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Abstract:  Wireless sensor networks have attracted great attention in research and
industrial development due to its fast-growing application potenti als. New techniques
must be developed for sensor networks due to their lack of infrastructure support and

the constraints on computation capability, memory space, communication b andwidth,

and above all, energy supply. To prolong the life time of a battery-pow ered sensor
network, an energy ezxcient routing algorithm for data collection is essen tial. We

propose a new geographic routing algorithm that forwards packets from sensors to

base stations along ezcient routes. The algorithm eliminates the voids th at cause
non-optimal routing paths in geographic routing. It replaces the right-han d rule by

distance upgrading. It is fully distributed and responds to topology ch anges instantly
with localized operations. We formally prove the correctness of the al gorithm and

evaluate its performance by simulations.

Keywords: sensor networks; geographic routing; data aggregation.

Reference to this paper should be made as follows: Shigang Chen, Guangbin Fan,
Jun-Hong Cui, Avoid \Void" in Geographic Routing for Data Aggregation in Sens or
Networks, International Journal of Ad Hoc and Ubiquitous Computing (IJ AHUC),

Special Issue on Wireless Sensor Networks, vol. 2, no. 1, 2006.

Biographical notes:  Shigang Chen received his B.S. degree in computer science from
University of Science and Technology of China in 1993. He received M.S. ard Ph.D.
degrees in computer science from University of lllinois at Urbana-Ch ampaign in 1996
and 1999, respectively. After graduation, he had worked with Cisco Systems for three
years before joining University of Florida as an assistant professor in 2002. His research
interests include network security, quality of service, and sensor networks.

Guangbin Fan is currently an Assistant Professor in the Department of C omputer and
Information Science at the University of Mississippi. He receive d his B.S. in Computer
Science from Shandong University in 1997, the M.E. in Computer Applic ations from
Renmin University of China in 2000, and the Ph.D. degree in Computer Sc ience from
the University of Alabama in 2003. His research interests include wir eless networks,
data management, and computational geometry.

Jun-Hong Cui received her B.S. degree in Computer Science from Jlin University,

China in 1995, her M.S. degree in Computer Engineering from Chinese Academy of
Sciences in 1998, and her Ph.D. degree in Computer Science from UCLA in2003.
Currently, she is an assistant professor in the Computer Science and Engineering De-
partment at University of Connecticut. Her research interests are in computer networks
and data communications.



geolocations may be blocked from moving closer to a base
1 Introduction station due to the lack of relaying nodes to cross the void.
The current solution is based on the \right-hand rule” [9],

Sensor networks provide a critical infrastructure that which routes a packet around the void. However, the right-
can be quickly deployed to extract information from the hand rule may produce inexcient routing paths as shown
surrounding environment [1]. Due to economic and de- in the “gure, particularly for an open void.
ployment considerations, sensors are typically small with
very limited storage and computation power. They run
on batteries, which makes energy conservation a top is-
sue. They communicate through short-range radio, which
makes multi-hop routing a necessity in order for informa-
tion to reach a remote destination.

For the vast majority of applications [2{6], the most im-
portant communication is from sensors to base stations,
which is also the focus of this paper. A simple approach is
to bUi.l_d a sink tree from_ the sensors 1o each base station. sensors, we are able to direct the packets along excient
Speci cally, a base station broadcasts a conrol MESSage, outes towards the base stations, as illustrated in Figure
and the reverse broadcast tree can be used by the sen-,
sors to route packets to the base station. The problem of
this approach is the maintenance overhead due to topology The rest of the paper is organized as follows. Section
changes. A sensor network evolves over time with existing de nes the sensor-network model and makes assumptions.
nodes being demaged or running out of power while new Section describes the void problem in geographic rout-
nodes being deployed. A network may also be con gureding. Section 3.2 presents the distance-upgrading algorithm.
such that only a portion of the sensors are active at a time Section 4.3 presents the simulation results. Section 5.6
in order to conserve energy [7]. The sensors in the sleepdraws the conclusion.
mode do not participate in relaying packets. As sensors
take turn to sleep and be active, the network topology
changes. Therefore, periodic broadcasts are necessary to :
maintain the sink trees. There exists a tradeo® between 2 Assumptions
the accuracy of routing information and the overhead of

maintaining such information. Frequent broadcasts drain A sensor network consists of a set of sensors and a set
the power. Infrequent broadcasts may result in broken sink o pase stations. Two sensors are neighbors and can di-
trees that are not in compliance with the underline topol- rectly communicate if they are in the transmission range
ogy. The same thing is also true for the “ooding-based link of each other. We assume each sensor knows the set of its
state algorithms .and the_dista.nce vector algorithms that neighbors via a neighbor discovering protocol. The sensors
employ progressive °ooding with slow convergence. share the same wireless media, and each packet is transmit-

One solution is geographic routing (BMSU [8], GPSR ted as a local broadcast in the neighborhood. We assume
[9], SPEED [10], and FGG [11]), where each sensor knowsthe existence of a MAC protocol, which resolves the media
the location coordinates of itself, its neighbors, and the contention and ensures that, among the neighbors in the
base stations. The routing strategy of a sensor is simply to |ocal broadcast range, only the intended receiver keeps the
forward its packets to the neighbor that is closest to a base packet and the other neighbors discard the packet. The
station. Because there is no routing information (other sensors are statically located after deployment. We do not
than the set of neighbors) to be maintained, the routing consider mobile sensors that form a dynamic ad-hoc net-
paths instantly adapt to the change of the topology. On work. We study the data packets sent from sensors to base
the other hand, the geographic routing also has two major stations. Assume that the base stations are connected via
problems. an external network to a data collection center. A data

2 First, it is not applicable if the sensors do not have packet may be sent to any base station as long as there
the capability of knowing their location coordinates. This exists a routing path. Suppose a sensor knows the coordi-
problem can be solved by virtual coordinate systems such nates of its geolocation. This is a reasonable assumption
as NoGeo [12], GEM [13], and BVR [14]. The virtual coor- because many monitoring applications require the knowl-
dinates require sensors to know the hop distances to certain edge of where the sensor data are generated, which in turn
reference points, and the hop distances require periodicrequires the sensors to know and report their geolocations
broadcasts to be kept up-to-date. [1].

2 Second, there may be void(s) between a source sensor
and a base station, as illustrated in Figure 1. A void is an
area that has no active sensors. A routing path based on

This paper addresses the inexciency problem of the
right-hand rule in data aggregation from sensors to a set
of base stations. We propose a new algorithm, called Dis-
tance Upgrading Algorithm (DUA), which avoids \voids"
without the use of the right-hand rule. The basic idea is
that, if a packet has to detour around a void from a sensor
to a base station, then the e®ective distance between the
sensor and the base station is larger than the Euclid dis-
tance. By appropriately upgrading the distances of some

3 The \Void" Problem in Geographic Routing
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3.1 Geographic Routing

Consider a setN of sensors and a seB of base stations.
After the sensors and the base stations are deployed, eac

base station broadcasts a welcome message including |ts‘I

location information. A sensorx learns the set of reachable
base stations from the welcome messages. It calculates the
distance d(x) to the nearest base station. In the rest of
the paper, when we saythe distance of a sensor* , we
mean\the distance of the sensor to its nearest base
station"

Let Ny be the set of neighbors ofx. Sensorx learns
d(y);8y 2 Ny, by exchanging the distance information
with its neighbors. Consider the routing strategy of for-
warding a packet to any neighbor with a smaller distance
This strategy makes sure that the packet will eventually

reach one of the base station. The set of next-hop neigh-

bors is de ned as
Rx = fyjd(y) <d(x);y 2 Nxg (1)

We say there exists arouting link (x;y) if y 2 Rx. Note
that distance values of two neighbor nodes determine the
direction of a routing link. For any routing link ( x;y),
d(x) > d(y) by de nition. All routing links form the rout-
ing graph, which is acyclic. The graph allows multiple rout-
ing paths from a sensor to the base stationsx is called a
dead endif Ry = ;.

A greedy routing algorithm will always forward a packet
to the neighbor with the smallest distance. Other rout-
ing algorithms may consider energy availability, congestion

h

" can always route a packet out of a dead end [9].

mode, where the routing is performed on a planar graph
embedded in the sensor network. The “rst forwarding link
is identi ed by counter-clockwise rotating the line from the
dead end to the base station. Then, the next forwarding
nk is identi ed by counter-clockwise rotating the previous
forwarding link. The packet carries the location of the dead
%&nd. It resumes the greedy mode when reaching a sensor
that is closer to the base station than the dead end. In
Figure 4, the left-hand plot shows that a packet is routed
from v to the dead end, where the greedy mode is switched
to the perimeter mode. In the middle plot, the packet is
routed back to v according to the \right-hand rule". In
the right-hand plot, the packet is then routed from v to
the base station. It was proved that the \right-hand rule"
But it
may create a routing path that is very inexcient. Ideally,
the packet should directly take the path in the right-hand
plot of Figure 4 without going from v to the dead end and
then back to v. In other words, a good solution is notto
get out of a dead endut to not get into a dead end in the
“rst place.

4 Distance Upgrading Algorithm (DUA)

4.1 Motivation

Our basic idea is to remove all dead ends by transforming
the routing graph. This global objective must be achieved

level, load balancing, and real-time requirements. These through a completely distributed process. Finding a so-

subjects are beyond the scope of this paper.

3.2 Problem of Void

The problem of geographic routing is that packets may
be routed to a dead end. Consider the example in Fig-

lution requires a closer examination of the concept of dis-
tance. Refer to Figure 3. There is a fundamental di®erence
between the distance from a white circle to the base sta-
tion and the distance from a gray circle. The former is
realizable by a path in the routing graph, but the latter
is not because the void blocks the geography-based rout-

ure 3, where the white/gray circles represent sensors anding path. To reach the base station, a packet from the

the black circle represents a base station.

The distance dead end has to take a detour along the boundary of the

from a sensor to the base station is labeled beside the senvoid. The actual distance traveled is much longer than
sor. Suppose there is no sensor to the right of the dashedthe Euclid distance. Because the distance values of the

line, which outlines an open void. The void may be a dis-

sensors determine the routing paths, without changing the

aster area where all sensors are destroyed, or it may be ageographic routing algorithm its_elf, we can transform the
bay where the sensors cannot survive. There is a singlerouting graph to Figure 5 by arti cially increasing the dis-
dead end, which does not have any neighbor that is closertance value of the dead end.

to the base station. Once a packet is routed to the dead
end, it cannot proceed any further. The packets from the

In the following, we investigate when a sensor should
upgrade its distance and how much the distance should be

gray nodes will be forwarded to the dead end based onincreased. No sensor has global information. Each sensor

geographic routing.

To solve the above problem, BMSU [8], GPSR [9], and
FGG [11] use the \right-hand rule" to route packets along
the boundary of the void until they reach the other side of
the void. This approach nds a speci ¢ detour path out of
the dead end. Figure 4 shows how a packet frona is routed
by GPSR [9]. GPSR has two modes, thegreedy modeand

has to make its own local decisions, while the net e®ect of
all local decisions will remove the dead ends.

4.2 Distance Upgrading Algorithm

Distance Upgrade: The basic approach is simple:
Whenever a sensox nds itself becoming a dead end (i.e.,

the perimeter mode In the greedy mode, a sensor forwards Ry = ;), it upgrades its distance such that Ry is non-

a packet to the neighbor that is closest to the base station.

empty. Let de(x) be the Euclid distance from x to the

When reaching a dead end, a packet enters the perimeternearest base station. We regardds(x) as a number (not



a variable) that can be calculated at any time based the
coordinates ofx and the base stations. The initial value of
the distance variabled(x) is the Euclid distance de(x), but
it may be modi ed by our distance upgrading algorithm
(DUA). d(x) can be regarded as avirtual distance, which
determines the routing graph (as de ned in Section 3.1).
Note that the physical distanced(x) is never changed by
DUA.

Figure 6 depicts the process of transforming a routing
graph until it is free of dead ends. In each plot, the sensor
that performs distance upgrade is represented by a gray
circle. Let - be a constant that is greater than the largest
Euclid distance from any sensor to its nearest base station.
An easy way to choose - is to make it larger than the

Temporary variables, ®, —, and " are used to break up the
expression into smaller sub-expressions.

2 Case 3:A sensor becomes a dead end after all neighbors
have upgraded their distancesy in Figure 6 belongs to this
category. The sensor increases its distance by 2-, which
reverses all adjacent links. Namely,

d(x) A d(x) + 2-

By Lemma 1 in Section 4.3, becaus8y 2 Ny, it is always
true that d(y) i d(x) < 2-, x reverses all adjacent links
after increasing d(x) by 2-.

Distance Downgrade: The above distance upgrade
is an instance of the general class of Gafni-Bertsekas al-
gorithms [15]. It may however produce inetcient routing

diameter of the area where the sensors are deployed. Inpaths as illustrated in Figure 7. Plot (1) shows the initial

this example, we let - = 100.

Initially, there is only one dead end x in Plot (1). X
increases its distance value by -, which reverses all incident
routing links, as shown in Plot (2). Now y becomes a
dead end. Wheny performs distance upgrade, it wants
to reverse links (z;y) and (w;y), but not (x;y). Hence,
y chooses a distance value just under that ok, shown in
Plot (3). Subsequently, w and z set their distance values
just under that of y in Plot (4). Essentially link reversal is
carried out in one direction, away from the original dead
end x. After z's distance upgrade,v becomes a dead end.
The only thing it can do is to reverse (z;v), which can be
achieved by increasing its distance by 2-, as shown in Plot
(5). Finally, in Plot (6) z sets its distance just under that
of v, which reverses y; z) only. After that, there is no dead
end and the routing graph stabilizes.

routing graph, where x is the only dead end. The distance
upgrade based on the three cases transforms the routing
graph to Plot (2), where the gray nodes are the sensors
that perform distance upgrade. Most sensors follow an in-
excient path from x clockwise around the void to reach the
base station. The reason that causes this problem is thax'
distance is raised too high. It is necessary to rais&'s dis-
tance high enough in order to guarantee the link-reversal
process to proceed outward until reaching a sensor that
has a directed path to the base station, but there should
be a mechanism to bring it down to an appropriate level
after the dead ends are removed.

2 Case 4: Distance Downgrade: For any routing link
(x;y) on a directed path to a base station, ifd(x) > d(y)+
jde(y) i de(Xx)j, namely, d(x) is larger than d(y) by more
than the absolute di®erence between their Euclid distances

The above example demonstrates three di®erent cases of0 a base station, thenx downgrades its distance to

distance upgrade.

2 Case 1. A sensor x is a dead end after the initial
deployment or becomes a dead end if all neighbors Ry
are not functional. x in Figure 6 belongs to this category.

d(x) A d(y) + jde(y) i de(X)j

To implement the distance downgrade, when a data
packet is transmitted from x to vy, if d(x) > d(y) +

The sensor increases its distance to reverse all adjacentide(Y) i de(X)j, then the packet piggy-backs the loca-

links. Let \ A " be the assignment operator.

while 9y 2 Ny;d(y) >d(x) do
d(x) A d(x) +-

Based on Lemma 1 that we will prove in Section 4.38y 2
Ny, it is always true that d(y) j d(x) < 2-. Hence, from
the above pseudo codeg(x) is increased by at most 2-.

tions (i.e., coordinates) of x and y. If the packet has
already piggy-backed the location information of an up-
stream link, then it is overwritten with the locations of
x and y. When the base station receives a packet with
the piggy-backed information about x and y, we know
that a) (x;y) is on a directed path to the base station,
b) d(x) >d(y)+ jde(y)i de(x)j, and hencex should down-
grade its distance. The base station sends a control mes-

2 Case 2: A sensor x becomes a dead end after someSage DOWN(x;y) to x by GSRP. Note that GSRP is used

(but not all) neighbors have upgraded their distancesy, z,

to deliver a one-time control message, not data packets,

and w in Figure 6 belong to this category. The sensor sets Which are routed based on the routing graph, stored byRy

its distance just below the smallest value of the upgraded

and maintained by DUA. When x receives DOWN(;y)

neighbor distances. It reverses links from the neighbors Message, it setsd(x) to be d(y) + jde(y) i de(x)j. Be-
whose distances have not yet been upgraded. The pseuddaused(x) is decreased, some adjacent routing links may

code for this case is below.

®Ab ¢

A min
y2N b 4 c>@

choose a small positive numbet' (<)

dx) A (®+1)-+ "

fd(y) mod - g

reverse their directions. x then nds those neighbors z
with d(z) > d(x) + jde(X) i de(2)j, and sends a control
message DOWNg; x) to downgrade the distance ofz.

After the distance downgrade is completed, the routing
graph in Figure 7 is transformed from Plot (2) to Plot (3).
Note that some links reverse their directions due to the
distance changes.



Distance Recovery: When a void is removed, the
routing graph may need to be modi ed in order to take
advantage of shorter routing paths. Consider the exam-
ple in Figure 8. Plot (1) shows the routing graph af-
ter the distance upgrade/downgrade remove the dead end
X. In Plot (2), suppose a new sensorz is deployed in
the void, establishing two new routing links (x;z) and
(z;w). The routing graph remains correct but not op-

timal because there are unused, shorter paths, such as

y! x! z! w! base station. There needs a mecha-
nism to \undo" the distance upgrade when additional sen-
sors make the previous dead ends become transit nodes.

2 Case 5: Distance Recovery: For any routing link
(x;y), if sensorx nds that de(x) is larger than d(y), then
it resets d(x) back to de(x).

We continue with the example in Figure 8. After x re-
ceives the distance of the new sensa, it recovers its orig-
inal distance value (30) in Plot (3). After x noti es its
neighborhood of this distance,y subsequently recovers its
original distance (35) in Plot (4). More sensors recover
their original distances in Plot (5) and Plot (6). After the

distance recovery is completed, all sensors change their dis-

tance variables back to their original distances due to the
addition of z.

Algorithm: Below we implement Cases 1, 2, 3, and 5
by three subroutines running at each sensox 2 N. They
are Initialization(), Receive_Distance Of_Neighbor(), and
Upgrade_Distance(). Initialization() is executed after x
boots up or when the set of neighbors change. The other
two subroutines are invoked whenx receives a noti cation
from a neighbor about a new distance value. The dis-
tributed computation terminates when there are no more

x.Upgrade_ Distance()
16. if 8y;z 2 Nx;bdf—y)c: bdf—z)cthen

17.  d(x) A d(x)+2- /* Case 3%

18. else

19. ®Ab¥X¢

20, A min fd(y) mod - g
y2N, b ) 5@

21. choose a small positive numbet (< ™)

22.  dx)A (®+1)-+ ~j " [*Case2*

x.ReceiveDOWN _Messagey) /*receive DOWN( x;y)*/
23. if d(x) > d(y) + jde(y) i de(x)j then

24,  d(x) A d(y)+ jde(y) i de(x)] /* Case 4 *
25. if d(x) mod-=0 then

26. d(x) A d(x)+ a small positive number
27. for z2 Ny do

28. if d(z) >d(x)+ jde(X) i de(2)j then

29. send DOWN(z;x) to z

In Section 4.3, we formally prove that the algorithm will
remove all dead ends, which is also con rmed by our sim-
ulations. To ensure Line 21 is always doable, must be
greater than zero after Line 20. To see this is indeed the
case, we only need to show that8x 2 N,
d(x) mod - 60 (2)
First, (2) is true initially because 0 <d(x) < -, 8x 2 N.
Second, if (2) is true before a distance change at a sensor
X, it obviously remains true after the change by Line 3, 7,

noti cation messages. Message loss may cause some deakl, 22, or 24-26.

ends left unremoved. This can be handled by neighbors pe-
riodically exchanging their distances and by an unremoved
dead end executing Initialization() to restart the process.
We implement Case 4 by ReceivdDOWN _Message() that
is initiated by the base station receiving a data packet that
piggy-backs the location information of a routing link.

x.Initialization()
if Ry =; then
while 9y 2 Ny;d(y) >d(x) do
d(x) A d(x)+- /* Case 1%
recompute Ry
notify neighborhood of upgraded distanced(x)

1.
2.
3.
4,
5.

x.ReceiveDistance Of_Neighbor(y) /* receive d(y) */

6. if de(x) >d(y) then

7. d(x) A de(x) /*Case5*

8. recompute Ry

9. notify neighborhood with recovered distanced(x)
10. else

11. recomputeRy

12. if Ry =; then

13. UpgradeDistance()

14. recomputeRy

15. notify neighborhood of upgradedd(x)

4.3 Correctness Proof

In the following, we prove that DUA will remove all dead
ends in "nite time.

Theorem 1. The routing graph of a sensor network is
always loop-free.

Proof: By the de nition of routing link (Section 3.1),
d(x) > d(y) for any link (x;y) in the routing graph. Sup-
pose there is a loop in the routing graph,x ! y! z!
iw I x, which consists of routing links (x;y), (y;2),
oy (W;X). We then have, d(x) > d(y), d(y) > d(2), ...,
d(w) > d(x), which leads to d(x) > d(x), a contradiction.
o]

Lemma 1. For any routing link (x;y), d(x) i d(y) < 2-.

Proof: The lemma holds initially because d(x) <
-;8x 2 N. Assume that the lemma holds before a
distance change. We prove that it remains valid after
the change. It is obviously true for distance downgrade
(Line 24) and distance recovery (Line 7). Now consider
the initialization, Lines 2-3. Before those lines, because



Ry = ;, 8y 2 Ny;d(y) , d(x), and by our assumption, Theorem 2. Consider a connected sensor network. a)
8y 2 Ny;d(y)i d(x) < 2-. After Lines 2-3, d(x) is greater DUA will terminate. b) After it terminates, Ry 6 ;; 8x 2
than d(y); 8y 2 N,, with a distance increment of at most N, and any path in the routing graph leads to a base sta-
2-, and therefore, d(x) i d(y) < 2-. The only cases left tion.
are distance upgrades.
Without losing generality, consider a distance upgrade at
a sensonx. Let do(x) and dy, (x) be the value ofd(x) before ~ Proof:  Let the routing graph be WN;Ei, where N is
and after the upgrade respective|y, where the subscribe the set of sensors andcE is the set of rOUting links. Let M
\ 0" means \old" and \ n" means \new". The upgrade only be the set of sensors that have at least one routing path
a®ectsx's adjacent links. Before the update, all adjacent t0 reach a base station. Once a sensor is iM, it will
links point at x. After the update, there are two cases. ~ No longer perform any distance upgrade because it has at
2 Case one:The upgrade ofd(x) reverses a routing link least one OUtQOing link. Before a sensor is iM, it will
(y;x) to (x;y). Prior to the upgrade, because the routing not perform any distance downgrade because its packets

link is from y to x, we have cannot reach a base station. Consider a sensor that
satis es the following conditions, x 62M and 9z 2 M,
d(y) > do(x) (3) (z;x) 2 E. Because the routing graph is always connected

if the branch of (Lemma 4), there must exist such a sensor as long dd 6
Below we prove that link (z;x) will be reversed by
DUA.

dy(x) i d(y) < 2- Let X be the set of sensors reachable by and G be
Now suppose the branch of Lines 19-22 is executed. By’[he §ubgraph consisting O.f npdes mX_ *fxg. X mu_st
. not include any base station; otherwise,x would be in
Line 19, do(x) , ®-. Hence, d(y) > ®- because of (3). . .
By Line 20, ~< -. After Line 22 M. 8y 2 X, because there is a routing pafch fromx Fo Y,
' ' ' we must haved(y) < d(x). The DUA algorithm continu-
dh(X)=(®+1)-+ ~j "<d(y)+ | "+- <d(y)+2- ously upgrades the distances of the dead ends (i.e., sinks
_ , in the graph other than the base stations) until there is no
Hence, dn(x) i d(y) < 2- after the execution of eaq end. By Theorem 1,Gy is acyclic. An acyclic graph

x.LzJpgrade,Dis-tance(). must have a sink. Hence, there are always some nodes
2 Case two: The upgrade ofd(x) does not reverse the j, x \ngrading their distances until X becomes empty.
direction of a routing link (y;x). Before the upgrade, 0<  prhermore, it takes Tite time for this process to com-
d(y) i do(x) < 2- by our assumption. After the upgrade, piete hecause of the following reasons. First, by Lemma
dn (x) is larger than d,(x) and hence we still have 0< 2,8y 2 X, d(x)i d(y)is hite and bounded by 2- multi-
diy) i dn(x) < 2-. plied by the length of the shortest path from x to y in Gy.
The lemma holds. ? Second, by Lemma 3, any two distance upgrades by will
increased(y) by at least -. Hence, it takes a "nite number
of upgrades ford(y) to be greater than d(x). Once d(y)
is greater than d(x), y cannot be in X. As the sensors in
X continuously upgrade their distances and exclude them-
selves fromX once their distances become too bigX will
. . . eventually be reduced to an empty set, which makex a
Lemma 3. Two consecutive upgrades increase the dlstancedead end. Whenx upgrades its distance, it reverses link
of a sensor by at least . (z;x) and makes itself a member ofM .

Proof: Each distance upgrade atx increasesbd™®) ¢ at Because any sensok that satis es the condition, x 62
least by one (Line 3, Line 17, or Line 22). There is no dis- M " 92 2 M; (z;x) 2 E; will become a member ofM
tance downgrade between the two upgrades because that2Nd because there exists such a sensor as longs6é N,
would mean x was on a directed path to a base station it follows that M will eventually become N. Because no
which in turn would mean the second upgrade won't hap- S€nSor inM will upgrade its distance and DUA is driven

pen. Hence, two upgrades increasas®™ ¢ at least by two by distance upgrade, the algorithm will terminate when

and therefore increasesl(x) at least by -. g M=N.
When the algorithm terminates, there are no sinks in

Lemma 4. If the routing graph of a sensor network is con- the routing graph except for the base stations. Hence,

nected, it will remain connected after some sensors changeRx 6 ;; 8x 2 N. Because the routing graph is acyclic,
their distances. any path leads to one of the only exit points | the base
stations. o

Proof: The distance change by sensors will only change
the direction of routing links but never remove any link.
Hence, the routing graph remains connected. o

When x.Upgrade_Distance() is executed,
Line 17 is selectedd, (x) = do(Xx) + 2-. By (3), we must
have

Lemma 2. 8x;y 2 N; d(x)j d(y) < 2k-, wherek is the
number of hops on the shortest path fronx to y.

Proof: A direct consequence of Lemma 1.

Theorem 1 shows that there exists no routing loop. The-
orem 2 shows that each sensor will eventually establish at
least one routing path to a base station.



perimeter mode. The net result is that, as the node den-

5 Simulation sity increases, the routing paths "rst become shorter and,
after the node density reaches certain level, they start to
grow longer.

5.1 Simulation Setup

. . 5.3 Overhead of DUA
We use simulations to evaluate the performance and the
overhead of the proposed DUA in aggregating data from DUA requires additional overhead to remove dead ends.
sensors to a base station. We compare DUA with GPSR Because the radio transmissions dominate the sensors' en-
[9]. The simulation setup is described as follows. Sensorsergy spend, we measure the overhead of DUA by the to-
are randomly placed in a °at area of 1000 by 1000. The tal number of control-message transmissions befor all dead
transmission range of a sensor is 100. The coordinates oknds are removed. Here a transmission is a distance noti-
the base station is (5001000), i.e., the middle point of the "cation message sent by a sensor to its neighborhood im-
upper boundary line. zero to three voids are randomly mediately after the sensor performs a distance upgrade.
placed in the area. The void has a T shape with a default ~ Figure 10 shows that DUA has modest overhead. First
area size of 70,000. Our choice for the shape of the voidof all, when there is no void, DUA incurs no overhead. Sec-
does not carry particular signi cance. DUA is equivalent ondly, the more the number of voids, the more the over-
to GPSR when this is no void. The di®erence of the two head for dead-end removal. For three voids, the number of
algorithms manifests only when there are dead ends duetransmissions is 123 for 2000 sensors, namely, 0.06 trans-
to voids. A T shape void conveniently creates one or more mission per sensor, which is very small. The reason is that
dead ends, depending on its location relative to the base dead-end removal only involves localized operations, which

station. has limited one-time overhead in a small region.
5.2 Comparing Average Length of Rout- 5.4 Comparing Energy Expenditure of
ing Paths Data Aggregation

When there are voids, the average length of routing paths Because DUA and GPSR have di®erent average lengths of
in DUA can be considerably smaller than that in GPSR, routing paths, their energy expenditure in data aggrega-
as demonstrated by Figure 9. With zero to three voids tion (characterized by the number of transmissions for de-
respectively, the four plots show the average path length livering one packet to the base station) will also di®er. Fig-
with respect to the number of sensors deployed. When ure 11 shows the ratio of energy expenditure by DUA and
there is zero T void, DUA and GPSR have similar path that by GPSR for delivering a packet. When there is zero
lengths. DUA is slightly better due to naturally formed T void, the ratio is close to one because DUA and GPSR
small voids between sensors, which can happen when theare virtually identical in this case. The more the number
number of sensors (and thus the node density) is relatively of voids, the smaller the ratio becomes, which means more
small. When the number of T voids increases, DUA out- energy saving by DUA. Moreover, this saving is long term,
performs GPSR signi cantly. With one void, the routing as long as data are sent from sensors to the base station.
paths in DUA are 39% - 50% shorter than those in GPSR.
With two voids, the routing paths in DUA are 60%-71% 55
shorter than those in GPSR. With three voids, the routing )
paths in DUA are 71%-80% shorter than those in GPSR. Figure 12 shows the impact of void size on the average
It should be noted that, although only a very small num- length of routing paths. There is a single T void. Increas-
ber of sensors actually become dead ends, their impact caning the size of a void may not increase the number of dead
be signi cant in GPSR because data from many upstream ends, but will increase the number of upstream sensors
sensors will be routed to them and then have to be routed whose packets fall into the dead ends. Therefore, the path
out via long paths based on the right-hand rule. length increases with void size in GPSR. It also increases in
All four plots indicate that the average path length de- DUA but much more lowly. The performance gap between
creases slightly with respect to the node density (propor- DUA and GPSR increases when there are more voids.
tional to the number of sensors deployed in the area). That
is because DUA is a greedy routing algorithm that picks
the sensor with the smallest distance inRy as the next
hop. When there are more nodes in the neighborhood, aWe also simulated the case of multiple base stations. One
sensor is more likely to 'nd its next hop closer to the base through ten base stations are placed with even spacing
station. The same thing is true for GPSR when there is along the upper boundary of the deployment area. We ran
no void. However, when there is one or more voids, on oneDUA and GPSR, respectively. Figure 13 compares their
hand, the average path length decreases with respect to theaverage lengths of routing paths from sensors to the near-
node density in the greedy mode; on the other hand, it in- est base stations. For both DUA and GPSR, the routing
creases with respect to the node density in the non-greedy paths are shorter when there are more base stations. DUA

Impact of Void Size

5.6 Multiple Base Stations



consistently outperforms GPSR by 40%-50%. A single T B. Karp and H. Kung, \GPSR: Greedy Perimeter Stateless

void was used in the simulation of Figure 13. With more
voids, the performance gap between DUA and GPSR will
increase.

6 Conclusion

This paper proposed a new geographic routing algorithm

Routing for Wireless Networks," in Proceedings ofACM
MobiCom'00, August, 2000.

T. He, J. A. Stankovic, C. Lu, and T. F. Abdelzaher,

\SPEED: A Stateless Protocol for Real-Time Commu-
nication in Sensor Networks,” in Proceedings ofinter-
national Conference on Distributed Computing Systems
(ICDCS'03), May, 2003.

that removes the interference of voids on the routing paths Q. Fang, J. Gao, and L. J. Guibas, \Locating and Bypass-

from sensors to the base stations. It produces more ex-
cient routing paths than the traditional right-hand rule.
No global periodic broadcasts are required to maintain

ing Routing Holes in Sensor Networks," in Proceedings
of IEEE INFOCOM'04 , March, 2004.

the routing paths. The algorithm responds to topology A. Rao, C. Papadimitriou, S. Shenker, and |. Stoica, \Geo-

changes instantly with localized operations.
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