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ABSTRACT

We introdu e a geographi al adaptive delity (GAF) algorithm that redu es energy onsumption in ad ho wireless
networks. GAF onserves energy by identifying nodes that
are equivalent from a routing perspe tive and then turning
o unne essary nodes, keeping a onstant level of routing
delity. GAF moderates this poli y using appli ation- and
system-level information; nodes that sour e or sink data remain on and intermediate nodes monitor and balan e energy use. GAF is independent of the underlying ad ho
routing proto ol; we simulate GAF over unmodi ed AODV
and DSR. Analysis and simulation studies of GAF show
that it an onsume 40% to 60% less energy than an unmodi ed ad ho routing proto ol. Moreover, simulations
of GAF suggest that network lifetime in reases proportionally to node density; in one example, a four-fold in rease in
node density leads to network lifetime in rease for 3 to 6
times (depending on the mobility pattern). More generally,
GAF is an example of adaptive delity, a te hnique proposed
for extending the lifetime of self- on guring systems by exploiting redundan y to onserve energy while maintaining
appli ation delity.

1.

INTRODUCTION

Multihop, ad ho networking has been the fo us of many
re ent resear h and development e orts. Wireless networks
and multihop routing have appli ation in military, ommerial, and edu ational environments in luding wireless oÆ e
LAN onne tions, home networks of devi es, and sensor networks.
A number of routing proto ols have been proposed to provide multi-hop ommuni ation in wireless, ad ho networks
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[22, 4, 23, 21℄. Traditionally these proto ol are evaluated in
terms of pa ket loss rates, routing message overhead, and
route length [5, 15, 10℄. Sin e ad ho networks will often be
deployed using battery-powered nodes, omparison and optimization of proto ol energy onsumption is also important
(as suggested for future work by some resear hers [15℄).
When ad ho networks are deployed using battery-powered
nodes, the important question of how limited energy resour es a e ts system lifetime and overall performan e beomes riti al. For s enarios su h as sensor networks where
energy use maps dire tly to lifetime and utility, energy use
is the important metri . To understand energy eÆ ien y
we examined existing ad ho routing proto ols using models of Lu ent WaveLAN dire t sequen e spread spe trum
radio with the IEEE 802.11-1997 proto ol with representative models of energy onsumption [30℄ and radio propagation [5℄. We rst only onsider energy ost due to pa ket
transmission or re eption. Su h osts may also in lude energy dissipation in MAC-level retransmissions, RTS/CTS
et . We studied energy onsumption of four ad ho routing
proto ols (AODV, DSR, DSDV, and TORA) with a simple
traÆ model where a few nodes send data over a multihop path [32℄ (Figure 1). With this energy model we found
that on-demand proto ols su h as AODV and DSR onsume
mu h less energy than a priori proto ols su h as DSDV (the
left, dark bars in Figure 1). A priori proto ols are onstantly
expending energy pre- omputing routes, even though there
is no traÆ passing on these routes.
In other words, on-demand proto ols, by their very nature,
are more eÆ ient in the energy onsumed by routing overhead pa kets. As a result, energy use is dominated by routing proto ol overhead. In fa t, the major sour e of extraneous energy onsumption was from overhearing, as previously observed in PAMAS [28℄. Radios have a relatively
large broad ast range. All nodes in that range must re eive
ea h pa ket to determine if it is to be forwarded or re eived
lo ally. Although most of these pa kets are immediately disarded, they onsume energy with this simple energy model.
This observation motivates approa hes that avoid overhearing. The PAMAS proto ol suggests a MAC-layer approa h
to minimize this ost [29℄; TDMA proto ols would also be
appli able (for example [24℄).
A tual Radios onsume power not only when sending and
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routing.

0
AODV

4

1

DSR
DSDV
ad hoc routing protocol

TORA

Figure 1: Comparison of energy onsumed for four
ad ho routing proto ols with di erent energy models (left, bla k bars are without onsidering energy
onsumed when listening; right, gray bars in lude
this onsumption). The simulation has 50 nodes
in a 1500m*300m area. Nodes move a ording to
the random way-point model. The energy model is
based on Stemm and Katz [30℄.
re eiving, but also when listening or idle (the radio ele troni s must be powered and de oding to dete t the presen e of an in oming pa ket). Resear h [30, 16℄ shows that
idle energy dissipation an not be ignored in omparing to
sending and re eiving energy dissipation. Stemm and Katz
show idle:re eive:transmit ratios are 1:1.05:1.4 by measurement [30℄, while more re ent studies show ratios of 1:2:2.5 [16℄
and 1:1.2:1.7 [9℄. In any of these ases, energy dissipation in
idle state an not be ignored. With su h energy model, all ad
ho routing proto ols onsidered onsume roughly the same
amount of energy (within a few per ent) as shown in the
grey bars on Figure 1. In the s enario with modest traÆ ,
idle time ompletely dominates system energy onsumption.
The studies based on an energy model that onsiders energy dissipation in sent/re eived pa kets and idle time, suggest that energy optimizations must turn o the radio, not
simply redu e pa ket transmission and re eption. Powering
o radio onserves energy both in overhearing due to data
transfer, and in idle state energy dissipation when no traÆ
exists. We therefore explore nodes that power down their
radios mu h of the time. This approa h is similar to the use
of TDMA for power onservation [24℄, or PAMAS [28℄. However, unlike these approa hes, we employ information from
above the MAC-layer to ontrol radio power. (We make use
of the power management ontrols in IEEE 802.11 to ontrol
power1 .) The appli ation- or routing-layers provide better
information about when the radio is not needed.
1
802.11 supports power saving mode in both infrastru ture
network and ad ho network. Note that powering on/o
MAC is just like node moving in/out ommuni ation range
with other nodes. RTS/CTS is still used in uni ast ommuni ation to address hidden terminal issue. [30℄ shows
that time for 802.11 MAC on/o is in a few millise onds. In
other words, powering on/o MAC does not a e t normal
802.11 operation.

On the other hand, we observed that when there is signi ant node redundan y in an ad-ho network, multiple paths
exist between nodes. Thus we an power o some intermediate nodes while still maintaining onne tivity. For example,
In Figure 2, if node 2 is awake, nodes 3 and 4 are extraneous for ommuni ation between 1 and 5. We de ne routing
delity as uninterrupted onne tivity between ommuni ating nodes. Thus routing delity (that 1 and 5 an ommuni ate) an be maintained as long as any intermediate node
is awake.
These observations motivate the two primary ontributions
of our design:
1. The use of appli ation- and system-information to turn
o node radios for extended periods time. Node duty
y les are in uen ed by appli ation endpoints and node
movement patters to preserve ommuni ation delity.
Predi tions about node lifetimes allow energy- ons ious
load balan ing.
2. The use of node deployment density to adaptively adjust routing delity. Routing redundan y is orrelated
with denser node deployment (when many nodes an
hear ea h other). We show how to use this information
to in rease node duty y les and to extend the lifetime
of the network as a whole.
We employ lo ation information (su h as from the Global
Position System, GPS) and a tive node ommuni ation to determine node density and redundan y. (We
use GPS or other lo alization methods to determine
density; we are also exploring density determination
through ommuni ations alone as future work.)
The GAF approa h is one example of adaptive delity [12℄
and RTCP [27℄ adaptive frequen y te hniques. GAF keeps
the delity of network rea hability onstant while adapting
node behavior to extend network lifetime. Other examples
in lude bea on density for lo alization [6℄. More generally,
we wish to design self- on guring networks that exploit redundan y to onserve energy while preserving the delity of
network appli ations.

2. ENERGY-CONSERVING ROUTING ALGORITHM
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Figure 3: The problem of node equivalen e.
We next present our energy- onserving ad ho routing algorithm, GAF, Geographi al Adaptive Fidelity. Ea h GAF
node uses lo ation information to asso iate itself with a \virtual grid", where all nodes in a parti ular grid square are
equivalent with respe t to forwarding pa kets. Nodes in the
same grid then oordinate with ea h other to determine who
will sleep and how long (Se tion 2.2); this determination
is moderated by appli ation and system information (Se tion 2.3 and 2.5). Nodes then periodi ally wake up and
trade pla es to a omplish load balan ing (Se tion 2.4). We
also onsider how GAF intera ts with the underlying ad ho
routing proto ol in Se tion 2.6.
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Figure 4: Example of virtual grid in GAF.
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Figure 5: State transitions in GAF.

2.1 Determining node equivalence

GAF uses lo ation information and virtual grids to determine node equivalen e. Lo ation information used in GAF
may be provided by GPS or other lo ation systems under
development (for example [1, 6, 11℄). For our initial dis ussion, we assume that ea h node knows its urrent lo ation
exa tly relative to other nodes. In Se tion 3.9 we relax this
assumption and show that GAF is not a e ted by moderate
lo ation error or even by large, orrelated error.
Even with lo ation information, it is not trivial to nd equivalent nodes in an ad ho network. Nodes that are \equivalent" between some nodes may not be equivalent for ommuni ation between others. For example, in Figure 3 nodes
are equidistant 1 unit apart with radio range slightly larger
than 2 units. For ommuni ation between nodes 1 and 4,
nodes 2 and 3 are equivalent, while between 1 and 5 only
node 3 is a eptable.
GAF addresses this problem by dividing the whole area
where nodes are distributed into small \virtual grids". The
virtual grid is de ned su h that, for two adja ent grids A
and B, all nodes in A an ommuni ate with all nodes in B
and vi e versa. Thus all nodes in ea h grid are equivalent for
routing. In GAF, nodes ex hange grid IDs to adjust their
duty y le. For example, Figure 4 overlays virtual grids on
Figure 2, reating three virtual grids A, B, and C. A ording
to our de nition of virtual grids, node 1 an rea h any of 2,
3, or 4, and 2, 3, and 4 an all rea h 5. Therefore nodes 2,
3, and 4 are equivalent and two of them an sleep.
In the de nition of virtual grid, we require that any node
in adja ent grid an ommuni ate with ea h other. In reality, a node's radio ommuni ation range is not deterministi or even symmetri due to radio propagation e e ts su h
as multi-path re e tion. In our initial dis ussion, we assume that the ommuni ation range is deterministi (us-

ing the tworayground propagation model frequently used in
many ad ho routing studies, for example [5, 15℄). In Se tion 3.8, we ompare the e e ts of non-deterministi radio
propagation using a shadowing model, nding that shadowing propagation models do not hange our omparisons
between GAF and ad ho routing proto ols.
We size our virtual grid based on the nominal radio range
R. Assume virtual grid is a square with r units on a side as
shown in Figure 4. In order to meet the de nition of virtual
grid, the distan e between two possible farthest nodes in
any two adja ent grids, su h as grid B and C in Figure 4,
must not be larger than R. For example, node 2 of grid B
and node 5 of grid C in Figure 4 are at the end of the long
diagonal onne ting two adja ent grids. Therefore, we get:
r2 + (2r)2  R2

(1)

or
r

pR

5

(2)

2.2 GAF state transitions

In GAF, nodes are in one of three states: sleeping , dis overy ,
a tive . A state transition diagram is shown in Figure 5.
Initially nodes start out in the dis overy state. When in
state dis overy , a node turns on its radio and ex hanges disovery messages to nd other nodes within the same grid.
The dis overy message is a tuple of node id, grid id, estimated node a tive time (enat ), and node state. As des ribed
above, a node uses its lo ation and grid size to determine
the grid id.

When a node enters dis overy state, it sets a timer for Td
se onds. When the timer res, the node broad asts its disovery message and enters state a tive . The timer an also
be suppressed by other dis overy messages. This timer redu es the probability of dis overy message ollision.
When a node enters a tive , it sets a timeout value Ta to
de ne how long this node an stay in a tive state. After
Ta , the node will return to dis overy state. While a tive,
the node periodi ally re-broad asts its dis overy message at
intervals Td .
A node in dis overy or a tive states an hange state to
sleeping when it an determine some other equivalent node
will handle routing. Nodes negotiate whi h node will handle routing through an appli ation-dependent ranking proedure des ribed in the next se tion. (Node ranking an be
an arbitrary ordering of nodes to de ide whi h nodes should
be a tive, or it an be sele ted to optimize overall system
lifetime.) When transitioning to sleeping , a node an els all
pending timers and powers down its radio.
A node in the sleeping state wakes up after an appli ationdependent sleep time Ts and transitions ba k to dis overy .

2.3 Tuning GAF

GAF leaves hoi es of many parameters in luding enat , Td ,
Ta , node rank, Ts to appli ations. In this se tion, we des ribe how and why these parameters are hosen in the urrent GAF algorithm. Appli ations may wish to optimize
these hoi es, for example, perhaps trading in reased pa ket
loss for greater energy savings.
Estimated node a tive time (enat) an be set to the expe ted
node lifetime (enlt ), onservatively set by assuming the node
will onstantly onsume energy at a maximum rate until
it dies. Rather than this onservative enat , GAF uses an
approa h des ribed in Se tion 2.4 to balan e energy usage
a ross nodes.

GAF sele ts the dis overy message interval (Td ) as a uniform random value between 0 and some onstant. This approa h avoids ontention from syn hronized dis overy messages (as inspired by SRM [13℄). The range of Td an also be
in uen ed by node rank to en ourage highly ranked nodes to
suppress low-ranked nodes, allowing them to rapidly go to
sleep. Nodes in the a tive state may wish to hose a larger
Td to avoid bandwidth and energy overhead.
Nodes a tive duration (Ta ) an be its expe ted lifetime (enlt ).
GAF instead uses Ta to a omplish load balan ing as des ribed in Se tion 2.4.
Node ranking in GAF is hosen to maximize network lifetime by sele ting whi h nodes handle routing. Rank is determined by several rules. First, A node in the a tive state has
higher rank than a node in dis overy state. This rule tries
to qui kly rea h the state ea h grid only maintains one a tive node. For nodes with the same state, GAF gives nodes
with longer expe ted lifetime (enat ) higher rank. This rule
put nodes with longer expe ted lifetime into use rst. Finally, node ids are used to break ties. It is possible to let
appli ations hoose di erent node rank rules a ording to

their own bias, for example, appli ation may favor the a tive nodes until they drain out energy in a sensor network.
Node sleep duration (Ts ) an be set to the enat of the a tive
node sin e this is the onservative assumption of its lifetime.
Due to node mobility, the a tive node may move out the
grid (of ourse there is han e that other nodes move into
this grid). This an leave a grid without any a tive nodes
although some nodes are sleeping, redu ing routing delity.
One approa h that statisti ally redu es this problem is to set
Ts as a uniform random time between 0 and enat . This large
range of Ts may often have nodes wake up quite early. In
GAF therefore Ts is uniformly from the range [enat /2,enat ℄.
We also onsider an alternate approa h using node mobility
information in Se tion 2.5.

2.4 Load balancing energy usage

GAF employs a load balan ing strategy so that all nodes
remain up and running together for as long as possible. The
idea behind this is that all nodes in the network are equally
important and no one node must be penalized more than
any of the others. (An alternative is to ompletely exhaust
the energy of ea h node in turn while other nodes sleep.)
GAF uses the following load balan ing strategy. After a
node remains in the a tive state for time Ta, it hanges its
state to dis overy to give a han e to other nodes within the
same grid to be ome a tive ( gure 5). Re all that nodes are
ranked a ording to their remaining energy levels. When
the a tive node hanges its state to dis overy , it is more
likely that it has less remaining energy than its neighbor
nodes be ause presumably the neighbors were in the sleeping state onserving energy during the node's a tive time.
Consequently, the node that was a tive is less likely to remain a tive after the dis overy phase.
The a tive node sets Ta to the value enat and advertises
enat in its dis overy messages. The non-a tive nodes in the
neighborhood use enat to determine their sleeping period.
The a tive node sets enat to a value less than the time to
use up all remaining energy (enlt ). In our simulations we set
enat to enlt=2 so that the node onsumes half of its energy
before handing o to another node in the neighborhood.
To avoid thrashing, when enlt be omes less than a threshold
(say, 30s) GAF sets enat to the full enlt .

2.5 Adapting to high mobility

GAF tries to adapt the number of nodes parti ipating in
ad ho routing to keep a onstant level of nodes that route
data. The ideal s enario would be one a tive node in ea h
grid at any time. However, as nodes move, the a tive node
may leave its grid. This may leave the prior grid without
an a tive node, redu ing routing delity. In s enarios with
high mobility this problem an greatly in rease pa ket drop
rates.
We an a ommodate high mobility by onsidering this systemlevel behavior expli itly in GAF. Ea h node estimates the
time it expe ts to leave its grid (the expe ted node grid time
or engt ) and in ludes this information in the dis overy message. When other node enter sleeping state, they sleep for
the smaller of enat and engt to de ide how long it an stay in

sleeping state. This hange does not hange the node rank;
nodes use the same ranking rules to de ide who sleeps, but
they sleep for shorter time.

A node an estimate engt based on its urrent speed s (speed
an be obtained or estimated from most GPS re eivers) and
the grid size, engt = r=s. This estimate works well for the
mobility model we use (the random way-point model with
pauses); in systems where movement is less predi table this
value may be more diÆ ult to estimate.
In order to ompare the e e t of the node mobility adaption, we all the GAF without node mobility adaption as
GAF-basi (GAF-b), the GAF with node mobility adaption
as GAF-mobility adaption (GAF-ma) and use simulation
to ompare their performan e. GAF-b and GAF-ma behave the same when mobility is low. When mobility is high,
GAF-b will tend to have fewer a tive nodes and therefore
lower energy onsumption but higher pa ket loss rates as
shown in Se tion 3.5.

2.6 GAF interactions with ad hoc routing

In prin iple, GAF will run over any ad ho routing proto ols
be ause it only uses appli ation- and system-level information to de ide ea h node's duty y le, and sin e dis overy
messages are only broad ast to dire t neighbors. In later
se tions we evaluate GAF ombined with AODV [22℄ and
DSR [5℄ against unaugmented AODV and DSR. For brevity,
we will sometimes say \we ompare GAF and AODV" in
pla e of \we ompare AODV with GAF with unmodi ed
AODV".
GAF de ision to turn nodes on and o is independent of ad
ho routing proto ols. If a node is a tively routing pa kets
when it is powered o , GAF depends on the ad ho routing proto ol qui kly re-routing traÆ . This may ause some
pa ket loss, although most of ad ho routing proto ols rea t
to hanges qui kly. An optimization that we have not explored is to have GAF inform the ad ho routing proto ol of
impending suspension, allowing it to preemptively re-route
any traÆ .

3.

PERFORMANCE EVALUATION

To evaluate our s hemes, we rst use a simple mathameti al
analysis to determine an idealized level of energy onservation in GAF. Sin e analysis annot apture the omplexity
in a full GAF s enario, we then use simulation to study
GAF e e ts on network lifetime, how and why it onserves
energy, and whether or not it in reases the number of pa ket
drops. Finally, we show that network lifetime under GAF
is proportional to the density of node deployment, and we
examine the sensitivity of our simulations due to error in
the radio propagation model and quality of lo ation.

3.1 Analytic performance analysis

To get an upper bound on how mu h GAF may extend network lifetime we next onsider a very simple analyti model.
Assume that n nodes are evenly distributed in a area with
topography size A. Nominal radio range for ea h node is
R. A ording to Equation 2, the grid size an be set as pR5
whi h is the maximum size of a virtual grid. The minimum
total number of virtual grid ells, m, would be

m=

A
( pR5 )2

(3)

A ording to our assumption of evenly distributed nodes,
ea h grid would have at most n=m nodes, or
n  R2
5A

(4)

nodes.
At best, assuming stationary nodes and no GAF overhead,
only one node in ea h grid will be a tive while the rest sleep.
Sin e Equation 4 gives the maximum number in ea h grid,
the network lifetime will be extended at most (n  R2 )=(5  A)
times.
The formula basi ally re e ts the fa t that with GAF algorithm, the more nodes, the longer network lifetime, and
the fewer number of virtual grids, the longer network lifetime. The number of virtual grids mainly depends on the
nominal radio transmission range and the topography size.
Equation 2 gives the upper-bound of grid size.
The overhead due to GAF dis overy message is small. Although GAF periodi ally sends out dis overy message if the
node is in the dis overy or a tive state, the frequen y will be
very low. Sin e the broad ast is limited in one hop around a
node, su h overhead will not a e t the whole system energy
dissipation too mu h.
In the following se tions we use simulation to relax our assumptions and explore GAF performan e in more realisti
onditions.

3.2 Simulation methodology

It is diÆ ult to apture the details of GAF performan e
in an analyti al model. For that reason we implemented
GAF in the ns-2 simulator [3℄, evaluating variations in node
movement, traÆ pattern and energy model as des ribed
below.
In order to demonstrate the exibility of GAF, we implemented GAF in a snapshot of ns-2.1b6. We use lo ally
modi ed and extended version of ad ho routing ontributed
by CMU [31℄2 , an improved AODV implementation from
the AODV designers [10℄, and a energy model des ribed below. We atta hed GAF to AODV to get GAF/AODV, and
GAF to DSR to get GAF/DSR. We then run GAF/AODV,
AODV, GAF/DSR, DSR on the same simulated s enarios to
ompare the performan e in terms of energy dissipation and
data delivery quality. We have veri ed that our integration
of the CMU's ad ho routing reprodu es their results [5℄, and
that our simulation results of unmodi ed ad ho proto ols
are onsistent with other published results [5, 10, 15℄.
2
CMU also provided a validated 802.11 (2M) MAC layer
simulation with the simulation pa kage

TraÆ and mobility models: Nodes in the simulation

move a ording to the random way-point model used in
CMU [5℄. Nodes alternate between pausing and then move
to a randomly hosen lo ation at a xed speed. We onsider seven pause times: 0, 30, 60, 120, 300, 600, and 900
se onds. For ea h pause time we generate 10 sets of initial
pla ements and random way-points. We also evaluate two
di erent node movement speeds: uniform distribution between 0 and 20m/s and uniform distribution between 0 and
1m/s. Nodes move in a 1500m by 300m meter area.
In most s enario we use 50 transit nodes (nodes running
ad ho routing) and 10 traÆ nodes a ting as sour es and
sinks. When we examine node density, we vary the number
of nodes from 50 to 100 and 200 while keeping area onstant.
Simulation traÆ was generated by ontinuous bit rate (CBR)
sour es spreading the traÆ randomly among 10 traÆ nodes.
The pa ket size was 512 bytes. The pa ket rate was set to
three di erent values: 1 pkt/s, 10 pkts/s and 20 pkts/s to
evaluate GAF sensitivity to traÆ load. Even with 20 pkts/s
pa ket rate, the traÆ load is still well below the network
apa ity. We hose to study light to moderately loaded systems be ause nodes in ad ho networks are expe ted to be
energy onstrained, more so than bandwidth onstrained.
We model a radio with a nominal range of 250 meters with
both the two-ray-ground propagation model and a shadowing model.

Energy model: Our energy onsumption model is based on
Stemm and Katz's measurements of an 1995 AT&T 2Mb/s
WaveLAN (pre-802.11) wireless LAN [30℄. They measured
osts of 1.6W for transmit, 1.2W for re eiving, and 1.0W
for listening. To this we add a ost of 0.025W when sleeping. We hose their model as representative at the time we
began this work. Although this hardware is now somewhat
old, newer evaluations of more re ent versions of the WaveLAN ard and ompatible hardware by other vendors shows
very similar osts. Spe i ally, Kasten measured the Digitan 2Mb/s 802.11 wireless LAN, observing osts of 1.9W
(transmit), 1.5W (re eive), 0.75W (listen), 0.025W (sleep)
in 2000 [16℄, and Chen et al. measured the Lu ent 2Mb/s
WaveLAN 802.11 ards, observing osts of 1.4W (transmit),
1.0W (re eive), 0.83W (listen), and 0.043W (sleep) [9℄. In
all of these studies of 802.11 hardware, transmission is 50{
100% more expensive than listening, while sleeping is a tiny
fra tion of this ost.
It is impossible to evaluate the behavior of the network as
whole if traÆ nodes run out energy before the transit nodes.
To avoid this artifa t we separate the traÆ nodes from routing nodes and give traÆ nodes in nite energy. TraÆ nodes
follows the same mobility model as transit nodes, but they
do not run GAF, nor do they forward traÆ . Be ause we
treat traÆ nodes spe ially, we do not ount them when
reporting the number of nodes in the simulation (for example, our 50 node simulation onsists of 60 nodes, 50 transit nodes and 10 traÆ nodes). Note that our s heme does
not ex lude the possibility of a ommodating limited-energy
traÆ nodes as well. In this ase, node in the a tive state
would need to bu er data for sleeping end nodes.

We give ea h transit node enough energy so that it an listen
for about 450 se onds. Sin e nodes in AODV and DSR have
nodes listening onstantly, all nodes expire after 450s even
without traÆ .
Sin e we depend on GPS, we must model GPS energy onsumption. We model GPS as onsuming 0.46W in ontinuous reporting mode, with power onservation modes that
onsume 0.165W by reporting every se ond and 0.033W reporting every 8 se onds [16℄. Sin e GAF does not require
onstant position information, we add a GPS ost of 0.033W
to GAF simulations (and not to simple AODV or DSR simulations). We do not turn o GPS when we turn o radio to
avoid modeling satellite a quisition time, and be ause GPS
ost is quite small (about equal to radio sleep ost).

Summary: We ompared GAF/AODV with normal AODV

and GAF/DSR with normal DSR. We ondu ted our omparison into two phases. In the rst phase, we simulated 50
nodes for 900s (twi e of AODV/DSR lifetime) to see how
GAF a e ts network lifetime, data delivery, and energy usage. Our goal in this phase is to show that GAF does not
redu e the quality of ad ho routing and that it will onserve
energy ompared to an unmodi ed ad ho routing proto ol.
We then repeat the same omparison, varying the number
of nodes (50, 100, and 200), for 3600s of simulation time to
observe what will happen when all nodes run out of energy.
In this se ond phase, we study how long GAF will extend
network lifetime.
In ea h phase, We onsider 1680 simulations, all ombinations of 4 proto ols (GAF/AODV, AODV, GAF/DSR,
DSR), 7 movement patterns, 10 initial pla ements, 3 traÆ
loads, and 2 movement speeds (1m/s and 20m/s).
The remainder of this se tion presents our simulation results. Se tions 3.3{3.5 analyze GAF performan e in terms
of network lifetime, energy onservation, and data delivery
quality under low mobility with various traÆ loads. Se tions 3.6{3.9 investigate GAF sensitivity to various s enario
parameters, namely high mobility (3.6 ), node density (3.7),
shadowing propagation model (3.8), and lo ation error (3.9).

3.3 GAF extension of network lifetime

The rst question we examine is how GAF a e ts network
lifetime. We measure network lifetime as the fra tion of
transit nodes with non-zero energy as a fun tion of time. In
this se tion we x the number of nodes at 50 and onsider
the range of pause times and the two mobility speeds. We
present the results for AODV with traÆ loads at 20 pkts/s.
We also evaluated DSR and other traÆ loads; we do not
present those results as they were similar. (TraÆ load does
not substantially a e t network lifetime be ause the energy
used in pa ket forwarding is mu h less than the ost of idletime listening.)
In Figure 6 we present the results for AODV and GAF-b
with movement of 1m/s and traÆ loads at 20 pkts/s. GAF-b
and -ma are equivalent at this movement speed. We leave
the dis ussion of high mobility e e t to se tion 3.6.
The rst thing we observe in Figure 6 is that with AODV all

As we did in se tion 3.3, we only dis uss the low mobility
s enario here. We leave the dis ussion of high mobility into
se tion 3.6.

Fraction of survived nodes

1

0.8

The al ulation of aen shows that at low node move speed
(1m/s), both GAF-b and GAF-ma have about 40% lower
aen than AODV no matter what movement patterns (different pause time) are. The di erent traÆ load does not
a e t the average energy onsumption per node too mu h.
The reason is although traÆ load is in reasing, over the
long simulation time, idle energy dissipation still dominates
the total energy dissipation in the whole system.
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Figure 6: Network lifetime omparison: GAF vs.
AODV at low node speed (1m/s) under various
pause time. Movement: 1m/s, traÆ : 20 pkts/s.
nodes run out of energy at the same time at about 450s. This
is a fun tion of the \battery" in ea h node and the fa t that
AODV does nothing to onserve energy. This represents the
ost of ontinuously listening.
GAF extends network lifetime onsiderably; after 900s 30{
40% of nodes are still alive depending on mobility pattern.
S enarios with shorter pause times onsistently have better
network lifetime than those with longer pause time. This is
be ause moving nodes are better at load balan ing. Consider the extreme ase of a 900s pause time (no movement
during the simulation). In this ase, grid ells with a single
node must remain onstantly a tive and so will expire at
450s. Grids with two nodes will last longer and then all die
at the same time produ ing the stair-steps at 550s and 850s.
When nodes move (with pause times less than 600s), they
will sometimes move into these grids and share the load,
thus produ ing more gradual node failure.

3.4 GAF energy savings

Node lifetime is a useful measure, but it an be a rude
measure of a tual energy onsumption be ause node life is
binary, so 50 about-to-die nodes are onsidered as good as
50 fresh nodes. In order to quantify how mu h energy GAF
saves, we instead ompute the mean energy onsumption
per node.
To de ne the mean energy onsumption per node, we assume
that simulation starts with n nodes with initial total energy
of n nodes as E0 , After time t, the remaining total energy
of n nodes is Et . Then the mean energy onsumption per
node (aen) is:
E Et
aen = 0
nt

(5)

We al ulate aen for both AODV, GAF-b and GAF-ma for
all di erent s enarios in luding node moving speed, movement pattern and di erent traÆ load.

3.5 GAF effects on data delivery

While we have shown that GAF onserves energy, be ause
GAF auses nodes to sleep it may redu e how many pa kets are su essfully delivered, redu ing routing delity. We
have designed GAF to maintain a onstant level of routing
delity, but we expe t some data loss when nodes go to sleep
as routes hange, and we have identi ed several ases where
node dynami s may ause unintentional data loss.
We de ne two metri s to measure data delivery. The rst
metri is the data delivery ratio, whi h is the ratio of the
number of re eived pa kets over the total sent pa kets. The
se ond metri is the average data transfer delay, whi h the
the mean delay for those re eived pa kets.
In this se tion, we ompare GAF and AODV during the rst
450s of simulation when all AODV nodes are alive. After
this time AODV fails to deliver any pa kets; onsidering the
entire time would therefore skew these measures in GAF's
favor. Our goal here is to show that GAF is not signi antly worse than AODV when AODV is e e tive. In the
se tion 3.7 we will evaluate these metri s over the whole
lifetime of GAF.
We al ulate the data delivery ratio and average delay time
for both AODV, GAF-b and GAF-ma for all di erent s enarios in luding node moving speed, movement pattern and
di erent traÆ load.
At low node speed (1m/s), both GAF and AODV have the
same data delivery ratio of 99% and the same mean delay
a ross all pause times. These results are be ause at low
speeds, nodes rarely moves out of their virtual grids.
We leave the dis ussion on high mobility to se tion 3.6.

3.6 Effect of high mobility on GAF-b and GAF-ma

We summarize GAF-b and GAF-ma performan e in terms of
network lifetime extension, energy saving, and data delivery
quality under high mobility in this se tion.

Network lifetime extension We evaluated GAF with a
higher movement speed (20m/s). With more movement we
expe t to see di eren es in GAF-b and -ma performan e.
In the s enarios of high node moving speed, GAF-b and
GAF-ma should have di erent behavior in network lifetime
be ause GAF-ma uses high mobility adaption to keep onservative on powering o nodes while GAF-b aggressively
powers o nodes. We therefore plot network lifetime of

GAF-b and GAF-ma in high node moving speed in two different Figures: Figure 7(a) is for GAF-b and Figure 7(b) is
for GAF-ma.
Figure 7(a) and Figure 7(b) share the same hara teristi s
as we dis ussed in Figure 6. First, AODV lifetime is not
a e ted in all s enarios; se ondly, GAF extends the network
lifetime in di erent degrees: the less pause time, the longer
network lifetime; and thirdly, traÆ load does not hange
the network lifetime too mu h.
Fraction of survived nodes

The di eren e between Figure 7(a) and Figure 7(b) is that
GAF-b an keep more nodes alive for a longer time, espeially in the high mobility pattern. For example in Figure 7(a), there are still 90% of nodes are still alive at the
time 900s when the pause time is 0. There is only about
40% survived in GAF-ma in the same s enario (See Figure 7(b)). The reason, as we dis ussed before, is that GAF-b
aggressively powers node o for energy onservation while
GAF-ma onservatively powers o the nodes in high mobility.

1

GAF energy savings At high node move speed (20m/s),

GAF-b's node sleep poli y is the reason for its worse behavior under high or onstant mobility. We address this
problem three ways: rst, GAF-b may be unsuitable at
high mobility under the urrent node density; Se ond, by
onsidering mobility in the sleep poli y, GAF-ma is more
appropriate than GAF-b in high mobility s enarios. Third,
so far we have only onsidered omparison within the AODV
lifetime. Sin e typi ally GAF has mu h longer lifetime than
AODV, over this extended lifetime GAF an perform mu h
better than AODV. We onsider extended lifetimes in the
next se tion. Finally, we show later (Figure 9(a)) that at
higher node density GAF-b is more robust to pa ket loss.

3.7 How network density affects GAF

GAF extends network lifetime by identifying equivalent routing nodes and putting these equivalent routing into di erent
duty y les. As node density in reases we expe t GAF to
take advantage of the additional equivalent nodes to extend
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we see some di eren es between GAF-b and GAF-ma (see
Figure 8). At long pause times (more than 300 se onds)
GAF-b, GAF-ma, and AODV ontinue to have the same
data delivery ratio and mean delay. At shorter pause time
(less than 300 se onds) GAF-ma and AODV remain similar,
but GAF-b has worse data delivery ratio and longer average
delay. At the most extreme ase with a 0 pause time, GAF-b
has an 85% data delivery ratio, while GAF-ma and AODV
an rea h 95%. The average delay for GAF-b is 0.35 se ond.
when both GAF-ma and AODV are around 0.16 se ond.

0.6

0

GAF-b and GAF-ma have the same 40% lower aen than
AODV at long pause time (more than 300 se onds); GAF-b
and GAF-ma has in rementally redu ed aen along with shorter
pause time. When pause time is 0, GAF-b has 60% lower
aen than AODV, and GAF-ma has 50% lower aen than
AODV. GAF-b shows its greater energy onservation on the
high mobility s enario whi h onforms to our ndings as we
just des ribed above.

Data delivery quality At high node moving speed (20m/s)
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Figure 7:
Network lifetime
omparison:
GAF-b,GAF-ma vs. AODV at high node speed
(20m/s) under various pause time. Di erent traÆ
load does not a e t the result. In the legend,
\GAF,x" means running GAF/AODV with pause
time x.

# data packet received / # data packets sent

network lifetime. In this se tion, we use simulations to quantitatively nd how network lifetime hanges with di erent
node densities.
We address this issue by introdu ing more nodes into the
same simulation s enarios used above. We hanged the node
number from 50 to 100 and 200 while keeping the area onstant. Given our nominal radio range, this orresponds to
21, 42, or 84 nodes in range (See ninra de nition later at
Equation 6). There are 45 virtual grids in this area, so the
mean number of nodes per grid will go from about 1.1 to
2.2 and 4.4. In order to have enough time to let all nodes
to expire we extend the simulation time to 3600s. We onsider only pause times of 0s and 3600s sin e in Se tion 3.3
we showed that pause times of 0s and 900s provide lower
and upper bounds for network lifetime, so we onsider only
those here. We have evaluated both AODV and DSR at 50
nodes s enario and nd similar behavior. Therefore we only
report AODV here.
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Figure 8: Data delivery as a fun tion of pause time
omparison: GAF-b,ma vs. AODV under moving
speed 20m/s. TraÆ load is 10pkts/s. Other load
does not hange the result.

Our goal is to extend the lifetime of the network as a whole
through energy onservation. Ultimately, the appli ation
wants to know how long the network an deliver information for it. In our simulation, our traÆ keeps onstant.
We therefore an measure how long the network an deliver
information by periodi ally monitoring the pa ket delivery
ratio for every xed time frame. We an also ompare the
monitored pa ket deliver ratio with AODV pa ket delivery
ratio in its normal lifetime. If the monitored pa ket delivery
ratio drops dramati ally after time t, we an say that the
network lifetime ends at time t. In order to quantitatively
nd the t, we an arbitrarily de ne that if the monitored
pa ket delivery ratio is 20% less than the pa ket delivery
ratio of AODV, we make a ut there. In our experiment, we
monitor the pa ket delivery ratio every 100s in the extended
network lifetime.
It is also interesting to know how node survives in the extended network lifetime. We demonstrate the node survivability by measuring node survival rates as a fun tion of
time. Note that the de rease of the number of nodes will
a e t routing delity. Normally the less survived nodes, the
worse pa ket delivery ratio. However, we an't simply deide a network lifetime by the fra tion of survived nodes.
The reason is that in high node density, a small fra tion of
survived nodes may still be a big number of nodes whi h will
deliver the traÆ a ordingly without losing routing delity.
Figure 9(a) shows our result of monitoring pa ket delivery
ratio for every 100s for GAF-b and GAF-ma in a s enario of
100 nodes simulation with pause time 0, node speed 20m/s
and traÆ load 10pkts/s. We also mark the point where
the pa ket delivery ratio drops more than 20% of AODV
pa ket delivery ratio. For omparison, we put AODV pa ket
delivery ratio inside the gure too.
From Figure 9(a), we nd that roughly GAF-b quadruples
AODV lifetime and GAF-ma triples the AODV lifetime.
Before the drops, the pa ket delivery ratio remains almost
onstantly ompared to AODV pa ket delivery ratio. This
shows that both GAF-b and GAF-ma are very stable in delivering data during their lifetime. Su h stability also shows
that the number of a tive nodes is maintained at a onstant
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and so are not presented here. Instead, we summarize the
s alability of GAF as density in reases in Figure 10. The
y-axis shows network lifetime as de ned above in multiples
of AODV lifetime. To show the results independent of the
number of nodes and the size of topography and radio, we
de ne the nodes in nominal radio area, or ninra , as
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Figure 9: Quantifying network lifetime over AODV.
Simulating 100 nodes, at pause time 0, speed 20m/s,
traÆ load 10pkts/s. In gure, n times means n
times of AODV lifetime.
level by GAF to maintain routing delity.
Node fra tion over time is shown in Figure 9(b). We an
nd that the total number of survived nodes are maintained
in the onstant level during most of GAF-b and GAF-ma
lifetime. This is mainly due to the load balan e algorithm
used in GAF so that all nodes try to evenly share their
lifetime.
It is interesting to noti e that from Figure 9(a), GAF-b has a
very good data delivery quality in high node density. This is
be ause the high node density provides more nodes to over
should an a tive node leaves the grid. Thus at high node
densities, GAF-b may be suitable even at higher movement
rates.
We next performed similar analysis for network lifetime with
200 nodes. These results are similar in shape to Figure 9

  R2  n
wh

(6)

where R is the nominal radio range, n is the total number of nodes, and w and h are the width and length of the
simulation area.
Figure 10 shows that GAF extends the network lifetime proportionally to the in rease of node density regardless the
mobility pattern while AODV's lifetime keeps at for all
s enarios. The greater node density an be used to in rease
network lifetime for about 4 to 6 times (depending on the
mobility pattern) with a four-fold in rease in density. Under
high mobility, the saving rea hes the upper bound of 6 times
of network lifetime while it only rea hes its lower bound,
4 times of AODV network lifetime, when all nodes keep
still. (As des ribed in Se tion 3.3, mobility allows longer
lifetimes.)

3.8 Result sensitivity to propagation model

So far we have shown that GAF an provide longer lifetime
with minimal loss in data delivery rates, and that these bene ts are proportional to node density. However, these simulation studies onsidered a deterministi propagation model
(the tworayground model). In reality, radio propagation
is strongly a e ted by multi-path e e ts (fading). (These
models are des ribed in detail in wireless textbooks su h as
Rappaport [26℄.) We next revisit our simulations using a
shadowing model to see if the results hold.
The shadowing model onsists of two parts. The rst one is

Many kinds of lo alization systems (in luding GPS) in lude
inherent error. We would like to know how this error would
a e t GAF performan e. We do not believe GAF will be
a e ted by moderate lo ation error or by large orrelated
error be ause of how GAF uses lo ation information.
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Figure 11: Comparison of pa ket delivery ratio
for AODV, GAF-b and GAF-ma under shadowing
model. GAF-*,nX means GAF-b or -ma at n times
of AODV lifetime.
known as path loss model, whi h predi ts the mean re eived
power at ertain distan e. The path loss is usually measured
in dB. The se ond part of the shadowing model re e ts the
variation of the re eived power at ertain distan e. The
shadowing model extends the ideal ir le model to a ri her
statisti model: nodes an only probabilisti ally ommuniate when near the edge of the ommuni ation range.
We sele t a set of typi al outdoor value with path loss exponent 3.0 and the shadowing deviation 4.0 in our simulation
to nd out how GAF works under shadowing model. Due to
the path loss, we expe t to have worse data delivery ratio.
However, normal ad ho routing is also a e ted by the path
loss. Our goal is to mat h GAF pa ket loss ratio with that
of AODV under shadowing model when network lifetime an
be extended.
We repeated our simulation by just repla ing two-ray ground
propagation model with shadowing propagation model. We
summarized the result in Figure 11.
The gure shows that for AODV, ompared with the simulation with tworayground propagation model, the pa ket
delivery ratio is about 20% worse under shadowing model.
GAF shows the the same downgrade. However, under shadowing model, GAF still an mat h AODV pa ket delivery
ratio within AODV lifetime. With extended lifetime, GAF-b
an maintain less than 10% pa ket delivery ratio de rease
within 3 times of AODV network lifetime while GAF-ma
an mat h the result within 2 times of AODV network lifetime. The result is the same as Figure 10.
The result shows that shadowing model does not hange
the result on GAF whi h we showed in the se tion 3.7. The
shadowing model does a e t the pa ket delivery ratio but
its impa t is the same on AODV and GAF.

3.9 Result sensitivity to location error

First, GAF will be robust to orrelated error be ause it ares
only about relative node position when assigning nodes to
grids. If all nodes are a idently shifted in the same dire tion grid assignment will be onsistently a e ted. The
intentional error introdu ed in GPS is orrelated (for nodes
listening to the same satellites), so GAF should be robust
to GPS error.
We have already shown that GAF is reasonably robust to
somewhat ina urate position information the s enarios with
high mobility (20m/s speeds or 0 pause times). In addition,
the GAF algorithm does not depend on a urate lo ation
information. For example, when a node A re eives a disovery message from a node B, node B may have left the
grid where node A resides but the dis overy message sent
by node B may still shows that node B is within the grid
where node A belongs to. Our simulation has shown su h
ina ura y does not a e t GAF performan e.
Finally, we arti ially introdu ed lo ation error in simulations. We modeled error by randomly re oding the lo ation
of ea h node in the range [x e; x + e℄ and [y e; y + e℄
for e of 5 meters. We then repeat our rst phase simulation with this error; nodes do use these in orre t positions
in pla e of their real lo ations for the GAF algorithm. We
study the same methodology used in Se tions 3.3, 3.4, and
3.5 to al ulate the network lifetime, energy saving and data
delivery quality. We found no substantial variation in these
metri s. For example, in terms of the data delivery ratio
under low mobility, they both rea h 99%. Under high mobility, GAF-b has 85% data delivery ratio and GAF-ma has
95% data delivery ratio. The same is identi al to that in
se tion 3.6.
With un orrelated error approa hing the virtual grid size
GAF will fail to work. We believe that we ould a ommodate su h error by arti ially redu ing grid size, but exploring of this is future work.

4. RELATED WORK

Our work builds on related work for radio energy models, ad ho routing proto ols, and energy-aware MAC and
appli ation-level proto ols.

Ad ho routing proto ols: A number of routing proto ols

have been proposed to provide multi-hop ommuni ation in
wireless, ad ho networks [22, 4, 23, 21℄. Traditionally these
proto ols are evaluated in terms of pa ket loss rates, routing
message overhead, and route length [5, 15, 10℄. We evaluate our proto ols by these metri s for omparison, and we
add measures of power onsumption and network lifetime to
onsider power onsumption as well.
Both Chang and Tassiulas [7℄ and Pottie et al. [24℄ have
re ently suggested that one might sele t routes in an ad
ho network based on available energy. The e e t of this

work would be longer network lifetime. Our approa h is to
onserve energy by powering radios o rather than managing
a xed energy onsumption, so our work omplements their
e ort.
Heinzelman et al. present a set of proto ols for ommuniation in sensor networks based on ooding [14℄. They examine the energy onsumption of these proto ols and show
that suppressing dupli ate transmissions of the same data
an save power as al ulated from a simple energy model
(not onsidering energy onsumption while radios are idle).
Unlike their work, we onsider more a urate power models
and ad ho routing proto ols rather than ooding. These
di eren es result in mu h di erent optimizations. We also
onsider optimizations based on adaptive delity that are
spe i to dense networks.

Cluster-based ad-ho routing proto ols: Some ad-ho

network routing approa hes [8, 18℄ employ a luster-based
philosophy. They stru ture the ad-ho network as a twolevel network: in the lower level, nodes in geographi al proximity reate peer-to-peer networks. In ea h one of these
lower-level networks, at least one node is designated to serve
as a \gateway" to the higher tier. These gateway nodes reate the higher-level network. Routing between nodes that
belong to di erent lower-level networks is through the gateway nodes. Clustering s hemes are often used with a TDMA
MAC proto ol to redu e the ost of radio listening.
Cluster-based approa hes do not dire tly address the energy
dissipation issues due to the ost of radio listening and overhearing, although a TDMA proto ol helps some. In addition, they introdu e the new ost of hierar hy formation, and
possibly additional ost by for ing ommuni ation through
gateways even for nodes that ould dire tly hear ea h other.
Although GAF nds redundant nodes within ea h virtual
grid, GAF is not a luster-based algorithm. By using appliation-level information GAF an have mu h lower duty yles even than lustering with a TDMA MAC. GAF also
does not for e the pa kets from the sour e nodes to go
through all representative nodes in ea h grids in order to
rea h the destination although it is up to the ad ho routing
proto ols to nd the path.

Geographi Ad ho routing: Ko and Vaidya presented a

Lo ation-aided Routing (LAR) approa h to utilize lo ation
information to improve performan e of routing proto ols in
ad-ho networks [17℄. They use lo ation information to derease overhead of routing dis overy by limiting the sear h
spa e for a desired route.
GAF is ompatible with LAR as it is with other ad ho
routing proto ols. GAF's approa hes to energy savings are
also omplementary with those in LAR; LAR optimizations
does not aim to redu e energy dissipation.
Grid lo ation servi e (GLS) [20℄ provides lo ation servi es
by dupli ating a node's lo ation in a small subset of other
nodes. With the help of GLS, a node an geographi ally
forward data to the destination with the destination lo ation. A node hooses its lo ation servers in a hierar hy of

grids with in reasing size. Su h grid-based partition is very
lose to the grid used in GAF. Sin e GAF is not a geographi al routing proto ol, there is no need for GAF to propagate
lo ation information to other nodes. Grid system with geographi information has di erent use in GLS and GAF: it
helps hoosing lo ation servers in GLS while it helps nding
node overage in GAF.

Energy-aware MAC proto ols: PAMAS is a MAC-level
proto ol where radios power o when not a tively transmitting or re eiving pa kets [28, 29℄. PAMAS avoids the
overhearing problem we dis uss in Se tion 1, but it does not
address the problem of energy onsumption when nodes are
idle. Solutions to overhearing are relevant, but for radios
with high idle power onsumption work su h as we propose
will be ne essary.
TDMA proto ols have been proposed to redu e energy onsumption in sensor networks [24℄. By redu ing the duty
y le these proto ols an trade idle-time energy onsumption for laten y. We believe TDMA MAC proto ols will
very important for power- onstrained networks. Although
we have not yet examined use of our approa hes over TDMA
proto ols, our use of appli ation-level information and node
density an further improve power onservation.
Ram Ramanathan and Regina Rosales-Hain investigated the
problem of reating a desired problem by adjusting transmit
power in ad ho network [25℄. Ideally, the topology ontrol
an redu e energy use in dense network by ontrolling the
number of neighbors of ea h node, and improve onne tivity in a sparse network. Its two mobile proto ols, LINT and
LILT, use similar approa h in AFECA [32℄ to olle t neighbor information olle ting by routing proto ols and attempt
to keep some level of number of neighbors of ea h node.
While we believe that the transmit power ontrol an adaptively onserve energy (presumably the idle energy ost an
be redu ed too) if the hardware provides enough support,
we are on erned with the impa t on the ad ho routing
proto ols. Intuitively, the hop-by-hop transmission with restrained transmit power may lead to fragile route due to
mobility. The paper does not give pa ket drops omparison with existing ad ho routings, nor does the omparison
under di erent mobility model.
IEEE 802.11 [19℄ supports ad ho network on guration:
mobile nodes are brought together to form a network on the
y. IEEE 802.11 also provides power management ontrols
to allow disabling the trans eiver to onserve energy. Although they spe ify how to turn o the radio, they do not
dis uss spe i poli ies. We propose these poli ies assuming
the presen e of 802.11-like ontrols for basi and adaptive
ases.

Pi oNet: Pi oNet proposes an integrated design of radios, small, battery powered nodes, and MAC and appli ation proto ols that minimize power onsumption [2℄. They
redu e power onsumption with a very low, appli ationdependent duty y le (their paper does not spe ify, but presentations suggest intermittent polling with periods of 50 to
100s of se onds). They primarily use lo al base stations instead of multi-hop wireless routing, and assume frequent or

ontinuous node movement. Their approa hes are promising, but we are not aware of a detailed study if Pi oNet
power onsumption. Our work di ers from theirs by building on existing ad ho routing proto ols and by making use
of adaptive delity to redu e power in dense node on gurations.

Other examples of adaptive delity: We have previously des ribed two algorithms that apply adaptive delity
to ad ho routing [32℄. Unlike GAF, both these proto ols
require integration with the underlying ad ho routing proto ol. BECA powers of nodes independent of density, while
AFECA samples traÆ to evaluate node density and implement adaptive delity. We have found that with lo ation
information, GAF is able to provide mu h better energy
savings that either BECA or AFECA.
SPAN [9℄ has the same goal as GAF and AFECA, to onserve energy and in rease system lifetime by turning o redundant nodes without substantially a e ting the onne tivity of the network. Ea h SPAN node de ides whether to
sleep or join the ba kbone based on lo al topology information. SPAN sele ts oordinators using network topology
information provided by a geographi ally-informed ad ho
routing proto ol. In this sense, both SPAN and GAF take
advantage of geographi information, however SPAN does
so indire tly.
Bulusu et al. [6℄ are investigating the use of adaptive delity
for lo alization systems. Given a eld of energy- onstrained
bea on nodes, she is examining what duty y le optimizes
network lifetime.

5.

FUTURE WORK

We have identi ed a number of areas for future work. Although we have studied GAF under several loads and s enarios, additional sensitivity analysis of the results is desirable. We would like to evaluate GAF sensitivity to mobility
models other than random. We studied GAF under a relatively small number of traÆ nodes; future work might
onsider heavier traÆ . Larger ranges of lo ation error are
probable for some lo alization s hemes so studies of larger
error are appropriate. On the other hand, we are exploring
algorithms to identify node redundan y without requiring
lo ation information. Finally, we only use a set of parameters for shadowing models, di erent shadowing models are
also possible.
Additional exploration of network behavior as nodes fail
is important. When does the network partition? How do
mixes of nodes with di erent power a e t the results? These
results are likely sensitive to traÆ mix.
Finally, experimentation is needed to validate these results
with physi al hardware in a tual s enarios.
Following AFECA [32℄ this is the se ond adaptive delity
algorithm we've applied to ad ho routing. More work is
required exploring the on ept of adaptive delity in other
ontexts. For example, we would like to understand the
performan e di eren e of sensing in dense sensor networks
when sensors are only enabled with some duty y le.

6. CONCLUSIONS

We have demonstrated our approa h to energy onservation
for ad ho routing. Power onsumption in urrent wireless
networks is idle-time dominated, so GAF fo us on turning
the radio o as mu h as possible.
GAF adapts sleep time based on node lo ation s aling ba k
node duty y les (and so redu ing routing \ delity") when
many inter hangeable nodes are present. We have shown
that it performs at least as well as an normal ad ho routing
proto ol for pa ket loss and route laten y, and yet it an
substantially onserve energy, allowing network lifetime to
in rease in proportion to node density. This simple \add
more to improve servi e" behavior of GAF and adaptive delity are parti ularly important as the numbers of embedded devi es and the ratio of devi es to humans in reases.
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