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ABSTRACT

Receiver-siderelay election hasbeenrecertly proposedasan
alternativ e to transmitter-side relay selection in wireless ad
hoc networks. In this paper we study di eren t prioritization

schemes among potential relay nodes to achieve a better
delay and contention resolution performance. We consider
a priorit y criteria based on least remaining distance to the
destination and propose a generalized mapping function to
introduce relativ e priorit y among the eligible relay nodes.
We show that, a suitable mapping canbefound to achieve an
optimum relay election performance, which also outp erforms
the random forwarding approach. Our intuition is guided by
an analytic framework and veri ed by network simulation.

Categories and Sub ject Descriptors: C.2.1 [Network
Architecture and Design]: Wireless Communication; C.2.2
[Network Proto cols]: Routing Proto cols

General Terms: Performance, Algorithms, Theory

Keyw ords: Receiwer-side relay election, priority forward-
ing, MA C contention, forwarding delay

1. INTRODUCTION

Various distributed forwarding schemes have been pro-
posedfor multihop wirelesscommunication networks, where
transmitting nodesselectone of their neighborsto relay data
packets toward the destination [1],[2]. In these schemes,
simple criteria such as the relaying neighbor's geographical
proximit y to the transmitter or the nal destination, or the
energy required to transmit a packet are used by a trans-
mitting node to select the best possible relaying neighbor.
Suach forwarding approaches require that a list of all local
neighbors be maintained at a node. However, maintaining
a local neighborhood list at all nodes in a dense network
with dynamic network environment and making sure the se-
lected relaying node is active (e.g., by wake up signals or
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coordinated sleep patterns) may be costly for the resource
constrained sensornodes.

An alternativ e to transmitter-side relay selection is a for-
warding scheme in which the transmitting nodesdo not de-
cide which one of their neighbors would relay their data
packets, rather all relay candidates contend among them-
selvesto relay the packets toward the nal destination [3][4].
Ideally, to avoid packet duplication, only a single neigh-
bor should be elected among all candidates as next hop
relay. We will refer to this contention resolution process
as receiver-side relay election. One essemial advantage of
receiver-side relay election is that a complex optimalit y cri-
teria such as received signal strength or residual energy at
candidate relays can be consideredin a more e cien t way
which would have been infeasible or too costly in case of
transmitter side relay selection.

Note that, becausethe relay election processis a dis-
tributed decision, multi-access collisions are likely to occur
among two or more best relay candidates. When a collision
happens, the election processfails, increasing the delay in-
curred to data packets. The e ectiv enessof receiver-side re-
lay election processis best characterized rstly by the qual-
ity of the elected relay with respect to a chosen optimalit y
criteria and secondly by the level of vulnerabilit y of the elec-
tion processto collisions. To elect a good relay node at the
end of the contention resolution period, dierent optimal-
ity criteria, such as, maximizing per-hop progress toward
the destination, minimizing per-node energy consumption,
maximizing the end-to-end throughput, etc., can be usedas
a basis of prioritization among potential relays. In [3], one
hop progresstoward the nal destination is used as the pri-
ority criteria. However, the authors considered no specic
contention schemein their routing performance analysis.

We obserwe that, while the receiver-side relay election ap-
proach could be a potential low-cost and distributed solution
to energy optimized multihop wirelessrouting, a careful in-
vestigation on medium accesscontrol (MA C) contention res-
olution and the network performance is necessaryto assess
the end-to-end performance more accurately.

In this work, we study the MA C contention issuesin dif-
ferent priorit y-basedreceiver-siderelay election schemesand
the assaiated per-hop delay performance. We focus on the
performance of two main schemes,namely, random forward-
ing, priority forwarding, where the priorit y criteria is chosen
basedon the forwarding node's distance to the destination.
We proposea generalized mapping function for the prioriti-
zation, in which the shape of relativ e scheduled time priorit y
is governed by a mapping shape parameter. Through prob-



abilistic analysis, supported by simulations, we show that,

in a given network setting, there exists a suitable shape pa-
rameter that o ers an optimum relay election performance
in terms of per-hop progressand e ectiv e delay in successful
relay election process. The results could be used to intro-

duce more complex decision criteria in relay election pro-
cess,such as energy-avareness,power control, and mobilit y,
to obtain an optimal network wide performance.

The rest of the paper is preserted asfollows. Related work
on multihop relaying in wirelessad hoc networks is surveyed
in Section 2. Section 3 describesthe basics of receiver-side
relay election and preserts formal de nitions of the priori-
tization schemes. The analytic framework for performance
evaluation of the prioritization schemesis preserted in Sec-
tion 4. Analytic and simulation results are contained in
Section 5. Concluding remarks are drawn in Section 6.

2. RELATED WORK

The question on how to selectthe next hop for optimum
multihop communication haslong beenconsideredin packet
radio networks [5],[1],[2],[6]. Many position-based forward-
ing solutions have been proposed which select as next hop
the closest neighbor, or the neighbor closestto the desti-
nation [6][7]. Until recertly, all position-related forward-
ing schemesproposedto make the selection of the next hop
node at transmitter-side.These schemesmay work well with
lightly populated, and relatively static ad hoc networks.
However more dynamic, dense, and resource constrained
networks, such as sensor networks, require that we recon-
sider the question of where to make the next hop selection.

Recertly a few researders [3],[4] have independently con-
sidered forwarding schemesin which transmitting nodes do
not needto selectthe next hop. Rather, all eligible candi-
dates compete among themselvesto relay the packets. While
[3] considered remaining distance to the destination based
forwarding node selection priorit y criteria, it did not cap-
ture the additional MA C contention in the election process.
Rather, it was assumedon the one hand that somehav the
best relay is always elected and on the other hand that the
election processis always successful. [4] studied three pos-
sible variants of forwarding node election aiming at reduced
packet duplication, where it was assumedthat more than
one nearly-simultaneous responsescould be successful. Pri-
ority dependert MA C contention probabilit y and the related
delay in successfulrelay election processwasnot considered.

For receiver-based forwarding schemes to work certain
networking conditions needto be ensured. Speci cally , ev-
ery node desiring to transmit should nd with high probabil-
ity at least one active neighbor in the forward direction to re-
lay its packets. The feasibility and stabilit y of such networks
conditions have received someattention in the researd com-
munity. [8] considered a network of independert Bernoulli
type nodes and derived the limiting probability that every
node has at least one active neighbor in highly dense net-
works. [9] also considered the feasibility of a network of
sensornodes with independert asyncironous duty-cyclesin
which transmitting nodescan simply broadcast their packets
and have them relayed by available active neighbors. How-
ever, becausethe main focus of the authors is robustness,
the approach does not discourage packet duplication and
may not be optimal in densenetworks.

3. RECEIVER-SIDE RELAY ELECTION

We consider a network of uniformly random distributed
nodes with homogeneousand circular coverage, and inde-
pendert and asynchronous sleepingbehavior. It is assumed,
similar to 802.11 distributed coordination function (DCF),
RTS/CTS (request-to-send/clear-to-send) messageexchange
is done between the transmitter and a potential forwarder
beforethe data packet forwarding. However, unlikein 802.11,
the RTS messageis broadcast to all local neighbors, and a
forwarder's CTS response is suitably delayed to minimize
the potential contention. It is also assumedthat a node is
aware of its geographiclocation or virtual (hop-count based
[10]) location information of its own and the destination.
In the following, we elaborate further the concepts of con-
tention resolution, vulnerabilit y of collision, and prioritiza-
tion strategies in relation to receiver-side relay election.

3.1 Contention Resolution

Hop-by-hop forwarding is generally done in packet radio
networks basedon a decision criteria to obtain desired nodal
or network-wide performance objective. In receiver-side re-
lay election, these decision criteria are (implicitly) used as
priorit y measuresin the distributed relay election. Before we
analyze the performance of various prioritization schemeswe
rst presert the description of a basic election processusing
time delay as contention resolution.

A node desiring to senddata packet rst sendsa broadcast
RTS packet containing the optimalit y-criteria and location
information of itself and the nal destination. After receiv-
ing the RTS packet, every eligible relay candidate i (the
shadedregion in Fig. 1) schedulesa reply time:

Xi=9( i) 1)

where ; is the quality measure of node i computed based
on a given criterion used by the forwarding scheme. g( ) isa
mapping function that implements the prioritization of the
election processand its nature determines the quality of the
elected relaying neighbor with respect to the set of optimal-
ity criteria and the vulnerabilit y of the election processto
collision among two or more best candidates.

Figure 1: Area of contention for packet forw arding. R
is the coverage range. i is a forw arding contender, whic h
oers forw ard progress di towards D.

Next, every relay candidate i listens to the wirelessmedium
betweenthe time 0 and X;. If no other CTS is received be-
fore time X;, then node i considersitself the winer of the
election processand sendsa CTS packet with its signature
to the transmitting node. If a node overhearsa CTS trans-
mission during its waiting period, it givesup the contention,
assumingthat abetter forwarding candidate hasbeenfound.

3.2 Vulnerability to Collision

Becauseof the distributed nature, receiver-siderelay elec-
tion processesare vulnerable to collision. The election pro-
cessfails to elect single next hop when two or more re-



lay candidates schedule the same or very close RTS reply
times. Note that, this type of collision is di erent from (and
additiv e to) regular medium accesscollision such as those
caused by hidden or exposedterminals. Since all forward-
ing schemes, independertly of whether the relay selection
is done at the transmitter-side or at the receiver-side, are
subject to the same regular medium collision, in this work
we are not interested in quantifying this type of collision.

To quantify the collision in the election process,assume
node j schedulesreply time X; = min; f X;g: Collision hap-
pensif there exist a at least one node k (k 6 j) such that

iXi Xiij ; (2

where is the collision vulnerabilit y window, which may
depend on the MA C scheme, nodes' clock precision, signal
detection time, and receive-transmit changeover delay.

Upon correctly receiving a CTS packet, the transmitter
sendsthe data packet to the forwarder. If the transmitter
receivesanother correct CTS packet afterwards for the same
data packet (if the earlier CTS packet was unheard by some
nodesin the forwarding zone), it simply discardsthe CTS to
avoid any packet duplication. In caseof any CTS message
collision, all forwarding nodes give up in that contention
cycle, and, as in 802.11 DCF MAC contention resolution,
we assumethe transmitter re-initiates the election process
by broadcasting another RTS packet after a timeout.

3.3 Perioritization types

We categorizeprioritization functions into two main groups:

purely random and absolutepriority-b ased. Below, we presert
de nitions of the two prioritization types, assuming, with-
out loss of generality, that the desired objective is to maxi-
mize the decision criteria For the sake of completeness,
a variation of forwarding scheme, called hybrid priority , is
also de ned, which is derived from the combination of the
priorit y-based approach and the random approach.

Definition 1. In purely random forwarding, no prior-
ity is given to better candidates during the election process.
If nodesj and k are two relay candidates, then the fact that
node k is a better candidate than nodej ( ; k) does not
increase the chanaes that k is elected over j. Formally,

Pr[Xk ij i k]: PI’[Xk Xj]

Note that in this casethe decision criteria
any role in electing a relay.

Definition 2. In absolute priority forwarding, abso-
lute priority is given to better candidates during the election
process. If nodesj and k are two relay candidates, then the
fact that k is a better candidate than j ( k) guarantees
that k is elected over j. That is,

PriX« Xjj j K]=1
Note that absolute priorit y can be obtained with a func-

tion g( ) which is deterministic and monotonically decreas-
ing with respect to

doesnot have

Definition 3. A hybrid priority combinesabsolutepri-
ority and purely random selections, and gives priority but
no guarantee to a better candidate in the election process. If
nodesj and k are two relay candidates, then the fact k is a
better candidate than j ( k) increasesthe chancaes but
does not guarantee that k is elected over j. That is,

PriXe Xj1< PriXe Xjj j k]< 1

However, hybrid priorit y will not be discussedfurther in
this paper; it will be left as a future researd extension.

4. ANALYSIS OF PRIORITIZA TION
SCHEMES

We now determine the characteristics of the prioritization
function g() (see(1)) and analyze the priorit y-speci c per-
formance of relay election processes.We are particularly in-
terested in characterizing the vulnerabilit y to collisions and
the e ectiv e delay in successfulrelay election process.

It is assumedthat basedon the location information and
a set priorit y criteria in the RTS packet each node can have
its own measure ; of forwarding decision.

Two main time delay basedcontention resolution criteria
that we consider are random delay and prioritized delay. In
caseof random delay, a node in the forwarding zonepicks up
arandom waiting time drawn from a given probabilit y distri-
bution function (pdf) before sending its CTS message.We
consider uniformly random (uni _rand(t»;t1)) distribution of
chosenwaiting time in the range|[t2;t1]: The decisioncriteria

in this caseis independert of the nodeslocations (as long
asthey are in the forwarding region (cf. Fig. 1)), and thus
the waiting time X; of node i, i.e., the mapping function
g( ), is the corresponding random distribution itself.

On prioritized election process,there could be many pos-
sible criteria, namely, maximum residual energy based, re-
ceiver signal strength based,maximum per-hop progressbased,
etc., or a combination of them. In our study, we have cho-
sen maximum per-hop progress toward the destination as
the absolute priority criteria. Accordingly, ; represens
the progresstoward the destination d; a relay candidate i
can oer, if elected (cf. Fig. 1). In this case,the map-
ping function g( ), which is monotonically decreasingwith
respect to d;, can be expressedas

Xi=g( i)=fa( )di+b( )g~ ®)

where the coecien ts a( ) and b( ) are chosen such that
the prioritized delay of a forwarding region node remains
within [t2;t1], asin the uni_rand case. is the shape pa-
rameter (6 0) that governs the nature of relativ e priorit y
of potential relay nodes. a( ) and b( ) are given by:

a( )= t ‘1;

R b( )=t (4)

In Fig. 2 the priorit y-based mapping function g() and
the corresponding mapped random variable X; (scheduled
time of node i) as a function of the shape parameter is
depicted. It is interesting to obserwe that, by varying
relativ e priorit y of di erent node election can be achieved.
For example, = 1 corresponds to the linear mapping with
respect to one-hop progress,whereas = 1 correspondsto
the inversemapping. It is remained to be seenthe e ect of
dierent mapping on the relay election delay and collision
vulnerabilit y, which will be discussedsubsequertly .

In the following developmert, we rst derive the generic
expressionsfor delay and collision probabilit y. Speci c cases
of relay election strategies are taken up as examples.

4.1 RelayElection Delay

To nd the time required to successfullyelect a relay, de-
note by fXigi-1:2. the set of independert and identically
distributed random variables representing the scheduled re-
ply times of all eligible relay candidates. The number of
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Figure 2: (a) Mapping functions
based absolute priorit y as a function of

in one-hop progress
; (b) corre-
sponding pdf's of mapp ed random variable X;. R = 10.

such contenders is itself another random variable C, which
is Poisson distributed with parameter , the average num-
ber of active forward direction neighbors. The conditional
duration of one election processis dene asY = min; fXig:
We are interested in the distribution (fy (y) and Fvy (y)) of
Y for an arbitrary prioritization scheme, i.e., for arbitrary
distribution (fx (x) and Fx (x)) of the Xi's.

If we consider C = c active contending candidates, eact
with a scheduled time X; fi = 1;2; ; cg, the conditional
cumulativ e distribution function (cdf) of Y is obtained as

PrlY yjC = (] 1 Pr[Y >yjC = (]

1 Prmin fXig>y]

c
1 Pr[Xi > y]
i=1
= 1 f1

Fx(y)o°

Note that Y is dened only for ¢ 1. The unconditional
cdf of Y can then be obtained by total probabilit y:

1

_ .. _ JPr[C=(]
Priy y] = ] PrlY yjC= C]iPr[c 1
c=1
1 _Ce
= C c!
. 1 f1 Fx(¥)g 1 e
After simpli cation, we obtain
Fx)
Fr(y)= Py y)= g2 )
- fxe FxU
fv(y) = =2 5%——

Below, we apply the generalresult of (5) to two examples
of prioritization.

4.1.1 Uniformly RandomForwarding

Any forwarding solution in which all relay candidates con-
tend by setting a purely random timer falls into this cat-
egory. As an illustration, we consider the uniformly dis-
tributed random time betweent, and ty, i.e.,

f>r<and (X) — : 1

Frand (X)_ >2< tt;
X Tt tg

Then, closedform expressionsfor the distributions with uni-
formly random X; can be obtained from (5):

ty ‘tz
Fyad(y)= L& 12 ©
frand ( ) - e %
Y y (t: (1 e ) :

4.1.2 AbsolutePriority with Linear Mapping

For the absolute priorit y forwarding, we consider the case
where scheduled time is a function of one-hop progressand
linearly decreasingbetweent; and t,. Then, from (3)-(4),
setting = 1, X; = 224d + t;;0 d  R; where d;
is the forward progressto the destination of candidate re-
lay i (cf. Fig. 1). The distribution of X; can be deduced
from the distribution of remaining distance [6], and can be
approximately given by

) (I d?*+1>2 R?
fag, (d) = Rz arccos 20 d) @)
The distributions of the scheduled time are given by
lin — t
Fr00=1 Fo R ®

tq XR

t1 t2

X (x) = ﬁfdi

From (6) and (8) the averagedelay in one relay election
attempt can be obtained in these two cases. Delay results
for thesetwo examplesalong with the other variants will be
preserted in Section 5.

4.2 Election Failur e Probability

As stated earlier (see(2)), the election processfails when
the rst two best candidates are not at least the collision
vulnerabilit y window apart from ead other. Formally, de-
note Y asthe minimum of the set of scheduled reply times:
Y = min; fXig; and Y asthe minimum of the remaining
remaining nodes' scheduled reply times: Y = minff Xig
Y g: Note that Y and Y can be consideredidentically dis-
tributed. Also, dene Sy(y) = 1 Fvy(y) as the survival

function of Y, and h(y) = fST( (&))

Lemma 1. For a given collision vulnerabilit y window ;
the rate of failure of the election processis given by

Prat =1 (hecSy)( ) )

where c represerts the correlation integral function de ned
by

1

(hcSy)(t) = h(x)Sy (t + x)dx

Proof: Under the condition Y = vy, a collision occurs

with the conditional probability Pr[Y y+ jY = y]=

Ey+ ) Py The unconditional probability of collision

1 Fy(y) .
can then be obtained by
f1 Fy (y+ F
P =Py v yeayPt ) FeO)
t2
h Fry+ ) Fv(y)
= f d
. v (y)dy T ()
h Sv(y) Sv(y+ )
= f d
. v (Y) M) y



After simpli cation, realizing that fory ti; Sy (y) = 0,

and fory tz; h(y) = 0, we have,
t1
Prai =1 h(y)Sy (y + )dy
t2
and hencethe proof. 2

Failure probabilities for speci ¢ prioritization casescanbe
obtained from the respective distribution functions.

4.3 Effective Delay

With the knowledge of delay in one election attempt and
the corresponding failure probabilit y, t Becausethe distributed
relay election processcan fail due to collision, repeated at-
tempts may be required for successfully nding a next hop.
To havea baselinecomparison of priorit y-speci ¢ approaches,
one needsto compute the e ectiv e delay of an eventually
successfulrelay election process. For this purpose, for sim-
plicity we assumethat in caseof a collision of RTS reply
message,the sender re-initiates another election processat
the end of a xed timeout window (t1), and repeats this
processuntil a CTS is received successfully The e ectiv e
averagedelay before a relay is successfullyfound is given by

Derr = Pfiantl*L D; (10)
1 Prai
where P; 4 is the collision probability given in (9), and D
the averagedelay is one attempt, obtained from (5).

Numerical and simulation results are shown below.

5. RESULTS

To evaluate the prioritization performancein receiver-side
relay election process,we consider uni _rand(t2;t1) caseand
least remaining distance to the destination (LRD) based 6]
priorit y forwarding forwarding, with the mapping function
given in (3). The range of waiting time in both casesare
set in [tz;t1]. The mapping parameter is varied to give
dierent priorit y levelsto dierent eligible nodes.

We assumeindependent and asynchronous sleepbehavior
of nodesin the network, which also gives di eren t realiza-
tion of set of active nodes eligible for forwarding in eac
transmission attempt by a sender. It is also assumedthat
the average number of active neighbors n of any node (also
referred as node density) is stationary. For simplicity in
obtaining the analytic results, average number of relay
candidates of a node, denoted by the shaded region in Fig.
1, is approximated as = 3.

All numerical and simulation results in this section are ob-
tained with node transmission range R = 10 and a sink node
at adistancel = 100from the initial transmitting node. The
collision vulnerabilit y window is taken to be the changeover
time of commonly available hardware ( = 250s). The
scheduled reply times range from t, = 250s to t; = 1s.

We rst obtain the delay in onerelay election attempt for
di eren t priorit y, where we are particularly interested in the
behavior of the relative priorities controlled by the shape
parameter Fig. 3 shows that the smaller , the lesser
the delay. This is because,as demonstrated in Fig. 2(b), for
lower value of (< 1) the the scheduled time distribution is

In practice, eadh transmission failure is followed by a binary
exponertial backo, andonly a nite number of re-attempts
are done.
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Figure 3: Delay vs. node densit y in one relay election
attempt in dieren t priorit y approac hes.

squeezedtoward the lower values. On the other hand, > 1
stretchesthe distribution in the opposite direction, resulting
in higher conditional delays.

The election failure probability Ps 4 plots in Fig. 4 show
a reversetrend as changes. This is becauseat lower
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Figure 4: Election failure probabilit y Pfa vs. node

densit y n in dieren t priorit y approac hes.

since the distribution of scheduled time is shifted toward
the lower range, there is a high chance that two best nodes
have nearly the same scheduled time (see (2)) for the CTS
message leading to a collision.

With the obsenation of counter-directional trends of de-
lay in one election attempt and election failure probabilit y
for di eren t shape parameters, we rst compute via analysis
the e ectiv e delay performancein a successfulrelay election
process.In Fig. 5we show the e ect of the shape parameter
on the e ectiv e delay. We obsenre that an optimum shape
parameter can be obtained to achieve the best tradeo be-
tween delay and collision probabilit y, which is also a slowly
varying function of the node density. For example, at node
density n = 20, the optimum shape parameter o = 0:3
and the e ectiv e delay is nearly 37.9 ms, whereas,at n = 20,

opt = 0:5 and the e ectiv e delay is nearly 31.5 ms.

Next we obtain the e ectiv e delay in successfullyelecting
a relay for dierent prioritization schemes. The intuition
from Fig. 5is veried in Fig. 6 via analysis and simulation
that there is a critical value of shape parameter for which
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Figure 6: Eectiv e delay in successfully electing arelay
vs. node densit y in dieren t priorit y cases.

an optimum election performance can be achieved. It is
also obserwed that unlessthe prioritization sdeme is suit-
ably optimized, its performance can be even poorer than the
random election process.

Node that the average one-hop progressin LRD based
absolute priorit y forwarding is independert of the shape pa-
rameter as the best relay is elected in all cases. We ob-
sened that the average progressin random forwarding is
nearly lessthan half of that in LRD approach (seeFig. 7).
Although random forwarding has a reasonably good delay
performance, which can be even better than the LRD based
priorit y unless the shape parameter is chosen judiciously,
very poor one-hop progressmakesthe random forwarding a
rather lesspromising approach.

6. CONCLUSION

We studied receiver-side relay election priorit y schemes,
where random forwarding and least remaining distance to
the destination (LRD) based absolute priority were con-
sidered. A generalized mapping function for LRD based
priorit y was proposed, where the mapping shape param-
eter can control the relative priority of eligible nodes as
desired. Via probabilistic analysis, supported by network
simulations, performance of di erent priorit y schemeswere
compared in terms of delay in one election attempt, elec-

10r

: priority
* sim: priority
ana: random
< sim: random

Average one hop progress

a i i i Y
15 20 25 30 35 40 45 50

Node density n

Figure 7: One-hop progress in random forw arding and
LRD priorit y based approac hes vs. node densit y, for any
shap e parameter

tion failure probability, and eventually, e ectiv e delay in a
successfulrelay election process.

While random forwarding is simple and o ers reasonably
good delay performance, its drawback is poor one-hop progress.
In caseof LRD basedpriorit y, the shape parameter controls
the delay and collision probabilit y. Although a higher value
of shape parameter o ers lower delay in one election at-
tempt, it has higher failure probability. It was shown that
for a given network parameter, an optimum mapping func-
tion can be obtained (with an appropriate shape parame-
ter) that o ers the besttradeo betweendelay and collision
probabilit y, which is also superior to the random forwarding
with respect to e ectiv e delay aswell as one-hop progress.
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