents

We will show that geographic routing allows routers to berhestateless, and requires
propagation of topology information for only single hop each node need only know
its neighbors’ positions. The self-describing nature aipon is the key to geography’s
usefulness in routing. The position of a packet’s destimesind positions of the candidate
next hops are sufficient to make correct forwarding decisianthout any other topological
information. This self-describing property of geographdtresses is in contrast with usual
flat network addresses (as in the “default-free” core of titerhet), the internal structure
of which does not assist in making forwarding decisionshghat routers must make table
lookups to choose a next hop.

In Chapter 2, we describe a simple greedy geographic foiwgralgorithm, discuss
the scalability implications of its design, and evaluate #igorithm’s degree of success
in finding routes on static, non-mobile wireless networkkisTgreedy algorithm does not
always find paths successfully; we characterize the topedogn which this is the case.

In Chapter 3, motivated by the failures of greedy forwarding propose two meth-
ods for recovering from greedy forwarding failure. The firsethod, perimeter probing,
uses a heuristic to remove crossing links from the wirelete/ark, and finds most routes
successfully, but not all. We characterize the topologibsrme perimeter probing fails to
find routes. The second method, planarization of the graptsfall routes successfully
on static networks. We then present the full GPSR algorithich combines greedy for-
warding where topology allows, with forwarding along peeitars of the planarized graph,

where greedy forwarding is impossible.
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In Chapter 4, we evaluate GPSR in simulation on dense mohittegs networks of
50, 112, and 200 nodes, at varying degrees of motion, inatudimulation of the full
IEEE 802.11 physical and MAC layers, using the scalabiligtnas proposed in this in-
troduction. We also simulate a sparser configuration of aotiée show that GPSR keeps
tiny state per node, delivers user packets robustly, géegesanall routing protocol over-
head, and delivers the vast majority of packets in the nuroblpps equal to that along
the shortest path. We simulate DSR for comparison on the satweorks, and show that
GPSR outperforms DSR by these metrics.

In Chapter 5, we discuss the properties of GPSR, and desawvbeues for further
extension of the work in this thesis.

We review related work in Chapter 6.

Finally, we conclude in Chapter 7, by reviewing the desigG8fSR, summarizing the

results of our evaluation of GPSR, and stating the contiobstof this thesis.

12



Chapter 2

Greedy Forwarding

We now describe the first part of the Greedy Perimeter Segdtouting algorithmgreedy

forwarding In this chapter, we define the greedy forwarding rule; dedisemple beacon-
ing protocol for nodes to learn their neighbors’ positioldgntify the desirable properties
of greedy forwarding; define the topologies on which greemtywérding fails; and charac-

terize the frequency of greedy forwarding failure by tlensityof nodes in a network.

2.1 Greedy Forwarding Rule

As alluded to in the introduction, under GPSR, packets anm&kaakby their originator with
their destinations’ locations. As a result, a forwardinglacan make a locally optimal,
greedy choice in choosing a packet’s next hop. Specificdllgg, node knows its radio
neighbors’ positions, the locally optimal choice of nexphe the neighbor geographically
closest to the packet’s destination. Forwarding in thismegfollows successively closer

geographic hops, until the destination is reached. An eXawwipgreedy next-hop choice

13



Figure 2.1: Greedy forwarding exampheis x's closest neighbor t®.

appears in Figure 2.1. Hereyeceives a packet destined fr x's radio range is denoted
by the dotted circle abowt and the arc with radius equal to the distance betweamdD
is shown as the dashed arc abbButx forwards the packet tg, as the distance betwegn
andD is less than that betwedhand any ofx's other neighbors. This greedy forwarding
process repeats until the packet readbes

Suppose the header of a packeatontains field9.a, the address of the packet’s desti-
nation, andp.l, the location of the packet’s destination. Moreover, asstonthe moment
that each node has a neighbor talleeach of whose entries is a pair of a neighbor node’s
address d) with that neighbor’s locationl}. We denote a node’s own address and loca-

tion by selfa and selfi. A formal statement of the greedy forwarding rule is shown in

Figure 2.2.

2.2 Beaconing Protocol

A simple beaconing protocol provides all nodes with theighbors’ positions: periodi-

cally, each node transmits a beacon to the broadcast MA@asldrontaining only its own

14



GREEDY-FORWARD(P)

1 npest=selfa

2  dpest= DISTANCE(selfl, p.l)
3 for each(a,l)in N

4 dod=DISTANCE(l,p.l)

3) if a== p.aord < dpest
6 then Npest=a

7 dpest=d

8 ifa==p.a

9 then break

10 if npest==selfa

11  then return greedy forwarding failure
12 else forward p to Npest

13 return greedy forwarding success

Figure 2.2: Greedy forwarding rule pseudocodesTANCE(e, f) computes the Euclidean
distance between nodesnd f—in two dimensions,/(xe — X1 )2+ (Ye — Y1 ).

identifier .9.,IP address) and position. We encode position as two fowe-iyating-point
guantities, forx andy coordinate values. To avoid synchronization of neighbbesicons,
as observed by Floyd and Jacobson [11], we jitter each bé&atransmission by 50% of
the intervalB between beacons, such that the mean inter-beacon trarsmirggrval isB,
uniformly distributed in[0.5B, 1.5B|.

Upon not receiving a beacon from a neighbor for longer tharetiut intervalT, a
GPSR router assumes that the neighbor has failed or gonefwoahge, and deletes the
neighbor from its table. The 802.11 MAC layer also gives diiadications of link-level
retransmission failures to neighbors; we interpret theskcations identically. We have
usedT = 4.5B, three times the maximum jittered beacon interval, in thisky

The position a node associates with a neighbor becomesuesntbetween beacons
as that neighbor moves. The accuracy of the set of neighlswslacreases; old neighbors

may leave and new neighbors may enter radio range. For teasems, the correct choice
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of beaconing interval to keep nodes’ neighbor tables ctidepends on the rate of mobility
in the network and range of nodes’ radios. We show the effettis interval on GPSR’s
performance in our simulation results. We note that keepumgent topological state for
a one-hop radius about a router is the minimum required t@amprouting; no useful
forwarding decision can be made without knowledge of thelkogy one or more hops
away.

This beaconing mechanism does represent pro-active goptitocol traffic, avoided
by DSR and AODV. To minimize the cost of beaconing, GPSR pigg¥s the local send-
ing node’s position oall data packets it forwards, and runs all nodes’ network iate$ in
promiscuous mode, so that each station receives a copypdehkts for all stations within
radio range. At a small cost in bytes (twelve bytes per paci@s scheme allows all pack-
ets to serve as beacons. When any node sends a data pacethi¢io reset its inter-beacon
timer. This optimization reduces beacon traffic in regiohthe network actively forward-
ing data packets. Running network interfaces in promissunade consumes power; we
do not measure power consumption in this work.

In fact, we could make GPSR’s beacon mechanism fully reabywhaving nodes solicit
beacons with a broadcast “neighbor request” only when tlae ldlata traffic to forward.
We have not felt it necessary to take this step, however, @snle-hop beacon overhead

does not congest our simulated networks.
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2.3 Advantages of Greedy Forwarding

Greedy forwarding’s great advantage is its reliance onlkoowledge of the forwarding
node’s immediate neighbors. The state required is neddigimd dependent on the density
of nodes in the wireless network, not the total number ofidatibns in the network.On
networks where multi-hop routing is useful, the number aghbors within a node’s radio
range must be substantially less than the total number ciodthe network.

As mentioned in the Introduction, as the density in spacéefriodes deployed on a
wireless network increases, greedy forwarding approx@sghortest paths progressively
more closely; the shortest path between two nodes tendsddiwa Euclidean straight line
between them, as the minimum possible number of hops is lwalipelow by the number
of radio ranges between source and destination, laid ewmado

Traditional shortest-path routing algorithms cannot extructure in IP addresses to
make forwarding decisions; they must treat IP addressestasiéintifiers, and resort to a
table lookup among all destinations in the routing domdiis the self-describing nature of
geographic coordinates that allows forwarding routersiterpret the destination location
in a packet to make a purely local forwarding decision.

Note that the only routing protocol traffic required for giggeforwarding is that of the
beaconing protocol. Because the beaconing protocol pisthgsonly a single hop in the
network, intuitively it should consume considerably lessitiwidth than protocols which
distribute state globally throughout the routing domag(,DV and LS routing protocols),

or accumulate state along an entire source roeig OSR).

The word “stateless” in GPSR’s name is not meant literally,rbfers to this small, purely local state.
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Because greedy forwarding makes purely local decisionshauld be robust under
topological changes; a node can make correct forwardingsides without requiring up-

to-date state (or indeed, any state) concerning nodes deysimgle hop away.

2.4 Limits to Greedy Forwarding’s Applicability: Voids

The power of greedy forwarding to route using only neighbodes’ positions comes
with one attendant drawback: there are topologies in whighanly route to a destina-
tion requires a packet move temporaribrther in geometric distance from the destina-
tion [10], [22]. A simple example of such a topology is shownrFigure 2.3. Herex is
closer toD than its neighborss andy. Again, the dashed arc abddthas a radius equal to
the distance betweerandD. Although two paths(x—y — z— D) and(x—w — v — D),
exist toD, x will not choose to forward tev or y using greedy forwardingk is a local max-
imum in its proximity toD. Some other mechanism must be used to forward packets in
these situations.

Motivated by Figure 2.3, we note that tirgersectionof x’s circular radio range and
the circle abouD of radius|xD]| (that is, of the length of line segmerD) is empty of
neighbors. We show this region clearly in Figure 2.4. Frordews perspective, we term
the shaded region without nodesa@d. x seeks to forward a packet to destinatidbeyond
the edge of this void. Intuitively, seeks to routaroundthe void; if a path td exists from
X, it doesn’t include nodes located within the void ¢owould have forwarded to them

greedily).
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Figure 2.3: Greedy forwarding failurex is a local maximum in its geographic proximity
to D; w andy are farther fronD.

Figure 2.4: Node's void with respect to destinatiob.
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Figure 2.5: EXxisting paths and greedy paths, 1500 m by 300gmnme 10—300 nodes, in
increments of 5. Radio range is 250 m.

2.5 Simulations: The Role of Density

In Figures 2.5, 2.6, 2.7, and 2.8, we present idealized sitionls of static (non-mobile)
networks to illustrate the relationship between the dgrdithe nodes deployed in a wire-
less network and the frequency with which greedy forwardingceeds. The simulations
are idealized in the sense that they do not model the physih@inel’s or MAC layer’s
capacity or contention behavior. Rather, the intent beliiede simulations is to show the
inherent limitations of greedy forwarding in finding routiesthe presence of voids, even
over a perfect (infinite capacity) wireless network.

In these simulations, varying numbers of nodes are placé&drarly at random in a
region. We investigate four region sizes: 1500 m by 300 m; @78y 670 m; 3000 m by

600 m; and 1340 m by 1340 m. These region sizes representd 3 haspect ratios, in two
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Figure 2.6: Existing paths and greedy paths, 670 m by 670 momed 0-300 nodes, in
increments of 5. Radio range is 250 m.
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Figure 2.7: Existing paths and greedy paths, 3000 m by 600gmnme 10—300 nodes, in
increments of 5. Radio range is 250 m.
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Figure 2.8: Existing paths and greedy paths. 1340 m by 134€gwm. 10—-300 nodes, in
increments of 5. Radio range is 250 m.

total areas. The 5:1 regions have the same aspect ratio eegibas used in simulations of
DSR, against which we compare GPSR later in this thesis.dRadige is fixed at 250 m,
the characteristic range of IEEE 802.11 DSSS radios.

Using the 250 m distance as a threshold for the presence enabdsf a link between all
pairs of nodes, we induce a connectivity graph in each sinomaWe use Floyd-Warshall
to compute how many of the possiliign — 1) paths exist. We then attempt to use greedy
forwarding as described above to find all of these existirthsdn each graph, we present
the fraction of then(n — 1) possible paths that exist in the topology, as found by Floyd-
Warshall, and the fraction of th&n— 1) possible paths found by greedy forwarding. Each
point represents the mean of 90 simulations on differend@anly generated topologies,

and includes the 97.5% confidence interval for this mean &sran bar.
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All four region sizes demonstrate the same trend: greedydating tends to find all
routes on the sparsest networks and the densest networkfilsuo find some routes
in a middle range of node densities. On very sparse netwaohise are so few nodes,
and hence routes on average consist of so few hops, that amdgery rarely on a path
between a source and a destination. Note from the previat®sehat voids occur when
two overlapping circles are empty of nodes. The probabiligt this overlapping region is
empty decreases as nodes become thicker on the ground. ,Heeedy forwarding tends
toward finding all routes as the density of nodes increases.

The aspect ratio of the region has an effect on the successfrgteedy forwarding in
finding routes. In the 1500-m-by-300-m simulations (FigRrg), the vertical dimension
of the simulated region is not much longer than the 250 m reatige. Very few voids can
exist in such a region, where one node’s radio range covedynine entirey dimension
of the region. Hence, greedy forwarding finds a greater ptogoof the existing routes in

this region than in the others measured.
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Chapter 3

The Right-Hand Rule: Perimeters

In this chapter, we address the failure of pure greedy rgutinfind paths in the presence
of voids, by introducing twgerimeter traversadlgorithms for forwarding packeeround
voids. After describing theight-hand rulefor traversing a graph, we characterize the be-
havior of the right-hand rule on wireless network graphg] ahserve the role played by
crossing edges in the graph in interfering with the rightwdhaule traversal. We then in-
troduceperimeter probingan algorithm that probes and maps the positions of nodés tha
border voids, while employing ao-crossing heuristi¢o eliminate crossing edges from
the graph, and uses the resulting state to forward arourdkvddrawing on existing re-
sults from computational geometry, we describe @Gebriel Graphand Relative Neigh-
borhood Graphplanar graphs, and introduce distributed algorithms fenidying these
graphs as subsets of a wireless network graph. Finally; déscribing the topologies on
which perimeter probing fails to find routes, we introduceipesior algorithmplanar face

traversal that findsall routes on a static network by forwarding only on planar stgeé
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Figure 3.1: The right-hand rulenterior of the triangle).x receives a packet froiyp, and
forwards it to its first neighbor counterclockwise abougltsz, &c.

the wireless network graph’s edges. Planar face travellsalsarecovery from all cases of
greedy failure, while only requiring state concerning thosigions of a node’s immediate

neighbors.

3.1 The Right-Hand Rule

The long-knowrright-hand rulefor traversing a graph is depicted in Figure 3.1. This rule
states that when arriving at nodgrom nodey, the next edge traversed is the next one
sequentially counterclockwise aboxifrom edge(x,y). It is known that the right-hand
rule traverses the interior of a closed polygonal regiofa® in clockwise edge order—
in this case, the triangle bounded by the edges between npgdesandz, in the order
(y = X— z—y). The rule traverses an exterior region, in this case, thenegutsidethe
same triangle, in counterclockwise edge order.

For a network node with a list of its neighbors’ positiongwarding a packet that ar-
rives from a neighbor at bearirig,, by the right-hand rule amounts to choosing the neigh-

bor whose bearingoyt minimizes the differencé;, — boyt, where bearings are defined
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RIGHT-HAND-FORWARD(P, Nin)

1 b, = NORM(ATAN 2(selfl.y — ni,.y, selfl.x— nj,.X))
2 6min =31

3 for each(a,l)in N

4 doifa==n,

5 then continue

6 ba = NORM(ATAN 2(selfl.y—l.y,selfl.x—1.x))
7 Op = NORM (b — bip)

8 if Oy < Omin

9 then dmin = &

0 Amin — a

1

1
11 return amin

Figure 3.2: Right-hand rule forwarding pseudocodedorM normalizes its argument in

radians intd0, 211 by repeatedly addingr2 ATAN 2(y,X) computes the arc tangent pfx
in the appropriate quadrant (after the UNIX C math librargdtion).

on [0,2m]. Pseudocode for forwarding a packethat has arrived from neighbar, by
the right-hand rule appears in Figure 3.2. When two neighbog located along the exact
same bearing, the geographically closer neighbor is usétkasext hop.

We seek to exploit these cycle-traversing properties tteratound voids. In Figure 2.4,
traversing the cycléx - w — v — D — z— y — X) by the right-hand rule amounts to
navigatingaround the pictured voidspecifically, to nodes closer to the destination than
(in this case, including the destination itsdlf). We call the sequence of edges traversed
by the right-hand rule perimeter

Unfortunately, the right-hand rule does not yield a traaeo$ the perimeter of a closed
polygon on all wireless network graphs. On graphs with edbascross, the right-hand
rule may instead take a degenerate tour of edges that dodsanetthe boundary of a

closed polygon. Such graphs with crossing edges are knowromaglanargraphs, or
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X

Figure 3.3: A network with crossing edges. Starting freo u, the right-hand rule gives
the tour:(X - uU—z— W — U— X).

more precisely, non-planar embeddings of graplier brevity, we refer to them as non-
planar graphs herein. An example of a non-planar graph appe&igure 3.3. Here, when
x originates a packet to, the right-hand rule results in the toyx — u—z— w— u— Xx).
The problem is the crossing edgé®, z) and(u, x). If (w,z) were removed from the graph,
the perimeter probe fromto u would instead have taken the desired tdur—~ u — z —

vV — X).

We introduce theo-crossing heuristicf, during traversal of a graph by the right-hand
rule, the candidate next edge crosses an edge taken earlex traversal, that candidate
next edge is ignored, and tmextedge in counterclockwise order is taken, instead. The
purpose of this heuristic is to remove crossing edges framgthph, so that the right-hand
rule takes the intended tour. In the case of Figure 3.3,istpftom x, after taking the

path (x — u — z), the no-crossing heuristic ignores edg@ew) at z, because it crosses

LA planar embedding of a graph is a placement of its verticagilane, made while preserving the graph’s
edges. A planar graph has at least one planar embedding @whiedges cross. A non-planar graph has no
planar embedding in which no edges cross.
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the previously taken edgex,u). Here, the heuristic has the desired effect: the complete
clockwise outer edge touix — u — z — v — X) is taken. The implementation of this
heuristic is straightforward: each node appends its looatd packets it forwards by the
right-hand rule, and checks whether a candidate next edgses one already taken in the
packet’s path history using simple simultaneous equationthe two edges in question.

We omit these details in Figure 3.2.

3.2 Perimeter Probing

Building on the right-hand rule and no-crossing heuristie,now describ@erimeter prob-
ing, through which nodes pro-actively map the perimeters tluegldr, and use this knowl-
edge of the local topology to attempt to recover from greaawérding failure by routing

around voids.

3.2.1 Greedy Perimeter Probing (GPP) Algorithm

In the topology in Figure 2.4, suppossends gerimeter probgacket tow. At each hop,
the packet is forwarded using the right-hand rule with thecrassing heuristic, and each
forwarding router appends its address and position to tokgtaWhen the packet returns
tox, it will contain a list of the positions and addresses of aties on the perimeter. Node
consumes the packet and caches this state. A proof thatgteriprobe packets forwarded
in this fashion on static network topologiakvaysreturn to their originator can be found
in [30].
Thereafter, should a packet arrivexdor greedy forwarding td, x can “fail-over” to
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use the perimeter it has learned, which includes nedBs andz, all of which are closer to
D thanx. Nodex can either source-route the packet to any node closerdn the cached
perimeter, or mark the packet for forwarding by the rightitlaule, so that it takes the
same path as the earlier perimeter probe packet. In thistiwayacket will reach a node
closer toD thanx, where greedy forwarding can resume.

More generally, we can augment greedy forwarding with petenprobing, in an ef-
fort to recover from greedy forwarding failure by forwardimlong perimeters. All nodes
periodically originate a perimeter probe packet (markedimeter proben a packetp’s
packet mode fieldp.M, as in Table 3.1) to each of their neighbors, and cache thmper
ters stored in these packets when they return to their aigis. Greedy forwarding is
used for all data packets where possible—that is, by all sedere there exists a neighbor
closer to the destination. When no such neighbor existsda searches its cached list of
perimeters for any node closer than itself to the destinatlbthere is no closer node on
any perimeter, no route is known, and the node drops the palflsich a closer node;
exists along perimetgp., the packet’s mode fiel@.M is changed tgerimeter dataand
the packet is marked ip.i with the location where this mode transition occurred. thisn
forwarded to the next node alomg. Each successive node that receives a perimeter-mode
packet forwards the packet by the right-hand rule, untilgheket reaches a node closer to
the destinatiorp.D than that where it entered perimeter modegd&). At that closer node,
the packet is returned tgreedy modeand greedy forwarding continues thereafter. Thus,
the sequence of hops a packet takes in perimeter mode in fregage acts as a single

greedy hop, as the packet reaches a node closer to the diestitie@n the one where it en-
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Field | Function

Source Address
Destination Address
Destination Locatiortx, y)
Packet Mode (perimeter probe; greedy data; perimeter data)
Location Packet Entered Perimeter Mode

Table 3.1: Fields in GPP packets.

tered perimeter mode, in accordance with the greedy fonwgrcriterion. Pseudocode for
mixed greedy/perimeter forwarding, which we name the GPRe¢@®y Perimeter Probing)
algorithm, appears in Figure 3.4. The packet fields used by &® shown in Table 3.1.
Note that all data packets begin in greedy mode, with thiefield set togreedy data

A simple example of the operation of GPP, based on Figura2shown in Figure 3.5.
Node S originates a data packet @. The first hop(S,x) is greedy. Becauseis a local
maximum,X must use the perimeter it learned from an earlier perimetelbgg Nodex
marks the packet in perimeter mode, records its own positidine packet, and passes the
packet tow, the first hop on the perimeter. Noeaeis not closer tdD thanx, sow right-
hand-rule forwards the perimeter mode packet.tds v is closer toD thanx, v marks the

packet in greedy mode, and forwards it greedilybto

3.2.2 Simulation and Evaluation of GPP

To evaluate the performance of GPP, we simulate the algoiithan idealized (contention-
less, infinite-bandwidth) simulator on static (non-mopitetworks. We also simulate a
simple Distance-Vector (DV) routing algorithm. As was tlese in the idealized simula-

tions of greedy forwarding in the preceding chapter, thisugator places varying numbers
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PERIF-CLOSERLOOKUP(I)
1 ipest= NIL

2  dpest= DISTANCE(selfl,I)
3 for eachie P

4 dofor eachjei

5 do d = DISTANCE(},I)
6 If d < dpest

7 thenipest=1

8 dpest= d

9 return ipest

GPP-FORWARD(P, Nin)
1 if pd==-selfa
2 then receive packet

3  else switch
4 casep.M == greedy data :
5 if GREEDYV-FORWARD(p) == failure
6 then if (pc = PERFCLOSERLOOKUP(pP.D)) # NIL
7 then p.M = perimeter data
8 p.i = selfl
9 forward p alongpc
10 else drop packet; destination unreachable
11 casep.M == perimeter data :
12 if DISTANCE(selfl, p.D) < DISTANCE(p.i, p.D)
13 then p.M = greedy data
14 GREEDY-FORWARD(P)
15 else t = RIGHT-HAND-FORWARD( P, Nin)
16 forwardptot
17 casep.M == perimeter probe :
18 if p.s==selfa
19 then consumep; cache perimeter
20 else t = RIGHT-HAND-FORWARD(p, Nin)
21 forwardptot

Figure 3.4: The GPP (Greedy Perimeter Probing) algorithRER-CLOSERLOOKUP and
GPP-FORWARD.
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Figure 3.5: Mixed forwarding. Solid arrows are greedy-mdugps; dashed arrows are
perimeter-mode hops.

of nodes at random in a region of fixed size, and uses a thieslisibnce between nodes
to induce a connectivity graph. Here, again, varying the Inenof nodes varies the node
density. In these simulations, the threshold distanceddiorconnectivity is 250 m, and

the size of the region on which nodes are placed randomlyQd8 25by 2500 m.

Because there is no packet loss and unlimited capacity ositti@ated network, and
because both routing algorithms are allowed to converdg hdfore measurements are
taken, these measurements represent the ideal behavidt®B@d DV: none of the chal-
lenges of finding routes when routing protocol packets majobt or when changes in
the topology cause changes in routes, occur here. GPPimgter probing with the no-
crossing heuristic is meant to recover from greedy forwagdailure, while accumulating
less state per node than in traditional routing algoritheush as DV and LS routing, which

hold state proportional to the number of network destimetim each router. To examine
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GPP’s performance in these two areas, in these simulatiens@asure the percentage of
routes found by the GPP algorithm and the size of the statghlber lists and perimeters)
accumulated by the GPP algorithm at each node. Figures 8.8.&show these measure-
ments, respectively.

Note that GPP does not find all routes that exist, even orcstatvork topologies. We
describe the topologies where GPP fails in the next sectionthe least dense networks,
GPP finds all routes. However, as density first increases, f®¥P progressively fewer
routes, eventually peaking at approximately 0.5% ofhaltoutes not found at 180 nodes.
Beyond that point, as density of nodes continues to incr&aBe finds progressively more
routes, hovering around 0.1% of failures at 350 nodes. Whése failures occur on a tiny
fraction of routes in an absolute sense, the nature of thedasiis problematic: on a static

network, these fractions of destinations are not unredehtemporarily, bupermanently
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Figure 3.7: State per router, GRB.Distance-Vector.

When allowed to converge fully on an idealized network, D\d§rall routes; hence it is
not shown in Figure 3.6. Note that this 100% success rate ofpMies only to static,
idealized networks; it has been shown that DV routing atbans find significantly smaller
fractions of the existing routes on mobile, finite-capawviyeless networks [7].

Figure 3.7 shows that the mean number of nodes a node mustskatepfor under
GPP at first increases with density, reaches a maximum oappately 100 nodes on
networks with approximately 175 nodes, and thereafiecreasess density increases,
approaching an asymptote of state for 50 nodes. This trendredecause GPP’s state
consists of its neighbor table and perimeter lists. At tlghbst node densities, perimeters
are short. When a perimeter includes only immediate neighlas is the case on very dense
networks, a node need not store a perimeter it learns, astiragter offers no additional

nodes’ positions. It is for this reason that the state eadke ikeeps under GPP on average
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levels off as the number of nodes increases. In the middigerai densities measured,
perimeters are longer. At the lowest densities measurednpters are short because the
number of nodes in the network constrains the number of pers a node borders and
the length of those perimeters. DV routing stores state forean number of nodes less
than the total number of destinations on the sparsest nkéwbecause so many routes are
partitioned on those networks. As density increases, DVimguapproaches the expected
state size of the number of network destinations. Note that after density increases
enough to connect most of the network graph, at approximat) nodes total, does GPP
keep less state on average per node than DV, though the twodedar quantities of
state at lower densities. As density increases beyond 188 the region, GPP stores

progressively less state per node relative to DV.

3.2.3 Routing Failures in GPP

We have identified two reasons GPP fails to find routes that:exi

e The no-crossing heuristic removes whichever of two crggsidges in the network
graph it reaches second. Removal of this edge may partii@métwork graph. In

these cases, GPP fails to map perimeters that would haveecktise partition.

e Perimeters may not containnmdecloser to the destination than the point of greedy
forwarding failure, but may contain adgecontaining a point closer to the destina-

tion. GPP does not consider such perimeters useful, butttagybe.

In Figure 3.8, we see an example of the first type, in which GRB-crossing heuristic
ignores an edge that effectively partitions the network.d&l8 originates a packet tD,
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Neighbor| Perimeter Found
a S—»a—b—S
b S—»b—a—S
c S—»c—b—S

Table 3.2: Perimeters found I8in Figure 3.8, one per neighbor.

and the rout¢S— c — d — ... — D) exists. The dotted circle abobitis of radius equal to
the distance betweeandD (|SD|). The solid lines represent the connectivity graph; these
edges represent the links induced by a threshold distateebe pairs of nodes. Because
Shas no neighbor closer @ than itself (note the dotted circle is empty of nodes in range
of §), greedy forwarding failure occurs immediately at the petskoriginator. For each
of its neighborsa, b, andc, Shas mapped one perimeter. These perimeters are listed in
Table 3.2. First, note that none of these perimeters areiuge§, because every node on
every perimeteBShas mapped is a neighbor &fand thus already available &for greedy
forwarding. All GPP failures share this characteristioough a route exists, no perimeter
containing a closer node is found. In this particular typéadlfire, the no-crossing rule is
directly responsible. The perimeter found 8a neighbora cannot include the eddé, c)
because that edge crosses e@lg@), taken as the first edge of the perimeter. But it is this
edge eliminated by the no-crossing rule that leads to nddssitoD thanS(that is, inside
the dotted circle). While the no-crossing heuristic imgsveachability overall by forcing
perimeter probes to take tours of the boundaries of polygbean partition the graph by
indiscriminately removing edges in cases such as this one.

The second case in which GPP fails to find routes occurs ondgs without any

crossing edges. An example appears in Figure 3.9. FHipeginates a packet tB. The
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Figure 3.8: Failure of the no-crossing rule: removal of eflge) from Ss perimeter viaa
partitions the network.

Figure 3.9: Perimeter with no closer node, but with an edgeaining a closer point.
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Neighbor

Perimeter Foung

S
b
Cc

a—S—c—a
a—b—-S—a

a—c—b—a

Table 3.3: Perimeters found layin Figure 3.9, one per neighbor.

path(S— c— d — e— f — D) clearly exists. InitiallySforwards the packet greedily to

a. The dotted circle represen®s radio range, and the dashed circle is the circle centered

atD with radius|aD|, inside which nodes are closerthana. At a, greedy forwarding is

impossible (note the empty intersection of the dotted arstheld circles), bua has learned

no perimeter containing a node inside the dotted circle,ssm@PP drops the packet for

D. The perimeters learned kgyare shown in Table 3.3. Note that while the perimeter

learned byaviac, (a— ¢ — b — a), includes edgéc, b), which includes points closer to

the destinatiolD. GPP only examines locations of nodes (vertices), not l(ekiges). In

fact, GPP will fail to forward any packet to a destinationhe shaded region that reaclaes

successfully. The two heavy lines, which are the perpefaitisectors of edgeg, S) and

(b, S), bound the regioais closer to than botbhandb. Eliminating the portion o&’s radio

range that overlaps this region leaves the shaded regiah.lBandc will forward packets

bound for destinations in the shaded regioratgreedily, althougla has no perimeter to

help it forward toward these destinations, and blotdindc do learn perimeters that will

help them forward toward these destinations.
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3.3 Planarized Graphs

While measurements taken in simulations show that GPP Wwe&hmb-crossing heuristic
finds the vast majority of routes (over 99.5% of tiferoutes among nodes) in randomly
generated networks, it is unacceptable for a routing algaripersistently to fail to find
a route to a reachable node in a static, unchanging netwpddgy. Motivated by the
insufficiency of GPP’s no-crossing heuristic, we preseterahtive methods for eliminating
crossing links from the network.

A graph in which no two edges cross is knownganar. As has been done in the
idealized simulations presented so far in this thesis, afsebdes with radios, where all
radios have identical, circular radio rangecan be seen as a graph: each node is a vertex,
and edggn, m) exists between nodesandm if the distance betweemandm, d(n,m) <
r. Graphs whose edges are dictated by a threshold distancedretertices are termed
unit graphs In the sense that network radio hardware is traditionaléved as having a
nominal open-space range.q, 250 meters for 900 MHz DSSS WavelLAN), this model is
reasonable. We additionally assume that the nodes in th@rehave negligible difference
in altitude, so that they can be considered roughly in a pleveediscuss these assumptions
further in Section 5.3.

The Relative Neighborhood Graph (RN@nhd Gabriel Graph (GG)are two planar
graphs long-known in varied disciplines [12], [40]. An afgbm for removing edges from
the graph that are not part of the RNG or GG would yield a netwath no crossing links.
For our application, the algorithm should be run in a distr#al fashion by each node in the

network, where a node needs information only about the lagailogy as the algorithm’s
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Figure 3.10: The RNG graph. For edgev) to be included, the shaded lune must contain
Nno witnessw.

input. However, for this strategy to be successful, one i@ property must be shown:

Removing edges from the graph to reduce it to the RNG or GG muisdlis-

connect the graph; this would amount to partitioning thevosk.

Given a collection of vertices with known positions, the RidéGlefined as follows:

An edge(u,V) exists between verticasandyv if the distance between them,
d(u,V), is less than or equal to the distance between evtrgrvertexw, and

whichever ofu andv is farther fromw. In equational form:

Yw # u,v:d(u,v) < maxd(u,w),d(v,w)]

Figure 3.10 depicts the rule for constructing the RNG. Thadsll region, théune
betweenu andv, must be empty of any witness nodefor (u,v) to be included in the
RNG. The boundary of the lune is the intersection of the es@bout andv of radius
d(u,v).

When we begin with a connected unit graph and remove edgesanbbf the RNG,
note that we cannot disconnect the graph. E(@ge) is only eliminated from the graph
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when there exists @& within range of bothu andv. Thus, eliminating an edge requires an
alternate path through a witness exist. Each connected@oempin an unobstructed radio
network will not be disconnected by removing edges not inRh&S.

Under the previously described beaconing mechanism, gtrehich all nodes know
their immediate neighbors, ifandv can reach one another, they must both know all nodes
with the lune. Starting from a full list of its neighbod, each node can remove non-RNG

links as follows:

for all ve N do
for all we N do
if w==vthen
continue
else ifd(u,v) > maxd(u,w),d(v,w)] then
eliminate edgéu, V)
break
end if
end for
end for

The GG is defined as follows:

An edge(u,Vv) exists between verticasandv if no other vertexw is present

within the circle whose diameter . In equational form:

Yw £ u,v: d2(u,v) < [d?(u,w) 4 d?(v,w)]

Figure 3.11 depicts the GG graph membership criterion.
As the midpoint ofuvis the center of the circle with diametay, a nodeu can remove

its non-GG links from a full neighbor listl thus:
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Figure 3.11: The GG graph. For edge V) to be included, the shaded circle must contain
Nno witnessw.

m = midpoint oftiv
forall ve N do
forall we N do
if w==vthen
continue
else ifd(m,w) < d(u,m) then
eliminate edgéu, V)
break
end if
end for
end for

Eliminating edges in the GG cannot disconnect a connectédytaph, for the same
reason as was the case for the RNG. Both these algorithmeridering the graph of the
radio network planar take tim@(ded’) at each node, where deg is the node’s degree in the
full radio graph.

The RNG is a subset of the GG. This is consistent with the smahaded region
searched for a witness in the GG, as compared with in the RigBré&3.12 shows a full
unit graph corresponding to 200 nodes randomly placed orD@-B§-2000-meter region,
with radio ranges of 250 meters; the GG subset of the full lyramd the RNG subset of
the full graph. Note that the RNG and GG offer different déasiof connectivity by elim-

inating different numbers of links. Many MAC layers exhibdiastically reduced efficiency
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Figure 3.12: Top: the full graph of a radio network. 200 nqdasformly randomly placed
on a 2000 x 2000 meter region, with a radio range of 250 m. Midtdie GG subset of the
full graph. Bottom: the RNG subset of the full and GG graphs.
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as the number of mutually reachable sending stations isesefl], [8]. Moreover, while
any packet a node transmits monopolizes the shared chaithel #s radio range, MAC
protocols that address the hidden terminal problem, ino@&02.11 [17],MACA [21],
andMACAW [4], deliberately spread contention to the full radio ramgébothsender and
receiver. On some Frequency Hopping Spread Spectrum MAES, & Metricom’s [3],
collisions occur when more than one of a node’s neighbord seit simultaneously. Un-
der such regimes, using fewer links in routing can allev@iertention, and thus increase

efficiency.

3.4 GPSR: Combining Greedy and Planar Perimeters

We now present the full Greedy Perimeter Stateless Routgamyithm, which combines
greedy forwarding (Section 2.1) on the full network graphthaperimeter forwarding on
the planarized network graph where greedy forwarding ispossible [23]. Recall that all
nodes maintain a neighbor table, which stores the addresskkcations of their single-
hop radio neighbors. This table provides all state requicedsPSR’s forwarding deci-
sions, beyond the state in the packets themselves.

The packet header fields GPSR uses in perimeter-mode farwgaatle shown in Ta-
ble 3.4. GPSR packet headers include a flag field indicatingthvn the packet is in
greedy mode or perimeter mode. All data packets are markiédlly at their origina-
tors as greedy-mode. Packet sources also include the gdogtacation of the destination
in packets. Only a packet’s source sets the location destingeld; it is left unchanged as

the packet is forwarded through the network.
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Field | Function

D Destination Location

d Destination Address

h Previous Hop Address

Lp Location Packet Entered Perimeter Mode
L¢ Point onxV Packet Entered Current Face
€ First Edge Traversed on Current Face

M Packet Mode: Greedy or Perimeter

Table 3.4: GPSR packet header fields used in perimeter modariding.

Upon receiving a greedy-mode packet for forwarding, a naslaches its neighbor
table for the neighbor geographically closest to the paskietstination. If this neighbor is
closer to the destination, the node forwards the packetabrtbighbor. When no neighbor
is closer, the node marks the packet into perimeter mode.

GPSR forwards perimeter-mode packets using a simple plgragoh traversal. In
essence, when a packet enters perimeter mode at»xbdend for nodeD, GPSR for-
wards it on progressively closécesof the planar graph, each of which is crossed by the
line xD. A planar graph has two types of faceiterior facesare the closed polygonal
regions bounded by the graph’s edges. &kierior faces the one unbounded face outside
the outer boundary of the graph. On each face, the travesss the right-hand rule to
reach an edge that crosses Iii2. At that edge, the traversal moves to the adjacent face
crossed byD. See Figure 3.13 for an example. Note that in the figure, emmhtfaversed
is pierced byxD—the first two and last faces are interior faces, while thetisithe exterior

face?

2Forwarding in Figure 3.13 is done in perimeter mode only fquasition; true GPSR forwards greedily
when neighbors closer to the destination are available.
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Figure 3.13: Perimeter forwarding example.is the destinationx is the node where the
packet enters perimeter mode; forwarding hops are sol@harthe linexD is dashed.

When a packet enters perimeter mode, GPSR records in thetghekocatiori, the
site where greedy forwarding failed. This location is usesidosequent hops to determine
whether the packet can be returned to greedy mode. Each tP&RGorwards a packet
onto a new face, it records lry the point orxD shared between the previous and new faces.
Note thatL+ need not be located at a nod&® usually intersects edges, as in Figure 3.13.
Finally, GPSR recordey, the first edge (sender and receiver addresses) a packetsros
a new face, in the packet.

Upon receiving a perimeter-mode packet for forwarding, GRigst compares the lo-
cationL p in a perimeter-mode packet with the forwarding node’s lmcatGPSR returns a
packet to greedy mode if the distance from the forwardingertod is less than that from
Lpto D.3 Perimeter forwarding is only intended to recover from a looaximum; once

the packet reaches a location closer than where greedy ifdirnvggpreviously failed for that

3GPSR could also return the packet to greedy mode ifrasighborwere closer tdD than Lp. We have
not implemented this variant.
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packet, the packet can continue greedy progress towardesstendtion without danger of
returning to the prior local maximum.

When a packet enters perimeter modg,d& PSR forwards it along the face intersected
by the linexD. Nodex forwards the packet to the first edge counterclockwise akfram
the linexD. This determines the first face over which to forward the pacK hereafter,
GPSR forwards the packet around that face using the righd-hale. There are two cases
to consider: eithex andD are connected by the graph, or they are not.

Whenx and D are connected by the graph, traversing the face borderimgeither
direction (we use the previously described right-hand)roast lead to a poing at which
xD intersects the far side of the face. This is the case whelieetraversed face is inte-
rior or exterior. Aty, GPSR has clearly reduced the distance between the padketisan
destination, in comparison with the packet’s start in petian mode ax.

While forwarding around a face, GPSR determines whethegdige to the chosen next
hopn intersectxD. GPSR has the information required to make this deterntnagsl ,
andD are recorded in the packet, and a GPSR node stores its owtropaaid those of its
neighbors. If a node borders the edge where this intersepiinty lies, GPSR sets the
packet’sLt toy. At this point, the packet is forwarded along thextface bordering point
y that is intersected byD. The node forwards the packet along the first edge of this next
face—by the right-hand rule, the next edge counterclockwalsout itself frorm. This first
edge on the new face is recorded in the paclegtigeld.

This process repeats at successively closer fac&s tdt each face, the packet pro-

gresses by the right-hand rule until reaching the edge tiatdsects witlxD at a pointy
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closer than the packetls; field to D. Finally, the face containin® is reached, and the
right-hand-rule leads tbB along that face.

WhenD is not reachableig., it is disconnected from the graph), two cases exist: the
disconnected node lies either inside an interior face, tside the exterior face. GPSR will
forward a perimeter-mode packet until the packet reachesdresponding face. Upon
reaching this interior or exterior face, the packet willtonsuccessfully around the entirety
of the face, without finding an edge intersectiig at a point closer td thanL;. When
the packet traverses the first edge it took on this face fosdw®nd time, GPSR notices
the repetition of forwarding on the ed@g stored in the packet, and correctly drops the
packet, as the destination is unreachable; the perimetelergraph traversal to a reachable
destination never sends a packet across the same link iathe direction twice.

Figure 3.14 shows pseudocode for the GPSR forwarding d&hgori Note that we
assume throughout this pseudocode tReEtHT-HAND-FORWARD, FACE-CHANGE, and
PERFINIT-FORWARD operate on a pre-planarized graph, with crossing edgeadirees-
moved; we omit this detail in the pseudocod®SRFORWARD is the top-level forwarding
function called for all arriving packets, with argumemtsthe packet being forwarded, and
nin, the neighbor from which the packet arrivédf p is a greedy data packet, and greedy
forwarding fails, GPSRFORWARD sets the locations where the packet entered perimeter
mode {.L,) and where the line to the destination intersected the nufeze @.L¢) to
the router's own positionPERKINIT-FORWARD finds the next routetr counterclockwise

from the line to the destination, using the same algorithrRigsiT-HAND-FORWARD. Fi-

4If the packet originated at the local nodg, is unused.
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FACE-CHANGE(p,t)

1 i=INTERSECT(t.l,selfl,p.Lp,D)

2 ifi#NIL

3  thenif DISTANCE(i,D) < DISTANCE(p.L¢,D)
4 then p.Ls =i

5 t = RIGHT-HAND-FORWARD(p, t)
6 t = FACE-CHANGE(p,t)

7 p.ep = (selfa,t)

8 returnt

PERFINIT-FORWARD(P)

1 bin = NORM(ATAN 2(selfl.y— p.D.y,selfl.x— p.D.x))
2 Omin =31

3 for each(al)in N

4 do by = NORM(ATAN 2(selfl.y—1.y,selfl.x—1.x))
5 Op = NORM(bs — bip)
6 if & < Omin

7 then dmin = dp
8 Amin — a
9 return amin

GPSRFORWARD(P, Nin)
1 if pd==selfa

2  thenreceive packet
3  else switch
4 casep.M == greedy data:
5 if GREEDY-FORWARD(p) == failure
6 then p.M = perimeter data
7 p.Lp = p.Lt = selfl
8 t = PERFINIT-FORWARD(P)
9 p.ep = (selfa,t)
10 forwardptot
11 casep.M == perimeter data :
12 if DISTANCE(selfl, p.D) < DISTANCE(p.Lp, p.D)
13 then p.M = greedy data
14 GREEDY-FORWARD(P)
15 else t = RIGHT-HAND-FORWARD( P, Nin)
16 if p.ep == (selfa,t)
17 then drop p; destination unreachable
18 else t = FACE-CHANGE(p,t)
19 forwardptot

Figure 3.14: Pseudocode for GPSR.
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nally, GPSRFORWARD sets the first edge taken on the perimeter in the pagkes)( and
forwards the packet to

Upon receiving a perimeter-mode packebsSRFORWARD first determines whether the
packet has reached a node closer to the destination thaoititexiere it entered perimeter
mode; if so, it returns the packet to greedy mode, and forsvérdreedily. Otherwise,
GPSRFORWARD callsRIGHT-HAND-FORWARD to determine the next hop router dictated
by the right-hand rule. If this next edge is the same as theddge the packet traversed
on the current facepep), the packet has toured the entire face, and the destingation
unreachable, so the packet is dropped. If the packet hasméd the entire facesPSr
FORWARD calls FACE-CHANGE to determine whether the packet has reached an edge that
crosses the line to the destinati®i\CE-CHANGE returns the appropriate next hop for the
first edge on the next face if such a crossing edge has bedmediamr the unchanged next
hop found by the right-hand rule if no crossing of the linehe tlestination is found. Note
that changing faces amounts to treating the next hop on thrertuface as th@revious
hop and applying the right-hand ruleeACE-CHANGE calls itself recursively, because it
is possible that a single node bordemsltiple edges that cross the line to the destination.
The recursion terminates upon reaching the edge that @tissdine at thelosesipoint to
the destination; it must terminate because there is alwaysige that crosses the line at a
point farther than this closest point.

GPSR will greedily forward a packet to an unreachable dastn for potentially many
hops before the packet loops on an exterior or interior fackigirecognized as undeliver-

able. If the majority of unreachable destinations lie bal/thve boundary of a single face,
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undeliverable packets may concentrate at that face of ttveonle graph. This behavior is
a direct consequence of GPSR’s avoidance of transitivengirotocol traffic across the
many hops from a destination to a forwarding router. Othehmégues for scaling routing
have similar effects, however: the hierarchy used to sealéng on wired networks ob-
scures intra-domain link failures from the backbone in thteriest of scaling. Thus, the
inter-domain routing system will push a packet a great distawith the potential result
that the packet will be dropped inside the destination AS.

By the end-to-end argument [36], the most logical place éuting unreachability to
be determined, and the load on the network from undeliverpatkets to be reduced, is at
the sending end-system. Mechanisms from inside the nef\Weoed CMP Unreachable, are
hard to interpret at senders; it is hard to know on what tirakesthey indicate unreachabil-
ity, for example. Applications running over a GPSR-routetiwvork, or any other network,
should offer a conforming load; senders should cut theiramaission rate absent feedback
from receivers.

On a static network, GPSR finds all existing routes (thatmsnetwork graphs where
the destination is connected). This fact is clear by inspecigreedy forwarding moves a
packet closer to the destination at each hop. Between whaok&penters perimeter mode
and leaves perimeter mode, the packet similarlystmove closer to the destination. If the
packet reaches the destination while still in perimeter ey@&PSR clearly finds the route.
GPSR only returns a packet to greedy mode from perimeter wbea the packet reaches
a point closer to the destination than that where it entesxtneter model . If there

exists a path to the destination, then the line from the pafieintry to perimeter mode to
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the destinationmustcut a sequence of adjacent faces on the planarized graphrigFite
hand rule visits all edges on a face, until reaching the dastin if it is on that face, or the
border of the next face cut by the line betwegyand the destination.

Moreover, GPSR never causes a packet to loop forever onia s&tvork. Greedy
mode cannot cause a packet to loop, because each greedy bbmawe the packet strictly
closer to the destination. As stated just above, GPSR neitanis a packet to greedy mode
from perimeter mode unless the packet has reached a posardloan that where it entered
perimeter mode. What remains to be shown is that an invatatiperimeter mode does
not loop a packet forever. Perimeter mode traverses a sgreetjacent faces, each by the
right-hand rule. Because the graph is planar, traversafate by the right-hand ruleust
visit each edge on the face. If the destination is connedtedte mustexist a sequence
of adjacent faces along the line betwdgnand the destination, and the right-hand rule
mustvisit the border edge between each pair of these adjacess.fdtthe destination is
disconnected, then GPSR drops the packet when it visitsridteetige taken on a faceg]

for the second time. Thus, GPSR never loops packets on s&thorks.

3.5 Robustness and Efficiency on Mobile Networks

To make GPSR robust and efficient on a mobile, wireless IEEE180network, we made

several significant design decisions in and embellishimerttee GPSR algorithm.
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3.5.1 Use of MAC-Layer Failure Feedback

As done in DSR [7], GPSR receives notification from the 802MIAC layer when a
packet exceeds its maximum number of retransmit retriestil@acongestive collapse, a
retransmit-retry-exceeded failure indicates that thended recipient has left radio range,
either because the recipient failed, or because of motiom@frecipient and/or sender.
GPSR responds to these notifications by eliminating thergd&in of the failed packet
from its neighbor table. The data packet that elicits suclbt#ication is passed back to
the GPSR forwarding logic, for re-forwarding using the ngvdduced neighbor table. Use
of this feedback often informs GPSR far earlier than othsewiossible through expiration
of the neighbor timeout interval (88). This technique allows GPSR nodes to keep more
accurate neighbor tables, and therefore make forwardiogid@s that more often reflect

the current local topology, rather than a stale version efitical topology.

3.5.2 Interface Queue Traversal

Related to MAC-layer feedback, this technique has a prataffect on our results. While
an IEEE 802.11 interface repeatedly retransmits the patkbe head of its queue, backing
off exponentially between retransmit attempts, it headir@d blocks, waiting for a link-
level acknowledgement from the receiver. This head-a#-bfocking reduces the available
transmit duty cycle of the interface significantly. For tisason, upon notification of a
MAC retransmit retry failure, we traverse the queue of pésHier the interface, and re-
move all packets addressed to the failed transmissionipiest. We pass these packets

back to the routing protocol for re-forwarding to a diffeteext hop. This change virtually
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eliminated what we’d previously thought to be MAC contentin high-mobility simula-

tions where neighbors were lost frequently; the timeouts la@ad-of-line blocking were
what really had been causing the drops at the interface qUdwgeimplementation of DSR
for ns-2 [38] implements this useful optimization, thougl don’t see it mentioned in the

published work on DSR.

3.5.3 Promiscuous Use of the Network Interface

Also as used in DSR [7], GPSR disables MAC address filteringhen EEE 802.11 ra-
dio hardware to receive copies of all packets for all statiaithin its radio range. As
described in Section 2.1, all packets carry their local s€agosition, to reduce the rate
at which beacon packets must be sent, and to keep positiareghbor lists maximally
current in regions under data traffic load. When a node failwardata packet, it resets the
timer for transmitting the next beacon, since data paclety beacon-equivalent (address,
position) reports. While this technique lengthens dat&etscby twelve bytes, on shared-
medium wireless MACs that use collision avoidance, inclgdEEE 802.11, the overhead
of acquiring the channel for transmitting a packet is muepdathan that of lengthening a
packet by a dozen bytes. Thus, this optimization also resulise of less of the channel ca-
pacity. There is, of course, a power cost in running the IEBE 81 radio receive hardware
for all packets, regardless of their destination address$ IIBEE 802.11 radio hardware im-
plementations expend significantly less power while rangipackets than they do while

transmitting packets. We have not performed power consieampteasurements of GPSR.
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3.5.4 Planarization Triggers

Both the RNG and GG planarizations depend on having curresitipn information for
a node’s current set of neighbors. We have implemented Hatiapzations, though the
results we present in this thesis use only the RNG. As nodes paglanarization becomes
stale, and less useful for accurate perimeter-mode pagkeafding. In our current imple-
mentation, we re-planarize the graph upon every acquisdfa new neighbor, and every
loss of a former neighbor, as distinguishable by receiptlué@con or data packet (promis-
cuously) from a previously unknown neighbor, and by a beaaoeout for a neighbor,
or MAC transmit failure indication. However, this choicelWiot keep the planarization
current if nodes only moveithin a node’s radio range, but no nodes move into or out of
it. In future, we will incrementally update the planarizatiupon receipt of every beacon
(or promiscuous data packet) from a neighbor, to keep theaplzed graph maximally

up-to-date.

55



Chapter 4

Simulation Results and Evaluation

To measure our success in meeting the design goals for GPSBinwlate the algorithm
on a variety of static and mobile network topologies [23]. i¥eus mainly on the mobile
simulation results in this thesis, as that part of the desjggce is more demanding of a
routing protocol—link additions and removals are far mamgtient under mobility. To
compare the performance of GPSR with prior work in wirelessting, we also simulate
Johnsoret al’s Dynamic Source Routing, DSR [18], [27], which has beennghto offer
higher packet delivery ratios and lower routing protocatihead than several other ad-hoc

routing protocols [7].

4.1 Simulation Environment

We simulated GPSR in ns-2 [39], using the wireless extessaeveloped at Carnegie
Mellon [38]. This simulation environment offers high fidglias it includes full simulation

of the IEEE 802.11 physical and MAC layers. Moreover, by gdime same simulation

56



code base as the measurement study used to evaluate DSRe[@hsarre our results are
directly comparable to those published previously.

The ns-2 wireless simulation model simulates nodes moviraniunobstructed plane.
Motion follows therandom waypoinmodel [7]: a node chooses a destination uniformly
at random in the simulated region, chooses a velocity umipat random from a config-
urable range, and then moves to that destination at the sivedecity. Upon arriving at the
chosen waypoint, the node pauses for a configurable periodeoepeating the same pro-
cess. Inthis model, the pause time acts as a proxy for thedefmobility in a simulation;
longer pause time amounts to more nodes being stationamdog of the simulation.

Our simulations are for networks of 50, 112, and 200 nodehk 8@2.11 WaveLAN
radios, with a nominal 250-meter range. In the simulatiohere we compare GPSR with
DSR, we use simulation parameters identical to a subsebstthsed by Brocht al.[7];
only the number of nodes, in the case of the 112- and 200-riaddations, differs. The
nodes are initially placed uniformly at random in a rectdaguegion. All nodes move
according to the random waypoint model, with a velocity @roaniformly in[1,20] m/s.
We simulate pause times of 0, 30, 60, and 120 seconds, thedtigtobility cases, as they
are the most demanding of a routing algorithm. Brathal. also simulated 300-, 600-,
and 900-second pause times, perhaps in large part becaoss tie routing algorithms
they evaluated (DSDV and TORA) performed well in these ca¥¥s simulate 30 CBR
traffic flows, originated by 22 sending nodes. Each CBR flowdseat 2 Kbps, and uses
64-byte packets. The flows are low-bitrate because the IHEE18 MAC is prone to

congestion, and these simulations are meant to measuragqubtocol behavior, not the
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Nodes Region Density CBR Flows

50 1500 mx 300 m | 1 node /9000 rh 30
112 | 2250 mx 450 m | 1 node /9000 rh 30
200 | 3000 mx 600 m | 1 node /9000 rh 30

50 | 1340 mx 1340 m| 1 node /35912 rh 30

Table 4.1: Simulated Topology Characteristics

limitations of the IEEE 802.11 MAC for data packet capacifackets longer than 64
bytes cause fairness problems in the IEEE 802.11 MAC, aselopgckets monopolize
the channel long enough to cause queue overflow at neiglgpoddes, which defer all
transmission while the channel is in use. Bretlal.simulated a wider range of flow counts
(10, 20, and 30 flows); we simulate only the 30-flow case asctise makes the greatest
demands on the routing protocols: the most data traffic tevdod and most destinations
to which to route. Each simulation lasts for 900 secondsmuated time. We simulate
at each pause time with nine different randomly generatetiomgatterns, and present
the mean of each metric over these nine runs. We present eanédntervals for these
means. The number of simulations made and their duratiomiteldd by their great expense
in computation and storages.g. the ns-2 wireless MAC layer costs time quadratic in
the number of nodes in a simulation for each packet tranainliecause it measures the
received signal strength for every transmitted packet atyemode in order to determine
which nodes receive transmitted packets, and to accourbfaention at nodes other than
the intended receiver. Table 4.1 summarizes the four néttypes we simulate.

Several parameters govern DSR’s operation. We use the raeaned values used

in [7], and show those values in Table 4.2. DSR waits 500 m&dxt retransmits of route
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Parameter Value

Time between route request retransmis00 ms
Size of source route header an+ 4 bytes
Nonpropagating search timeout 30 ms

Time to hold packets awaiting routes | 30 s

Queue size for packets awaiting route<0 pkts
Maximum gratuitous route reply rate | 1/s

Table 4.2: DSR parameters used in simulations.

requests, and backs this value off exponentially when nty iegeceived for successive
route requests. All route requests begin with a single-haadicast that propagates no
further, as an optimization to reduce routing protocol txead for the case when a neigh-
boring node has a route to the destination. When DSR has e faua packet that arrives
for forwarding, it is willing to queue the packet for up to 3@cends to allow a route dis-
covery operation to complete for that packet’'s destinatiéach node is willing to buffer
up to 50 such packets at a time. Gratuitous route repliesraglban a node sees a packet
go by with its own address in a future (as yet untaken) sotwaée hop; in these cases,
the node sends a route reply to the source of the offendinkgpao inform the sender of
the shorter source route that cuts out the hbpfreitself in the route overheard in the
offending packet. DSR will only send a maximum of 1 such gtatis route reply per
second.

These Broclet al. simulated networks are quite dense; thdimension of the space
in which nodes are distributed in their 50-node simulatisnenly 50 meters larger than
the simulated radio range. On average, there is one node @@0® Square meters in these

simulations. A radio range is nearly 200,000 square met&s.a result, there are an
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average of approximately 20 neighbors within range of trexaye node in these networks.
DSR’s caching of overheard routes gives great benefit in danke topologies. And GPSR
can use greedy mode to forward the vast majority of packets.

The last line in Table 4.1 shows a much sparser network caratfligun that we simulate.
In these simulations, the node density is one quarter thieilBroch simulations, and we
use aregion with a square aspect ratio. The purpose of #tiglaup of measurements is to
evaluate the effect of node density on GPSR’s performamoa]irthat greedy forwarding
is used less frequently on sparser networks, as shown ilm8exb.

Our simulations do not include a distributed location dat#bfor annotating packets
with destinations’ positions. Our results here argue that GPSR approach to routing
warrants investigation into efficient location databasesl related work is already under-
way in this area [25]. In these simulation results, we usedaalized location database:
each source annotates packets it originates with the tnaiém of the destination. In this
sense, our results represent the lowest control packetth@adan be expected from GPSR.
Section 5.2 discusses GPSR’s interaction with a locatitabdese further.

Before gathering the measurement results we present hereadated the GPSR im-
plementation extensively by running it on hundredsoh-mobileopologies, over an ideal
MAC layer (the Null MAC [38]), a 2 Mbps, contention-free nair. Our goal in these
tests is to achieve 100% delivery success to demonstrdthth&PSR code makes correct
forwarding decisions. After reaching this 100% goal on thdl MAC, we validated the
GPSR implementation on these non-mobile topologies atem$h802.11 MAC layer, to

verify GPSR'’s response to MAC transmit failure callbacks.
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We evaluate GPSR and DSR using four metrics: packet delsgcgess rate, routing
protocol overhead, optimality of path lengths taken by qetekets, and state per router.
The first measurements we present are for 50-node topolagi@snobility characteris-
tics identical to those simulated in [7], for clearest congaan with prior published results
on DSR. Thereafter, we present and discuss measuremen&works with 112 and 200
nodes, and reveal the scaling properties of GPSR and DSRwsrkeliameter increases.
Next, we investigate the effect of node density on GPSR’topmance. Finally, we con-

clude with measurements of the state used on average in @ateln by GPSR and DSR.

4.2 Packet Delivery Success Rate

Figure 4.1 shows how many application packets GPSR delsugsessfully for varying
values ofB, the beaconing interval, as a function of pause time. Theedayure for DSR is
included for comparison. All data points are bracketed leyrth7.7% confidence interval.
Note the narrow range of values on thexis; all algorithms on this graph deliver over
97% of user packets on average. Only packets for which agasksto the destination are
included in the graph; delivery failure to a truly disconteztdestination does not represent
failure of a routing algorithm. However, as mentioned ahalisconnection of a node is
extremely rare in these simulations, as connectivity isséenAs one would expect, the
decrease in precision of neighbor lists caused by the Idnggeroning interval of 3 seconds

results in a slightly reduced delivery success rate. Bupjitears that there is little added

1The use of 97.7% as the confidence interval is purely to allssvaf 2, an easily remembered integer, as
the quantile of the unit normal distribution in the confidermterval calculation.
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Figure 4.1: Packet Delivery Success Rate. GPSR with vafygagon intervals}, com-
pared with DSR. 50 nodes.

benefit in decreasing beyond 1.5 for the simulated mobility rates and radio rangfés
all pause times simulated, GPSR delivers a slightly grdedetion of packets successfully

than DSR.

4.3 Routing Protocol Overhead

Figure 4.2 shows the routing protocol overhead, measuréatah number of routing pro-
tocol packets sent network-wide during the entire simafgtior GPSR with varying and
for DSR. Because GPSR'’s beacons are sent pro-actively (moddta traffic with piggy-
backed position information), each beaconing intervalltssn a constant level of routing
protocol traffic, independent of pause time (and though vae’'tisimulate it, number of

traffic flows, until application traffic becomes heavy enougfallow nodes never to send
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beacon packets). Because DSR is a reactive routing proibgeherates increased routing
protocol traffic as mobility increases. At all simulatedééssof mobility, GPSR generates
less routing protocol traffic than DSR.

We note with puzzlement that while we believe we run the egante DSR simulator
code as Broclet al, we observe somewhat greater traffic load from DSR than thety d
in the 30-flow DSR simulations in [7]. To compare with thesmppublished results, we
include asecondSR curve, DSR-Broch, in Figure 4.2. Again, our resultshidot GPSR
and DSR, represent means of nine simulation runs. We skeavttiance in the individual
run results; at these four shortest pause times, there sssiasulation sensitivity to the
particular random node placement than there is in longas@dime simulations. In any
event, the contour of their reported curve is the same aftair DSR curve, and GPSR
with B = 1.5 offers between a threefold and fourfold overhead reduatieder DSR. The
contour of the DSR and GPSR curves suggests that as mobiditgases further, GPSR

may offer greater savings in routing protocol overhead.

4.4 Path Length

Figure 4.3 gives histograms of the number of hbpgondhe ideal true shortest path length
in which GPSR and DSR deliver all successfully delivereckpts: The data are presented
as percentages of all packets delivered across all nindaions of GPSREB = 1.5) and
DSR, at all simulated pause times. Here, the “0” segmentaf bar counts packets deliv-
ered in the optimal, true-shortest-path number of hops saledessive bar segments count

packets that took one hop longer, two hops longar, The simulator uses the Floyd-
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Figure 4.2: Routing Protocol Overhead. Total routing pcolgackets sent network-wide
during the simulation for GPSR with varying beacon intesyBl compared with DSR. 50
nodes.

Warshall all-pairs shortest paths algorithm to computedptmal path lengths between
all nodes, and tracks the optimal path lengths as the togatbgnges under mobility.
The simulator must choose an instant at which to decide thiemappath length for each
packet. However, packets are not delivered instantang@esthe optimal path length may
lengthen or shorteduringa packet’s journey across the network. The simulator anbiyr
uses the time of a packet’s origination as the time when thienap path length between
source and destination is sampled. The optimal path lergjties are a good approxima-
tion of the true values, because the period a packet speaw#ssing the network (typically,
a maximum of tens of milliseconds) is not long enough for teotogy to change signif-
icantly. Moreover, this sampling method has an inbuilt biasard underestimatinghe

optimal path length. The shortest path length is boundeovbély the number of end-
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Figure 4.3: Path length beyond optimal for GPSR’s and DSisessfully delivered pack-
ets. 50 nodes.

to-end radio ranges that span the Euclidean distance betsmece and destination; no
packet can make the trip in fewer hops. There is no such tigheubound on the path
length, so the distribution of errors should be skewed toM@nger-than-accurate during a
packet’s trip across the network.

GPSR delivers the vast majority of packets in the optimal beinof hops. Intuitively,
on a dense radio network, greedy forwarding approximatestest-path routing. GPSR
delivers over 97% of its packets along optimal-length pathall pause timesys. under
85% for DSR at all pause times. This difference is attriblgab DSR’s caching, which
reduces the propagation of route requests, but causes@psintal cached path to be used
for forwarding until the it breaks.

There is a slight upward trend in the number of packets GP3iRRedein optimal path
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length as pause time increases.(as mobility decreases). When a new neighbor moves
in range of a forwarding router in such a way that a new shopessible path is formed,
whether or not the new shorter route is used depends on whigthdorwarding GPSR
node learns of the new node’s arrival within its radio rangé¢he time a packet arrives for
forwarding. As mobility decreases, the average lengthroéta new neighbor that allows
a new shortest path has been in range increases, and GPSReitikaly to have heard a
beacon or data packet from the new neighbor that allows a hewtest path. This trend
makes intuitive sense: as the topology varies more sloiygtis a greater chance GPSR’s
pro-active beaconing has had time to describe the new tggolo

There is a slightlownwardtrend in the number of packets DSR delivers in optimal path
length as pause time increases. This trend occurs becau®g@&trally uses a route until
that route breaks; even if a shorter route comes into exastddSR won't discover it until
forced to flood a new route request. When mobility decreaseses break less frequently,
and DSR is slower to learn new, more optimal paths. This tieadit counterintuitive: one
might expect reduced mobility to make routing easier, aeddtore to yield more frequent
use of the shortest path. It is the reactive nature of DSRishaisponsible: DSR’s design
prioritizes avoidance of flooded routing protocol trafficoab discovery of true shortest-

path routes, but below avoidance of network partition foeatthation.

4.5 Effect of Network Diameter

Figures 4.4, 4.5, 4.6, and 4.7 present packet delivery eattboverhead results for larger-

scale, 112- and 200-node networks with identical trafficsesiand node density. Again,
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all results represent the mean and 97.7% confidence inseacadss 9 simulations. In these
measurements, the regions on which nodes move are 2250 byndtfis and 3000 by
600 meters, respectively, such that the number of squarerseér node (9000 #inode)
remains the same as that in the 50-node simulations. Thetimé¢hese simulations is to
evaluate the scaling of DSR and GPSR as network diametezases. When routes are
longer, the probability of a route’s breaking increasese Taffic sources are the same as
in the smaller network simulations: 30 CBR sources of 2 Klgushetransmitting 64-byte
packets. We do not increase the number of flows despite theased number of nodes
in the network because DSR generates routing protocol paokactively, and we seek to
measure DSR’s behavianly on networks of wider diameter, not under workloads with
more destinations.

Note that in Figure 4.7, thg axis is log-scaled. For each number of nodes, GPSR’s
traffic overhead once again remains flat, as it is a non-reagtiotocol. At a constant
node density, network diameter has no effect on GP&iRal routing protocol message
traffic, since GPSR never sends routing packets beyond &diog. This particular met-
ric, network-widecount of routing protocol packets, shows the GPSR beacffictra be
linear in node count, as compared with the 50-node simulati®SR’s traffic overhead
is significantly larger on the wider-diameter, 112- and 2@@le networks, as the protocol
must propagate source route information along the fullflerod a route, and longer routes
break more frequently. DSR’s caching of routes does notdatiis significant message
complexity increase. Note that comparing total numbersofing protocol packets across

the entire network for varying number of nodes unfairly dezes GPSR, in the sense that
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GPSR generates a uniform routing protocol traffic distitnuticross nodes, because it is
purely pro-active and generates beacons at a fixed rate (mpaygybacked position in-
formation on data packets). Because wireless network dggacreases with the spatial
diversity of transmitters, GPSR’s beacons offer the séwoal network load so long as
the densityof nodes remains fixed. In contrast, DSR’s routing protos@rbead is decid-
edly non-linear in the number of nodes, such that the localowk load caused by routing
protocol packets clearly increases significantly in the banof nodes.

GPSR's traffic delivery ratio remains high at all pause tirneghese larger-scale net-
works. It is GPSR’s use of only local topology informatiorathallows the protocol to
maintain this delivery ratio; there is little penalty for SR as the path length from source
to destination lengthens. Moreover, GPSR recovers from ¢dsa neighbor by greedily
forwarding to another appropriate neighbor; this failoieinstantaneous. DSR'’s delivery
ratio decreases considerably in the wider-diameter nétvaaring to DSR’s need to main-
tain full, end-to-end source routes, and re-query thememsingly frequently as diameter
and mobility increase.

Note that the maximum shortest path lengths between nodieese wider-diameter
simulations are still under 16 nodes. We mention this facha€DSR simulator code uses
a compile-time constant for the maximum length of a routeilitad¥scover, and maximum
propagation distance for route requests.

In these 112- and 200-node runs, DSR’s 64-route cache iatfuittually every node.
While the number of destinations in the network is only 30um simulations, DSR caches

multiple routes per destination, and might profit from beaige to cache more routes,
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Figure 4.4: Packet Delivery Success Rate. For GPSR Riithl.5 compared with DSR.
112 nodes.

though at the expense of increased per-router state (seexihsection).

Figures 4.8 and 4.9 show path length histograms for 112- B@eh®dde networks across
all pause times for DSR and GPSR, as presented before foo&@+metworks. Here again,
as was the case in the 50-node path length data, GPSR cotlgi$iteds shorter paths
for a greater fraction of packets than DSR. However, as thwork diameter increases,
both GPSR and DSR deliver fewer packets in the optimal patgtte In the case of
GPSR, the longer the shortest path between two nodes, theegthe chance that the path
includes a node which has just arrived in range of its prestme and isn’'t yet known to
the predecessor at the time the packet reaches the predecessilting in a longer-than-

optimal path? Similarly, the longer a path between two nodes is, the grehtechance

20f course, GPSR will always learn if the shortest path hagimedonger, because this situation cor-
responds to loss of a neighbor, which will be indicated by a®/lAyer retransmission retry failure for that
neighbor.
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that a shorter alternative exists for a portion of the patit [BSR learns new shortest paths
when a path breaks altogether.

GPSR again delivers more packets along the optimal path bitpdecreases in these
larger-scale networks. DSR also shows the same downwand iinehe number of packets

delivered along the optimal path, as mobility decreases.

4.6 Effect of Node Density

In Figures 4.10, 4.11, and 4.12, we provide measurement®8Rzand DSR running on a
50-node network deployed over a 1340-by-1340-meter rediothis section, these results

are averaged over four simulations. The lower density ofesp@ne quarter that in the
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preceding simulations, causes voids to occur more fre@uentaverage, and thus forces
GPSR to forward packets in perimeter mode more often.

It is important to note that as shown in Section 2.5, as nddsvbecome more sparse,
two effects are observed: voids occur along more roateimore destinations are discon-
nected. The presence of more disconnected nodes affebt&SBE&R and DSR, in that both
routing algorithms incur a cost when attempting to route iouareachable destination.
DSR will flood a query, potentially learn a stale cached rpatel requery, until finally no
stale cached routes remain in the network, and no reply takt query returns. At this
point, DSR backs off exponentially on subsequent queriethibsame destination. When
GPSR attempts to route a packet to a disconnected destinttepacket will tour the face
that encloses that destination, and be dropped when itrtesdhat face’s first edge for
the second time. This, too, represents a cost; the tour daidace consumes network
bandwidth for an undeliverable packet. As discussed ini@e&.4, properly engineered
traffic sources are responsible for end-to-end detectiogistfonnected destinations, and
backing off their transmit rates accordingly. We must usa-deferential, CBR sources
to make comparison of routing algorithms possible; if tharses backed off in response
to failure of a routing algorithm to deliver packets, theataele meaning of different algo-
rithms’ packet delivery ratios and routing protocol ovaatiestatistics would be unclear. In
the simulations presented thus far, nearly all destinataye reachable all the time. In this
set of simulations on sparser networks, however, we usedpk KIBR sources, to ensure

neither DSR nor GPSR would congest the IEEE 802.11 netwarluse of the additional
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Figure 4.10: Packet Delivery Success Rate. For GPSRBvithl.5 compared with DSR.
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cost of packets for unreachable destinatidns.

Figure 4.10 shows that GPSR successfully delivers roudigysame percentage of
packets as DSR across all pause times on these sparserksetiMoe curve labeled “greedy
only,” new to this plot, shows the percentage of packets Wexe delivered usingnly
greedy mode. Thus, the gap between the greedy-only curvéh@n@PSR curve shows
clearly the importance of perimeter mode in the robustn&é§RER on sparser networks.
The downward trend in the greedy-only curve is unexpectezitrend suggests that perime-
ters are used more often at longer pause times, and thusdtvabnks whose nodes pause
for longer tend to be sparser than those whose nodes pausedfi@r periods. This analysis

is correct, and the random waypoint model is the cause optleeomenon. Nodes moving

30n properly engineered networks, CBR and other sourcesdmoaldeferential, either natively in the
sources themselves, or as enforced by an acknowledgenatatptin a layer beneath the sending applica-
tion. DSR’s route replies and route errors play the role é&haevledgements in this way.
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under the random waypoint model are in one of two states: ngowr paused. Because
destinations are chosen uniformly at random, a paused scefguially likely to be toward
the periphery of the simulated region or toward the centat. dflowever, moving nodes
aremore likely to be toward the center of the regitrecause on average, a node moving
from one uniformly randomly selected position to anothell teind to cross the center of
the region rather than remain in the outer periphery of tlggore Thus, the greater the
fraction of nodes that are in the moving state, the more efastthe topology is toward the
center of the region, and the greater the fraction of nodasdtre paused, the more rela-
tively dispersed the nodes are. We verified this effect eiegdly by measuring the number
of nodes in the circle of diameter 670 meters, centered il 84-by-1340-meter region,
over time, for each pause time. This property of the randomppwiat model may mirror
reality in some applications, in the sense that in a metitgpoarea, mobile users may tend
to cross the center of the area during the work day, but be dlispersed on average while
stationary in the evening.

Figure 4.11 reveals that GPSR exhibits lower routing proteverhead than DSR on
these sparser networks. The number of packets sent forrdiscted destinations is re-
sponsible for DSR’s increased routing protocol overheaabd that in the dense 50-node
simulations. Moreover, DSR’s caching is likely less effeein sparser topologies than in
denser ones, because nodes promiscuously overhear soutes less often.

Figure 4.12 shows the cost GPSR pays on sparse networksshuotest-path packet
delivery. In these simulations, GPSR delivers more pacikisg longer-than-optimal

routes than in the ones of denser networks. While GPSR slivels more packets than
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DSR in the optimal path length across all simulated pausegjtme fraction of packets for
which GPSR does so decreases as pause time increasesingfleetrandom waypoint
model’s sparser topologies in these cases, and the notestipath nature of perimeters.
For GPSR, the tail of the distribution, contained in te5” bin, is significantly heavier
than itis for DSR in these simulations, and includes a tiagtion (< 0.5%) of packets that
take more than 50 hops longer than the shortest path to readestination. These packets
experience such long paths because they loop temporatilile perimeters change on a

dynamic network; this effect is discussed further in Sethdl.
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4.7 State per Router

When measuring state per router, the relevant metric is timebxer ofnodesin a router’s
tables—not the number of routes. Because DSR uses souttes reach route stored by a
DSR router requires storage for each node along the route.

We measure both GPSR’s and DSR’s average per-node stateefeet of 200-node
simulations with pause time 0. Because the state maintdapednode in these networks
changes constantly, we take a snapshot at time 300.0 secordsh of our 900-second
simulations, and measure the state in use by each node anstamnt. A GPSR node
stores state for 26 nodes on average in the pause-time-@f®simulations. This figure
depends on node density, as the only state a GPSR router isespentry for each of its
single-hop radio neighbors. Note that as number of nodesatwlork diameter increase
in the 50-, 112-, and 200-node simulations, GPSR storesatime gjuantity of state, as the
density of nodes remains fixed.

In comparison, the average DSR node in our 200-node, paugebtsimulation stores
state for 266 nodes—more than the total number of destimsiiiothe network. It should
be noted that this value for DSR is clamped by the fixed-sizger@ache in the DSR
simulator’s implementation; this cache is limited to 64 tess While DSR might profit
in robustness from a larger route cache, the state cost er wdl increase dramatically
as the network size increases, and increasingly many moeesdi routes are discovered.
A larger DSR route cache will also store more broken routssmability and network
diameter increase. Figure 4.13 compares the state sizedstor average by DSR and

GPSR, in both nodes and bytes.
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When routes are longer in hops, DSR will store more state @t eauter. Thus, DSR
stores state proportional to the network diameter. A DSRemoalso will store routes for all
destinations for which packets arrive, so DSR also stoggs gtroportional to the number
of destinations in a traffic workload.

Each node stored in a GPSR router’s neighbor table argu&llyines more storage
than a node stored in a DSR router’s table, as GPSR routerstraak the positions and
addresses of their neighbors, while DSR routers need oatk tthe addresses of hops in a
source route. GPSR uses 12 bytes for each neighbor in its; s 4-byte floating point
values for position coordinates, and 4 bytes for addresskR D&es 4 bytes per address.
However, this is a constant factor difference, dominatgagdotically by the number of

nodes stored.
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Chapter 5

Discussion and Future Work

In this chapter, we describe the characteristics of netsvautkere we expect GPSR to work
best and worst; discuss system design choices for GPSR metwand suggest future

directions for extending and enhancing GPSR.

5.1 GPSR’s Properties

The mobile simulation results presented in Chapter 4 shatv@PSR remains robust on
networks of increasing diameter and node count, while oairig to exhibit small routing
protocol overhead. The simulated networks were all of edeakity to those simulated by
Brochet al.in [7]. The density of these networks has an important ingtian for GPSR:
it means that greedy forwarding can be used for the vast ihajfrpacket forwarding de-
cisions. This relationship between density and the suctfep®edy forwarding alone was
shown in Chapter 2. Greedy forwarding approximates shop@ths well on these dense

networks, and its use of only local topological informatatows it to recover quickly from
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the loss of a neighbor, and benefit quickly from the acquisitf a neighbor.

On sparser networks, perimeter mode will be used more fratjuePackets that use
perimeter mode tend to be delivered in longer than the ssep@th number of hops for two
reasons. First, a packet may greedily traverse hops thaittak a “blind alley” toward the
destination, that must effectively be retraced in perimetede. Second, perimeter mode,
is by nature circuitous in the paths it traces around plaaaed, which only use a subset of
the full radio graph’s edges.

In addition, perimeters are less robust than greedy foriwgrdnder mobility. While
a packet tours the interior of a planar face, the topology d@nge such that an inner
face, that shares its boundary with the outer face the pagketouring, but is narrower in
diameter than the outer face, closes around the packet.ifres face may not cross the
line between the packet’s point of entry into perimeter madd the packet's destination.
If it does not, the packet will endlessly loop around the mfaee, until the inner face
reopens or moves to cross the line to the destination, orthetpacket is dropped when its
time-to-live maximum hop counter reaches zero. An examptkie phenomenon appears
in Figure 5.1. HereS sends a packet tD, and while the packet traverses the perimeter
of the large void by the right-hand rule, nodenoves such that the two dashed edges are
newly created. Because the new inner perimeter involxidges not cross the line from the
point of entry into perimeter mode 1, the packet will loop on the inner perimeter until
its TTL is decremented to zero. Note that the first edge of titergperimeter recorded in
the packet by GPSR is not useful in detecting this inner loop.

It is important to note that the described inner-face phesrmon occurs less frequently
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Figure 5.1: An inner perimeter closing around a packet.

as density decreases; the closing of an inner face requir@ssrto be placed to form an
entire face within the outer one. This relationship is voas, in that perimeters are used
for forwarding more often as density decreases. Perimetetenis sufficiently robust on
sparse, mobile networks to contribute significantly to tkecpntage of packets delivered
successfully by GPSR, as shown in the sparse network resuhe previous chapter.

Few routing protocols are loop-free on dynamic topologi€ee small class that are
trade off routing protocol overhead for loop freedom—thend protocol messages in an
attempt to force consistency on the routes chosen at nofittge fopology changes more
quickly than they respond, these protocols suffer unrdaitihaof destinations. This phe-
nomenon is clearly demonstrated in [7]: the DSDV protoca@susequence numbers to
force consistency on routes. When the protocol doesn’tesgirely push sequence num-
ber changes (caused by route changes) throughout the tketivéails to route to many

destinations. When it does push sequence number changessiggly, it generates large
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routing protocol overhead. DSR is immune to looping tratiiecause it uses source routes,
which can be constructed so as not to contain cycles. Howiégeffers similarly as DSDV
does under mobility: as shown in Chapter 4, DSR must genkage volumes of routing
protocol traffic to relearn working, loop-free routes on melmetworks of wide diameter.

The majority of routing protocols, which are non-loop-freeder dynamic topologies,
exhibit transient looping behavior after topology changEse inner face behavior is tran-
sient in this way: once the inner face forms, it only trapske#€ inside it, and subsequent
packets between the same source and destination pair wititvarded without looping.
An adversary can always move nodes so as to provoke looplmeyime by these protocols,
and can do so in GPSR by endlessly creating new inner faces.

Synthesizing the above, we take the view that perimetera geovery mechanisior
greedy forwarding. They allow greedy forwarding to reacl8%of connected destinations
on static networks, and improve the robustness of greedyai@ing on mobile networks,
as well. The classic challenges for routing protocols arging on dynamic topologies,
topologies with numerous nodes, or topologies with botlseheharacteristics. GPSR has
been shown to scale well on dense, large-scale mobile nietwasrd on sparser mobile
networks. It also will scale well on relatively static topgies with large numbers of nodes
(e.g, rooftop networks [37]), where pushing global state, evéreguently, is prohibitively
expensive because of the number of destinations in the netwo

We expect that for any fixed node density, as the diametereoh#twork increases,
there exists a threshold diameter beyond which GPSR willelebh greater fraction of

packets successfully than DSR. The measurements in SdcEamow this trend on dense
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networks. On sparser networks, GPSR will use perimetererfrequently. Perimeter-
mode forwarding is less robust than greedy-mode forwardimger mobility. Starting from

a 50-node sparse network of the type simulated in Sectigriet.gs build a wider-diameter
network of equal density, by tiling several such 50-nodespaetworks adjacent to each
other, in am-tile-by-n-tile grid. The average end-to-end route length in the witlameter
network increases with. And the frequency with which a DSR source route breaks on
average will also increase with Thus, as network diameter increases, under mobility, the
routes learned by a source node under DSR will be valid fog@ssively shorter intervals,
and in the limit, a DSR source will not succeed in learningtesuhat are still valid by
the time they return, if they return at all. In contrast, GP&s not use end-to-end state
in forwarding. Thus, the chance that GPSR succeeds in fdinga packet at each hop,
whether in greedy mode or perimeter mode, depends only otota topology, which
depends on the density of nodes and mobility rate, and nohétwork diameter. On
average, GPSR should succeed in routing a packet acrosoetahn? tiles with equal
probability. This argument suggests that GPSR will offevdo delivery success rates as
network diameter increases, as is borne out in the resufthapter 4. In summary, each
GPSR forwarding decision uses only local state, whose acgusindependent of network

diameter while DSR uses end-to-end state, whose accullapgnds on network diameter

5.2 System Design for GPSR Networks

The addition of location registration and lookup traffic éolocation database will increase

GPSR’s overhead. For bidirectional traffic flows between erodes, a location database
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lookup will often need only be performed by the connectiatiator at the start of a con-

nection; thereafter, both connection endpoints keep onthanapprised of their changing
locations by stamping their current locations in each datket they transmit. In this case,
the actual location database lookup is a one-time, DNSldi&kup.

It is important to note that GPSR decouples participatiamirting as a forwarder from
participation in the location database. Only nodes thatraféic destinations need send
location updates to the database, and only nodes that atggiraffic need send location
gueries to it. In a dense sensor network [19], it is easy tagim&aconfiguring only a small
subset of sensor nodes to take measurements at only thatqooiets of interest, by flood-
ing a few configuration packets through the network. The radex of the sensor network
can provide a robust transit network for the collection ofasirements from sensors to the
measurement point, with GPSR’s beacons as their only ryyaiotocol traffic—without
generating any traffic to and from the location database.

In some networks, a destination may inherently have a wedlakn location. For exam-
ple, the position of one or more fixed data collection poiotsd sensor network may be
known to all sensors, in which case no location databasesdate

It is also important to note that queries and registratiandtie location database are
routable using GPSR itself; the queries and registratioasgaographically addressed.
GRID [25] is an instance of just such a location databaseeBystvhose packets are all
generated with native geographical addresses.

Storing nodes’ velocity vector information in the locatidatabase, besides their in-

stantaneous positions, would allow extrapolation of nbgesitions without additional
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gueries to the location database. This technique is pragisecause the predictability of
an object’s motion tends to be correlated with the objedlseity (e.g.,passenger jets, au-
tomobiles on Interstate highways), though there are ofsmaxceptions, such as military

fighter jets.

5.3 Future Work

One assumption in the use of planar perimeters we woulddike/estigate further is that a
node can reach all other nodes within its radio range. The GERNG planarizations both
rely on a node’s ability to accurately know if there is a waae within radio range, when
considering elimination of an edge to a known neighbor. G of the GG and RNG can
disconnect a graph with particular patterns of obstaclésédxn nodes. This disconnection
is easily avoided by forcing the pair of nodes bordering agedd agree on the edge’s fate,

with two rules:
e Both nodes must decide to eliminate the edge, or neithedeio.

e If both nodes decide to eliminate the edge, they must agree @ammmonw (i.e.,

there must be a transitive path through a witness theybotimreach).

However, this modification to the planarization algorithmid make the RNG and GG

planarizations leave one or more crossing edges in thegmgegith obstacles. We intend
to study these cases further. One promising approach imngealth such obstacles may
be to have obstructed nodes choose a reachzdimer node elsewhere in the network,

and route via the partner for destinations that are unrddeHzecause of local failure of
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the planarization. One engineering choice that can assiavoiding difficulties caused
by barriers to radio propagation is to choose a conservé#tineshold distance for the ra-
dios, and to ignore links to neighbors who are reachabledmatéd beyond this threshold.
Such a choice allows one to deploy nodes more densely to emgaway barriers to radio
propagation. For example, 900 MHz battery-powered radiosh as Metricom Ricochet
radios, which transmit at 1 W, propagate their signal so welbors that a single radio on
the top floor of a large building can reach other radios at amigtgn the building. Thus,
it is possible to build radios where barriers such as mudtiphlls and floors still allow a
reasonable conservative threshold distance under whiwhemivity is assured.
Hybridizing GPSR with Distance-Vector routing may both moye GPSR’s robustness
in the presence of obstacles, and allow GPSR to recover frgarecision in the destination
location stamped in a packet, caused by the continuing maticghe destination between
the time it reported its location to the location databas# \ehen a packet is forwarded
using that imprecise location. First, we note that the besgpprotocol conducted by
GPSRis a kind of Distance-Vector routing, where the propagationades’ information is
limited to a single hop. A&-hop Distance-Vector protocol propagates nodes’ posaiush
transitive reachability information fdt hops. Increasing in GPSR’s beaconing protocol
would provide information to nodes about the entire set athable destinations within
k hops of them. Obstacles are most often local phenomena.litedahortest-pathké
hop DV) routing would assist nodes in forwarding around lamastacleswithout using
perimeters. Moreover, a packet only needs to reach a notdléwihops of the destination’s

current position to be forwarded successfully to the dasitom. So increasing would
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increase GPSR'’s tolerance for imprecision in packetsidason location fields. Of course
increasingk will increase GPSR’s routing protocol overhead, both beeatie number of
nodes mentioned in a beacon packet will increase, and becanie frequent beacons will
be necessary to keep consistent topological state at adisnod

While we have shown herein the benefits of geography as a ¢oachlable routing
systems, measuring the combined behavior of GPSR and adoakdtabase system will
reveal more about the costs of using geography for routingefficient distributed location
database would provide a network service useful in manyrdtivation-aware computing
applications.

A comparison of the behavior of GPSR using the RNG and GG pileateons would
reveal the performance effects of the tradeoff between teatgr traffic concentration that
occurs in perimeter forwarding on the sparser RN&the increased spatial diversity that
the RNG offers by virtue of its sparsity. Even outside theteghof GPSR, it may be the
case that limiting edges used for forwarding in a radio nekvito those on the RNG or GG
may reduce contention and improve efficiency on MAC protesansitive to the number
of sending stations in mutual range.

Provisioning of bandwidth for geographically routed netkgis an open problem. On
wired networks, low capacity links exist at the edges of teework, which aggregate into
higher capacity links, and so on; capacity is provisionesgtdrchically, and hierarchical
routing (BGP over an intra-domain routing protocol) matettee hierarchical capacity. On
a naive rooftop network in a metropolitan area, where aliaadhave equal capacity, “hot

spots” of traffic concentration can cause congestion. Thesepots will occur when con-

89



nections are geographically routed through the same regidm believe that geographic
routing is naturally suited to a new kind of traffic provisiog that is not hierarchical, but
geographic. Specifically, at flow setup time between a soanckdestination, a random
geographic waypoint (or set of waypoints) can be chosentlaadlow forced to traverse
those waypoint(s). The effect of such a scheme would be teaspthe traffic spatially
across the network. Routes would become non-shortest-patiihat effect exists in to-
day’s hierarchically provisioned networks. In fact, theeagtional definition of provision-
ing is elevation of capacity’s importance above hop count’saking routing decisions.
The fundamental reason that this scheme can work is that drebess networkcapacity
is correlated with geographyince spatial diversity increases capacity.

Hierarchy, useful in improving the scalability of wired &mhet routing systems, should
enhance GPSR’s scalability as well, in networks where thsrestatic boundaries for rout-
ing sub-domains. In networks whose nodes have heterogsmadio ranges, and which
are therefore not unit graphs, GPSR may not be able to makefuke longest links. A
campus comprised of intra-campus links up to 250 m in lengdly hlave a 2 km point-
to-point link to another site that terminates in the cenfahe local campus. If the entire
network is a single geographic routing domain, nodes latastween the center of the
local campus and the remote site will forward greedily taivdre boundary of the local
campus, and the path to the remote site from this boundanaticonsist of faces that are
progressively closer to the destination, as is the casetimanks that are unit graphs. Hi-
erarchy can salvage this situation: nodes inside the laraptis can geographically route

packets destined for outside the campus to position of thgaa gateway. Intra-campus
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links comprise a unit graph with one threshold, and intempas links comprise a separate
unit graph, the upper level in the hierarchy, with a greateeshold. Finn [10] touches on
the potential utility of hierarchy in greedy geographictiog.

We hope to extend GPSR for hosts placed in three-dimensspaale, beyond the flat
topologies explored in this thesis. Greedy forwarding eatesimply to three dimensions.
However, a three-dimensional analog for planar perimetevdrding is harder to achieve.
A promising approach is to implement perimeter forwarding 3-D volumesrather than
2-D faces. There exists an algorithm for computing the Reddleighborhood Graph for
a set of points placed in three dimensions [40] (the resudt ggaph in which no plane
cutting the 3-D space contains two crossing edges—a ldikieestructure). However, this
algorithm is not distributed in the way the two-dimensionak is; it requires the entire
topology be known to a single entity computing the RNG. Traiwg the surfaces of these
volumes will be more akin to search than to the straightfodyeycle-traversing right-hand

rule.
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Chapter 6

Related Work

Finn [10] is the earliest we know to propose greedy routiniggithe locations of nodes. He
recognizes the small forwarding state greedy forwardimgires, and observes the failure
of greedy forwarding upon reaching a local maximum. He ps&sdlooding search for a
closer node as a strategy for recovering from local maxima.

We first propose greedy forwarding and perimeter traversg2], as briefly discussed
in Section 3.1. This work simulates this older algorithm aatis networks, in a very
idealized (contentionless, infinite bandwidth) simulatomd presents the state per node
(including perimeter node lists, notably absent from therenit work), message cost from
cold start to convergence, and frequency with which routesnat found, because of the
imperfect no-crossing heuristic. This prior work does ntf¢loany mobile simulation re-
sults, and the earlier algorithm suffers in many ways frasmitaintenance of state beyond
neighbor lists at all routers: increased state size fompeter lists at all nodes, periodic

pro-active routing protocol traffic that perimeter probengrate, and staleness of perime-
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ter lists that would occur under mobility. The unreachapibf even a small fraction of
destinations orstatic networks because of the failure of the no-crossing hearistalso
problematic; such routing failures are permanent, notsitary.

Johnson and Maltz [18] propose the Dynamic Source RoutirgR)Dprotocol. DSR
generates routing traffic reactively: a router floods a roetgiest packet throughout the
network. When the request reaches the destination, thendgsh returns a route reply
to the request’s originator. Nodes aggressively cacheesotltat they learn, so that inter-
mediate nodes between a querier and destination may sudrgqreply on behalf of the
destination, and limit the propagation of requests. Momendly, Hu and Johnson [16]
evaluate a variety of caching schemes for DSR under severaility models, and present
measurements of their relative performance taken on 5@ netivorks.

Brochet al.[7] compare the performance of the DSDV, TORA, DSR, and AODw\¥
ing protocols on a simulated mobile IEEE 802.11 network. yTsienulate networks of
50 nodes, under a range of mobility rates and traffic load®irTtheasurements show the
effectiveness of DSR’s caching in minimizing DSR’s routprgtocol traffic on these 50-
node networks. DSR and AODV deliver by far more packets ssafadly with by far less
routing protocol overhead than the other algorithms mesbwhen mobility is most rapid.
In the interest of comparability of results, we use this vi@ris simulation environment for
IEEE 802.11, a two-ray ground reflection model, and DSR.

Ko and Vaidya [24] describe Location Aided Routing (LAR), @ptimization to DSR
in which nodes limit the propagation of route request packetthe geographic region

where it is most probable the destination is located. LARSUs®se DSR to establish first
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connectivity with a destination; thereafter, a route geieleéarns the destination’s location
directly from the destination node, and uses this infororato mark route requests for
propagation only within a region of some size about the dattin’s last known posi-

tion. Like DSR’s caching, LAR is a strategy for limiting thegpagation of route requests.
When a circuitous path, outside the region LAR limits rougguest propagation within,

becomes the only path to a destination, LAR reverts to DSB&dihg-with-caching base

case. Under LAR, DSR'’s routes are still end-to-end sourageso Geography is not used
for data packet forwarding decisions under LAR; only to seoputing protocol packet

propagation.

Basagnet al.[2] present DREAM, an integrated location disseminatioth@@ographic
routing system. In DREAM, all nodes store a location tabl@piag every node’s address
to its position. Every node originates position reportsigiically, at a rate proportional
to its own mobility rate. Position reports are flooded, bugytlare propagated varying
distances. Nodes originate position reports most fredyeiith short distance propagation
limits, and most rarely with long €., network-wide) propagation limits. In this regime, the
precision of a location table entry for a destination is ¢getin nodes near that destination,
and progressively less in nodes increasingly farther awldys strategy avoids flooding
position reports network-wide as frequently as a naive floggrotocol, and exploits the
fact that the direction of the destination is less senstt\arror in the destination’s position,
the farther one is from the destination. Packets are markéy with the destination’s
address. To forward a packet, a node looks up the locatioheotiestination in its local

location table, and forwards the packet to all its neighlbotise direction of the destination,
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where “in the direction of” is defined as within an arc centeoa the destination. DREAM
uses the estimated movement rate of the destination to bitnendestination’s position
within a circular region. The arc inside which the packetisvarded is bounded by the two
lines from the forwarding node that are tangent to this eiadbout the destination. When
the forwarding node has no neighbors within this arc, it drtpe packet. DREAM forces
all packets to be sent reliably by their originator, and thiginator falls back on flooding
(or other techniques, unspecified by Basagal.) to discover a route to the destination
when no acknowledgement returns for a packet. DREAM cawveledixponentially many
copies of a packet to the destination; at each hop, the paciatvarded toall neighbors
within the arc in the appropriate direction, and those digiés are in turn duplicated at
subsequent hops. The authors argue that this packet diigicea robustness feature, but
it is unnecessarily wasteful of the network’s capacity. aimd Stojmenovic [26] present an
example in which DREAM will loop traffic, even onsaticnetwork, assuming a relatively
large forwarding arc. However, because the choice of arawthe destination hasfaed
position is not explained in [2], this example may or may netélevant

Li et al.[25] propose GLS, a scalable and robust location databaseg&wographically
addresses queries and registrations. Their system dyalyngelects multiple database
servers to store each node’s location, for robustness stgsénver failure. This property
also ensures that a cluster of nodes partitioned from theiireher of the network con-
tinues to have location database service, provided by nodete the cluster. GLS uses a

geographic hierarchy to serve queries at a server topatgidose to the querier. The sys-

1As specified in [2], one would expect the arc to be zero degrdes the position of the destination is
fixed. But this would mean the forwarder would forward onlyntmdes exactlpnthe line to the destination.
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tem spreads the work of the location database evenly aclassdes, by usingconsistent
Hashing[20] to induce separate caching hierarchies for each nguesiion information.
Boseet al. [5] independently investigated the graph algorithms fordering a radio
network’s graph planar. They suggest the Gabriel Graph aaradlyze the increase in path
length over shortest paths when traversing a graph usihgperimeters. Motivated by the
longer-than-optimal paths perimeter traversal alone fitiolsy suggest combining planar
graph traversal with greedy forwarding, and verify thatstcbmbination produces path
lengths closer to true shortest paths. They present thgseithins at an abstract level.
They do not present a routing protocol, do not simulate a agtwat the packet level, and
assume that all nodes are stationary and reachable. Insedeversion of this work [6],
Boseet al. state that the extension of their static graph traversairdlgns to dynamic,
changing networks is an open problem, and that they are ersgfunow to evaluate the

mobile versions of their algorithms in simulation.
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Chapter 7

Conclusion

We have presented Greedy Perimeter Stateless Routing, GP®Rting algorithm that
uses geography to achieve small per-node routing statd] ssaéing protocol message
complexity, and extremely robust packet delivery on dgndeployed wireless networks.
GPSR forwards greedily where topology allows, and benefits fthe robustness and ten-
dency toward shortest paths of greedy forwarding. Wheredydorwarding is impossi-
ble, GPSR uses perimeter forwarding to recover, and reaefgiarr of the network where
greedy forwarding can resume. Perimeter forwarding diesiigom shortest paths, and is
sometimes transitorily less robust for packets in mid-draal on a perimeter that changes.
GPSR scales well as the number of nodes and mobility rateaser Our simulations on
dense mobile networks with up to 200 nodes over a full IEEE. BDMAC demonstrate
GPSR’s scalability: GPSR consistently delivers upward848f6 of data packets success-
fully; it is competitive with DSR in this respect on 50-nodetworks at all pause times,

and increasingly more successful than DSR as the numberd#sniocreases, as demon-
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strated on 112-node and 200-node networks. GPSR genevatasyrprotocol traffic in a
guantity independent of the length of the routes throught#tevork, and therefore gener-
ates a constant, low volume of routing protocol messagesadity increases, yet doesn’t
suffer from decreased robustness in finding routes. DSR nuesty longer routes as the
network diameter increases, and must do so more often aditpaiireases, and caching
becomes less effective. Thus, DSR generates drasticaly raoting protocol traffic in our
200-node and 112-node simulations than it does in our 5@ paés. Finally, GPSR keeps
state proportional to the number of its neighbors, whildhiadffic sources and intermedi-
ate DSR routers cache state proportional to the produceafitimber of routes learned and
route length in hops.

We note that DSR by design does not make use of geographieriafmn. This point,
while far from subtle, is worth mentioning explicitly becaGPSR benefits greatly from
using information beyond that available to DSR.

In this thesis, we contribute:

An architectural description of geographic forwarding ascaling strategy for rout-

ing, and its relationship to hierarchy and caching, two otbating scaling strategies.

A description of application areas where routing facesisgathallenges in number

of nodes and rate of motion of nodes.

The application of planar graphs to routing for wirelessnweks, to allow recovery

from greedy forwarding failure on all static networks.

The GPSR routing algorithm, which performs all forwardingctsions at a node
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usingonlyinformation concerning that node’s immediate, single-hefghbors.

e The full, dynamic GPSR routing protocol, designed for radhass on mobile net-
works, including integration with feedback from the MAC &ydynamic triggering
of the planarization algorithm, and support for detecting aropping packets for

disconnected destinations.

e A detailed, simulation-based performance evaluation ef&PSR and DSR mobile
routing protocols on mobile networks, that shows GPSR scaigl in increasing
number of nodes and mobility by keeping small state, and shitvat DSR-style
source routing with caching does not scale, because cdslafigctiveness declines

with mobility and network diameter.

GPSR'’s benefits all stem from geographic routing’s use of oniediate-neighbor in-
formation in forwarding decisions. Routing protocols thely on end-to-end state concern-
ing the path between a forwarding router and a packet’s rkgt#din, as do source-routed,
DV, and LS algorithms, face a scaling challenge as netwaakndter in hops and mobil-
ity increase because the product of these two factors detesnthe rate that end-to-end
paths change. Hierarchy and caching have proven succésschling these algorithms.

Geography, as exemplified in GPSR, represents another fad\weer for scaling routing.
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